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RNA-GUIDED POST-TRANSCRIPTIONAL MODIFICATION OF SPLICEOSOMAL SMALL
NUCLEAR RNAs
SUMMARY
Eukaryotic RNAs contain a large number of irregular ribonucleotides which are synthesised
by post-transcriptional covalent modification of the primary RNA transcript. Conversion of
uridines into pseudouridines and 2'-0-ribose methylation of the classical ribonucleotides
represent the most abundant RNA modifications. In rRNAs, site-specific synthesis of the
numerous ribose methylated nucleotides and pseudouridines is directed by two distinct
classes of small nucleolar RNAs (snoRNAs). The methylation guide RNAs possess the
conserved C and D sequence elements and the pseudouridylation guide RNAs feature the H
and ACA box motifs. Both classes of guide RNAs select the appropriate substrate nucleotide
through forming specific base-pairing interactions with rRNA sequences. The major goal of
our work was to understand the molecular machinery underlying the site-specific
pseudouridylation and ribose methylation of spliceosomal small nuclear RNAs (snRNAs).
We have demonstrated that the nucleolus contains all the trans-acting factors that are
responsible for the accurate and efficient synthesis of the eight 2'-0-methylated nucleotides
and the three pseudouridines carried by the RNS-polymerase Ill-transcribed U6 spliceosomal
snRNA. Since both 2-O-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. This conclusion was further corroborated by
identification of a novel guide snoRNA directing 2-O-methylation of the U6 snRNA.
We have identified and characterised a novel evolutionary conserved guide RNA, the
U85 snRNA, which is composed of a box C/D and a box H/ACA snoRNA domain. In vitro and
in vivo RNA modification experiments demonstrated that the U85 RNA directs 2'-0-ribose
methylation of the C45 and pseudouridylation of the U46 residues in the U5 spliceosomal
snRNA. The U85 is the first example of an snRNA that directs modification of an RNApolymerase

ll-transcribed

spliceosomal

RNA

and

that

functions

both

in

RNA

pseudouridylation and 2-O-ribose methylation.
We have identified two novel box C/D snoRNAs, U83 and U84, that lacked a
significant complementarity to any known cellular RNA. The U83 and U84 snoRNAs were
able to direct 2'-0-ribose methylation of artificial substrate RNAs, demonstrating that they
function in modification of cellular RNAs other than rRNAs or spliceosomal RNAs. These
results strongly suggest that snoRNAs may function in post-transcriptional modification of
various classes of cellular RNAs.
Key words:

U83 snoRNA, U84 snoRNA U85 snRNA, posttranscriptional modification of spliceosomal RNAs,

2-O-ribose methylation, pseudouridylation, nucleolus
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THE RNA WORLD
In every living œil, the primary genetic material is DNA and most catalytic functions are
carried out by proteins. However, it is widely believed that current DNA-protein-based life was
preceded by RNA-based life in which RNA molecules served as genetic material as well as
biochemical catalyst. This era of life is referred to as the "RNA World", as it was proposed by
W. Gilbert shortly after the discovery of the contemporary existing catalytic RNAs (Gilbert,
1986). With the appearance of proteins and DNA, the main function of cellular RNAs became
the mediation of the flow of genetic information from DNA to proteins. Beside messenger
RNAs (mRNAs) functioning in genetic information transfer, several non-coding RNAs with
various cellular functions have been identified (Table 1.), (Jeffares et al., 1998). Non-coding
cellular RNAs (reviewed in: Eddy, 1999) function in RNA processing, like spliceosomal RNAs,
RNase P RNA, RNase MRP small nucleolar RNA (snoRNA), box C/D and box H/ACA
snoRNAs, and guide RNAs for messenger RNA (mRNA) editing. Ribosomal (rRNA) and
transfer RNAs (tRNA) are involved in translation, and the signal recognition particle RNA
(SRP RNA) functions in the translocation of the membrane and extracellular proteins into the
endoplasmic reticulum. Eukaryotic chromosome end synthesis is templated by the
telomerase RNA. Non-coding RNAs are involved in gene expression regulation, X-dosage
compensation, and probably in cell cycle regulation. In the first chapter, several stable cellular
RNAs are introduced and a whole chapter is devoted to small nucleolar RNAs (Chapter III). I
focused mainly on stable RNAs involved in RNA processing and translation, shown on Figure
1. (Penny and Poole, 1999). Interestingly, they are considered as relics of the RNA World
thus they are likely to be the most ancient biomolecules in modem cells (Jeffares et al.,
1998).

RIBOSOMAL RNAS
Ribosomes are large ribonucleoproteins that are responsible for mRNA decoding and protein
synthesis. The ribosome is composed of two ribosomal subunits (Figure 2.), (Genes 2000,
2001). The small subunit contains one ribosomal RNA, while the large subunit usually
contains two or three rRNAs. In E. coli, the 16S rRNA is carried by the 30S small subunit.
while the 23S and 5S rRNAs are part of the 50S large ribosomal subunit. The RNA
component of the mammalian 40S small subunit is the 18S rRNA, and the 60S large subunit
contains the 28S, 5.8S and 5S rRNAs. The sequence of the 5.8S rRNA corresponds to the 5"
end of the prokaryotic 23S rRNA (reviewed in: Genes 2000, 2001).
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Figure 1. RNA processing pattern in eukaryotes. (Penny and Poole, 1999).

Biogenesis of ribosomal RNAs
The biogenesis of ribosomes is a complex process which includes the transcription,
nucleolytic processing, nucleotide modification of rRNAs and assembly of mature rRNAs with
a huge number of ribosomal proteins (reviewed in: Eichler and Craig, 1994; King et al., 1986;
Srivastava and Schlessinger, 1990; Venema and Tollervey, 1999). The process of ribosomal
biogenesis have been most extensively studied in the prokaryotic E. coli and in the eukaryotic
yeast (S. cerevisiae).
The E. coli genome contains seven rRNA operons (Brosius etal., 1981). Each operon
is controlled by two promoters, which are followed by a 16S rRNA gene, one or two tRNA
genes, a 23S rRNA gene and one or two 5S rRNA genes. Some operons also carry one or
two tRNA genes at their 3' ends. The coding regions are separated by non-coding spacer
sequences. During transcription, a 30S precursor rRNA (pre-rRNA) is synthesised carrying all
of the spacer elements (Figure 3.). The first co-transcriptional cleavages are mediated by
RNase III, which separates the rRNAs and the tRNAs from each-other (Birenbaum et al.,
1978). RNase III recognises long stem structures formed by the spacer sequences, which fold
together the 5' and 3' ends of the 16S and 23S rRNA. Endonucleolytic cleavages occur on
both strands of these stems. The RNase III endonucleolytic cleavages leave 115 and 33
nucleotides at the 5' and 3' ends of the 16S rRNA, respectively. The 23S pre-rRNA contains
less than 10 flanking nucleotides after RNase III cleavages.
Maturation of rRNAs depends on the association of pre-RNAs with ribosomal proteins.
Binding of ribosomal proteins likely facilitates formation of the alternative secondary and
tertiary structures that are needed for correct processing of pre-rRNAs. However, some final
processing steps require participation of pre-ribosomes in protein synthesis (Srivastava and
Schlessinger, 1988). Spacer sequences can facilitate formation of the correct secondary
structure of pre-rRNA. A base-pairing between the 5' end of the 16S rRNA and ten
nucleotides of the spacer sequence preceding the 5' end of the 16S rRNA ensures the correct
folding of the pre-RNA needed for efficient and accurate processing (Dammel and Noller,
1993).
The formation of mature ends of rRNAs is less understood. Two endonucleases,
RNase E and RNase G, are responsible for the 5" end processing of the 16S and 23S rRNAs
(Li et al., 1999b). In the 23S rRNA, this step is likely carried out on pre-ribosomes
sequestered in polysomes (Srivastava and Schlessinger, 1988). Association of ribosomal
subunits with mRNA might induce a conformational change in rRNA structure that can
facilitate cleavages by RNase E and G. The mature 3' end of the 23S rRNA is generated by
RNase T exonuclease (Li et al., 1999a). Maturation of the 3' end of the 16S rRNA requires
multiple enzymatic activities, but no processing enzyme has been identified yet (Dahlberg et
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Figure 3. Processing of the E. coli pre-rRNA (Venema and Tollervey, 1999).

a/., 1978). Processing of the 5' and 3' ends of the 5S rRNA depends on endonucleolytic
cleavages by RNase E (Roy et al., 1983). The resulting pre-5S rRNA carries 3 extra
nucleotides at both ends. While the 3'-terminal nucleotides are removed by RNase T
exonuclease, no processing factor has been identified for 5' end maturation of the 5S rRNA.
(Li and Deutscher, 1995).
Processing also involves nucleotide modifications in the 16S and 23S rRNAs. The
mechanism of formation of modified nucleotides and the function of these modifications are
described in Chapter 2.
In yeast S. cerevisiae, like in all eukaryotes, transcription of rRNAs and almost all
steps of rRNA processing together with the formation of ribosomal subunits take place in the
nucleolus. The rRNA transcription units (rDNA) are tandemly repeated 50-1000 times in most
eukaryotic genomes. Three of the four rRNAs (18S, 5.8S and 25S) are transcribed by RNA
polymerase I as a single precursor. In yeast and human, the primary rRNA precursors are the
35S and 45S pre-rRNAs, respectively (Attardi and Amaldi, 1970). They consist of two external
transcribed spacers at both ends (5' ETS and 3' ETS), two internal transcribed spacers (ITS1
and ITS2), and the rRNA sequences. In eukaryotes, the 5S rRNA is transcribed
independently by RNA polymerase III either inside or outside the nucleolus (Narayanswami
and Hamkalo, 1990; Sklar and Roeder, 1977). An unusual feature of the organisation of S.
cerevisiae rRNA genes is the presence of the 5S rRNA gene within the rDNA repeat (Figure
4.).
Formation of modified nucleotides takes place almost exclusively on the unprocessed
pre-rRNA already during or shortly after transcription (Greenberg and Penman, 1966). The
mechanism of biosynthesis and function of the ribosomal nucleotide modifications are
discussed in Chapter 2.
Pre-rRNA processing is initiated by an endonucleolytic cleavage in the 3' ETS (Figure
4.). This is carried out by Rntlp, the yeast homolog of bacterial RNase III (Kufel et ai., 1999).
Rntlp recognises and cuts a stem-loop structure on both sides in the 3' ETS. Pre-rRNA
processing and nucleotide modification does not start until 3' ETS cleavage is completed.
Processing pathway of yeast pre-rRNA is shown in Figure 4. The 35S rRNA is cut at
site A 0 in the 5' ETS, 90 nucleotides upstream of the 5' end of mature 18S rRNA. This step
requires

a yet

unidentified

endonuclease

and

the

essential

U3

small

nucleolar

ribonucleoprotein (snoRNP) (Beltrame et al., 1994). For the cleavage at A0, a base-pairing
interaction is needed between the U3 snoRNA and a site in the 5' ETS about 140 nucleotides
5' to the A0 site. However, cleavage at this site is not essential for cell viability (Tollervey,
1996).
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In higher eukaryotes, the nucleolin protein, which is the major non-ribosomal protein of
the nucleus, has been found to be required for the first cleavage (equivalent of A0) in the 5'
ETS of the pre-rRNA (Ginisty et ai, 1998; Ginisty et al., 2000). Interestingly, nucleolin
interacts directly both with the pre-rRNA and the U3 snRNP.
Downstream processing reactions include coupled cleavages at sites Ai and A2
(Allmang et al., 1996a). Cleavage at Ai produces the mature 5' end of the 18S rRNA, while
cleavage at A2 separates the 20S precursor of the 18S rRNA from the large ribosomal subunit
pre-rRNA. Recognition of site Ai is based on the conserved sequence preceding the 18S
rRNA sequence and on a stem-loop structure within the 5' end of the mature 18S rRNA
(Venema et al., 1995). Interestingly, recognition of site A2 also relies on a stem-loop structure
3' to the cleavage site (Allmang et al., 1996b), indicating that both sites might be cleaved by
the same endonuclease. These cleavages also require snoRNA interaction with the prerRNA. The conserved box A of U3 snoRNA transiently base-pairs with the 5'-terminal region
of the 18S rRNA which forms a pseudoknot structure in the mature small ribosomal subunit
(Hughes, 1996). Prevention of pseudoknot formation by the U3 interaction might be important
for these cleavages. Even in E. coll, an interaction of the 5-terminal region of the 16S rRNA
with the 5' ETS sequence is essential for processing, probably because this can prevent the
early formation of the functionally active secondary structure of the 16/18S rRNA.
A domain of U14 snoRNA (Domain A) also forms an essential base-pairing interaction
with the 18S rRNA sequences in the 35S pre-rRNA (Morrissey and Tollervey, 1997). The
lethal effect of mutations in the Domain A of U14 can be rescued by compensatory mutations
in the complementary 18S rRNA sequence (Liang and Foumier, 1995). However, it is still not
clear how U14 functions in 18S rRNA processing.
Two other snoRNAs, snR10 and snR30 are also required for the biogenesis of 18S
rRNA, but it is unknown whether direct interaction of these snoRNAs with the pre-rRNA is
needed for their function (Morrissey and Tollervey, 1993; Tollervey, 1987).
In higher eukaryotes, beside the U3, the U14, U17 (the vertebrate equivalent of
snR30) snoRNAs, the U22 snoRNA has been implicated in processing of the 18S rRNA
(Enright et al., 1996; Mishra and Eliceiri, 1997; Tycowski et al., 1994). Depletion of any of
these snoRNAs results iq disappearance of the 18S rRNA and accumulation of the 20S prerRNA.
\

A group of putative RNA helicases (for example FaHp, Roklp, Rrp3p, Dbp8p, Dhrlp,
Dhr2p) are also implicated in rRNA synthesis (reviewed in: Venema and Tollervey, 1999).
They are presumed to unwind RNA duplexes in an ATP-dependent manner. Beside
functioning in structural rearrangements, they are supposed to be required for the
establishment or dissociation of snoRNA-pre-rRNA interactions.
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In yeast, unlike in other eukaryotes, the final step of 18S rRNA maturation takes place
in the cytoplasm. The 20S pre-rRNA, as part of the 43S pre-ribosomal particle, is transported
into the cytoplasm, where it is processed at site D by an unknown endonuclease (Udem and
Warner, 1973; Vanrobays et at., 2001).
The nucleolytic processing of the large subunit rRNAs is initiated by cleavage at site
A3. This site is cleaved by a ribonucleoprotein complex, the RNase MRP (Chu et al., 1994;
Schmitt and Clayton, 1993). Following this cleavage, the 5' end of the 5.8S rRNA is
generated by two exonucleases, mainly by Ratlp and probably also by Xm1p (Henry et al.,
1994).
About 15% of the 5.8S rRNA is generated by an alternative processing pathway,
which involves a processing at site B1L. The two parallel pathways result in heterogeneous 5'
ends of the 5.8S rRNA (Henry et al., 1994).
The formation of the mature 3' end of the 25S rRNA is coupled to the formation of the
mature 5' end of the 5.8S rRNA (Allmang and Tollervey, 1998). Unfortunately, the mechanism
of this processing step is unknown. The separation of the 5.8S and 25S rRNAs is completed
by simultaneous processing at sites C1 and C2. Cleavage at site C2 is probably
endonucleolytic, and processing at Ci, which generates the mature 25S rRNA, can be either
an endonucleolytic or an exonucleolytic event (Mitchell et al., 1996).
Finally, the 3' end of the 5.8S rRNA is generated by the exosome (Mitchell et al.,
1997; Mitchell etal., 1996). The exosome is a large protein complex which consists of 11 real
and putative 3'-»5' exonucleases. Formation of the 3" end of the 5.8S rRNA by the exosome
is a multistep process which involves the activity of at least two exonucleases (Mitchell et al.,
1996).
In higher eukaryotes, the U8 snoRNA has been found to function in maturation of the
large subunit rRNAs. The U8 snoRNA is required for processing at the 3" end of ITS1 and in
the 3' ETS (Peculis and Steitz, 1993).
During formation of mature ends of rRNAs, rRNAs already undergo packaging into
ribosomal subunits. Ribosomal subunit assembly obligatorily commences on the pre-rRNA
(Yeh and Lee, 1998). Some proteins assemble early in the processing pathway, and others
bind later in the cytoplasm, but no detailed assembly map is available (Kruiswijk et al., 1978).
The ribosomal subunits are nearly complete before they are transported into the cytoplasm
(Perry, 1976).
The coding sequence of the 25/26S rRNA is interrupted by a single, short intervening
sequence (IVS) in certain Tetrahymena and Physarium strains and in yeast mitochondria
(Cech and Rio, 1979; Din et al., 1979; Gubler et al., 1979; Nomiyama et al., 1981; van der
Horst and Tabak, 1985; Wild and Gall, 1979). The excision of these introns is an early step in
10
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the processing of these pre-rRNA (Cech and Rio, 1979; Din et al., 1979). The IVS is excised
as a 400 nt long linear molecule which is subsequently converted to a circular form
(Grabowski et al., 1981; Zaug and Cech, 1980). Interestingly, excision of the Tetrahymena
IVS and ligation of the exons were found to occur in vitro in a protein-free solution in the
presence of guanosine, magnesium and salt (Cech etal., 1981). Tetrahymena pre-rRNA with
self-splicing ability was one of the first RNA molecules for which catalytic activity was
demonstrated. These autocatalytic intervening sequences belong to the group I of introns that
are characterised by a well-defined secondary structure and a set of conserved sequence
elements (Michel etal., 1982) and reviewed in: Cech and Bass, 1986).
The function of ribosomal RNAs
In 2000, the structure of the peptidyl transferase centre of the Haloarcula mahsmortui large
ribosomal subunit was solved at a resolution of 2.4 A , while the structure of the small
ribosomal subunit of Thermus thermophilus was described at a resolution of 3 A (Carter et al.,
2000; Nissen et al., 2000; Wimberly et al., 2000). The analysis of ribosomal structure
revealed that the peptidyl transferase centre consists of RNA exclusively. This result strongly
suggest that ribosomal RNAs themselves accomplish the peptidyl transferase reaction.
Therefore, the ribosome can be considered as a ribozyme (Nissen et al., 2000). In the
peptidyl transferase reaction, an evolutionarily conserved adenine base (A2451 in E. coli)
might act as a general acid-base catalyst. Moreover, rRNAs participate in the association of
the two subunits, they form most of the A and P tRNA binding sites and the decoding site,
where the cognate codon-anticodon interaction is sensed (Carter et al., 2000; Wimberly et al.,
2000). In general, the most essential functions of the ribosome are carried out by RNA, and
the ribosomal proteins are mainly structural units which stabilise and orient the RNA into a
specific active structure (Cech, 2000; Williamson, 2000).

TRANSFER RNAs
Transfer RNAs play a fundamental role as translational adaptor molecules in protein
synthesis (reviewed by Rich and RajBhandary, 1976). By interacting with mRNAs via codonanticodon base-pairing, tRNAs translate each nucleotide triplet into an aminoacid. Besides
functioning in protein synthesis, tRNAs have been implicated in regulation of amino acid
biosynthesis through transcriptional regulation, and in reverse transcription of viral RNAs
where they might serve as primers (Arfin et al., 1977; Littauer and Inouye, 1973; Sawyer et
al., 1974).
All tRNAs have an invariant cloverleaf secondary structure with conserved and
semiconserved nucleotides (Figure 5.). The acceptor stem brings the 3' and 5' ends of the
molecule together, and ends in an unpaired 3' end sequence, where the last three
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Figure 7. Processing of eukaryotic intron-containing pre-tRNAs (Wolin and
Matera, 1999).

nucleotides are always CCA. All tRNAs contain four loops: the dihydrouridine or D loop, the
anticodon loop with the anticodon nucleotides that base-pair with codon triplets, the variable
loop with a variable length of 3 to 21 nucleotides, and the PPC loop. Total length of tRNAs
varies between 73 to 93 nucleotides (reviewed in: Rich and RajBhandary, 1976).
The tRNA tertiary structure is evolutionarily conserved (Figure 6.). Transfer RNAs
have a compact L shaped structure with the aminoacylated 3' end at one end, which interacts
with the peptidyl transferase centre, and with the anticodon on the other end, which basepairs with mRNAs on the small ribosomal subunit (Genes 2000,2001; Rich and RajBhandary,
1976).
All tRNAs are transcribed initially as precursors containing 5' leader and 3' trailer
sequences. In bacteria, tRNA transcripts are parts of polycistronic RNAs, which might contain
rRNAs or mRNAs beside tRNAs (Apirion and Miczak, 1993). In E. co//, the initial step in pretRNA processing is an endonucleolytic cleavage downstream of the 3'-terminal CCA triplet
which is usually encoded in the precursor tRNA (Sekiya etal., 1979). This cleavage is likely to
be carried out by RNase E or RNase III, and immediately followed by an exonucleolytic
trimming reaction (Apirion and Miczak, 1993; Ray and Apirion, 1981). The 5' end extension of
pre-tRNAs is removed by an endonucleolytic cleavage of the RNase P ribonucleoprotein
complex (Schmidt et at., 1976). Interestingly, RNase E, RNase III and RNase P all seem to be
associated with the inner cell membrane (Miczak et al., 1991). Maturation of the 5' end is
followed by a second exonucleolytic trimming reaction generating the mature 3* end of tRNAs.
Exonucleolytic reactions can be catalysed by six non-specific enzymes, RNase II, RNase BN,
RNase D, RNase PH, RNase T and PNPase (Deutscher, 1990).
In mitochondria and chloroplasts, 3' end processing is usually an endonucleolytic
process exclusively (Mayer et al., 2000; Oommen et al., 1992). Processing of precursor
tRNAs might involve RNA editing and addition of 3'-terminal nucleotides including the CCA
triplet (Marechal-Drouard etal., 1993; Yokobori and Paabo, 1995).
. Eukaryotic tRNAs are encoded by individual genes that are scattered in the genome
(Cherry etal., 1997; van der Drift etal., 1999). They are transcribed by RNA polymerase III as
short transcripts with 5-15 nucleotide long extensions on both ends (Figure 7.), (reviewed in:
Mori and Marchfelder, 2001; Wolin and Matera, 1999). The 3' end of the newly synthesised
tRNA precursors is recognised by the La phosphoprotein (Lhplp in yeast), which facilitates
the cleavage reactions by stabilising the tRNA conformation and also protects the 3' end of
the pre-tRNA from degradation (Yoo and Wolin, 1997). RNase P ribonucleoprotein complex is
responsible for the endonucleolytic formation of the mature 5' end (Schmidt et al., 1976). This
step is followed by the endonucleolytic removal of the 3' trailer sequence by an unidentified
12

enzyme (O'Connor and Peebles, 1991). However, in yeast, La protein is encoded by a
dispensable gene, and in its absence, the 3' end is trimmed by exonucleases (Van Horn et
al., 1997). This process starts before cleavage by RNase P, and after the generation of
mature 5' end, further exonucleolytic trimming forms the mature 3" end (Evans and Engelke,
1990; Yoo and Wolin, 1997). This shows, that similarly to prokaryotes, yeast cells contain
redundant mechanisms for the processing of the 3' ends of tRNAs (Wolin and Matera, 1999).
Recently, it has been demonstrated that 5' end processing of at least some yeast pretRNAs occurs in the nucleolus (Bertrand et al., 1998). Consistently, the majority of the RNA
component of RNase P as well as a fraction of the La protein localised to the nucleolus
(Bertrand et al., 1998; Deng and Tan, 1985). However, in higher eukaryotes, the mature
RNase P RNP does not seem to be confined to the nucleolus (Jacobson etal., 1997).
Processing of pre-tRNAs involves nucleotide modifications and CCA triplet addition.
Modification of nucleotides are described in details in Chapter 2. Post-transcriptional addition
of CCA to the 3' end of pre-tRNAs is catalysed by a nuclear nucleotidyl transferase (Knapp et
al., 1978). In yeast, this enzyme is the Ccalp, the ATP(CTP):tRNA nucleotidyl transferase.
This enzyme also localises to the cytoplasm, where it functions in the repair of CCA termini
(Wolfe et al., 1996).
Several eukaryotic and some archaeal tRNAs contain intervening sequences
(reviewed in: Belfort and Weiner, 1997). For most tRNAs, end maturation precedes splicing.
However, the order of processing steps can be influenced by growth conditions (O'Connor
and Peebles, 1991; Yoo and Wolin, 1997). Introns vary in length from 14 to 106 nucleotides,
and in eukaryotes, they always reside in the anticodon loop between the first two bases 3' to
the anticodon. Splicing requires three enzymes, a site-specific endonuclease, a ligase and a
phosphotransferase (Belfort and Weiner, 1997). In yeast, both the endonuclease and the
ligase are associated with the nuclear envelope (Clark and Abelson, 1987; Peebles et al.,
1983). This is consistent with the model that splicing takes place at the nuclear pore complex
in yeast, and removal of the intron may accompany tRNA export (Sharma et al., 1996).
Not just splicing, but certain steps of nucleotide modification and aminoacylation may
be coupled to tRNA export (Grosshans et al., 2000; Simos et al., 1996b). In yeast, at least
two different tRNA export pathways may operate (Grosshans et al., 2000). Loslp, and its
human counterpart, exportin-t, are tRNA-specific receptors that co-operatively bind a tRNA
and the Ran-GTP (Arts et al., 1998; Kutay et al., 1998). This complex is translocated through
the nuclear pore complex. In the cytoplasm, RanGAPI hydrolyses the GTP bound to Ran,
that results in dissociation of exportin-t and the tRNA. Exportin-t and Ran-GTP/GDP shuttles
between the nucleus and cytoplasm. After the return of Ran-GDP to the nucleus, RCC1
mediates the formation of Ran-GTP by nucleotide exchange, which results in a Ran-GTP
gradient across the nuclear envelope (reviewed in: Izaurralde and Mattaj, 1995; Wolin and
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Matera, 1999). Exportin-t has a preference for tRNAs with modified nucleotides and correctly
processed 5' and 3' ends including the 3'-terminal CCA triplet (Lipowsky et al., 1999).
The export pathway of tRNAs may also involve the yeast cytoplasmic tRNA-binding
protein, Arclp, which might deliver tRNAs from Loslp to the aminoacyl-tRNA synthases
(Simos etal., 1996a). Transfer RNAs are charged with specific aminoacids by the aminoacyltRNA synthases (Rich and RajBhandary, 1976). A group of isoaccepting tRNAs interact only
with a single aminoacyl-tRNA synthase specific for their aminoacid. Class I aminoacyl-tRNA
synthases recognise the anticodon loop, modified nucleotides in the anticodon loop, the minor
groove of the acceptor stem and tRNA tertiary structure. Class II aminoacyl-tRNA synthases
recognise the tertiary structure of the tRNA, the variable loop and interact with the major
groove of the acceptor stem.
Interestingly, tRNA aminoacylation has been detected inside the nucleus in Xenopus
oocytes and in yeast (Grosshans et al., 2000; Lund and Dahlberg, 1998). In yeast, it is likely
that beside the Loslp-mediated transport, a second export pathway exists, which depends on
nuclear aminoacylation and on the elongation factor eEF-1 A (Grosshans et al., 2000).
Aminoacyl-tRNAs are carried to the ribosome by initiation or elongation factors (Rich
and RajBhandary, 1976). The prokaryotic and eukaryotic initiator tRNAs(Met) interact with IF2
and elF2, respectively. The other tRNAs are recognised by EF-Tu in prokaryotes and eEF-1 A
in eukaryotes. In fact, eEF-1 A has been shown to interact directly with aminoacyl-tRNA
synthases and to stimulate their activity by promoting dissociation of the charged tRNA (Reed
etal., 1994).
Based on our knowledge about the processing steps, export and function of tRNAs, a
tRNA channelling model has been proposed, in which tRNAs are directly transferred from
their sites of synthesis to the polyribosomes by processing factors functioning in tRNA
biogenesis and factors of the protein translation machinery (Stapulionis and Deutscher, 1995;
Wolin and Matera, 1999).
SPLICEOSOMAL SMALL NUCLEAR RNAs
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 (reviewed in: Madhani and Guthrie, 1994; Will and Luhrmann, 2001),)
In the first step of splicing, the 2' hydroxyl of a conserved adenosine near the 3' end of the
intron (branch point site) attacks the 5' splice site (exon-intron junction). As a consequence,
the 5' exon is cleaved off, and the 5' end of the intron is ligated to the branch point site via the
2' hydroxyl group. In the second trans-esterification reaction, the 3' hydroxyl of the 5' exon
attacks the 3' splice site, which results in ligation of the two exons and release of the intron
lariat. Splicing is not only important for elimination of non-protein-coding intervening
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sequences, but also appears to promote mRNA export to the cytoplasm (Kataoka etal., 2000;
Le Hir etal., 2000; Zhou etal., 2000).
The spliceosome is formed by assembly of ribonucleoproteins (U snRNPs) and
several non-snRNP splicing factors (Will and Luhrmann, 2001). The majority of pre-mRNAs
are spliced by the major spliceosome containing U1, U2, U4, U5 and U6 snRNAs (Figure 8.).
However, removal of metazoan introns with AU and AC 5' and 3' splice site consensus
sequences is catalysed by a minor spliceosome carrying U11, U12, U4atac, U6atac and U5
snRNAs (Figure 9. and 10.), (Tarn and Steitz, 1996b). The snRNP components of the
spliceosome mediate the recognition of exon-intron boundaries, create the spliceosome's two
active centres and catalyse the two trans-esterification reactions (Madhani and Guthrie, 1994;
Will and Luhrmann, 2001).
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 as larger precursor RNAs with additional 3' end nucleotides (Hamm et a/.,
1987; Zieve and Sauterer, 1990). The 5' end of pre-snRNAs is capped by a m7GpppG cap,
that is recognised by the m7G cap-binding complex (CBC) (Hamm and Mattaj, 1990;
Izaurralde et at., 1995). The processing pathway of the RNA polymerase ll-specific
spliceosomal snRNAs includes a cytoplasmic phase. The nuclear export of these snRNAs is
mediated by the CRM1 export receptor which binds the snRNA-CBC complex and the RanGTP (Fomerod et al., 1997). This interaction is facilitated by the phosphorylated adaptor for
RNA export, PHAX, which is dephosphorylated in the cytoplasm, leading to the disassembly
of the exported complex (Ohno et al., 2000).
In the cytoplasm, snRNP assembly commences with the binding of seven Sm
proteins, B/B', D3, D2, D1, E, F, and G. Sm proteins feature two conserved sequence motifs,
Sm1 and Sm2, connected by a linker of variable length (Bringmann et al., 1983; Will and
Luhrmann, 1997). Human SmB and B' are products of a single alternatively spliced premRNA transcript, and they only differ in 11 amino acids at their C termini (Chu and Elkon,
1991). In brain and heart of mammals, SmB is frequently replaced by the tissue-specific SmN
(Huntriss et al., 1993). Sm proteins recognise the conserved Sm-binding site of snRNAs,
which consists of a conserved uridine-rich primary sequence flanked by two stem-loop
structures. The seven Sm proteins form a heptameric ring whose central channel most
probably accommodates the single stranded Sm-binding site of the snRNA (Camasses et al.,
1998). The U snRNP Sm core assembly is assisted by a protein complex containing survival
of motor neurons protein (SMN), which transiently associates with U snRNP in the cytoplasm
(Fischer et al.,).
In yeast, it is more likely, that snRNAs do not leave the nucleus during their
biogenesis. La protein has been known to function as a molecular chaperone in stabilising
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Figure 9. Secondary structure of the human U11, U12, U4atac and U6,
spliceosomal snRNAs (Tarn and Steitz, 1997).

nascent RNA polymerase Ill-specific transcripts (Pannone etal., 1998). Interestingly, binding
of Sm proteins is assisted by the La phosphoprotein in yeast, which also binds to U1, U2, U4
and U5 snRNAs in vivo during their processing (Xue et ai, 2000). However, human U1
snRNA has also been demonstrated to transiently interact with the La protein (Madore et ai,
1984).
The cytoplasmic assembly of snRNA-Sm core triggers hypermethylation of 5' cap
structure to 2,2,7-trimethylguanosine (m2,2,7G) cap (Zieve and Sauterer, 1990). The 3' end of
vertebrate snRNAs is mainly processed in the cytoplasm. Yeast 3' end processing depends
on an endonucleolytic cleavage by Rntlp followed by exonucleolytic trimming by the
exosome and/or Rex exonucleases helped by a putative RNA helicase, Doblp (Allmang et
al„ 1999; van Hoof etal., 2000a).
The 2,2,7-trimethylguanosine cap and the Sm core proteins serve together as a
nuclear localisation signal, which is required for the nuclear import of U snRNPs (Fischer et
al., 1993). The m2,2,7G cap is recognised by Snurportin-1 which interacts with the general
import factor Importin p (Huber et ai, 1998). The distinct factpr recognising the Sm core is still
to be identified.
In the nucleus, snRNAs undergo extensive internal nucleotide modifications (see
Chapter 2), and binding of U snRNP-specific proteins completes the biogenesis of
spliceosomal U snRNPs containing RNA polymerase ll-transcribed snRNAs (Will and
Luhrmann, 2001).
Biogenesis of the RNA-polymerase Ill-specific U6 and U6atac snRNAs takes place
entirely in the nucleus. During their processing, they acquire a y-monomethyl phosphate cap
(Singh and Reddy, 1989). The first protein to bind the U6 snRNA is the La protein, which
stabilises the newly synthesised transcript and facilitates snRNP formation (Xue et ai, 2000).
Seven Sm-like proteins, LSm2, LSm3, LSm4, LSm5, LSm6, LSm7 and LSm8, assemble on
the U6 transcript to form a heptameric ring around the 3-terminal uridine-tract (Mayes et ai,
1999). Moreover, LSm2, LSm3, LSm4, LSm5, LSm6, LSm7 together with LSm1 forms a
complex in the cytoplasm to function in mRNA degradation (Bouveret et ai, 2000; Tharun et
ai, 2000).
Maturation of U6 snRNA involves formation of modified nucleotides. Factors directing
the nucleotide modifications of U6 snRNA have been found to reside in the nucleolus, and it
has also been shown that U6 actually cycles through this compartment (Ganot et ai, 1999,
this thesis, Lange and Gerbi, 2000).
Finally, U6 snRNP interacts with the U4 snRNA to form a common U4/U6 snRNP with
extensive base-pairing between U6 and U4 snRNAs (Madhani and Guthrie, 1994).
Beside Sm and Sm-like proteins, U snRNPs contain several specific protein
components (reviewed in: Kambach etal., 1999). Three specific proteins, U1-70K, U1-A and
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U1-C are part of the mammalian U1 snRNP. At least nine additional proteins, U2A', U2B"
proteins, SF3a and SF3b splicing factor complexes, are present in the U2 snRNP. U5
contains nine specific proteins, among which the 200 kDa and 100 kDa proteins are RNA
helicases most probably functioning in the rearrangement of RNA-RNA interactions during
splicing (Will and Luhrmann, 1997). The homolog of the 220 kDa U5 snRNP protein has been
identified in yeast as Prp8p, and this protein facilitates formation of the catalytic core in the
spliceosome (Chiara et al., 1996). At least five specific protein components are parts of the
U4/U6 snRNP. One of them, the 15.5 kDa protein (Snu13p in yeast), is also a component of
box C/D snoRNPs (Watkins et al., 2000). Before spliceosome assembly, the U5 and U4/U6
snRNPs form a tri-snRNP complex together with at least seven specific proteins.
The U11 and U12 snRNAs form a common snRNP with two sets of Sm proteins, eight
specific proteins and four subunits of the SF3b splicing complex (Will et al., 1999). Similarly,
at least several, if not all of U4/U6 specific proteins are also parts of U4atac/U6atac snRNP
(Schneider C, Will C and Luhrmann, unpublished results).
The active centres of the spliceosome are formed by a dynamic process, when
snRNPs and non-snRNP proteins assemble into an active spliceosome on the pre-mRNA
(Figure 11.), (reviewed in: Newman, 1994; Rio, 1993; Will and Luhrmann, 2001). The 5' splice
site is recognised by the U1 snRNP. This step is facilitated via protein-protein interactions by
several SR proteins and most probably by factors involved in 5' cap formation and 3'
polyadenylation of pre-mRNAs (Graveley, 2000; Wang and Manley, 1997). The SR proteins
are evolutionarily conserved non-snRNP splicing factors which possess important functions in
recognition of exon-intron boundaries, splice-site selection in alternative splicing and export of
mature mRNAs (Valcarcel and Green, 1996). The stability of the U1 snRNA and pre-mRNA
interaction is further increased by formation of a base-pairing reaction between the U1 snRNA
and the 5' splice site.
Recently, it has been proposed that the U2 snRNP associates with the pre-mRNA
together with the U1 snRNP, forming a U1/U2 snRNP (Das et al., 2000). Later the U2 snRNP
interacts with the branch-point site. This interaction involves U2 snRNP protein-pre-mRNA
interactions, base-pairing between the U2 snRNA and pre-mRNA, and association of nonsnRNP splicing factors (Will and Luhrmann, 1997).
The U4/U6 and U5 snRNPs form a tri-snRNP before their interaction with the premRNA. Recent studies have revealed that the U4/U6-U5 tri-snRNP also recognises the 5'splice site together with the U1 snRNP (Maroney et al., 2000). The assembly of the U4/U6-U5
tri-snRNP with the pre-mRNA generates structural rearrangements in the spliceosome. The
U4/U6 base-pairing interaction is disrupted, and the U6 snRNA base-pairs with the U2 snRNA
and the 5' splice-site. An evolutionarily conserved region of U5, namely the loop I, base-pairs
first with the upstream exon, and after the first trans-esterification reaction, it also contacts the
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downstream exon (reviewed in: Newman, 1997). Both splice sites interact with the U5 snRNP
220 kDa/Prp8p protein, which beside being part of the catalytic core, facilitates recognition of
both splice-sites (Reyes etal., 1996; Umen and Guthrie, 1996).
Base-pairing between the U2 and U6 snRNAs juxtaposes the unpaired branch-site
adenosine and the 5' splice site. This also allows the release of the U1 and U4 snRNPs
(Newman, 1994; Rio, 1993; Will and Luhrmann, 2001). After the catalysis of the first transesterification step, the U5 snRNA anchors the 5' exon splicing intermediate, and assists in the
alignment of the two exons for the second trans-esterification reaction (Newman, 1997). The
second trans-esterification reaction is also preceded by structural rearrangements of the
spliceosome, which are poorly understood at the moment.
The active centres of the spliceosome are mainly formed by the U6 and U2 snRNAs
(reviewed in: Collins and Guthrie, 2000). It is widely believed that the spliceosome is a
ribozyme, although this hypothesis still needs further experimental support. The functional
importance of the conserved regions of the U2 and U6 snRNAs as well as the fact that the U6
snRNA can co-ordinate a divalent cation required for catalysis strongly support the idea that
splicing is mainly catalysed by RNA (Yean et al., 2000). Moreover, the RNA-based catalysis
of splicing is further emphasised by the structural and functional similarities of the major and
minor spliceosomes. The assembly pathway of the minor spliceosome and the secondary and
tertiary structure and the interaction network of its snRNAs are highly similar to those
observed for the major spliceosome (Tarn and Steitz, 1996a; Tam and Steitz, 1997).
Moreover, all those nucleotides, which have been shown to be critical for U6 function in the
major spliceosome are also present in the U6atac snRNA. Recently, an alternative assembly
pathway has been detected for the minor spliceosome, in which the U4atac remains partially
bound to U6atac snRNA in spite of formation of base-pairing reactions between the U12 and
U6atac snRNAs (Frilander and Steitz, 2001).
Apparently, the snRNP and non-snRNP proteins are not only structural components of
the spliceosome. The U5-220 kDa/Prp8p protein participates in the formation of the catalytic
core and stabilises RNA-RNA interactions. It is most likely that the 220 kDa/Prp8p protein
functions as a protein cofactor (Collins and Guthrie, 1999; Siatecka et al., 1999). Several
putative ATPases, helicases, protein kinases, GTPases and peptidyl-prolyl cis/trans
isomerases have been identified as components of the spliceosome (Staley and Guthrie,
1998; Will and Luhrmann, 1997). They might be essential for the fidelity and efficiency of
splicing, since they are supposed to regulate spliceosome assembly, to function in
rearrangement of RNA-RNA and RNA-protein interactions, and to participate in formation of
conformational changes during assembly and catalysis (Jankowsky et al., 2001; Kambach et
al., 1999; Raghunathan and Guthrie, 1998; Staley and Guthrie, 1999).
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1998) Filled circles represent universally conserved nucleotides.
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Figure 13. Secondary structure of the human RNase MRP snoRNA (Ridanpaa et
al. 2001)

RNASE P RNA
RNase P is found in all three domains of life as well as in mitochondria and chloroplasts
(reviewed in: Frank and Pace, 1998). RNase P is a ribonucleoprotein complex except for the
chloroplast RNase P, which consists of only proteins (Thomas et al., 1995). RNase P
functions as an endonuclease in removal of the 5'-leader sequences of precursor tRNAs
(Schmidt et al., 1976). In E. coli, precursors of the 4.5S signal recognition particle RNA and
tmRNA, that directs addition of a C-terminal peptide tag to incomplete protein products to
trigger proteolysis, are also substrates of RNase P (Bothwell et al., 1976; Tous et al., 2001).
In all cases, RNase P recognises the secondary and tertiary structure of the mature RNA
domain of the precursor RNA (Furdon etal., 1983).
Analysis of the bacterial RNase P RNA led to the discovery of catalytic RNAs. It has
been demonstrated, that the bacterial RNase P RNA provides enzymatic activity for pre-tRNA
cleavage in vitro in absence of proteins (Guerrier-Takada et al., 1983). This activity is based
on the presence of divalent cations, preferentially magnesium ions. In contrast, nonbacterial
RNase P RNAs are inactive without protein, however, they form the catalytic centre of the
endonuclease (Frank and Pace, 1998; Thomas et al., 2000). All known RNase P RNA
molecules feature a universally common core structure, which is the equivalent of the
catalytic centre in bacterial RNase P RNAs (Figure 12.), (Chen and Pace, 1997).
E. coli RNase P consists of RNase P RNA and a single protein encoded by the rnp4
gene (Apirion, 1980; Schedl and Primakoff, 1973). Under physiological conditions, RNase P
protein is required for the catalytic activity (Gardiner et al., 1985). S. cerevisiae RNase P
contains nine proteins beside the RNase P RNA. All these proteins, Poplp, Pop3p, Pop4p,
Pop5p, Pop6p, Pop7p/Rpp2p, Pop8, Rpplp, and Rpr2p are essential for RNase P activity
and cell viability (Chamberlain et al., 1998). Interestingly, yeast precursor RNase P RNA
transiently associates with the Sm-like protein complex, LSm2-7, found also in the U6 snRNP
(Salgado-Garrido etal., 1999).
Eukaryotic RNase P is a nuclear ribonucleoprotein complex. Interestingly, the majority
of yeast RNase P RNPs was observed to localise to the nucleolus, where the RNase Pcatalysed endonucleolytic processing of the 5' end of at least some tRNAs occurs (Bertrand
etal., 1998).
RNASE MRP SMALL NUCLEOLAR RNA
RNase MRP has been identified in eukaryotes as an endoribonuclease able to cleave
mitochondrial RNA in vitro, to generate primers for mitochondrial DNA replication (Chang and
Clayton, 1987). However, most, if not all, RNase MRP is localised to the nucleolus, and
cleaves pre-rRNA at site A3 (Kiss and Filipowicz, 1992; Kiss et al., 1992; Schmitt and Clayton,
1993). Cleavage at site A 3 is not absolutely required for rRNA biogenesis, since an alternative
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Figure 14. Processing of histone pre-mRNAs (Walther et al., 1998). Partial
sequence of the 3'UTR of the mouse histone pre-mRNA is shown. Arrows tailed
to the left: ends of 5' end processing products. Arrows tailed to the right: ends of
3' end processing products.

Figure 15. Schematic representation of the mammalian signal recognition
particle (Bui and Strub, 1999).

pathway exists for maturation of the 5' end of the 5.8S rRNA. Mysteriously, RNase MRP is an
essential ribonucleoprotein complex for cell viability, that suggests that RNase MRP probably
has other substrates beside the pre-rRNA.
The RNA component of RNase MRP is an RNA-polymerase Ill-specific, about 270 nt
long small nucleolar RNA (Figure 13.), (Topper and Clayton, 1990). RNase MRP RNA and
RNase P RNA have a common secondary structure with many conserved nucleotides,
supporting the idea that the two RNAs are evolved from a common ancestor (Forster and
Altman, 1990; Morrissey and Tollervey, 1995).
Interestingly, it has been revealed that a mutation in human RNase MRP RNA can
cause cartilage-hair hypoplasia (Ridanpaa et al., 2001). However, molecular mechanisms
underlying the pleiotropic phenotypic manifestation of cartilage-hair hypoplasia are not
discovered yet.
RNase MRP and RNase P share many common protein subunits. Yeast RNase MRP
RNA is associated with 8 proteins, Poplp, Pop3p, Pop4p, Pop5p, Pop6p, Pop7p/Rpp2p,
Pop8p and Rpplp, that are common components of both complexes (Chamberlain et al.,
1998). RNase MRP also contains a specific protein, Snmlp (Schmitt and Clayton, 1994).
Recently, mutant yeast Snmlp proteins were found to be involved in defects in plasmid
segregation. The authors believe that this is caused by telophase arrest, so RNase MRP may
function in cell cycle control in yeast (Cai etal., 1999).
U7 SMALL NUCLEAR RNA
U7 snRNA is an RNA polymerase ll-specific, 2,2,7-trimethylguanosine-capped, 63 nt long
stable RNA functioning in histone pre-mRNA 3' end formation (Figure 14.), (Bond et al., 1991;
Reddy and Bush, 1988; Soldati and Schumperli, 1988; Walther etal., 1998). The U7 snRNA
is associated with seven Sm proteins and at least two U7-specific polypeptides (Smith et al.,
1991). The biogenesis of U7 is supposed to follow the processing pathway of RNA
polymerase ll-transcribed spliceosomal snRNAs (Stefanovic et al., 1995).
During S phase, the expression of replication-dependent histone genes involves the
processing of the 3' end of histone pre-mRNAs (Schumperli, 1988). The endonucleolytic
cleavage occurs between an upstream hairpin structure and a downstream purine-rich spacer
element (Birchmeier et al., 1984). The hairpin structure is recognised by the hairpin-binding
protein (HBP), while the purine-rich spacer element transiently base-pairs with the 5' end of
the U7 snRNA (Bond et al., 1991; Vasserot et al., 1989; Wang et al., 1996). The third known
factor required for histone pre-mRNA 3' end maturation is a heat-labile processing factor
(HLF) (Gick etal., 1987; Luscher and Schumperli, 1987). The U7 snRNA, besides recognition
of the cleavage site, might also anchor the processing complex required for mature 3' end
formation (Scharl and Steitz, 1994).
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SIGNAL RECOGNITION PARTICLE RNA
Synthesis of membrane and extracellular proteins requires their co-translational translocation
across or into the membrane of the endoplasmic reticulum. These proteins carry a signal
sequence usually at their N termini, which is recognised by the signal recognition particle
(SRP) (reviewed in: Walter and Johnson, 1994). SRP binds specifically to the signal
sequence and causes a retardation in the elongation of the nascent polypeptide chain. This
complex is targeted to the SRP receptor of the endoplasmic reticulum. After the release of the
SRP-SRP receptor complex, translation is completed and the polypeptide chain is
translocated into the lumen or the membrane of the endoplasmic reticulum (Bovia and Strub,
1996; Siegel etal., 1995).
SRP-like ribonucleoprotein complexes are found in eubacterial and archaebacterial
organisms as well (Kaine, 1990; Miller et a!., 1994). In E. coli, the SRP RNA is referred to as
the 4.5S RNA. The 4.5S RNA functions in translocation of proteins into or across the plasma
membrane. Mammalian SRP consists of six polypeptides, SRP9, SRP14, SRP19, SRP54,
SRP68, SRP72, which are bound to the SRP RNA (Figure 15.), (Walter and Blobel, 1980;
Walter and Blobel, 1982). Human SRP RNA is a 300 nt long, RNA polymerase Ill-transcribed,
essential, cytoplasmic RNA, which contains Alu sequences at its 5' and 3' end (reviewed in:
Bui and Strub, 1999). Eubacterial SRP RNAs usually lack the Alu sequences. However, only
the Alu region of the SRP RNA has a well-defined function in protein translocation. After the
recognition of the signal sequence by SRP54, the Alu region participates in the elongation
arrest of protein synthesis (Siegel and Walter, 1986). Other functions of the SRP RNA are
only putative, it is supposed that SRP RNA serves as a scaffold for ribonucleoprotein
assembly, and may also regulate the activities of the bound proteins or transmit information
from one end of the complex to the other by conformational changes (Lutcke, 1995).
Interestingly, evolutionary studies strongly suggest, that the Alu family of repetitive
sequences specific for rodent and primate genomes originates from the reverse transcription
of the SRP RNA (Siegel and Walter, 1986).
TELOMERASE RNA
Telomeres are essential chromosome ends that provide stability and allow complete
replication of eukaryotic chromosomes (reviewed in: Blackburn, 1991; Greider, 1996).
Telomeres consist of multiple tandem repeats of a simple sequence, TTGGGG in
Tetrahymena, TG(1-3) in yeast, and TTAGGG in human. Telomerase is a ribonucleoprotein
reverse transcriptase that maintains telomere length by synthesising telomeric repeats onto
the chromosome ends (Greider and Blackburn, 1985; Greider and Blackburn, 1987).
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Figure 17. Secondary structure of the human 7SK RNA (Wassarman and Steitz,
1991).
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Telomerase contains the essential telomerase RNA, the catalytic telomerase reverse
transcriptase protein (TERT) or Est2p in yeast, and several phylum-specific proteins (Greider
and Blackburn, 1989; Harrington et al., 1997b; Lingner and Cech, 1996; Nakamura et al.,
1997).
Ciliate telomerase RNAs are 160-190 nt long, RNA polymerase Ill-specific RNAs with
conserved secondary structure (Romero and Blackburn, 1991). Beside TERT, two
telomerase-specific proteins, p80 and p95, have been identified in ciliate telomerases (Collins
et al., 1995).
Yeast telomerase RNA is about 1300 nt long, RNA polymerase ll-transcribed RNA
that is processed from a polyadenylated precursor (Chapon etal., 1997). Interestingly, beside
Est2p, Estlp, Est3p and Cdc13p, telomerase RNA is associated with Sm proteins (Lin and
Zakian, 1995; Lin and Zakian, 1996; Seto et al., 1999; Steiner et al., 1996). Moreover, yeast
telomerase RNA has a 2,2,7-trimethylguanosine-cap at its 5' end, suggesting that the
telomerase RNA and spliceosomal snRNAs have a common biosynthetic pathway (Seto et
al., 1999).
The RNA polymerase ll-synthesised vertebrate telomerase RNAs are about 390-450
nt long, and display an evolutionarily conserved secondary structure (Figure 16.), (Blasco et
al., 1995; Chen et al., 2000a; Feng et al., 1995). In contrast to ciliate and yeast telomerase
RNAs, vertebrate telomerase RNAs carry a box H/ACA small nucleolar RNA-like domain at
their 3' ends (Mitchell et al., 1999a). The conserved H and ACA motifs are required for
accumulation, 3' end processing, nucleolar localisation and in vivo function of the telomerase
RNP (Mitchell etal., 1999a; Narayanan etal., 1999a, and this thesis).
Beside TERT, vertebrate telomerase contains several other proteins. In mammals, a
homolog of ciliate p80, the telomerase-associated protein 1 (TEP1) has been identified
(Harrington et al., 1997a; Nakayama et al., 1997). However, TEP1 is also a component of
vault particles (Kickhoefer et al., 1999b). It has been shown that the telomerase RNA is
associated with all known box H/ACA snoRNP proteins, namely with Garlp, dyskerin, Nop10
and Nhp2 (Dragon etal., 2000; Mitchell etal., 1999b; Pogacic etal., 2000; Shay and Wright,
1999). Recently, two additional RNA binding proteins, hStau and L22, were found to be
components of human telomerase (Le etal., 2000)
7SK RNA
The 7SK small nuclear RNA is an evolutionarily conserved, abundant RNA (Figure 17.),
(Gurney and Eliceiri, 1980; Wassarman and Steitz, 1991; Zieve and Penman, 1976). In
mammals, the number of the 7SK RNA is about 5x10s per cell, which is similar to the number
of the major spliceosomal RNAs in HeLa cells. Human 7SK RNA is 331 nt long, and
transcribed by the RNA polymerase III (Zieve et al., 1977). As a nascent transcript, its
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polyuridine 3' end is bound by the La protein (Chambers et al., 1983). After transcription, a ymonomethyl phosphate cap is formed at its 5* end (Shumyatsky et al., 1990).
In spite of being an abundant RNA, the function of the 7SK RNA has been unknown
for a long time. However, very recently, human 7SK RNA has been found to be complexed
with the positive transcription elongation factor, P-TEFb. A component of P-TEFb, the Cdk9
kinase is required for the phosphorylation of the carboxyl-terminal domain (CTD) of the large
subunit of the RNA polymerase II. Phosphorylation of CTD is a prerequisite for efficient
transcriptional elongation. However, when the 7SK RNA is complexed with P-TEFb, the
kinase activity of Cdk9 is largely reduced. Based on these results, it has been proposed that
by negative regulation of Cdk9 activity, 7SK RNA modulates the elongation step of RNA
polymerase ll-specific transcription (Nguyen V.T., Kiss T., Michels A.A. and Bensaude O.,
unpublished results). Interestingly, RNA-mediated negative regulation of transcription has
already been demonstrated in E. coli, where the 6S RNA has been shown to bind the RNA
polymerase and negatively regulate the RNA synthesis (Wassarman and Storz, 2000).
VAULT RNAs
Vaults are large cytoplasmic ribonucleoprotein particles of unknown function (Kedersha and
Rome, 1986). Their morphology is highly conserved among eukaryotes (Kedersha et al.,
1990). Each vault comprises a barrel-like structure, composed of two identical halves. Each
half vault has a flower-like structure composed of eight-petals surrounding a central ring
(Kedersha et al., 1991).
Vaults contain 16 copies of a vault RNA (vRNA) (Kedersha et al., 1991). Vault RNAs
are transcribed by RNA polymerase III, and their length varies from 86 to 141 bases
(Kickhoefer et al., 1998; Kickhoefer et al., 1993). Human and bullfrog cells contain multiple
related vault RNAs. All known vRNAs can be characterised by a conserved secondary
structure (Figure 18.), (Kickhoefer et al., 1993). The vRNA is not required for the integrity of
vaults, since its removal does not alter vault particle morphology (Kedersha et al., 1991).
Mammalian vaults contain at least three different proteins, the major vault protein
(MVP), the poly(ADP-ribosyl) polymerase (VPARP), and the telomerase-associated protein
TEP1 (Kedersha and Rome, 1986; Kickhoefer et al., 1999a; Kickhoefer et al., 1999b). The
MVP constitutes more than 70% of the total vault protein. There are about 96 copies per
particle, approximately 6 in each petal (Kedersha et al., 1991). TEP1, the common protein
component of both vaults and the telomerase, is required for stability and for association of
vault RNA with the vault particle (Kickhoefer et al., 2001).
The function of vaults has remained elusive so far, but structural similarities between
vault particles and the nuclear pore plug suggest that vaults may constitute the central plug of
the nuclear pore complex (Kedersha et al., 1991). Since immunocytochemical studies
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demonstrate that vaults are localised at the nuclear envelope, they might be involved in
protein or RNA transport between the nucleus and cytoplasm (Chugani etal., 1993).
YRNAS
The Ro ribonucleoproteins have been initially identified as the primary target of
autoantibodies in patients with systemic lupus erythematosus and Sjogren's syndrome
(reviewed in: Tan, 1993). Variable number of Ro RNPs containing a Y small RNA with a
conserved secondary structure have been identified in multicellular eukaryotes (Figure 19.).
Human Ro RNPs contain one of the four Y RNAs (hY1, hY3, hY4 or hY5), a 60 kDa Ro60
protein and a subpopulation of the Ro RNPs is associated with the La protein (Boire and
Craft, 1990; Hendrick etal., 1981; Slobbe etal., 1992). Human Y RNAs are RNA polymerase
Ill-specific, unmodified RNAs with a length of 85-112 nucleotides (Hendrick et al., 1981;
O'Brien and Harley, 1990; Wolin and Steitz, 1983). The human La protein has been
implicated in termination, re-initiation of RNA polymerase III transcription as well as in release
and processing of nascent transcripts (Fan et al., 1998; Goodier et al., 1997; Van Horn et al.,
1997; Yoo and Wolin, 1997). Moreover, La protein is supposed to have double stranded RNA
unwinding activity (Huhn et al., 1997). In the case of RNA polymerase Ill-specific primary
transcripts, La binds to the UUU 3' end tail, which is usually cleaved during RNA maturation
(Maraia et al., 1994). However, human Y RNAs retain the polyuridine tail, and La remains a
stable component of a fraction of Ro RNPs.
Only a few Ro RNP-specific proteins have been described so far. Human Ro52 and
Ro-binding protein 1 (RoBPI) are likely to associate with Ro RNPs, and six proteins with
molecular masses of 80, 68, 65, 62, 60 and 53 kDa have been found to bind preferentially to
human Y1, Y3 and Y4 RNAs (Ben-Chetrit et al., 1988; Bouffard et al., 2000; Fabini et al.,
2000; Slobbe et al., 1992).
In HeLa cells, Ro RNPs are mainly found in the cytoplasm, but most Y5-containing Ro
RNPs are localised to the nucleus (Gendron M, Roberge D and Boire G, unpublished results).
The function of Ro RNPs has remained mysterious. However, in X. laevis and in C.
elegans, the 60 kDa Ro protein have been found to bind to misfolded 5S rRNAs, so it has
been proposed that Ro60 facilitates the discard of defective rRNAs (Labbe et al., 1999;
O'Brien and Wolin, 1994; Shi et al., 1996). Also, Ro60, together with an unidentified RNA
cofactor, may function in the regulation of the translational fate of X. laevis ribosomal protein
mRNAs (Pellizzoni etal., 1998).
Recently, a Ro RNP-like ribonucleoprotein has been identified in the eubacterium
Deinococcus radiodurans (Figure 19.). The Ro sixty related (Rsr) protein complexed with
small RNAs contributes to the resistance of D. radiodurans to UV irradiation. Interestingly, at
least one of the small RNAs resembles the Y RNAs of higher eukaryotes (Chen et al., 2000b).
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Figure 20. Formation of 2'-0-methylated nucleotides and pseudouridines.
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POST-TRANSCRIPTIONAL NUCLEOTIDE MODIFICATION OF RNA
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 (Figure 20. and 21.), (Limbach etal., 2001). 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. Some modifications are simple, like addition of
a single methyl group. Hypermodified nucleotides are formed by a series of reactions, in
which several enzymes might be involved. Modifications are always site-specific, and
frequently conserved during evolution. There are many physicochemical contributions that
can be attributed to modified nucleotides (Agris, 1996). Modifications can introduce positive
and/or negative charges. Some modifications, like formation of 1-methyladenosine (m1A) or
the 2,2,7-trimethylguanosine (m2,2,7G) of the cap structure of snRNAs, only introduce transient
charges dependent on protonation. Modifications introducing positive charges neutralise the
anionic phosphate backbone, thus contribute to the stability of RNA. Charge may also
produce stabilising salt bridges. Some other modifications result in an increased polarity of
the nucleotide, like formation of 5-hydroxymethylcytidine (hm5C) or pseudouridine (40Formations of inosine (I) and 2'-0-ribose methylated nucleotides are examples of
modifications that increase hydrophobicity. Hydrophobic modifications enhance base-stacking
interactions, which result in reordering of water around the RNA molecule (Amez and Steitz,
1994; Basti et al., 1996). Several modifications, like 2'-0- ribose methylations, inhibit noncanonical base-pairings as well as alter and restrict nucleotide conformation (Kawai et al.,
1992) Modifications of N-1 of purines and N-3 of pyrimidines block the formation of canonical
base-pairs. Inhibition of canonical or non-canonical base-pairings contribute to the
conformational dynamics of RNA. (Agris, 1996)
Interaction between modified nucleotides produce new conformations and chemistries.
Modifications can enhance the stability and conformational dynamics of RNA at the same
time. Both structure and dynamics are important for recognition, function, RNA-RNA and
RNA:protein interactions. In tRNAs, modification-dependent stabilisation of the stem of the
anticodon domain, in combination with inhibition of canonical and non-canonical basepairings by modifications of nucleotides flanking the anticodon, results in a fast exchange
among a number of energetically accessible conformations. This modification-based fast
exchange form of dynamics is required for biological activity of tRNAs (Dao et al., 1994). The
physicochemical contribution of individual modified nucleotides and the interaction between
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modifications result in complex biological functions which is discussed in details in the
following paragraphs.
NUCLEOTIDE MODIFICATION OF TRANSFER RNAs
Transfer RNAs display the greatest variety and largest number of modified nucleotides. 81
different modifications have been reported in tRNAs (Limbach et al., 2001). Posttranscriptional modifications of tRNAs are present in species ranging from archaebacteria and
eubacteria to human. Eukaryotic nuclear-encoded tRNAs tend to be more extensively
modified than prokaryotic or mitochondrion-encoded tRNAs. In eukaryotes, about 25% of the
nucleotides of a tRNA are modified. A few modifications (e.g. ¥13, ¥55, m1A58) are present
in tRNAs from all kingdoms, probably indicating a common evolutionary origin (Bjork et al.,
1987)
Nucleotides in loops are more often modified that those in stems. Modifications in
loops are more accessible to solvent, to proteins like elongation factors and aminoacyl-tRNA
ligases, to rRNAs and mRNAs, that interact with tRNA molecules. Interestingly, removal of a
modification usually has no or little effect on cell growth. However, in growth competition
experiments, wild-type cells always overgrow the mutant cell lines. It has been experimentally
demonstrated that modifications contribute to tRNA structure and significantly affect
translational efficiency, codon choice and control of frame shifting (Agris, 1996).
The highest frequency of modifications occur in the anticodon loop. At position 37, 3'
adjacent to the anticodon, hypermodified purines frequently stabilise the codon-anticodon
interaction. Mutants lacking modifications at position 37 have reduction in growth rate
(Ericson and Bjork, 1986) due to a lower efficiency of their tRNAs to bind to the ribosome
(Gefter and Russell, 1969). Modifications at this position affect translational efficiency and
fidelity (Smith and Hatfield, 1986). They also facilitate the maintenance of the correct reading
frame, since they tend to prevent base-pairing interactions with mRNA nucleotides located at
the 5'-side of the codon (Pieczenik, 1980).
The wobble position, position 34, is also often modified. There is a strong correlation
between the type of modification and the codon recognised by the tRNA. Modification at this
position influences the ribosome-mediated codon binding and translational fidelity. They
restrict or enhance the ability of the tRNA to bind to certain types of nucleotides in the codon
(Bjork et at, 1987). Mutations inhibiting formation of modifications at position 34 usually result
in a misreading tRNA (Yokoyama et al., 1985).
Modifications in the anticodon-domain participate in aminoacyl-tRNA synthetase
recognition of cognate tRNAs as well. In E. coli tRNALys, a m n m V u at the wobble position is
recognised

by the

Lysil-tRNA

synthetase.

Lack of this modification

aminoacylation activity by more than 99% (Tamura et al., 1992).
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reduces the

The modification reactions are catalysed by protein enzymes. Some enzymes, like the
E. coli tRNA-msU54 methyltransferase or the tRNA-guanine transglycosylase, recognise
sequences near the target nucleotide (Gu and Santi, 1991; Nakanishi et al., 1994). Other
modifying enzymes require distant sequence information, such as the yeast Trm1 modifying
enzyme (Edqvist et al., 1994). The tertiary structure of the tRNA can also be part of the
recognition

signal

for

tRNA-modifying

enzymes.

The

E.

coli

tRNA-(guanosine-l)

methyltransferase is one example of an enzyme recognising the complexity of the tertiary
structure of tRNAs (Holmes et al., 1992).
During maturation of tRNAs, formation of post-transcriptional modifications occur in
concert with the nucleoiytic processing. In eukaryotes, most of the enzymes function in the
nucleus. The majority of modifications occur before the removal of the intervening sequence
from the pre-tRNA (Melton et al., 1980). E. coli Psu1 and its yeast equivalent, Puslp, are
responsible for pseudouridine formations in the anticodon domain, and at positions 27, 28, 65
and 67. Pseudouridine formation by Puslp is dependent on the presence of the tRNA-intron
(Kämmen et al., 1988; Motorin et al., 1998). Interestingly, pseudouridylation by Puslp is likely
to contribute to the recognition of transport-competent tRNAs by components of the tRNA
export pathways (Simos et al., 1996b). Enzymes can also be localised in mitochondria or in
the cytoplasm. For example, formation of queuosine at position 34 takes place in the
cytoplasm, and represents one of the last steps of tRNA maturation (Nishikura eta!., 1982).
POST-TRANSCRIPTIONAL NUCLEOTIDE MODIFICATION OF RIBOSOMAL RNAs
The rRNAs of all organisms undergo extensive covalent nucleotide modification. In E. coli
16S rRNA, there are ten methylated nucleotides and a pseudouridine. In the 23S rRNA, 14
methylated nucleotides, a methylated and 8 unmethylated pseudouridines are found.
Methylations are either base or 2-O-ribose methylations (Bakin et al., 1994a; Bakin et al.,
1994b; Smith et al., 1992). In yeast, rRNAs contain 55 2'-0-ribose methylated, 10 base
methylated nucleotides and 45 pseudouridines (Maden and Hughes, 1997). In human, even
more modifications are present in rRNAs: 105 ribose methylations, 10 base methylations and
95 pseudouridines (Limbach et al., 2001). Although few modifications are conserved between
prokaryotes and eukaryotes, almost all of them are clustered in the evolutionary conserved
and functionally active regions of rRNAs.

Nucleotide modification of E. coli rRNAs
In cellular RNAs, pseudouridine is the most abundant post-transcriptionally modified
nucleotide. In E. coli 23S rRNA, eight percent of uridines are converted into pseudouridines
(Ofengand and Bakin, 1997). Six pseudouridines of the 23S rRNA are at the peptidyl
transferase centre, and the other three are found in a loop which is protruding from the
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surface of the 50S subunit. These three pseudouridines (¥1911, ¥1915 and ¥1917) are
supposed to play an important role in subunit association (Cate et al., 1999; Ofengand and
Bakin, 1997). The pseudouridine in the 16S rRNA is located in a loop, whose sequence is
highly conserved, and known to be involved in codon recognition.
Enzymes responsible for the formation of nine out of the ten E. coli ribosomal
pseudouridines have been identified so far. RsuA is in charge of formation of the single
pseudouridine in the 16S rRNA (¥516) (Conrad etal., 1999). RluC synthesises ¥955, ¥2504
and ¥2580 (Conrad et al., 1998). RluD is a ¥-synthetase for ¥1911, ¥1915 and ¥1917.
Strains lacking functional RluD show severe defect in cell growth (Raychaudhuri et al., 1998).
In contrast, no physiological effect was observed after inactivation of genes coding either for
RsuA or for RluC. RluE has been shown to form ¥2457 in vitro (Conrad et al., 1999). RluA
shows double substrate specificity, since it is catalysing the formation both ¥746 of 23S rRNA
and ¥ 3 2 in several tRNAs (Wrzesinski et al., 1995). In a competition experiment with a wild
type strain and a strain lacking functional RluA and consequently, lacking ¥746 in rRNA and
. ¥32 in some tRNAs, a selection against the mutant cells was observed (Raychaudhuri et al.,
1999).
Methylated nucleotides are also clustered at the functionally important domains of
rRNAs. In the 23S and 16S rRNAs, they are found at the peptidyl-transferase centre and at
the A and P-tRNA binding sites, respectively (Cooperman etal., 1990). In E. coli, five different
methyltransferase enzymes have been identified. RsmA dimethylates two adjacent
adenosines at the 3' end of the 16S rRNA (m62A1518 and 1519) (van Buul and van
Knippenberg, 1985). RsmB and RsmC synthesise m5C967 and m2G1207 of the 16S rRNA,
respectively (Gu et al., 1999; Tscherne et al., 1999a; Tscherne et al., 1999b). RrmA was
identified as a methyltransferase responsible for the formation of m1G745. The lack of
m1G745 causes a 40% reduction in growth rate (Gustafsson and Persson, 1998). Recently, a
heat-shock protein, the FtsJ/RrmJ was implicated in the formation of Um2552 (Caldas et al.,
2000a). The RrmJ-deficient strain exhibits growth and translational defects. It was found, that
the amount of free 30S and 50S ribosomal subunits was significantly increased as compared
to the amount of the 70S ribosome complex. Therefore, it has been suggested that the RrmJcatalyzed methylation of Um2552 in the 23S RNA strengthens ribosomal subunit interactions,
increases protein synthesis activity, and improves cell growth rates even at non-heat shock
temperatures (Caldas etal., 2000b).
Although a lot is known about the formation and the positions of the modified
nucleotides, the function of individual modifications is rather speculative. Nevertheless, it
seems that the majority of modifications in E. coll rRNAs play an important role and influences
cell growth. It has not been established yet at which step of ribosome synthesis these
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Figure 22. Secondary structure of the human 18S rRNA with locations of
modified nucleotides (Maden, 1990).

modifications occur. Most of the identified enzymes are supposed to be active on ribosomes
or ribosomal particles, rather than on free RNA (Caldas etal., 2000a). Only RsmB have been
shown to act on native RNA so far (Tscherne et al., 1999a). Since most of the modifying
enzymes require structural information beside recognition of some nucleotides in rRNAs, it
can be assumed, that in contrast to eukaryotes, formation of modified nucleotides in E. coli
rRNA is not coupled to transcription of pre-rRNAs.
Modified nucleotides in eukaryotic rRNAs
About 2-3% of the total nucleotides are modified in eukaryotic rRNAs (Figure 22. and 23.).
Although eukaryotic rRNAs carry about ten base methylated nucleotides, the most abundant
modifications are 2'-0-ribose methylation and formation of pseudouridines (Figure 20.). Many
sites of modification are evolutionary conserved, and the number of modifications of rRNAs
has been increased during evolution (reviewed in: Maden, 1990).
Base methylated nucleotides in eukaryotic rRNAs
In human, 5 base-methylated nucleotides are found both in 18S and 28S rRNAs. Yeast 18S
and 25S rRNAs carry 4 and 6 base methylations, respectively (Maden, 1990). The position of
9 base methylations are conserved between yeast and human (Maden and Hughes, 1997).
Base methylations are supposed to occur either in the cytoplasm or during the
nucleocytoplasmic transport (Maden and Salim, 1974). There is no clear understanding about
the function of base methylations. The first enzyme catalysing a base methylation has only
been identified some years ago. The yeast Dimlp, a homolog of E. coli RsmA, is responsible
for the formation of two adjacent dimethyl-adenosine residues near the 3' end of the 18S
rRNA (Lafontaine et al., 1994). These two modified nucleotides are present in both
prokaryotes and eukaryotes. In E. coli, lack of these modifications does not effect viability.
However, in yeast, the disruption of the gene coding for Dimlp is lethal. In a series of
experiments, it has been shown that the absence of these modifications decreased the
stability of the 18S rRNA and caused growth defect. Moreover, Dimlp is essential for rRNA
processing in the nucleolus, although dimethylation takes place in the cytoplasm (Lafontaine
etal., 1995). D. Tollervey and his colleagues postulated that the failure of Dimlp's binding to
20S precursor inhibits processing and therefore, prevents the synthesis of unmodified rRNA.
Nop2p is a yeast nucleolar protein required for proper synthesis of the rRNAs of the
large subunit (Hong et al., 1997). It has been proposed that Nop2p functions as a m5Cmethyltransferase in modification of C2922 of the 25S rRNA (Motorin and Grosjean, 1999)
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2'-0-ribose methylated nucleotides of eukaryotic rRNAs
Ribose methylated nucleotides are very abundant in rRNAs. They are clustered in
evolutionarily

conserved

regions.

Since

ribose

methylated

nucleotides,

just

like

pseudouridines (see below) occur in diverse local sequence and secondary structure
environments, 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 box
C/D guide snoRNAs, a unifying process was identified for recognition of ribose methylation
sites (Cavaille et al., 1996; Kiss-Laszlo et a!., 1996). Site-specific formation of ribose
methylated nucleotides in rRNAs requires an RNA component, a small nucleolar RNA
(snoRNA). SnoRNAs belong to two distinct families. The snoRNAs functioning in ribose
methylation feature two conserved sequence elements, the C and the D boxes with the
conserved sequences of UGAUGA and CUGA, respectively. In the middle of these RNAs, a
C and a D box-like element, termed the C' and D' boxes are located. These snoRNAs have
the potential to transiently base-pair with rRNAs. The 10-21 nucleotide long base-paired
region encompassing the substrate nucleotide is immediately followed by the D or D' box.
This structural information is recognised by the methyltransferase enzyme, which
accomplishes the modification reaction. Each methylation guide snoRNA is associated with a
set of proteins, and they function as small nucleolar ribonucleoproteins (snoRNPs). Fibrillarin,
or its yeast equivalent, Noplp, is one of the common core proteins of box C/D snoRNPs. This
protein is the methyltransferase catalysing the formation of 2'-0-ribose

methylated

nucleotides in the 18S, 5.8S and 25/28S rRNAs (Niewmierzycka and Clarke, 1999).
Formation of both ribose methylations and pseudouridines is coupled with the
transcription of pre-rRNAs. All, but one ribose methylation take place on the 45/35S pre-rRNA
shortly after transcription (Greenberg and Penman, 1966; Maden, 1990). All modifications
synthesised in the 45/35S pre-rRNA are in the 18S, 5.8S and 25/28S ribosomal sequences.
Little is known about the function of individual ribose methylations. In most cases,
deletion of a methylation at a certain position has no detectable effect on cell growth under
laboratory conditions (Cavaille etal., 1996; Kiss-Laszlo et al., 1996; Tycowski et al., 1996b).
However, lack of the highly conserved 2-O-methylation of G2251 in the peptidyl transferase
centre of yeast mitochondrial 21S rRNA prevents large subunit assembly and results in a
severe growth defect (Sirum-Connolly and Mason, 1995). In a yeast strain in which
methylation was displaced from C1436 to U1437, growth rate was impaired by more than
30% (Kiss-Laszlo et al., 1996). In general, rRNA methylation is essential for ribosome
maturation in HeLa cells. During methionine deprivation, appearance of mature ribosomal
RNAs in the cytoplasm is abolished, although the 45S rRNA is processed into 32S rRNA
(Vaughan etal., 1967). In yeast, a temperature-sensitive Noplp mutant strain was isolated.
At non-permissive temperature, ribosome maturation was unaffected, but formation of ribose
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methylated ribosomal nucleotides was inhibited, and as a consequence, severe growth
retardation was observed (Tollervey et al., 1993). Based upon these experiments, it is widely
believed that individual ribose methylations are usually dispensable, but they together can
stabilise the structure of the rRNAs, and influence the interactions of rRNAs with other RNAs
and proteins.
Pseudouridines in eukaryotic rRNAs
Pseudouridine is formed by isomerisation of the uridine residue. During this process, the bond
between N1 of uracil and C1' of ribose is disrupted, the base is rotated 180° around the N3C6 axis and finally, a new C5-C1' bond is formed (Ofengand etal., 1995).
Pseudouridines are located in the 18S, 5.8S and 25/28S rRNAs at evolutionary
conserved and functionally important regions. Many pseudouridines are clustered at or near
the peptidyl-transferase centre (Ofengand and Bakin, 1997), and there is a preferential
distribution of pseudouridines on that side of the small subunit that makes contact with the
large subunit (Maden, 1990).
Site-specific formation of pseudouridines in eukaryotic 45/35S pre-rRNAs also relies
guide snoRNAs. The majority of the members of the box H/ACA snoRNA family select
uridines for pseudouridylation. These snoRNAs feature a conserved hairpin-hinge-hairpin-tail
secondary structure, with the box H sequence element (ANANNA) in the hinge region and the
ACA motif located 3 nucleotides upstream from their 3' ends (Balakin et al., 1996; Ganot et
al., 1997b). The substrate uridines are selected by transient base-pairings between snoRNA
sequences located on two sides of a loop region in the 5' or 3' hairpin of the snoRNA and the
ribosomal sequences flanking the target uridine. The uridine to be pseudouridylated is always
unpaired between the two short base-paired regions (Ganot etal., 1997a; Ni etal., 1997).
Similarly to box C/D snoRNAs, box H/ACA snoRNAs function in the form of snoRNPs,
which carry the pseudouridine synthase. In E. coli, TruB converts U55 to a pseudouridine in
most tRNAs (Nurse et al., 1995). TruB is strongly homologous to two yeast proteins, Pus4
and Cbf5 (Koonin, 1996). It has been shown that Pus4 is the yeast equivalent of the E. coli
¥55 synthase TruB. Cbf5, however, has been found to be associated with box H/ACA
snoRNAs and to function as a pseudouridine synthase in snoRNA-guided rRNA modification
(Becker et al., 1997; Lafontaine et al., 1998; Zebarjadian et al., 1999). The rat and human
pseudouridine synthases, NAP57 and dyskerin, respectively, are homologs of yeast Cbf5
(Heiss etal., 1998; Meier and Blobel, 1994).
Pseudouridine is able to form an extra hydrogen-bonding interaction as compared to
the parental uridine residue, since both N1 and N3 are potentially available for hydrogen
bonding (Maden, 1997). The extra hydrogen bonding capacity might be used in
intramolecular and intermolecular interactions. Like 2'-0-ribose methylated nucleotides,
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and
in

pseudouridines are also believed to stabilise the structure of rRNAs, fine-tune their function,
and participate in RNA-RNA and RNA-protein interactions. The overall loss of pseudouridines
in a Cbf5 mutant yeast strain resulted in a serious growth defect. Although the presence of
pseudouridines in yeast is not absolutely essential for cell survival, it is required for the
formation of fully functional ribosomes (Zebarjadian etal., 1999).
NUCLEOTIDE MODIFICATION OF SMALL NUCLEAR RNAs
Compared to rRNAs or tRNAs, less is known about the synthesis and function of modified
nucleotides in snRNAs. Spliceosomal RNAs and some snoRNAs are known to carry several
internal modifications (Table 2.). In yeast spliceosomal snRNAs, there are 11 2'-0-ribose
methylated, 2 base methylated nucleotides and 9 pseudouridines (Gu et al., 1996).
Vertebrate snRNAs carry even more post-transcriptionally modified nucleotides. In human
spliceosomal RNAs, there are 30 2'-0-ribose methylated, 3 base methylated nucleotides and
23 pseudouridines (Figure 8.), (Gu et al., 1996; Patton, 1994b; Reddy and Bush, 1988).
Human U3 possesses two ribose methylated nucleotides and two pseudouridines (Reddy,
1988). Rat U3, U8 and yeast snR4 and snR8 small nucleolar RNAs have been found to
contain pseudouridines (Reddy and Bush, 1988; Wise et al., 1983). Beside internal
modifications, spliceosomal and some other snRNAs and snoRNAs possess a characteristic
m2,2,7G cap structure. The function of modifications in snRNAs is largely unknown. Like in the
case of rRNAs, modifications in spliceosomal snRNAs are clustered in the conserved and
functionally important regions (Figure 24.), (Ares and Weiser, 1995). This fact and some
experimental results described below suggest that nucleotide modifications are important in
the function of snRNAs.

The RNA polymerase Ill-transcribed U6 snRNA is the most highly conserved snRNA,
from yeast to man (Brow and Guthrie, 1988). Modified nucleotides cluster in the functionally
important regions, they are mainly found in sequences interacting with the U2 snRNA and
pre-mRNAs (Gu et al., 1996). Both human and yeast U6 snRNAs carry a conserved m6A
base methylation at positions 43 and 37, respectively (Reddy, 1988; Shimba et al., 1995).
This modification is in the evolutionary conserved region interacting with the 5' splice site. In
yeast, deletion of this conserved nucleotide was found to be lethal (Madhani et al., 1990). The
synthesis of this modification in a HeLa cell extract was based on the recognition of the
secondary and tertiary structure but not on the sequence flanking the methylation site
(Shimba etal., 1995).
In 1998, two interesting mouse box C/D snoRNAs were identified to function as guide
RNAs in modification of the U6 snRNA (Tycowski etal., 1998). mgU6-47 and mgU6-77 direct
the site-specific formation of 2'-0-ribose methylated nucleotides at positions 47 and 77,
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respectively. In our laboratory, a third snoRNA, human mgU6-53, was identified to direct
formation of Am53 of U6 (Ganot et al., 1999). We also 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 three pseudouridines carried by
the mammalian U6 snRNA (Ganot et al., 1999, and this thesis). Since these factors recognise
short sequences located around the target nucleotides, we proposed that snoRNAs direct the
synthesis of ribose methylated nucleotides and pseudouridines of the U6 snRNA.
In vitro formation of pseudouridines in the U6 snRNA required an interaction of U6
with the U4 snRNA (Zerby and Patton, 1996). Vice versa, in vitro formation of pseudouridines
in U4 was found to be dependent on the presence of the U6 snRNA (Zerby and Patton,
1997). However, U4 was not reported to cycle through or reside in the nucleolus. Whether
this interaction influences formation of pseudouridines in U6 RNA in vivo, remains a question
to be answered.
U6 and some other RNA polymerase Ill-specific snRNAs, like the 7SK RNA, plant U3
snoRNA, have a y-monomethyl phosphate cap (Shimba and Reddy, 1994; Singh and Reddy,
1989; Wassarman and Steitz, 1991). Capping of U6 depends on recognition of secondary
structure as well as a 6-nucleotide long sequence at the 5' end of the U6 RNA (Singh et al.,
1990).
The U1, U2, U4 and U5 spliceosomal snRNAs are transcribed by the RNA polymerase
II. The newly synthesised U1, U2, U4 and U5 snRNAs are transported into the cytoplasm.
Here, they associate with Sm proteins, their primary 7-methyl-G cap is hypermethylated to
m2,2,7G cap and their mature 3" end is formed (Hamm et al., 1987; Zieve and Sauterer, 1990).
The 2,2,7-trimethylguanosine cap, together with the bound Sm proteins serve as signals for
nuclear re-importation (Izaurralde and Mattaj, 1992). In the U2 snRNA, the cap structure was
demonstrated to be required for snRNP assembly as well (Yu etal., 1998).
Modifications of the RNA polymerase ll-specific spliceosomal snRNAs also show an
evolutionarily conserved distribution. They are mainly localised in the functionally important
regions of the snRNAs (Ares and Weiser, 1995; Gu etal., 1996; Szkukalek etal., 1995). The
U2 snRNA carries the largest number of modified nucleotides. The U2 sequences that basepair with the pre-mRNA branch point site are highly modified. Modifications in the U5 snRNA
cluster in the invariant loop I region and in the middle of the RNA (Gu et al., 1996). Loop I
forms hydrogen bonding interactions both with the 5" and 3' exons. Thus, it holds the two
exons together for ligation (Newman and Norman, 1992).
In vitro transcribed U1, U4, U5 and U6 snRNAs are competent for splicing reaction in
vitro, whereas in vitro transcribed U2 snRNA fails to reconstitute in vitro splicing (Fabrizio et
al., 1989; Segault etal., 1995; Wersig and Bindereif, 1992; Will etal., 1996). Modifications in
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the U2 snRNA are essential for both snRNP assembly and pre-mRNA splicing in Xenopus
oocytes (Yu etal., 1998). For splicing activity, at least one modification is indispensable in the
5'-terminal 27 nucleotide long region of U2. It has also been shown, that inhibition of
pseudouridine formation alone can abolish splicing (Yu etal., 1998).
Using in vitro transcribed RNAs, nuclear and cytoplasmic cell extracts, multiple
pseudouridine synthase activities have been detected for modification of the U1, U2 and U5
snRNAs (Patton, 1991; Patton, 1993a; Patton, 1993b; Patton, 1994a). However, only two
factors responsible for pseudouridine synthesis in spliceosomal snRNAs have been identified
thus far. In yeast, a tRNA-pseudouridine synthase, namely the Puslp, has a dual substrate
specificity. Beside modifying tRNAs, Puslp also forms ¥44 in the yeast U2 snRNA (Massenet
etal., 1999).
Human U85 snRNA is a guide RNA possessing box C/D as well as H/ACA sequence
elements. U85 is responsible for selecting C45 and U46 of the U5 snRNA for ribose
methylation and pseudouridylation, respectively (Jady and Kiss, 2001). Identification of U85
and analysis of its function both in vitro and in vivo is one of the subjects of this thesis. The
impact of our results on understanding the formation of modifications of spliceosomal RNAs is
discussed in the Discussion.
In yeast, formation of pseudouridines of spliceosomal RNAs does not require Cbf5,
the putative pseudouridine synthase associated with box H/ACA snoRNAs (Massenet et al.,
1999). This suggests that, unlike in vertebrates, snoRNAs do not participate in
pseudouridylation of yeast snRNAs, and that the snoRNA-guided mechanism of modifications
in spliceosomal RNAs might have evolved after the appearance of multicellular organisms.
The important questions, when and where in the cell modification of snRNAs occurs
remain to be answered. Using an in vitro modification system, it has been found, that
pseudouridine formation in the U5 snRNA, but not in U2, requires Sm protein binding (Patton,
1991; Patton et al., 1994). However, in Xenopus oocytes, an intact Sm binding site and
presumably binding of Sm proteins is essential for internal modifications of U2 (Yu et al.,
2001). Also, no internal modifying activity has been detected for the U2 snRNA in Xenopus
enucleated cytoplasm, suggesting that internal modifications of U2 occur in the nucleus (Yu et
al., 1998) In human cytoplasmic U2 precursor snRNA, we detected neither ribose methylated
nucleotides nor pseudouridines (Jady, B.E. and Kiss, T., unpublished results). Based on
these results, it is most likely that modification of the RNA polymerase ll-transcribed
spliceosomal snRNAs occurs in the nucleus after their return from the cytoplasm.
In the human U3 snoRNA, besides the m2,2,7G cap structure, there are two 2'-0-ribose
methylated nucleotides and two pseudouridines (Reddy, 1988). The methylations are found in
box A which is supposed to transiently base-pair with the 5' end of the 18S rRNA (Hughes,
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Figure 25. RNA editing by hydrolytic deamination (Gott and Emeson, 2000).

1996). Trans-acting factors directing the formation of both pseudouridines in U3 were found to
be present and active in the nucleolus. As in the case of U6, selection of uridines to be
converted to pseudouridines relies on recognition of the primary sequence around the target
uridines, suggesting that snoRNAs mediate the formation of these modifications (Ganot et al.,
1999).
The U3 snoRNA, like some other, independently transcribed snoRNAs, carries a cap
structure at its 5' end. Since U3 RNAs are transcribed by RNA polymerase II in yeast and
animals, they acquire a 2,2,7-trimethylguanosine cap (Gu et al., 1996; Kiss et al., 1991;
Shimba and Reddy, 1994). Formation of 2,2,7-trimethylguanosine cap of vertebrate U3
snoRNA occurs in the nucleus, and it might be essential for nucleolar localisation of U3
(Jacobson and Pederson, 1998a). In the majority of plants, U3 is synthesised by RNA
polymerase III, thus plant U3 snoRNAs have a y-monomethyl phosphate cap (Kiss et al.,
1991; Shimba et al., 1992).
NUCLEOTIDE MODIFICATIONS OF CYTOPLASMIC MESSENGER RNAs
Messenger RNAs transcribed in the eukaryotic nucleus also contain modified nucleotides. At
their 3' ends, a cap is formed post-transcriptionally by linkage of an inverted guanosine via a
5'-5' triphosphate bridge to the first incorporated nucleotide. The linked guanosine is modified
by addition of a methyl group at position N7. The cap provides resistance to 5'-3' nucleases,
and contributes to polyadenylation, splicing, nuclear export and translation of mRNAs
(reviewed in: Lewis and Izaurralde, 1997; Shatkin, 1985). In higher eukaryotes, the second
and the third nucleotides are often 2'-0-ribose methylated, and if the second nucleotide is an
adenosine, it is frequently base methylated at position N6. The role of these modifications is
unclear.
In higher eukaryotes, there are internal base methylations in mRNAs. An average
mRNA contains three N6-methylated adenosines (reviewed in: Narayan and Rottman, 1992).
However, several mRNAs do not have internal base-methylated nucleotides. The site-specific
formation of N6-methylated adenosines relies on recognition of the primary sequence as well
as the secondary structure (Narayan et al., 1994). The N6-methylated nucleotides are likely to
facilitate the export of mRNAs to the cytoplasm (Camper et al., 1984).
In the process of RNA editing, bases of a precursor mRNA can be modified (reviewed
in: Gott and Emeson, 2000). These nucleotide modifications occur site-specifically in certain
mRNAs under certain conditions or in specific cells. The process is catalysed by adenosine
and cytidine deaminases, and results in a formation of inosine and uracil, respectively (Figure
25.). Inosine is recognised as guanosine by tRNAs, so this type of RNA modification can
change the DNA-encoded genetic information of mRNAs.
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Figure 26. Schematic representation of the secondary structure of snoRNAs
(Kiss, 2001). A. Box C/D snoRNAs. B. Box H/ACA snoRNAs.

SMALL NUCLEOLAR RNAS
In the eukaryotic nucleolus, myriad of small stable RNAs, called small nucleolar RNAs
(snoRNA) are present (reviewed in: Genes 2000, 2001; Kiss, 2001; Maxwell and Foumier,
1995; Smith and Steitz, 1997; Tollervey and Kiss, 1997; Weinstein and Steitz, 1999). The
number of identified human snoRNAs exceed 100, while 66 yeast snoRNAs have been
described so far (Entrez Nucleotide Database, 2001; Samarsky and Foumier, 1999). The
actual number of snoRNAs is estimated to be even much larger. Except for the RNase MRP
snoRNA described in Chapter 1, all known snoRNAs can be classified into two families
(Figure 26.). The two snoRNA families are characterised by the presence of conserved
primary sequence elements, family-specific secondary structures and their cellular functions.
FAMILY OF BOX C/D SMALL NUCLEOLAR RNAs
Box C/D snoRNAs share two conserved sequence elements, the box C (RUGAUGA, R
stands for A or G) and box D (CUGA) motifs (Kiss-Laszlo et al., 1996; Kiss-Laszlo et al.,
1998; Maxwell and Foumier, 1995). Boxes C and D are located near to the 5' and 3' ends of
the snoRNAs, respectively. These two elements are frequently brought close to each-other by
a short terminal helix. The C and D boxes together with the 5", 3'-terminal helix form the box
C/D core motif, which serves as a single protein binding motif. The internal part of the RNA is
loosely structured and usually carries an imperfect copy of both the C and D boxes, referred
to as C' and D' boxes. The distance between the C* and D' boxes is limited to 3-9 nucleotides.
In those cases, when box C' is separated from box D' by more than 9 nucleotides, a potential
internal helix is supposed to shorten the actual spatial distance between the two elements.
Most box C/D snoRNAs possess one or two 10-21 nucleotide long complementary sequence
to rRNAs. These sequences are called antisense elements, and they are followed by the D or
D* box.
The majority of box C/D snoRNAs function as guide RNAs in 2'-0-ribose methylation
of ribosomal RNAs by selecting the correct substrate nucleotide for modification (Cavaille et
al., 1996; Kiss-Laszlo et al., 1996; Tycowski et al., 1996b). A few snoRNAs, for example U3
and U14, participate in nucleolytic processing of ribosomal RNAs (Maxwell and Foumier,
1995). Some newly discovered snoRNAs direct 2-O-ribose methylation of non-ribosomal
substrate RNAs (Cavaille et al., 2001; Ganot et al., 1999; Huttenhofer et al., 2001; Jady and
Kiss, 2000; Jady and Kiss, 2001; Omer et al., 2000; Tycowski et al., 1998, Jady, B.E., Kiss,
M.A. and Kiss, T., unpublished results,).
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polycistronic snR190 and U14 snoRNAs. C. Processing of the intronic U24
snoRNA. SS: splice site, IBP: branch-point site.

FAMILY OF BOX H/ACA SMALL NUCLEOLAR RNAs
Box H/ACA snoRNAs can be folded into a conserved hairpin-hinge-hairpin-tail secondary
structure (Balakin etal., 1996; Bortolin etal., 1999; Ganot etal., 1997b). The single-stranded
hinge region carries the conserved H sequence element (ANANNA, where N is any
nucleotide), which either immediately follows the 5' hairpin or they are separated by one or
two nucleotides. The other conserved sequence element is the ACA triplet in the short tail
region, which is invariantly followed by the three 3'-terminal nucleotides. In some snoRNAs,
this conserved secondary structure is extended by one or two additional hairpin elements
called insertion hairpins, which are either at the 3' end of the hinge region, or in the bottom
part of the loop in the 5' hairpin.
Most box H/ACA snoRNAs can transiently base-pair with ribosomal RNAs. A pair of
complementary sequences occupy the opposite strands of an internal loop in the 5' or/and the
3' hairpin. This is called a pseudouridylation pocket, which refers to the function of the
majority of box H/ACA snoRNAs. These guide snoRNAs select ribosomal target uridines to
be converted to pseudouridines (Ganot et al., 1997a; Ni et a/., 1997). The yeast snR30,
snR10 and vertebrate E1/U17 box H/ACA snoRNAs function in processing of the pre-rRNA
(Maxwell and Fournier, 1995). Box H/ACA snoRNAs directing pseudouridylation of nonribosomal RNAs has also been identified (Huttenhofer et al., 2001; Jady and Kiss, 2001,
Jady, B.E., Kiss, M.A. and Kiss, T., unpublished results).
BIOGENESIS OF BOX C/D AND BOX H/ACA SMALL NUCLEOLAR RNAs
SnoRNAs can be products of independent transcription units, or they can be synthesised as
parts of pre-mRNA introns (reviewed in: Tollervey and Kiss, 1997; Weinstein and Steitz,
1999). Both strategies of expression require post-transcriptional processing of the
synthesised pre-snoRNAs (Figure 27.).
The most abundant snoRNAs are encoded by independent monocistronic genes
with RNA polymerase ll-specific transcription signals. These snoRNAs include the ubiquitous
U3 snoRNA, vertebrate U8 and U13 snoRNAs, and two thirds of the identified yeast snoRNAs
(Kiss et al., 1991; Samarsky and Fournier, 1999; Tyc and Steitz, 1989; Wise et al., 1983).
Interestingly, the U3 snoRNA is transcribed by RNA polymerase III in higher plants (Kiss et
al., 1991). The primary pre-snoRNA transcript is processed obligatorily at its 3' end, and in
some cases processing involves maturation of the 5' end as well. Maturation of the 5' end
involves an endonucleolytic cleavage followed by exonucleolytic trimming. In yeast, the
double-stranded RNA-specific Rntlp, the E. coli RNase III homolog, is responsible for the
endonucleolytic cleavage (Chanfreau et al., 1998a). After cleavage by Rntlp, Ratlp and
Xrnlp exonucleases form the mature 5' end (Petfalski et al., 1998). If the mature 5" end
corresponds to the 5' end of the primary transcript, the 5' end is capped by a hypermethylated
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2,2,7-trimethylguanosine cap formed in the nucleoplasm (Maxwell and Fournier, 1995; Tyc
and Steitz, 1989). In the case of vertebrate box C/D snoRNAs, cap hypermethylation is
directed by the box C and box D sequences and the stem structure that tethers the two
elements in close proximity (Speckmann et a/., 2000). In the case of RNA polymerase Illtranscribed plant U3 snoRNA, a y-monomethyl phosphate cap stabilises the 5' end (Shimba
etal., 1992).
Generally, 3' end maturation is initiated by an endonucleolytic cleavage and
completed by exonucleolytic trimming. In yeast, 3' end maturation might involve a cleavage
by Rntlp (Chanfreau et at., 1998a). In some cases, the endonucleolytic processing of the 3'
end requires the activity of the RNA polymerase ll-specific 3' end processing machinery,
which cleaves and facilitates polyadenylation of pre-mRNAs (Fatica etal., 2000b). However, if
snoRNAs get polyadenylated, they are either rapidly transported into the cytoplasm, where
they follow a cytoplasmic degradative pathway or, alternatively, they might immediately be
directed to the nuclear discard pathway (Bousquet-Antonelli et a/., 2000). In yeast, the
exonucleolytic cleavage involves the exosome, and the final three flanking nucleotides can
only be removed by the exosome component Rrp6p (Allmang et al., 1999; van Hoof et al.,
2000b).
Processing of the yeast U3 snoRNA is initiated by a co-transcriptional cleavage
downstream of the mature U3 snoRNA sequence by Rntlp (Figure 28.), (Kufel et al., 2000).
The exosome might shorten the pre-U3 snoRNA, although other 3'-»5" exonucleases might
also be involved in the 3' end processing. The La protein stabilises the pre-U3 snoRNA by
binding to the uridine-rich region downstream to the mature 3' end. Yeast pre-U3 snoRNA
contains an intron which is removed by the mRNA splicing machinery. This step is followed
by the binding of common box C/D small nucleolar ribonucleoprotein complex (snoRNP)
proteins, which induces La protein displacement, and facilitates final 3' end trimming by the
exosome. The processing is completed by cap hypermethylation and assembly of U3
snoRNP-specific proteins.
Most plant, Trypanosoma and some yeast snoRNAs are transcribed as polycistronic
transcripts most probably by RNA polymerase II (Chanfreau et al., 1998b; Dunbar et al.,
2000; Leader et al., 1997; Leader et al., 1994). Processing of polycistronic transcripts
requires splicing-independent endonucleolytic cleavages to separate individual snoRNAs
(Chanfreau et al., 1998b; Leader et al., 1999). In yeast, the Rntlp endonuclease is
responsible for liberation of individual snoRNAs (Chanfreau et al., 1998a; Chanfreau et al.,
1998b). The final step of snoRNA maturation includes trimming of the remaining 5' and 3'
extensions by exonucleases (Lafontaine and Tollervey, 1995; Petfalski et al., 1998). In yeast,
Ratlp and Xrnlp digest the 5' end extension of polycistronic pre-snoRNAs (Petfalski et al.,
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1998). Unfortunately, no exonuclease functioning in 3' end maturation of polycistronic
snoRNAs has been identified yet.
Most vertebrate, some yeast and some plant snoRNAs are encoded in introns of premRNAs (Bameche et a/., 2000; Kiss and Filipowicz, 1993; Liang-Hu et a/., 2001; Qu et a!.,
1995; Tycowski et al., 1993). The expression of intron-encoded snoRNAs depends on the
transcription and usually on the processing of the host pre-mRNA. An intron of a host premRNA can accommodate only a single snoRNA. Most intron-encoded snoRNAs are
processed by a splicing-dependent pathway (Kiss etal., 1996; Kiss and Filipowicz, 1995; Ooi
etal., 1998). The removed intron lariat is linearized by a debranching activity (DbMp in yeast),
and the mature 5' and 3' ends are formed by exonucleolytic trimming. In yeast, the 5' end is
formed by Ratlp and Xrnlp exonucleases (Petfalski et al., 1998). The exosome functions in
maturation of the 3' end of intron-encoded snoRNAs, and removal of the last three
nucleotides is carried out by the Rrp6p exosome component (Allmang et al., 1999; van Hoof
etal., 2000b).
A few intron-encoded snoRNAs can also be processed independently of mRNA
splicing (Caffarelli et al., 1996; Fragapane et al., 1993; Villa et al., 1998). In this case,
endonucleolytic cleavages upstream and downstream of the snoRNA sequence liberate the
snoRNA. In Xenopus, this specific endonuclease is a novel manganese ion-dependent
protein enzyme (Caffarelli et al., 1997). The subsequent removal of the 5' and 3* end
extensions depends on exonucleolytic trimming. This alternative processing pathway
competes with mRNA splicing, and results in pre-mRNA degradation.
Host genes for a particular snoRNA are not conserved during evolution, which might
indicate that intron-encoded snoRNAs are mobile genetic elements (Maxwell and Foumier,
1995; Smith and Steitz, 1998). The identified host genes include genes generating ribosomal
proteins, translational initiation and elongation factors, nucleolin, heat shock cognate 70
protein and the laminin-binding protein (reviewed in: Maxwell and Fournier, 1995). All these
proteins have a ribosome-related or a nucleolar function. Some proteins, however, lack
ribosome-related functions, like the ATP synthase p subunit protein (Kiss-Laszlo et al., 1996).
Moreover, it has been demonstrated, that growth arrest-specific transcript 5 (gas5), UHG,
U17HG and U19HG snoRNA host genes do not code for any protein products, so that their
introns, instead of exons, are the only functionally important regions of the pre-mRNA
transcript (Bortolin and Kiss, 1998; Smith and Steitz, 1998; Tycowski et al., 1996a). These
mRNAs are spliced, frequently by alternative splicing, they are polyadenylated, and
associated with ribosomes before they are degraded by the nonsense-mediated decay
pathway. UHG and gas5 pre-mRNAs contain 8 and 10 intron-encoded snoRNAs,
respectively.
39

Host gene or protein
gosS
UHC
U17HG
U19HG
rpS3
rpLla
rpS8
rpL5
rpL7a
rpL13a
eIF4A,
eIF4An
EF-2
EF-ip
Nucleolin
hsc70
Laminin binding protein
ATP svnthase (3
Q1Z7F5

5'TOP sequence
( - 5 to +10)
CTCGGCCTTTCGGAG '"
TCGTTCTCATTTTTC
TCTCTCCTTTTTGGA
CTGCGCCCTG
TCCTTTCCTT
TTTCTCTTCCGTGGC'
GGTTTCTCTTTCCAG
GCGGCCTTTTCCCCC
CCTTTCTCTCTCCTC
TCCTCCTTTCCCAGG
ACTCCGCCCTAGATT
CGCCTGTCTTTTCAG
GCGGTCTCTTCCGCC
CTTTTTCCTC
GCTGGCTTCGGGTGT
GAAACCGGTGCTCAG
CTCGACTTTCTTTGC
CCTTCAGTCTCCACC
AGCGCCTCTTTCCCT

snoRNA

GenBank accession no.

U74-81, U44. U47
U22, U25-31
U17
U19
U15
U16, U18
U38-U40
U21
U24, U36
U32-U35
U67
E3
U37
U51
U20
U14
E2
U59
U70

X67267
U40580
D00591
AJ224166
D28344
X06552
X67247
D10737
X61923
X51528
M22873
X14422
J03200
D28350
M60858
Y00371
U43901
M27132
MS 1806

Table 3. snoRNA host genes that contain 5'TOP sequences (Smith and Steitz,
1998). Oligopyrimidine tracts are underlined. Transcription start sites are in bold.

All host genes have high transcription rates, and host genes with ribosome-related
function might be favoured for a co-regulation of expression of the protein components of the
translational machinery and the snoRNAs, which direct rRNA processing. It has been
observed that most vertebrate host genes are members of the 5'TOP

(terminal

oligopyrimidine) gene family (Table 3.), (Amaldi and Pierandrei-Amaldi, 1997; Smith and
Steitz, 1998). The only exception is the serotonin 2C receptor gene which contains the brainspecific HBI-36/MBI-36 snoRNA in its intron (Cavaille etal., 2001). The 5'TOP genes possess
a 5' oligopyrimidine tract, usually a cytidine transcription start site, and a short 5' UTR. Their
mRNAs usually accumulate in mRNP particles during arrest of cell growth, which reflects a
growth-dependent translational regulation. The advantage of 5'TOP genes in snoRNA
synthesis is not known yet. However, it has been suggested that the 5' oligopyrimidine tract
might function in transcriptional regulation, or it can induce alteration of the transcription
initiation complex to include factors which later assist in splicing and snoRNA release (Smith
and Steitz, 1998).
All pathways of snoRNA processing involves a final exonucleolytic trimming. In yeast,
Ratlp, Xrnlp exonucleases and the exosome have been found to function in final trimming of
several stable RNAs including snoRNAs. Moreover, a nuclear discard pathway has been
identified to degrade1 unspliced mRNAs, removed transcribed spacers and excised introns
(Bousquet-Antonelli etal., 2000). Components of the nuclear discard pathway include Ratlp,
Xrnlp exonucleases and the exosome. It is most likely, that processing of snoRNAs requires
and competes nuclear degradation, and the mature ends of snoRNAs are determined by an
equilibrium between RNA degradation and snoRNP assembly.
Interestingly, the coding regions of snoRNAs contain all of the signals required for
faithful excision. SnoRNAs placed into a non-natural sequence environment are efficiently
and accurately processed (Bortolin etal., 1999; Kiss and Filipowicz, 1995; Kiss-Laszlo

etal,

1998; Watkins et al., 1996). For faithful processing, accumulation and stability, specific ciselements have been identified. In the case of box C/D snoRNAs, essential cis-acting
elements are the box C, box D and a short terminal stem, which folds together the 5' and 3'
ends of the snoRNA (Bortolin et al., 1999). However, many box C/D snoRNAs lack a
canonical 5', 3'-terminal stem. Processing and accumulation of snoRNAs without a canonical
5', 3'-terminal helix is supported by an external intronic stem, which is degraded during
snoRNA maturation (Darzacq and Kiss, 2000; Villa et al., 2000) Box C together with box D act
as an assembly site for family-specific proteins that are core components of the assembled
snoRNP (Kiss and Filipowicz, 1995; Watkins etal., 1996). Assembly of snoRNPs takes place
on the pre-mRNA before splicing (Caffarelli etal., 1996; Filippini etal., 2000). These proteins
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protect pre-snoRNAs from exonucleolytic digestion, and delineate the 5' and 3' ends of the
mature snoRNAs.
For processing, accumulation and stability of box H/ACA snoRNAs, box H and box
ACA sequence elements are required (Bortolin et al., 1999). The distance between these
elements is important for accumulation. The H and ACA boxes are brought together by the 3'terminal hairpin, which is also essential for accumulation. The position of box H relative to the
5'-terminal hairpin determines the 5' end of those snoRNAs that undergo 5' end maturation. If
box H immediately follows the 5' hairpin, only one unpaired nucleotide precedes the 5'terminal hairpin. If box H and the 5'-terminal hairpin are separated by one or two nucleotides,
two unpaired nucleotides are found at the 5' end of the snoRNA. In summary, the H and ACA
boxes and the basic stems of the 5'- and 3'-terminal hairpins are essential for processing,
accumulation and stability of box H/ACA snoRNAs. It is most likely, that box H in concert with
the 5'-terminal stem and the ACA box together with the 3'-terminal stem constitute the
recognition signals for box H/ACA snoRNP proteins, which protect snoRNAs from
exonucleolytic digestion.
INTRACELLULAR TRAFFICKING OF SMALL NUCLEOLAR RNAs
Transcription of snoRNAs occurs in the nucleoplasm. Since precursor snoRNAs have never
been detected in the nucleolus, only in the nucleoplasm, their processing is supposed to
occur at or near the site of transcription (Samarsky et al., 1998). SnoRNAs are actively
retained in the nucleus, and transported to the nucleolus by a saturable mechanism
(Samarsky etal., 1998). The nuclear retention and nucleolar localisation of box C/D snoRNAs
require the presence of the C and D boxes and the 5', 3'-terminal stem (Narayanan et al.,
1999b; Samarsky et al., 1998). The nucleolar localisation signal of box H/ACA snoRNAs
consists of the H and ACA boxes and a stem structure that brings these two sequence
elements adjacent to one another (Narayanan et al., 1999a, this thesis). The cap structure of
certain snoRNAs can also facilitate their nucleolar localisation (Jacobson and Pederson,
1998a). The nucleolar localisation and processing of snoRNAs seem to be coupled and to be
dependent on the same protein factors.
Interestingly, Cajal bodies might also function in the biogenesis or intranuclear
trafficking of snoRNAs. Maize pre-snoRNAs have been found to localise to Cajal bodies
(Shaw et al., 1998). Injection of box C/D snoRNAs into the nucleus of Xenopus oocytes
results in their transient localisation to Cajal bodies (Narayanan et al., 1999b). However,
injected box H/ACA snoRNAs were not detected in Cajal bodies (Narayanan et al., 1999a and
this thesis).
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Box C/D and box H/ACA snoRNAs form ribonucleoprotein complexes (snoRNP) with several
proteins. All snoRNPs contain a set of common family-specific core proteins, and a few
snoRNAs with specialised function are also associated with other specific proteins. Core
proteins are essential for processing, accumulation, stability, nucleolar targeting and function
of snoRNPs. Interestingly, common snoRNP proteins are ubiquitous and evolutionarily
conserved. Therefore snoRNAs from various organisms are correctly processed, stabilised
and assembled into functional snoRNPs in yeast or in cultured animal cells (Bortolin et al.,
1999; Li and Fournier, 1992). Moreover, at least four mammalian snoRNP proteins, fibrillarin,
NAP57, NHP2 and NOPIO, can functionally complement their yeast counterparts (Jansen et
al., 1991; Yang ef al., 2000)
Common protein components of box C/D snoRNPs
All box C/D snoRNPs have four common integral proteins, namely the fibrillarin/Nop1p,
Nop5p/Nop58p, Nop56p and the 15.5 kDa protein/Snu13p. The first common box C/D
snoRNA-specific protein described was the fibrillarin protein (Noplp in yeast) (Lischwe et al.,
1985; Schimmang eta!., 1989; Tyc and Steitz, 1989). Vertebrate fibrillarin is a 34 kDa protein.
Fibrillarin/Nopip, Garlp and nucleolin share a well-conserved motif, the GAR domain
(Lapeyre et al., 1987). The GAR domain, located in the N-terminal region of fibrillarin, is rich
in glycine and arginine residues and it can destabilise the structure of RNA duplexes (Ghisolfi
et al., 1992). The GAR domain undergoes extensive dimethylation of arginine residues, and
this modification might stabilise the interaction of fibrillarin with its target RNA (Bagni and
Lapeyre, 1998; Gary and Clarke, 1998). A sequence motif in the central portion of fibrillarin
has similarities to the octameric RNA-binding consensus motif of RNA-binding proteins
(Lapeyre etai,

1990). Fibrillarin is an essential multifunctional protein required for ribosome

assembly, cleavage and 2-O-ribose methylation of the pre-rRNA. Characterisation of Noplp
temperature-sensitive alleles revealed that these different functions are controlled by distinct
Noplp domains (Tollervey et al., 1993). It is supposed that multiple interactions with fibrillarin
induce the correct conformation of the pre-rRNA, which is needed for efficient processing.
Moreover, crystallisation of an archaebacterial fibrillarin-homolog protein identified an Sadenosylmethionine-dependent methyltransferase-like domain, which is conserved in Noplp
(Wang et al., 2000). These results strongly suggest that fibrillarin is the methyltransferase
enzyme responsible for accomplishment of 2'-0-ribose methylation of the pre-rRNA.
Fibrillarin has been reported to bind directly to the box C/D core motif of Xenopus U16
snoRNA (Fatica et al., 2000a). However, fibrillarin is essential for accumulation and stability of
only a subset of box C/D snoRNAs, and fibrillarin does not required for nucleolar localisation
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(Lafontaine and Tollervey, 1998; Lafontaine and Tollervey, 1999). It has been proposed that
fibrillarin requires other snoRNP factors for stable interaction with box C/D snoRNAs (Fatica
et al. ,2000a).
Nop5p/Nop58p has been identified in yeast in a screen for synthetic lethality with a
thermosensitive Noplp allele and independently as a nucleolar antigen (Gautier et al., 1997;
Lafontaine and Tollervey, 1999; Wu et al., 1998). Its human, rat (NAP65), mouse and
Xenopus homologs have been identified as well (Caffarelli et al., 1998; Lyman et al., 1999;
Watkins et al., 1998b; Yang et al., 2000). Nop58p directly binds to the box C/D core motif,
and it is essential for processing, accumulation, stability and nucleolar localisation of box C/D
snoRNAs (Lafontaine and Tollervey, 1999). In yeast, Nop58p and Cbf5p proteins carry a
highly charged KKD/E repeat domain (Gautier et al., 1997). Interestingly, this carboxylterminal domain of Nop58p is essential for interaction with Noplp and for nucleolar
localisation, but it is not required for interaction with snoRNAs (Lafontaine and Tollervey,
1999)
Nop56p has been identified in the same genetic screen as Nop58p (Gautier et al.,
1997). It has also been found in mouse and Xenopus snoRNPs (Filippini et al., 2000;
Newman et al., 2000) Nop58p and Nop56p proteins are highly homologous (Newman et al.,
2000). Both proteins are evolutionarily conserved and feature the a highly charged KKD/E
repeat domain in yeast (Gautier et al., 1997). In other eukaryotes, the KKD/E domain has
been replaced by a positively charged lysine-rich sequence (Newman et al., 2000). Nop56p,
like Nop58p, has been found to be essential for viability (Gautier et al., 1997). Nop56 has
been demonstrated to bind directly to the box C/D core motif of mouse U14 snoRNA.
However, it is still not known whether Nop56 is essential for processing, stability and
nucleolar localisation of box C/D snoRNAs.
Recently, a common protein component, associated with all box C/D snoRNAs and
the U4 spliceosomal snRNA, has been identified (Watkins et al., 2000). The identified
essential 15 kDa protein and Snu13p, its yeast homolog, directly bind the conserved box C/D
motif, which forms a structure similar to the U4-15.5 kDa protein binding site. The 15.5 kDa
protein is required for processing, accumulation and stability of box C/D snoRNAs.
interestingly, beside the 15.5 kDa protein, the yeast U4 snRNP contains a newly identified
protein, Prp31, which is a homolog of Nop58p and Nop56p proteins (Gautier et al., 1997;
Gottschalk et al., 1999). Moreover, the U4 snRNP and snoRNPs are proposed to function as
chaperones for the U6 snRNP and pre-rRNAs, respectively. Based on these structural and
functional similarities, it has been suggested that the U4 snRNP and box C/D snoRNPs might
share a common ancestral snRNP (Watkins eta!., 2000).
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Almost all snoRNAs carry an internal imperfect copy of the C and D boxes referred to
as boxes C' and D', which are also positioned close to each-other. It is still unknown whether
the box C'/D' motif is also associated with a set of common snoRNP proteins.
Box C/D snoRNAs have been demonstrated to transiently associate with p50, p55 and
Nopp140/Srp40 proteins (Newman et al., 2000; Yang et al., 2000). Analysis of several
eukaryotic p50 and p55 proteins revealed that they are evolutionarily conserved, essential
nucleoplasms proteins, which are also related to each-other in sequence. They carry a
Walker A and B motifs, which indicate potential ATP/GTP binding ability and helicase activity.
p50 and p55 interact with each-other, and most probably function as a heterodimer
(Kanemaki et al., 1999). They are required for accumulation of snoRNAs and processing of
the pre-rRNA (Yang et al., 2000). Interactions of p55 with replication A protein and the TATAbinding complex suggest that p50 and p55 may function in co-ordination of snoRNP
biogenesis with DNA replication and RNA transcription (Kanemaki et al., 1999; Qiu et al.,
1998).
Vertebrate Nopp140p and its yeast counterpart, Srp40p, are highly phosphorylated
nucleolar and Cajal-body-specific proteins that shuttle between the nucleolus and the
cytoplasm (Meier and Blobel, 1992). Vertebrate Nopp140p interacts with both families of
snoRNPs (Yang et al., 2000). Yeast Srp40 has been demonstrated to interact only with box
H/ACA snoRNPs, but the possibility of its interaction with box C/D snoRNPs is not excluded
yet. Transfection of COS-1 cells with a dominant negative Nopp140p construct resulted in
specific depletion of snoRNAs from the nucleolus, which indicates that Nopp140 function in
nucleolar localisation of both classes of snoRNPs. Moreover, it has also been proposed that
Nopp140p acts as a chaperone for snoRNPs.
Common protein components of box H/ACA snoRNPs
Four integral protein components of box H/ACA snoRNPs, the Garlp, Cbf5p/dyskerin, Nhp2p
and Nop10p, have been identified both in yeast and H. sapiens.
Garlp is an essential box H/ACA snoRNP protein exhibiting two glycine- and argininerich GAR domains with dimethylated arginine residues (Balakin et al., 1996; Ganot et al.,
1997b; Girard etal., 1992). The GAR domains are located in the N- and C-terminal regions of
Garlp, and they flank a central core domain. The central core domain is necessary and
sufficient for function in vivo, and this region is able to bind directly the snR10 and snR30
snoRNAs (Bagni and Lapeyre, 1998; Girard et al., 1994). The GAR domains are proposed to
stabilise the snoRNA-pre-rRNA interactions and to help opening the structure of the preribosomal particle (Ghisolfi etal., 1992). These might be facilitated by Roklp, a putative ATPdependent helicase that genetically interacts with Garlp (Venema et al., 1997). In yeast,
depletion of Garlp leads to an inhibition of pre-rRNA pseudouridylation and the 18S rRNA
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Figure 29. Electron microscopic images of the yeast snR42 box H/ACA snoRNP
(Watkins et al., 1998). Under the electron microscopic images, the proposed
three-dimensional model of box H/ACA snoRNPs are shown from three views.
Lowest panel: schematic representation of the bipartite structure of box H/ACA
snoRNPs.

accumulation (Bousquet-Antonelli et a!., 1997). However, Garlp is not essential for
accumulation and stability of box H/ACA snoRNAs, but required for interaction of box H/ACA
snoRNPs with the pre-rRNA (Bousquet-Antonelli eta!., 1997; Dragon et a!., 2000).
The yeast Cbf5p is an essential multifunctional protein (Jiang et at., 1993). Depletion
of Cbf5p impairs accumulation of the 18S rRNA, box H/ACA snoRNAs and stability of Garlp
(Lafontaine et al., 1998). Counterparts of yeast Cbf5p have been identified in human, rat and
Drosophila as dyskerin, NAP57 and NOP60B/Minifly protein, respectively (Giordano et al.,
1999; Heiss et al., 1998; Lafontaine et al., 1998; Meier and Blobel, 1994; Phillips et al.,
1998).Mutations in human dyskerin have been found in patients suffering from X-linked
dyskeratosis congenita associated with bone marrow failure, skin defects and chromosome
instability (Heiss et al., 1998). Mutations reducing the amount of Drosophila Minifly protein
result in reduction of body size and in developmental defects (Giordano et al., 1999).
Cbf5p is homologous to the E. coli tRNA:¥55 pseudouridine synthase TruB (Koonin,
1996). Cbf5p and TruB share the KP and XLD sequence motifs (X: T, A, or R) found in
several pseudouridine synthases. Alteration of the highly conserved aminoacids in the
putative pseudouridine synthase domain of Cbf5p abolished pseudouridylation of rRNAs and
resulted in reduced growth rate and reduced level of cytoplasmic ribosomal subunits
(Zebarjadian et al., 1999). This indicates that pseudouridylation of rRNAs is likely to be
essential for normal growth in yeast, and Cbf5p provides the catalytic activity for
accomplishing snoRNA-dependent pseudouridine formation. The C-terminal region of
Cbf5p/dyskerin is highly conserved, but shares little sequence homology with other
pseudouridine synthases (Meier and Blobel, 1994). This region is positively charged, carries a
KKD/E repeat motif in yeast, and has been suggested to participate in interactions of Cbf5p
with snoRNAs or other snoRNP proteins (Watkins et al., 1998a; Yang et al., 2000).
Nhp2p and Nop10p are also essential for accumulation of the 18S rRNA, processing
and stability of box H/ACA snoRNAs and stability of Garlp (Henras et al., 1998; Kolodrubetz
and Burguft, 1991). Nhp2p contains a putative RNA-binding domain shared by the yeast L30
ribosomal protein and the 15.5 kDa/Snu13p box C/D snoRNP/U4 snRNP protein (Koonin et
al., 1994; Nottrott et al., 1999). The human counterparts of both Nhp2p and Nop10p have
been identified (Pogacic etal., 2000). interestingly, both proteins can complement yeast cells
depleted of Nhp2p or Nop10p, indicating evolutionary conservation of function of snoRNP
proteins and composition and structure of snoRNPs.
Electron microscopy analysis of snR30 and snR42 box H/ACA snoRNPs revealed that
they have a U-shaped bipartite structure, resembling the shape of the schematic secondary
structure of snoRNAs of this class (Figure 29.), (Watkins et al., 1998a). The two domains
probably represent integral proteins bound to the two hairpins which are joined by the hinge.
Estimation of the molecular mass of these snoRNPs suggests that two copies of each four
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common core proteins are associated with all snoRNAs. This is further emphasised by results
of in vitro snoRNP assembly studies, since a single hairpin domain together with the ACA box
of at least some snoRNAs, for example the U17 snoRNA, can form a ribonucleoprotein
complex with the core proteins (Dragon et a/., 2000).
Box H/ACA snoRNPs transiently associate with Nopp140p/Srp40p, and some yeast
snoRNPs have been reported to be associated with Ssblp and/or Senlp (Clark et at., 1990;
Ursic et al., 1997; Yang et at., 2000). Nopp140/Srp40p is suggested to act as a chaperone
which functions in nucleolar localisation of both classes of snoRNPs. Antibodies against the
nucleolar Ssblp protein were found to immunoprecipitate snR10 and a fraction of snR11
(Clark et al., 1990). Interestingly, Ssblp is an RNA-binding protein featuring the GAR repeat
motifs (Jong et al., 1987). Unfortunately, the importance of interaction of Ssblp with these
box H/ACA snoRNAs is unknown.
The essential Senlp protein is a member of the superfamily I helicases containing a
putative RNA-binding domain (DeMarini etal., 1992; Koonin, 1992). In a yeast strain carrying
a mutation in its SEN1 gene, the Noplp and Ssblp were found to mislocalise into the
nucleoplasm (Ursic et al., 1995). Moreover, accumulation of the snR11, snR13, snR31,
snR40 and snR45 snoRNAs was affected (Ursic et al., 1997). Senlp is associated with at
least the U3, snR10 and snR30 snoRNAs in vitro. Senlp is suggested to function in the
biogenesis of snRNAs, snoRNAs, rRNAs and tRNAs as an RNA helicase (Ursic etal., 1997).
FUNCTION OF SMALL NUCLEOLAR RNAs
Box C/D guide snoRNAs direct 2'-0-ribose methylation of ribosomal RNAs
The vast majority of box C/D snoRNAs function as guide RNAs in 2-O-ribose methylation of
ribosomal RNAs (Cavaille et al., 1996; Kiss-Laszlo et al., 1996). Yeast and human rRNAs
contain 55 and 105 ribose methylated nucleotides, respectively (Limbach et al., 2001; Maden
and Hughes, 1997). Ribose methylated nucleotides ate formed in the 45/35S pre-rRNA at or
shortly after transcription (Greenberg and Penman, 1966; Maden, 1990). Selection of the
correct substrate nucleotides to be rihose methylated is directed by box C/D snoRNAs.
The box C/D guide snoRNAs carry one or two 10-21 nucleotide long sequences
perfectly complementary to mature rRNAs (Figure 26.), (Bachellerie et al., 1995; Steitz and
Tycowski, 1995). These elements are called the antisense elements, and they are invariantly
followed by box D or D'. The antisense element preceding the D' box is called the upstream
antisense element, while the antisense element located at the D box is referred to as the
downstream antisense element. Selection of ribosomal nucleotides for ribose methylation
requires transient base-pairing between the guide snoRNA and the pre-rRNA. The ribosomal
nucleotide that is located opposite to the fifth nucleotide upstream of the D or D' box of the
46

snoRNA is selected for ribose methylation (Kiss-Laszlo et al., 1996). The methyltransferase
relies on this structural information and correctly and efficiently accomplishes the catalytic
reaction.
This mechanism of box C/D snoRNAs to select the substrate nucleotides was
demonstrated in several in vivo experiments. In the laboratory of T. Kiss, this model was
verified by genetic depletion and reconstitution experiments with yeast U24 snoRNA (KissLaszlo et al., 1996). Depletion of the U24 snoRNA resulted in a loss of ribose methylation of
25S rRNA at position C1436, A1448 and surprisingly at G1449. Expression of yeast U24
snoRNA in U24-depleted cells restored the correct nucleotide modifications of the 25S rRNA.
Expression of a mutant U24 snoRNA, in which a nucleotide was deleted immediately
upstream the D box, resulted in modification at position U1437 instead of C1436. Based on
these experiments, the authors concluded that snoRNAs contain all the information
necessary to determine the position of ribose methylated nucleotides.
The model how box C/D guide snoRNAs direct site-specific modification of rRNAs was
further verified by engineering an snoRNA to direct modification of a non-methylated
ribosomal nucleotide in cultured mouse cells (Cavaille et al., 1996). Expression of the U20
snoRNA carrying an altered antisense element was sufficient to direct ribose methylation of a
naturally unmodified ribosomal nucleotide.
For the function of box C/D snoRNAs, an antisense element followed by a D or D' box
and a properly positioned C or C' box is required (Kiss-Laszlo et al., 1998). Accordingly, the
sequences of yeast and human snoRNAs selecting the same ribosomal target nucleotides
are generally not conserved and the homologous regions are only the conserved C, D\ C',
and D boxes and the corresponding antisense elements.
Interestingly, the double helix formed by the snoRNA and the pre-rRNA can tolerate
some irregularities (Cavaille and Bachellerie, 1998). Non-canonical base-pairs except at the
target position can be tolerated provided that the snoRNA-pre-rRNA interaction is strong
enough to form a stable helix. Even bulges can be tolerated especially when located beyond
the seventh base-pair from the D or D' box. Single mismatches are predicted to occur for
example in yeast U14/18S rRNA and Xenopus U28/28S rRNA interactions (Liang and
Fournier, 1995; Tycowski et al., 1996b). Interestingly, a bulge is likely to interrupt the
Xenopus U29/28S rRNA duplex (Tycowski etal., 1996b).
In some cases, an antisense element of a single snoRNA can direct ribose
methylation of two adjacent residues. The upstream antisense element of yeast U24 directs
ribose methylation of both A1448 and G1449 of the 25S rRNA (Kiss-Laszlo et al., 1996).
Similarly, snR13 is responsible for selection of A2278 and A2279 of the 25S rRNA for ribose
methylation (Lowe and Eddy, 1999).
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In yeast, guide snoRNAs have been identified for 51 out of the 55 known 2'-0-ribose
methylated nucleotides (Lowe and Eddy, 1999). Most likely, all ribose methylated nucleotides
of eukaryotic rRNAs are formed by guide snoRNA-dependent mechanism. This idea is further
supported by the observation that mutations in the yeast Noplp can inhibit the overall ribose
methylation of yeast rRNAs (Tollervey et ai,

1993). The factor

responsible for

accomplishment of the methyltransfer reaction is an integral component of box C/D snoRNPs.
Most likely, the Noplp/fibrillarin protein, which carries a conserved S-adenosylmethioninedependent methyltransferase-like domain, is the catalyst of the RNA methylation reaction
(Wang et al., 2000).
In most snoRNAs, either the upstream or the downstream antisense region possesses
complementary to rRNA sequences. However, in some cases, both antisense elements can
direct ribose methylation of the pre-rRNA. It has been shown that the internal segment of
yeast U24 containing C' and D' boxes with the upstream antisense element in a stabilised
chimeric construct was sufficient for directing site-specific ribose methylation of the 25S rRNA
(Kiss-Laszlo et al., 1998). This suggests that box C/D snoRNPs carry two potential active
centres, which further supports the idea, that they contain two sets of box C/D snoRNAspecific integral proteins.
The function of guide snoRNAs may not only be the selection of substrate nucleotides.
It has been proposed that both box C/D and box H/ACA snoRNAs could act as chaperones
by preventing an early formation of a compact secondary structure of the pre-rRNA so that it
remains accessible for ribosomal proteins and for factors functioning in biogenesis of rRNAs
(Bachellerie eta!., 1995; Steitzand Tycowski, 1995; Tycowski etal., 1996a).
Recently, it has been found, that the hyperthermophile archaea Sulfolobus solfataricus
contains 67 ribose methylated nucleotides in its rRNAs (Noon etal., 1998). The high number
of ribose methylated nucleotides and the identified archaea homologs of fibrillarin,
Nop56/Nop58 and p50/p55 suggested the presence of box C/D snoRNA-like RNAs in
archaea (Amiri, 1994; Lafontaine and Tollervey, 1998; Newman et al., 2000). Search in
archaeal genomic sequences predicted the existence of box C/D RNAs in Sulfolobus,
Pyrococcus, Aeropyrum, Methanococcus and Archaeoglobus species (Gaspin et al., 2000;
Omer et al., 2000). The expression of some Sulfolobus and Pyrococcus box C/D RNAs has
been verified. Archaeal box C/D RNAs are usually small, 50 to 60 nt long RNAs, whereas
eukaryotic box C/D snoRNAs are 75 to 100 nt long. The majority of archaeal snoRNA-like
RNAs have two functional antisense elements, and the target nucleotides of the two
antisense elements are generally located close to each-other, always on the same rRNA. The
coding regions of the box C/D RNAs are not clustered, and four box C/D RNAs have been
identified to reside in introns of tRNA genes (Omer et al., 2000).
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Interestingly, the number of putative box C/D RNAs is higher in hyperthermophiles,
which might indicate that their rRNAs contain a high number of modified nucleotides, possibly
to stabilise the rRNAs at high temperature (Omer etal., 2000).
The protein components of archaeal box C/D RNPs have not been determined yet.
The most likely candidates are the proteins homologous to fibrillarin and Nop56/Nop58. The
most homologous protein to the Snu13p/15.5 kDa protein is the ribosomal L7a protein
(Kimura et al., 1987; Watkins et al., 2000). It is an interesting hypothesis that L7a might be a
component of both ribosomes and box C/D RNPs. Archaea also contain proteins homologous
to Garlp, Cbf5p and Nop10p (Bult et al., 1996; Watanabe and Gray, 2000). However, no box
H/ACA RNAs have been identified yet in any archaea species.
Box H/ACA guide snoRNAs select uridines of ribosomal RNAs to be converted to
pseudouridines
Yeast and human rRNAs carry 45 and 95 pseudouridines, respectively (Limbach et al., 2001;
Maden and Hughes, 1997). The majority of box H/ACA snoRNAs are responsible for
selecting

the

correct

nucleotides

of

the

45/35S

ribosomal

RNA

precursor

for

pseudouridylation (Ganot et al., 1997a; Ni etal., 1997).
Similarly to box C/D snoRNAs, box H/ACA snoRNAs recognise short ribosomal
sequences located around the target nucleotide to be pseudouridylated (Ganot et al., 1997a).
Both in ribose methylation and pseudouridylation, snoRNA-mediated recognition of the target
nucleotide is independent of the secondary structure of the substrate RNA. 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 (Figure 26.). These regions, referred to as the
pseudouridylation pocket, are complementary to the sequence of the rRNA, and they
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. For efficient modification of the selected nucleotide, the
presence of the H or ACA box about 14 nucleotides downstream of the catalytic centre of the
pseudouridylation pocket is essential (Bortolin etal., 1999).
The

mechanism of

box

H/ACA

snoRNA-directed

selection

of

uridines

for

pseudouridylation has been verified by genetic depletion of yeast snR5 and snR36 (Ganot et
al., 1997a). Depletion of snR5 abolished pseudouridylation of the 25S rRNA at position
U1003 and U1123. Cells lacking snR36 also lack a pseudouridine in the 18S rRNA at position
U1185. Restoration of expression of snR5 or snR36 resulted in the appearance of the
pseudouridines at the adequate positions. Expression of a mutant snR36 carrying altered
nucleotides

in

the

putative

pseudouridylation

pocket

failed

to

restore

correct

pseudouridylation pattern of the 18S rRNA. The observation of Ni et al. that depletion of a box
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H/ACA snoRNA results in a loss of pseudouridine formation at a certain position further
supported the proposed model of box H/ACA snoRNA-directed substrate nucleotide selection
(Ni etal., 1997).
All the information necessary to select the correct substrate nucleotides is carried by
the snoRNA component of box H/ACA snoRNPs (Bortolin et al., 1999). The essential
elements for function of guide snoRNAs are the boxes H and ACA, and the stem regions
flanking the internal loops. Destruction of any of the essential elements

inhibits

pseudouridylation directed by both pseudouridylation pockets. This suggests that the
upstream and downstream hairpins act in a co-operative manner.
Most probably, all ribosomal pseudouridines are selected by snoRNAs, and
conversion of uridines to pseudouridines is accomplished by an snoRNP component. Indeed,
Cbf5p has been demonstrated to function as the pseudouridine synthase responsible for
pseudouridylation of the box H/ACA snoRNA-selected uridines (Bousquet-Antonelli et al.,
1997; Koonin, 1996; Lafontaineetal., 1998; Zebarjadian etal., 1999).
Each box H/ACA snoRNA carries two potential pseudouridylation pockets. However,
in most cases, only one of them selects a ribosomal nucleotide for post-transcriptional
modification (Ganot et al., 1997a; Ganot et al., 1997b). The presence of two active centres
functioning in site-specific pseudouridylation of two independent substrate nucleotides further
supports the idea that box H/ACA snoRNPs carry two sets of the common snoRNP proteins
and form a symmetrical bipartite complex (Watkins etal., 1998a).
Similarly to box C/D snoRNAs, box H/ACA snoRNAs are also proposed to function as
chaperones in ribosome synthesis (Bachellerie et al., 1995; Steitz and Tycowski, 1995;
Tycowski et al., 1996a). Moreover, snoRNAs might also function in the isomerisation of
uridine residues to pseudouridines by inducing formation of a favourable local environment
that facilitates the required base rotation (Ni etal., 1997).
Interestingly, the 3' end of vertebrate telomerase RNAs forms a box H/ACA snoRNP
domain with the characteristic secondary RNA structure associated with all known common
snoRNP protein components (Dragon etal., 2000; Mitchell etal., 1999a; Pogacic etal., 2000;
Shay and Wright, 1999). This domain is essential for accumulation, stability, nucleolar
localisation and in vivo function of the telomerase RNP but dispensable for its function in vitro
(Autexier etal., 1996; Mitchell etal., 1999a; Narayanan etal., 1999a, this thesis). However, it
is not known whether the box H/ACA snoRNA-like 3-terminal domain of telomerase RNA
functions as a guide RNA directing pseudouridylation.
SnoRNAs functioning in nucleolytic processing of ribosomal RNAs
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
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(Hughes and Ares, 1991; Liang and Fournier, 1995; Mishra and Eliceiri, 1997; Morrissey and
Tollervey, 1993; Peculis and Steitz, 1993; Tollervey, 1987; Tycowski et al., 1994). 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 (Steitz and Tycowski, 1995). The hypothesis that they function as
chaperones is further supported by a recent experimental demonstration that snoRNAs are
co-transcriptionally required for processing of the pre-rRNA (Peculis, 2001).
U3 snoRNA has a two-domain secondary structure in which a short 5' domain is linked to the
large 3' domain by a single-stranded hinge region (Figure 30. and 31.), (Samarsky and
Fournier, 1998; Speckmann et al., 1999). The 5' domain contains the essential GAC, A and A'
boxes. These elements together with the hinge box are supposed to interact with the prerRNA (Borovjagin and Gerbi, 2000). The essential elements of the 3' domain, box B, C, C'
and D are most likely protein-binding sites (Speckmann etal., 1999). The boxes C' and D are
functionally equivalent to the box C/D motif of box C/D snoRNAs. Boxes B and C also form a
single recognition motif, the box B/C motif, which is unique to the U3 snoRNA. The U3 and
U14 snoRNAs lack the equivalents of the conserved C' and D' boxes present in box C/D
snoRNAs.
Both box B/C and C'/D motifs are essential for function and sufficient for nuclear
retention of U3 snoRNA (Mereau etal., 1997; Speckmann etal., 1999). The box C'/D motif is
essential for stability, cap hypermethylation, nucleolar localisation of the U3 snoRNA (Mereau
etal., 1997; Narayanan etal., 1999b; Tems etal., 1995).
Beside the common integral proteins of box C/D snoRNAs, U3 contains a set of
specific proteins. In yeast, Rcllp, the RNA helicase Dhrlp, and several other essential
proteins, namely the Mpp10p, Lcp5p, Imp3p, Imp4p, Soflp and Rrp9p are stable components
of the U3 snoRNP (Billy et al., 2000; Colley et al., 2000; Dunbar ef al., 1997; Jansen et al.,
1993; Venema et al., 2000; Wiederkehr et al., 1998). The identified mammalian proteins
include the U3-55 kDa protein, which is equivalent of Rrp9p, and MPP10 and P110 (Adamson
etal., 2001; Lubben etal., 1993; Westendorf etal., 1998).
The U3 snoRNP is essential for several cleavages of the pre-rRNA. In yeast cells,
Xenopus oocytes and mouse cell extract, it is required for the initial cleavage of 5' ETS
(Hughes and Ares, 1991; Kass et al., 1990; Mougey et al., 1993). U3 has been found to be
essential also for cleavages at two sites that flank the yeast 18S rRNA region, and for a
cleavage of Xenopus ITS1 near the coding region of the 5.8S rRNA (Hughes and Ares, 1991;
Savino and Gerbi, 1990). Interestingly, an archaeal homolog of the U3 snoRNA has been

51

\

OVNNO^V
ONY^OI

M I N I )

"

95

18S RRNA
F i g u r e 32. Secondary structure of the yeast U14 snoRNA and its potential
interaction with the 18S rRNA

(Liang and

Fournier,

1395).

Lower

panel:

Schematic representation of the secondary structure of the yeast 18S rRNA and
the proposed U14 snoRNA-pre-rRNA interaction.

identified in the archaeal Sulfolobus acidocalcarius, which is required for three cleavages in
the 5' ETS of the rRNA precursor (Potter et al., 1995).
The U3 snoRNA directly interacts with the rRNA precursor at several sites (Beltrame
et al., 1994; Hughes, 1996). A model how U3 snoRNP interacts with the pre-rRNA has been
described in (Borovjagin and Gerbi, 2000), (Figure 30. and 31.). The authors propose that the
hinge region of the U3 snoRNA interacts with the 5' ETS and anchors U3 snoRNA to the prerRNA. This interaction may already occur before the transcription is completed. In the next
step, the 3' region of box A interacts with the 5' ETS. The 5' region of box A together with box
A' and yeast GAC box base-pair with the 5'-terminal sequences of the 18S rRNA destined to
form a pseudoknot structure in the mature 18S rRNA. Interestingly, the spacing between
elements believed to base-pair with the pre-rRNA is critical, so these elements appear to act
in concert (Borovjagin and Gerbi, 2000).
U14 snoRNA features the conserved box C/D motif with a short terminal stem (Figure 32.),
(Jarmolowski et al., 1990). However, no internal C' and D' boxes are found in the loosely
structured snoRNA. Domain A, B and a stem-structure termed the Y domain have been
demonstrated to interact with the pre-rRNA (Liang and Fournier, 1995; Morrissey and
Tollervey, 1997). Interestingly, only yeast and plant but not vertebrate U14 snoRNAs contain
the Y domain, which has been found to be essential for U14 function (Jarmolowski et al.,
1990; Samarsky ef al., 1996). Expression of human U14 cannot restore U14 function in U14depleted yeast cells, unless the yeast Y domain is placed into an appropriate position of the
human U14 (Li and Foumier, 1992). Several nucleotides of the Y domain could be UV crosslinked to the pre-rRNA, indicating that U14 makes multiple contacts (Morrissey and Tollervey,
1997). The Y domain has also been demonstrated to interact with the essential Dbp4p RNA
helicase (Liang etal., 1997).
Domain B preceding the D box functions in site-specific 2'-0-ribose methylation of the
18S rRNA (Kiss-Laszlo et al., 19%). Domain A also interacts with the coding region of the
18S rRNA, but does not direct nucleotide modification (Liang and Foumier, 1995). This
interaction is essential, since multibase mutation of domain A is lethal (Jarmolowski et al.,
1990). Domain A is required for cleavages in the ITS1 and at the boundary of the 5' ETS and
the 18S rRNA in yeast as well as for a cleavage in the 5' ETS in mouse cell extract (Enright et
al., 1996; Li et al., 1990). Interestingly, the 18S rRNA sequences, which base-pair with
domain A and domain B, are in close vicinity in the predicted secondary structure (Figure
32.), (Liang and Foumier, 1995). It has been supposed that these interactions can occur
simultaneously, which is supported by the finding that domain B can stabilise the essential
interaction between domain A and the pre-rRNA (Liang and Foumier, 1995).
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Figure 33. Secondary structure of the human U8 snoRNA and the proposed
interactions between the mouse U8 snoRNA and pre-rRNA (Michot et al., 1999).
Arrow 1: boundary between the 3' end of the 5.8S rRNA and the 5' end of the
ITS2. Arrow 2: boundary between the 3' end of the ITS2 and the 5' end of the
28S rRNA.

U8 snoRNA is the only known snoRNA required for the 28S rRNA maturation in vertebrates
(Peculis and Steitz, 1993). The U8 snoRNA is essential for cleavages at the 5'end of the 5.8S
and at the 3' end of the 28S rRNAs. The U8 snoRNA carries the conserved D, C, C" boxes,
and a putative D' box preceding the C box (Figure 33.). This unusual arrangement of the
conserved elements results in a box C/D snoRNA that does not carry a terminal box C/D
motif (Michot etal., 1999; Peculis and Steitz, 1993).
The 5'-terminal region of the U8 snoRNA was proposed to interact with the. 5'-terminal
nucleotides of the 5.8S rRNA/ITS2 junction (Figure 33.), (Peculis, 1997) (Michot et al., 1999).
This base-pairing might inhibit an interaction between the 28S and 5.8S rRNA sequences
which exists in the mature ribosomes of all organisms (Gutell et al., 1993). The nucleotides,
which immediately follow the region interacting with the 5.8S rRNA/ITS2 junction, form a 9
base-pair long perfect double helix with nucleotides in the 28S rRNA coding region.
U22 snoRNA is a box C/D snoRNA identified in human and Xenopus (Tycowski et al., 1994).
Human U22 snoRNA is processed from an intron of a non-protein coding host gene, UHG.
Depletion of U22 in Xenopus oocytes prevents cleavage at both the 5' and 3' termini of the
18S rRNA.
Human and Xenopus U17 snoRNAs are box H/ACA snoRNAs essential for cleavage at the
5' end of the 18S rRNA (Mishra and Eliceiri, 1997; Ruff et al., 1993). The U17 snoRNA does
not contain a pseudouridylation pocket-like internal loop (Ruhl et al., 2000). U17 is likely to
establish several interactions with the pre-rRNA. Two regions of the U17 snoRNA are
complementary to the sequence of the 18S rRNA, and one of the putative interactions has
been verified by a psoralen cross-linking experiment (Cecconi et al., 1994; Rimoldi et al.,
1993). Moreover, a 3'-terminal region of the U17 snoRNA might interact with a
complementary sequence in the 5' ETS (Cecconi etal., 1994).
Yeast snR30 snoRNA is a box H/ACA snoRNA essential for viability (Morrissey and
Tollervey, 1993). It is required for accumulation of the 18S rRNA. SnR30 most likely functions
through base-pairing interactions with the pre-rRNA, since it can be psoralen cross-linked to
the 35S pre-rRNA. Interestingly, snR30 is associated with at least three specific proteins
beside the common protein components of box H/ACA snoRNAs (Lubben etal., 1995).
Yeast snR10 is a non-essential box H/ACA snoRNA (Tollervey, 1987). However, snR10depleted yeast cells have a cold-sensitive phenotype and they are impaired in growth and in
rRNA processing. SnR10 is also required for synthesis of ¥2919 of the 28S rRNA (Ni et al.,
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1997). However, loss of formation of this pseudouridine does not result in a cold-sensitive
phenotype.
Guide snoRNAs functioning in nucleotide modification of non-ribosomal RNAs
In theory, snoRNAs can direct the modification of any cellular RNA given that the substrate
RNA can establish a physical interaction with snoRNAs in the cell, and it carries sequences
complementary to the recognition motif sequence of a methylation or pseudouridylation guide
snoRNA (Bortolin eta!., 1999; Cavaille etaf., 1996; Kiss-Laszlo eta!., 1996). In other words,
altering the sequence of the antisense element or pseudouridylation pocket of an snoRNA is
sufficient to change the specificity of substrate recognition.
Recently, several snoRNAs have been found to function in ribose methylation or
pseudouridylation of non-ribosomal RNAs. Three snoRNAs, mgll6-47, mgU6-77 and mgU653 direct ribose methylation of A47, C77 and A53 of the U6 spliceosomal snRNA (Ganot et
a!., 1999; Tycowski et al., 1998). We have demonstrated that the nucleolus contains all the
factors responsible for the accurate and site-specific formation of the eight ribose methylated
nucleotides and the three pseudouridines of the U6 snRNA as well as the two pseudouridines
of the U3 snoRNA (Ganot et al., 1999, this thesis). These factors select their target
nucleotides through recognition of a short sequence located around the nucleotide to be
modified. This indicates that most possibly snoRNAs direct the modification of the U6 snRNA
and the U3 snoRNA.
We have recently identified the first snoRNA, human U85, that directs posttranscriptional modification of an RNA-polymerase ll-transcribed RNA, namely the U5
spliceosomal snRNA (Jady and Kiss, 2001, this thesis). U85 is the first hybrid snoRNA
carrying a box C/D as well as a box H/ACA snoRNA domain. Interestingly, U85 functions both
in ribose methylation of C45 and pseudouridylation of U46 in the invariant loop 1 of the U5
snRNA.
Besides U5, the U1, U2 and U4 spliceosomal snRNAs might also be modified by
snoRNAs. Putative human and mouse box C/D and box H/ACA snoRNAs have been
identified that are proposed to function in ribose methylation of the U1, U2 and U4 or
pseudouridylation of the U2 snRNA (Huttenhofer et al., 2001, Jady B.E., Kiss M.A. and Kiss
T, unpublished results).
Two archaeal box C/D RNAs, the Pyrococcus sR40 and Archaeoglobus sR3 are
encoded in the intron of the tRNA-Trp gene. Unexpectedly, both RNAs are predicted to guide
ribose methylation of the tRNA-Trp encoded by their host gene (Daniels C.J., unpublished
results).
Characterisation of a mouse brain-specific cDNA library revealed several brainspecific box C/D and box H/ACA snoRNAs (Cavaille et al., 2001; de los Santos et at., 2000;
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Huttenhofer et al., 2001). Three of them, MBil-13, MBII-52 and MBII-85 snoRNAs are
encoded on chromosome 15, in a paternally imprinted region implicated in the Prader-Willi
syndrome (Cavaille etal., 2001). Interestingly, MBII-52 and MBII-85 snoRNAs are encoded in
introns of tandemly repeated non-protein-coding units. The function of these brain-specific
snoRNAs is unknown. However, the antisense element of MBII-52 is complementary to the
serotonin 2C receptor mRNA. Although internal ribose methylated nucleotides have never
been detected in mRNAs, the possibility that MBII-52 snoRNA directs ribose methylation of
the serotonin 2C receptor mRNA cannot be ruled out. In mouse cells, an artificial RNApolymerase ll-specific transcript could be site-specifically ribose methylated, albeit at low
efficiency, by an artificial box C/D snoRNA in vivo (Cavaille et al., 1996). The potential target
adenosine nucleotide of the serotonin 2C receptor mRNA is known to be frequently edited to
inosine. Ribose methylation of the potential target adenosine could either inhibit editing or
might regulate the alternative splicing of this mRNA.
Some snoRNAs identified lately do not seem to guide modification of any known
stable RNAs (Huttenhofer et al., 2001; Jady and Kiss, 2000, this thesis). For example, human
U83 and U84 box C/D snoRNAs are not associated with maturing nucleolar pre-ribosomal
particles, indicating that they do not function in rRNA biogenesis (Jady and Kiss, 2000).
However, we have demonstrated that both snoRNAs are capable of directing ribose
methylation of a suitable target RNA. Most likely, the majority of snoRNAs with unknown
function are guide RNAs directing post-transcriptional modification of undiscovered stable
RNAs.
BOX C/D AND BOX H/ACA SNORNPS MIGHT SHARE A COMMON ANCESTOR
RIBONUCLEOPROTEIN COMPLEX
Similarities between the structure and function of box C/D and box H/ACA snoRNPs raises
the possibility that they have evolved from a common ancestor RNP (Ganot et al., 1997b).
This is supported by the facts that
-the members of both families are nucleolar and the majority of them function in cotranscriptional modification of the pre-rRNA.
-their biogenesis follows the same pathway and employs well-defined conserved sequenceand structural elements and the same trans-acting factors,
-they possess two potential active centres and most probably form a bipartite particle with two
sets of family-specific common proteins,
-selection of their substrate nucleotides relies on recognition of a short sequence located
around the target nucleotide to be modified.
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-the mechanism of modified nucleotide formation involves transient base-pairing between the
substrate RNA and the snoRNA, and this structural information is recognised by the
catalytic protein component of the snoRNP that carries out the reaction.
-snoRNPs of both families are likely to have four common integral protein components,
-the box H/ACA snoRNP-specific Garlp and the box C/D snoRNP-specific fibrillarin are both
dispensable for stability and contain GAR repeat motifs.
-Nop58p, Nop56p (components of box C/D snoRNPs) andCbf5p (a component of box H/ACA
snoRNPs) share a highly charged KKD/E motif in yeast,
-both the box H/ACA snoRNP-specific Nhp2p and the box C/D snoRNP-specific Snu13p/15.5
kDa protein carry a homologous putative RNA binding-domain.
-snoRNAs of both families interact with Nopp140p.
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THE NUCLEOLUS AND CAJAL BODIES
STRUCTURE OF THE NUCLEOLUS
The nucleolus is a non-membrane-bound organelle engaged in ribosome biogenesis in the
eukaryotic nucleus (Figure 34.), (reviewed in: Melese and Xue, 1995; Scheer and
Weisenberger, 1994; Warner, 1990). Yeast cells contain a single, crescent-shaped nucleolus
occupying about one third of the nucleus. It is organised at the region of chromosome 12 that
carry 120-200 tandem copies of rRNA-coding genes. The human nucleolus is formed by
interaction of nucleolar factors with rDNA regions called nucleolar organizer regions. Since
the human genome contains five nucleolar organiser regions, which might interact with eachother, human cells usually contain two or three, but less than five nucleoli. In general, the
number of nucleoli depends on cell types, cell cycle and metabolic changes.
The nucleolus is composed of three main microscopically distinct structural
components (Jordan, 1979). Fibrillar centres found in most metazoan nucleolus are most
likely stocks of factors needed for rRNA transcription (Schwarzacher and Mosgoeller, 2000).
This component is surrounded by the dense fibrillar component. Transcription of pre-rRNAs
has been is localised to the border of the fibrillar centre and the dense fibrillar component.
Processing of pre-rRNAs and, assembly of ribosomal subunits start in the dense fibrillar
component, whereas maturation of pre-ribosomal particles is completed in the granular
component surrounding the dense fibrillar component.
The nucleolus is a highly dynamic structure. Its assembly around the rDNA loci is
triggered by transcription of pre-rRNAs (Lewis and Tollervey, 2000). A yeast strain which
synthesises rRNAs from RNA polymerase ll-transcribed genes carried by multicopy plasmids
contains several mininucleoli instead of a single crescent-shaped nucleolus (Oakes et al.,
1993). This demonstrates that neither tandem organisation of rRNA genes nor a coherent
nucleolus is essential for ribosomal biogenesis and nucleolar function. However, formation of
a crescent-shaped nucleolus requires tandem organisation of rRNA genes and their
transcription by RNA polymerase I.
FUNCTION OF THE NUCLEOLUS IN BIOGENESIS OF STABLE CELLULAR RNAs
A growing HeLa cell synthesises about 7500 ribosomal subunits per minute. Production of
this huge amount of ribosomes is the main function of the nucleolus (Perry, 1960). Nucleolar
biogenesis of ribosomal subunits involves transcription and processing of pre-rRNAs, the
assembly of rRNAs with ribosomal proteins and export of the ribosomal subunits. These
processes require nucleolar localisation of the RNA polymerase I transcriptional machinery,
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proteins and snoRNPs mediating rRNA processing, modification and subunit assembly as
well as factors functioning in export of the assembled ribosomal subunits. It has been
proposed that the nucleolus is attached to the nuclear envelope, which might facilitate the
nuclear import of ribosomal proteins and cytoplasmic export of the ribosomal subunits
(Bourgeois and Hubert, 1988). The 5S rRNA, although transcribed in the nucleoplasm in
higher eukaryotes, is also processed in the nucleolus where it associates with the preribosomal particle (Steitzetal., 1988).
Beside ribosomal RNAs, the nucleolus functions in maturation of several stable
cellular RNAs. In situ hybridisation and microinjection experiments demonstrated that the
mammalian signal recognition particle (SRP) RNA cycles through the nucleolus before
exportation to the cytoplasm (Jacobson and Pederson, 1998b; Politz eta!., 2000). A portion of
three SRP proteins, SRP19, SRP68 and SRP 72, also displays a nucleolar localisation,
suggesting that processing and assembly of the SRP RNA with some SRP proteins might
occur in the nucleolus.
A fraction of the RNase P RNA functioning in tRNA processing has also been detected
in the nucleolus both in yeast and mammalian cells (Bertrand et a/., 1998; Jacobson et at.,
1997). Microinjection of RNase P RNA into the nuclei of mammalian cells resulted in a
transient nucleolar localisation of RNase P RNA before distribution throughout the nucleus.
Interestingly, mature RNase P does not seem to accumulate in the nucleolus of mammalian
cells. These findings argue for a nucleolar step of RNase P RNA maturation or RNase P
assembly. In yeast, RNase P has a nucleolar function, it has been demonstrated, that at least
some pre-tRNAs are processed in the nucleolus by RNase P (Jacobson et at., 1997).
Not only stable RNAs with translation-related function have been detected in the
nucleolus. A small percentage of the human telomerase RNA is also located in the nucleolus
(Mitchell et al., 1999a). The 3' end of the telomerase RNA consists of a box H/ACA snoRNA,
that is responsible for its nucleolar localisation (Mitchell et al., 1999a; Narayanan et al.,
1999a, this thesis).
Three snoRNAs have been identified to function in 2'-0-ribose methylation of the U6
spliceosomal snRNA (Ganot et al., 1999; Tycowski et al., 1998). It has also been
demonstrated that the nucleolus contains all the factors responsible for formation of all
pseudouridines and ribose methylated nucleotides of the U6 snRNA (Ganot et al., 1999, this
thesis). Based on these data, we suggested that the U6 snRNA might cycle through the
nucleolus

to

undergo

snoRNA-mediated

post-transcriptional

modification.

In

fact,

microinjection experiments with Xenopus oocytes have recently demonstrated that the U6
snRNA transiently passes through the nucleolus (Lange and Gerbi, 2000).
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FUNCTION OF THE NUCLEOLUS IN MRNA PROCESSING AND EXPORT
The first evidence supporting a role for the nucleolus in mRNA production emerged from a
virus-induced cell fusion experiment. Fusion of a chicken erythrocyte with a HeLa cell induces
transcriptional activation and nucleolus formation in the chicken nucleus. Surprisingly, chicken
specific proteins do not appear until the chicken nucleolus is formed, although the cytoplasm
of the fused cells contains functional ribosomes. This suggests that the nucleolus might be
important in processing or export of mRNAs (Harris, 1967; Harris etal., 1969).
A genetic screen to isolate yeast mutants defective in mRNA transport identified many
mutants which accumulate polyA RNAs in their nucleolus (Kadowaki et al., 1994). Several of
these mutants had aberrant nuclear and nucleolar morphology. The authors proposed that
nucleolar polyA RNAs had been trapped in the nucleolus along their export to the cytoplasm,
suggesting that the nucleolus might form part of the mRNA export pathway. Consistent with
this idea, mammalian spliced c-myc mRNA and two retroviral mRNA export proteins, the Rex
protein of HTLV-1 and the Rev protein of HIV, have been found to localise to the nucleolus
(Bond and Wold, 1993; Cullen etal., 1988; Siomi etal., 1988).
FUNCTION OF THE NUCLEOLUS IN CELL CYCLE REGULATION AND SENESCENCE
The nucleolus also serves as a privileged site for recruitment and exclusion of important
regulatory complexes. This nucleolar function creates a link between the nucleolus and cell
cycle regulation or ageing.
The partially condensed chromatin stage at the rDNA region is established by Sir2p in
yeast (Imai et al., 2000). In interphase cells, Netlp, Cdc14 and Sir2p form a nucleolar
complex called RENT (regulator of nucleolar silencing and telophase) (Shou et al., 1999). The
nucleolar sequestration and timed release of Cdc14 regulates exit from mitosis. During
anaphase, Cdc14 is released from the nucleolus so that it can promote exit from the mitosis
by triggering destruction of B type cyclins (Koepp et al., 1999).
Sir2p also functions in the meiotic pachytene arrest checkpoint, which is triggered if
meiotic- recombination is defective. At meiotic pachytene, Sir2p recruits Pch2p, whose
nucleolar presence is required for nucleolar exclusion of Hoplp (San-Segundo and Roeder,
1999). Hoplp promotes interaction between chromosomal homologs, and its nucleolar
exclusion is essential for proper meiotic chromosomal recombination as well as suppression
of meiotic rDNÁ recombination.
Nucleolar sequestration is also important in regulation of the activity of the mammalian
cytoplasmic tumor-suppressor protein p53 (Tao and Levine, 1999). The cellular level of p53 is
controlled by its biosynthesis and degradation mediated by the Mdm2 oncoprotein. The
activity of Mdm2 is controlled by nucleolar tethering since the nucleolar p19ARF protein
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regulates cytoplasmic accessibility of Mdm2 by formation of a complex with Mdm2 in the
nucleolus.
The nucleolus has been found to be linked to senescence as well. Yeast Sir2p is not
exclusively nucleolar but a portion of it forms a complex with Sir3p and Sir4p at the telomeres
and at HM loci where they induce gene silencing (Aparicio et al., 1991). In a yeast mutant
with extended life span, the Sir complex was relocalised to the nucleolus (Kennedy et al.,
1997). This relocalisation of the Sir complex is a natural process in ageing mother cells. It is
supposed that damage might accumulate in the nucleolus that instabilise rDNA (Guarente,
1997). Nucleolar localisation of the Sir complex in ageing cells might promote longevity by
stabilising rDNA and delaying fragmentation of the nucleolus which is frequently seen in old
yeast cells. Interestingly, this hypothesis is supported by experiments with SGS1 gene
mutants. SGS1 is the yeast homolog of human WRN gene implicated in Werner's syndrome
(Sinclair et al., 1997). Mutations of both SGS1 and WRN genes cause premature ageing.
Yeast cells carrying a mutation in SGS1 gene have enlarged and fragmented nucleolus,
which suggests that nucleolar changes might be important in ageing of yeast cells.
CAJAL BODIES
Cajal bodies were discovered as accessory bodies of the nucleolus in 1903 by Ramón y Cajal
(Cajal, 1903). Mammalian and plant cells contain 1-10 Cajal bodies, previously also known as
coiled bodies, which are spherical structures with a diameter of 0.2-1.5 urn (Figure 34.),
(reviewed in: Gall, 2000). Cajal bodies have been identified in amphibian and insect oocytes
as 1-5 pm structures called spheres. The only known specific molecular marker of
mammalian Cajal bodies is the p80-coilin phosphoprotein whose homolog has been identified
as SPH-1 in Xenopus (Raska et al., 1991; Turna et al., 1993). The p80-coilin, although found
throughout the nucleus, is highly concentrated in Cajal bodies (Andrade et al., 1993).
Construction of a p80-coi!in knockout mouse demonstrated that p80-coilin is a non-essential
protein (Matera, A.G., unpublished results). Interestingly, neither coilin-homologs nor Cajal
bodies have been identified in yeast, Drosophila or Caenorhabditis.
Cajal bodies have been demonstrated to contain a wide variety of cellular proteins and
stable RNAs. Fibrillarin, Nopp140p, NAP57, ribosomal protein S6 and snoRNAs like U3 and
U8 are localised both to the nucleolus and Cajal bodies (Jimenez-Garcia et al., 1994; Meier
and Blobel, 1994; Raska et al., 1990). Interestingly, box C/D snoRNAs localised transiently to
Cajal bodies before entering the nucleolus in Xenopus oocytes (Narayanan et al., 1999b).
However, box H/ACA snoRNAs does not seem to transiently localise to Cajal bodies
(Narayanan etal., 1999a, this thesis).
All major and minor spliceosomal snRNAs are found in Cajal bodies (Carmo-Fonseca
etal., 1992; Matera and Ward, 1993). Spliceosomal snRNAs in Cajal bodies are capped and
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associated with Sm or LSm proteins indicating that they are fully or almost fully maturated.
Very recently, precursor U2 snRNAs have been unexpectedly detected in Cajal bodies (Smith
and Lawrence, 2000). However, Cajal bodies do not contain non-snRNP splicing factors nor
polyA mRNAs suggesting that Cajal bodies are not sites of splicing. With newly synthesised
green fluorescent protein-tagged Sm proteins, maturation pathway of RNA polymerase IIspecific snRNPs were followed (Sleeman and Lamond, 1999a). After entering into the
nucleus from the cytoplasm, they transiently localised to Cajal bodies and possibly to the
nucleolus before their accumulation in speckles. After mitosis, mature snRNPs directly
localised to the 20-30 nm speckles or clusters of interchromatin granules serving as storage
sites for splicing factors including non-snRNP splicing factors.
Finally, Cajal bodies also contain several transcription and processing factors, like
TATA-box binding protein, subunits of all three types of RNA polymerases as well as U7
snRNP and the stem-loop binding protein 1 both required for 3' end processing of histone
mRNAs (Abbott et al., 1999; Frey and Matera, 1995; Gall et al., 1999; Schul et al., 1998;
Wang etal., 1997; Wu and Gall, 1993).
INTERACTION BETWEEN CAJAL BODIES AND THE NUCLEOLUS
Even Ramón y Cajal observed that Cajal bodies are often found close to or touching the
nucleolus indicating a possible structural and functional relationship between Cajal bodies
and the nucleolus. In some breast cancer cells as well as in brown adipocytes and
hepatocytes of hibernating dormouse, Cajal bodies are frequently found within the nucleolus
(Malatesta et al., 1994; Ochs et al., 1994). The nucleolar localisation of Cajal bodies might
depend on the phosphorylation state of the p80-coilin. After mild treatment of cells with
Ser/Thr protein phosphatase inhibitor, coiled bodies were reversibly localised to the nucleolus
(Lyon et al., 1997). Nucleolar localisation of Cajal bodies has also been observed in cells
expressing a mutant coilin, in which Ser202 had been changed for an aspartate residue
(Bohmann etai, 1995).
Cajal bodies and the nucleolus contain several common proteins and stable RNAs.
Recently, the movement of labelled Cajal bodies was followed from the nucleoplasm into the
nucleolus of plant cells in vivo (Boudonck et al., 1999). Based on these observations, Cajal
bodies have been suggested to function in the transport between the nucleolus and the
nucleoplasm.
FUNCTION OF CAJAL BODIES
Cajal bodies are highly dynamic nuclear structures. Photobleaching studies show that their
components exchange very rapidly with the surrounding nucleoplasm (Sleeman and Lamond,
1999a). Several putative functions have been suggested for Cajal bodies. It is likely that they
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function in maturation, import or assembly of snRNPs. Interestingly, some Cajal bodies are
localised near to the genes of spliceosomal snRNAs and snoRNAs (Frey and Matera, 1995;
Gao et al., 1997; Jacobs et al., 1999). Since Cajal bodies predominantly contain mature
snRNAs and snoRNAs, they are not likely to function as transcription and early processing
sites for snRNAs or snoRNAs. Rather, they might be involved in feedback control of snRNA
transcription.
Cajal bodies are often associated with histone genes as well (Abbott et al., 1999; Gall
et al., 1981). Since the U7 snRNP and the stem-loop binding protein 1 are highly
concentrated in Cajal bodies, Cajal bodies might function in histone pre-mRNA processing.
Recently, Joseph G. Gall suggested that Cajal bodies are sites of assembly of the
transcription machineries of the nucleus (Gall, 2000). Since Cajal bodies contain subunits of
all three types of RNA polymerases, he suggested that RNA polymerases associate with their
transcription and processing factors to form pre-assembled macromolecular complexes in
Cajal bodies.
Cajal bodies were also implicated in transport between the nucleoplasm and the
nucleolus. It is possible that Cajal bodies are heterologous structures with diverse functions
(Sleeman and Lamond, 1999b). Some of them might function predominantly in spliceosomal
snRNP biogenesis, some in histone pre-mRNA processing, and some others in transport.
Their function might depend on their exact nuclear localisation, and probably Cajal bodies
might even modulate their activity according to the needs of the cell.
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RESULTS
Fluorescently labelled box H/ACA snoRNAs localise to the nucleolus in a box H- and
box ACA-dependent manner (Narayanan et al., 1999a). Upon microinjection into the
nucleus of Xenopus oocytes, in vitro transcribed, fluorescently labelled human U65, U64 and
U17 box H/ACA snoRNAs localised directly to the nucleolus. Interestingly, it has been
previously demonstrated that box C/D snoRNAs transiently localise to Cajal bodies before
their accumulation in the nucleolus (Narayanan et al., 1999b). A series of mutant box H/ACA
snoRNAs was generated, and their ability to localise to the nucleolus of Xenopus oocytes was
tested in collaboration with Dr. M. Terns (University of Georgia). Disruption of either the H or
the ACA box prevented the nucleolar localisation of U65, U64 and U17 snoRNAs. Disruption
of either the proximal or the distal stem of the 5' hairpin did not inhibit significantly the
nucleolar localisation of U65. Unlike disruption of the distal stem in the 3' hairpin, disruption of
the proximal stem of the 3' hairpin disabled the mutant U65 snoRNA to localise to the
nucleolus.
Elements sufficient for nucleolar localisation are the H and ACA boxes tethered by a
hairpin (Narayanan et al., 1999a). The ability of U65 snoRNA fragments to localise to the
nucleolus was also investigated. Fragments missing either the H or ACA box were unable to
localise to the nucleolus. The minimal fragment with nucleolar localisation was composed of
the hinge region with H box, the 3' hairpin and the ACA box. Interestingly, substitution of the
3' hairpin for the 5' hairpin of U65 did not inhibit nucleolar localisation. Moreover, placing the
ACA box upstream and the H box downstream of the 3' hairpin in the U65 fragment lacking
the 5' hairpin did not abolish nucleolar localisation.
Essential structural elements of the hairpin tethering the H and ACA boxes are the
distal and proximal stems and the internal loop (Narayanan et al., 1999a). Disruption of
either the distal or the proximal stem of the U65 snoRNA fragment carrying only the H box,
the 3' hairpin and the ACA box resulted in rapid degradation of the RNA in Xenopus oocytes.
Restoration of the stems regardless of the primary sequence re-established nucleolar
localisation. Surprisingly, base substitutions in the pseudouridyiation pocket so that the
nucleotides on one side of the loop could base-pair with nucleotides on the other side of the
loop did not resulted in an unstable RNA, but prevented nucleolar localisation. Restoration of
a loop structure, but not the original nucleotide sequence, restored nucleolar localisation,
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suggesting that the distal and proximal stems and the internal loop are all important for
intranuclear localisation of box H/ACA snoRNAs.
The ACA box of the human telomerase RNA is essential for transient nucleolar
localisation in Xenopus oocytes (Narayanan et al., 1999a). Upon microinjection into the
nucleus of Xenopus oocytes, the human telomerase RNA transiently localised to the
nucleolus. Earlier, it had been demonstrated that the 3' end region of vertebrate telomerase
RNAs carries a box H/ACA snoRNA-like domain (Mitchell et al., 1999a). Accordingly,
alteration in the box ACA sequence of the telomerase RNA inhibited its nucleolar localisation.
Human mgU6-53 snoRNA is a box C/D snoRNA likely to function in post-transcriptional
modification of the U6 spliceosomal snRNA (Tycowski et at., 1998). Characterisation of a
cDNA library of human small nucleolar RNAs (Kiss-Laszlo et al., 1996) resulted in
identification of a 109 nt long RNA featuring C, D', C' and D boxes and a short 5', 3'-terminal
stem. Inspection of the sequence of the novel box C/D snoRNA revealed an 11 nt long
antisense element preceding the D' box, which is predicted to direct 2-O-ribose methylation
of the RNA polymerase Ill-transcribed U6 spliceosomal snRNA at position A53 (Ganot et at.,
1999). Previously, two other box C/D snoRNAs, the mgU6-77 and mgU6-47, had been
reported to direct ribose
• methylation of the C77 and A47 residues of the U6 snRNA.
Factors supporting 2'-0-ribose methylation and pseudouridyiation of the U6 snRNA
are present and active in the nucleolus (Ganot et al., 1999). Short fragments of the rat U6
snRNA gene encompassing the eight 2-O-ribose methylation and three pseudouridyiation
sites found in the wild-type U6 snRNA were inserted into a mouse ribosomal minigene
(Hadjiolova et al., 1994). Detection of modified nucleotides in the short U6 fragments
embedded in the nucleolar ribosomal minigene transcripts demonstrated that all 2'-0-ribose
methylated and pseudouridylated nucleotides were accurately and efficiently formed. This
also demonstrates that factors directing ribose methylation and pseudouridyiation of the U6
snRNA recognised short sequences around the substrate nucleotides, suggesting that posttranscriptional modification of the U6 snRNA is an snoRNA-mediated process.
Factors directing pseudouridyiation of the U3 snoRNA are present and active in the
nucleolus (Ganot et al., 1999). Short fragments of the U3 snoRNA and the U2 snRNA
embedded in an artificial RNA were expressed in the nucleolus of mouse cells. Both
pseudouridines of the U3 snoRNA were correctly formed on the short U3 snoRNA fragment.
However, no modifications were detected in the U2 snRNA-specific sequences.
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rRNA-specific tag sequences carried by the U6 snRNA are efficiently and correctly
modified (Ganot et al., 1999). A short fragment of the 5.8S rRNA carrying a ribose
methylation and a pseudouridylation site was inserted into either the 5'- or the 3'-terminal
region of the human U6 snRNA gene. As a control, the 5.8S rRNA tag sequence was also
cloned into the coding region of the U3 snoRNA gene and the second exon of the human pglobin gene. All four chimeric RNAs were correctly expressed in simian COS-7 cells. Modified
nucleotides known to be present in the wild-type U6 snRNA and the U3 snoRNA were also
synthesised in the chimeric U6 and U3 RNAs. Moreover, the rRNA tag sequences located
either in the 5'- or the 3'-terminal region of the U6 snRNA as well as in the U3 snoRNA were
accurately ribose methylated and pseudouridylated. However, the ribosomal tag sequence in
the human p-globin mRNA was not modified, suggesting that the U6 snRNA and the U3
snoRNA, but not the p-globin mRNA were able to establish physical interaction with the small
nucleolar RNAs functioning in rRNA modification.
2'-0-ribose methylation of the U6 snRNA can be directed by an artificial snoRNA (Ganot
et al., 1999). The downstream and upstream antisense elements of the human U24 snoRNA
can direct ribose methylation of the yeast 25S rRNA at positions C1436 and C1450,
respectively (Kiss-Laszlo et al., 1998). The downstream antisense element of the human U24
snoRNA was replaced for a sequence complementary to the yeast U6 snRNA from position
U27 to A40. This modified antisense element is predicted to direct ribose methylation of U6 at
position G31. Indeed, upon expression in yeast cells lacking an endogenous U24 snoRNA,
the mutant human U24 snoRNA directed ribose methylation of both the U6 snRNA at position
G31 and the 25S rRNA at C1450. This result demonstrates that an snoRNA can function in
ribose methylation of both a rRNA and the RNA polymerase Ill-transcribed U6 spliceosomal
snRNA.
Mammalian U83 and U84 snoRNAs can not form long base-pairing interactions with
ribosomal RNAs (Jady and Kiss, 2000). We have identified two novel human snoRNAs, the
U83 and U84, which carry C, D', C' and D boxes and short 5', 3-terminal helices. The mouse
and pig homologs of the human U83 and U84 snoRNAs have also been identified. The
coding regions of the human, pig and mouse U83 and U84 snoRNAs are present in the fifth
and first introns of the putative RNA helicase-coding BAT1 genes, respectively, suggesting
that mammalian U83 and U84 snoRNAs are processed from introns. Surprisingly, the
mammalian U83 and U84 snoRNAs do not feature any significant complementarity to rRNAs,
suggesting that they do not function in rRNA modification.
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Human U83 and U84 snoRNAs reside in the nucleolus, but they are not components of
precursor ribosomal particles (Jady and Kiss, 2000). Analysis of nuclear, nucleoplasms,
nucleolar and cytoplasmic fractions of HeLa cells demonstrated that human U83 and U84
snoRNAs are localised exclusively in the nucleolus. To test whether U83 and U84 snoRNAs
function in maturation or modification of ribosomal RNAs, we examined their association with
precursor ribosomal particles in which maturation of ribosomal RNAs occurs. After
fractionation of a HeLa cell extract in a non-denaturing glycerol gradient, we detected U83
and U84 snoRNAs only in the 10-20S fraction representing monoparticles of snoRNPs. In
contrast, the U3 and U14 snoRNAs functioning in processing and ribose methylation of
ribosomal RNAs were detected amongst the 10-20S particles as well as in 60-80S higher
order structures reflecting precursor ribosomal particles.
U83 and U84 snoRNAs are capable of directing 2'-0-ribose methylation of properly
designed artificial substrate RNAs (Jady and Kiss, 2000). Mammalian U83 and U84
snoRNAs carry perfectly conserved sequences, which are immediately followed by their D
boxes. These putative antisense elements were tested whether they are capable of directing
ribose methylation of a properly designed artificial substrate RNA expressed in the nucleolus
of mouse cells. Methylation mapping of the two artificial substrate RNAs revealed that the
nucleotides predicted to base-pair with the fifth nucleotide upstream the D box of either the
U83 or U84 snoRNA were correctly and efficiently methylated, suggesting that the U83 and
U84 snoRNAs function in ribose methylation of still unidentified cellular RNAs.
Identification of the evolutionarily conserved U85 snoRNA carrying C, D, H and ACA
boxes (Jady and Kiss, 2001). Human U85 snoRNA was detected as an unusually long RNA
immunoprecipitated with human anti-fibrillarin antibodies from a HeLa cell extract. Partial
sequence of the isolated U85 snoRNA was determined by chemical sequencing. This
information was used for cloning and molecular characterisation of the 330 nt long U85
snoRNA. Northern analysis revealed 315-330 nt long RNAs homologous to the human U85
snoRNA both1 in mouse and Drosophila cells. The Drosophila U85 snoRNA was also cloned
and characterised. Computer-based secondary structure modelling revealed that human and
Drosophila U85 snoRNAs share a common secondary structure. The 5'- and 3'-terminal
regions form a long hairpin-structure and contain the C, D', C' and D boxes. The middle part
of both RNAs can be folded into a hairpin-hinge-hairpin-structure resembling the conserved
structure of box H/ACA snoRNAs. Moreover, H and ACA sequences are present in the singlestranded regions following the hairpins in both RNAs. By using human anti-fibrillarin and antiGar1 antibodies, the human U85 snoRNA was demonstrated to be associated with both
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fibrillarin and Gar1 proteins that are common components of box C/D and box H/ACA
snoRNPs, respectively.
Accumulation of the intron-encoded U85 snoRNA requires intact C and D boxes (Jady
and Kiss, 2001). The coding region of Drosophila U85 snoRNA is located in the first intron of
the CG1142 gene, suggesting that U85 is an intron-encoded RNA. To test this assumption,
the coding region of the human U85 snoRNA was cloned into the second intron of the human
p-globin gene. After transient transfection of the resulting expression construct into COS-7
cells, the human U85 snoRNA was efficiently and correctly expressed. Mutations in the H or
ACA box did not affect accumulation of the altered U85 snoRNAs. However, altering either
the C or D box was sufficient to completely abolish expression of U85, demonstrating that the
C and D boxes are essential for processing and/or metabolic stability of the U85 snoRNA.
Mutation in the H or ACA box inhibited correct snoRNP assembly, since these mutant
snoRNAs failed to associate with the Gar1 snoRNP protein.
U85

snoRNA

might

potentially

function

in

both

ribose

methylation

and

pseudouridylation of the U5 spliceosomai snRNA (Jady and Kiss, 2001). A sequence
alignment of the. human and Drosophila U85 snoRNAs revealed three highly conserved
regions, one of which is immediately followed by the D box, and two others can form a
pseudouridylation pocket in the 5'-terminal helix of the box H/ACA snoRNA domain. The
putative antisense elements can position the human and Drosophila U5 spliceosomai
snRNAs for ribose methylation at positions C45 and C46, respectively. The putative
pseudouridylation pockets are predicted to direct pseudouridylation of human and Drosophila
U5 snRNAs at positions U46 and U47, respectively. We suggested that the U85 snoRNA
functions both in 2'-0-ribose methylation and pseudouridylation of the U5 spliceosomai
snRNA.
U85 snoRNA directs pseudouridylation of the U5 snRNA in vitro (Jady and Kiss, 2001).
Using a HeLa cellular extract, pseudouridines at all three positions of the U5 snRNA can be
synthesised in vitro in a site-specific manner (Patton, 1991; Patton, 1994a). Upon incubation
of an in vitro transcribed, radioactively labelled U5 snRNA with the HeLa in vitro
pseudouridylation system, pseudouridines were formed at positions U46, U43 and U53.
Digestion of the nucleic acids in HeLa cell extract by micrococcal nuclease abolished
pseudouridine formation in the U5 snRNA at positions U46 and U43, but not at position U53.
However, supplementing the micrococcal nuclease-treated cell extracts with an in vitro
transcribed U85 snoRNA restored pseudouridylation of the U46 residue. Moreover, addition
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of a mutant U85 snoRNA carrying an altered pseudouridylation pocket could not restore
pseudouridine formation at position U46.
A short sequence of the U5 snRNA carried by the U2 snRNA is correctly modified in
COS-7 cells (Jady and Kiss, 2001). A short fragment of the U5 snRNA carrying the C45 and
U46 residues was inserted into the coding region of the U2 snRNA gene. As a control, a
mutant version of the U5 sequence carrying altered nucleotides downstream of the U46
residue was also cloned into the U2 snRNA gene. Both tagged U2 snRNAs were expressed
in COS-7 cells. Using anti-TMG and anti-Sm antibodies, we demonstrated that both RNAs
possessed 2,2,7-trimethylguanosine 5'-terminal caps and they were assembled with Sm
proteins suggesting that they both followed a U2-specific maturation pathway. Mapping of
modified nucleotides justified that modifications found in the endogenous U2 snRNA were
also formed in the tagged U2 snRNAs. Moreover, while the C45 and U46 residues of the USspecific sequence were efficiently ribose methylated and pseudouridylated, respectively, no
modified nucleotides were present in the mutant U5 tag. This demonstrates that modification
of the C45 and U45 residues relies on recognition of short sequences flanking the substrate
nucleotides, suggesting that modification of the C45 and U46 residues of the U5 snRNA is an
snoRNA-guided process.

Compensatory base changes in the U85 snoRNA restore modification in the mutant U5
tag sequence carried by the chimeric U2 snRNA (Jady and Kiss, 2001). A mutant U85
snoRNA was constructed in which the putative pseudouridylation pocket and the antisense
element were replaced for sequences that could potentially base-pair with the mutant U5 tag
sequence expressed in the U2 snRNA. After co-expression of both the mutant U85 snoRNA
and the chimeric U2 snRNA carrying the mutant U5 snRNA tag sequence, ribose methylation
of C54 residue and pseudouridylation of U46 residue of the mutant U5 tag sequence were
restored.
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DISCUSSION
Nucleolar localisation of box H/ACA snoRNAs. In co-operation with the laboratory of Dr.
M. Terns (University of Georgia), we determined the cis-acting elements of box H/ACA
snoRNAs essential for nucleolar localisation (Figure 35.). Just like for the stability,
accumulation and function of box H/ACA snoRNAs (Bortolin et a!., 1999), H and ACA boxes
are also essential for targeting snoRNAs to the nucleolus. Beside these two sequence
elements, efficient nucleolar localisation also requires a hairpin structure bringing the H and
ACA boxes close to each-other. Interestingly, presence of a loop in the hairpin structure
located between the H and ACA boxes is also needed for efficient nucleolar targeting of box
H/ACA snoRNAs.
Elements essential for nucleolar localisation of box C/D snoRNAs are the C and D
boxes and a terminal stem tethering the two sequence elements (Figure 35.), (Narayanan et
at., 1999b; Samarsky et at., 1998). In both snoRNA families, two sequence elements and an
adjacent helix structure placing the two sequence elements in close vicinity constitute the
nucleolar localisation signal. This observation gives countenance to the hypothesis that box
C/D and box H/ACA snoRNAs might share a common evolutionary origin. Moreover, the C
and D boxes together with the terminal stem are considered to form a single protein binding
motif. It is widely accepted that processing, accumulation, nucleolar localisation and function
of snoRNAs is mediated through binding of snoRNP proteins. It is most likely that the H and
ACA boxes together with the adjacent 3'- and 5'-terminal hairpin structures are essential
elements recognised by snoRNP proteins (Bortolin et at., 1999; Henras et at., 1998; Watkins
et al.t 1998a), and association of box H/ACA snoRNAs with core snoRNP proteins is an
important requirement for nucleolar localisation.
For stability, accumulation and function of box H/ACA snoRNAs in mammalian cells,
the H and ACA boxes and both the 5'- and 3'-terminal hairpins are essential (Bortolin et at.,
1999). In Xenopus oocytes, for stability and nucleolar localisation of microinjected box H/ACA
snoRNA fragments, the 5'-terminal hairpin is dispensable, and the relative position of the H
and ACA boxes in relation to the hairpin placed between them is unimportant. The difference
between elements supporting the stable accumulation of in vivo synthesised box H/ACA
snoRNAs in mammalian cells and in vitro transcribed RNAs microinjected into Xenopus
oocytes shows that the 5'-terminal hairpin and the correct positioning of the H and ACA boxes
are essential only for correct processing and function of box H/ACA snoRNAs. Interestingly, a
hairpin structure either with an H or an ACA box is sufficient for stability of microinjected
snoRNAs in Xenopus oocytes. It has been shown recently, that a single hairpin with an ACA
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box of certain box H/ACA snoRNAs can form a ribonucleoprotein complex with core proteins
in vitro (Dragon etal., 2000). Since it has been suggested, that box H/ACA snoRNAs possess
a bipartite structure and are likely to be associated with two copies of each common core
protein (Watkins et al., 1998b), theribonucleoproteinparticles with a single hairpin domain
might contain only one copy of each core protein. It is conceivable that a set of a single copy
of each core protein provides stability but it is not sufficient for nucleolar localisation.
Microinjection of box C/D snoRNAs into the nucleus of Xenopus oocytes resulted in
their transient localisation to Cajal bodies before their final accumulation in the nucleolus
(Narayanan et al., 1999b). In the case of microinjected box H/ACA snoRNAs, we did not
detect localisation in Cajal bodies at any time point examined. However, maize precursor box
H/ACA snoRNAs have been detected in Cajal bodies (Shaw et al., 1998). Moreover, box
H/ACA snoRNP proteins have also been found in Cajal bodies (Meier and Blobel, 1994).
These observations might either reflect that box H/ACA snoRNAs rapidly cycle through Cajal
bodies without producing a visible signal there, or only precursor, but not mature box H/ACA
snoRNAs localise to Cajal bodies, suggesting that Cajal bodies might function in maturation
but not in nucleolar localisation of box H/ACA snoRNPs.
Nucleolar localisation of the human telomerase RNA. A small percentage of the human
telomerase RNA has been detected in the nucleolus (Mitchell et al., 1999a). Interestingly, it
has been previously demonstrated that vertebrate telomerase RNAs possess a box H/ACA
snoRNA-like 3'-terminal domain (Mitchell et al., 1999a). We have demonstrated that
microinjected telomerase RNA transiently localises to the nucleolus, and its nucleolar
targeting is dependent on the ACA box motif of the RNA. This observation further verifies that
the 3'-terminal region of vertebrate telomerase RNAs is in fact a box H/ACA snoRNA that is
essential for nucleolar localisation. The presence of a box H/ACA snoRNA domain in
vertebrate telomerase RNAs was also proved by the demonstration that the human
telomerase RNA is associated with the common core proteins of box H/ACA snoRNPs
(Dragon et al., 2000; Pogacic et al., 2000; Shay and Wright, 1999).
The significance of the nucleolar localisation of the telomerase RNA is not known.
Since maturation of several stable RNAs and their assembly with RNP proteins occur in the
nucleolus, maturation and assembly of the telomerase RNP might also involve nucleolar
events. However, we can not exclude the possibility that the telomerase RNA might have a
nucleolar function, too.
Post-transcriptional nucleotide modification of the U6 spliceosomal small nuclear
RNA. In 1998, it was reported that 2"-0-ribose methylation of the C77 residue of an in vitro
synthesised human U6 snRNA, when microinjected into Xenopus oocytes, was accomplished
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only in the presence of a box C/D snoRNA referred to as mgU6-77 (methylation guide of U6
at position 77) (Tycowski etal., 1998) Two other box C/D snoRNAs, mgU6-47 and mgU6-53,
predicted to function in ribose methylation of the U6 snRNA has also been identified (Figure
36.), (Ganotetal., 1999; Tycowski etal., 1998).
We have demonstrated that short fragments of human U6 snRNA expressed as parts
of an artificial nucleolar RNA are correctly and efficiently ribose methylated and
pseudouridylated at sites corresponding to the eight ribose methylated and three
pseudouridylated residues of the wild-type U6 snRNA. This finding suggests that factors
responsible for formation of ribose methylated and pseudouridylated nucleotides of the U6
snRNA are present and correctly function in the nucleolus. These factors recognise short
sequences located around the target nucleotides and formation of these modifications are
independent of the secondary structure of the full length U6 snRNA. To date, no other factors
functioning in post-transcriptional nucleotide modification than snoRNAs are known to rely on
recognition of short sequences around the substrate nucleotide. Moreover, the nucleolar
localisation of the U6 snRNA modifying factors and identification of three snoRNAs
functioning in ribose methylation of the U6 snRNA strongly suggests that the U6 snRNA is
modified by snoRNAs in the nucleolus.
We found that an 5.8S rRNA-specific tag sequence carried by the U6 snRNA is
correctly modified according to the modification pattern of the wild-type 5.8S rRNA. Moreover,
an artificial snoRNA functioning in ribose methylation of the 25S rRNA was able to direct
ribose methylation of the yeast U6 snRNA at a naturally unmodified position. These results
demonstrate that the U6 snRNA could establish physical contact with snoRNAs, suggesting
that U6 snRNA transiently localises 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 (Lange
and Gerbi, 2000).
In conclusion, the RNA polymerase Ill-specific U6 spliceosomal snRNA was the first
non-ribosomal stable RNA found to be modified by snoRNAs in the nucleolus(Ganot et al.,
1999; Tycowski et al., 1998). However, snoRNA-mediated modification of cellular RNAs
turned out to be a more general mechanism (see below).
Post-transcriptional nucleotide modification of the U3 snoRNA. Human U3 snoRNA
contains two ribose methylated nucleotides and two pseudouridines. Fragments containing
the corresponding pseudouridylated nucleotides of the U3 snRNA are correctly modified
when expressed in a nucleolar minigene transcript. Similarly to the modification factors of the
U6 snRNA, trans-acting factors functioning in pseudouridylation of the U3 snoRNA are
present in the nucleolus. Selection of the target nucleotides relies on recognition of short
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Figure 37. Alignments of human, pig and mouse U83 and U84 snoRNAs (Jady
and Kiss, 2000). Arrows: sequences potentially involved in formation of a 5',3'
terminal helix, circled bases: additional residues as compared to the published
sequence of the pig BAT1 gene (GenBank Z34846).

sequences in which the target nucleotides are located. This suggests that pseudouridylation
of the U3 snoRNA is most likely an snoRNA-directed nucleolar process.
Human U3 snoRNA is transcribed by RNA polymerase II. It acquires a methylguanosine cap, which is further modified to a trimethyl-guanosine cap structure. The ribose
methylated nucleotides of the U3 snoRNA are the first and second adenosines immediately
following the trimethyl-guanosine cap. These first two nucleotides are usually ribose
methylated in the RNA polymerase ll-synthesised capped mammalian mRNAs. This strongly
suggests that ribose methylation of the U3 snRNA is accomplished by the general RNA
polymerase ll-specific capping machinery. Moreover, these modifications cannot be directed
by snoRNAs since snoRNA-guided modification requires transient base-pairing between the
antisense element of the snoRNA and the target RNA sequence preceding and following the
substrate nucleotide. Consequently, 5'-or 3'-terminal nucleotides of any substrate RNA
cannot be modified by the snoRNA-guided mechanism.
Characterisation of the U83 and U84 box C/D snoRNAs. We identified and characterised
two novel human stable RNAs, referred to as U83 and U84 snoRNAs (Figure 37.). Human,
mouse and pig U83 and U84 snoRNAs are intron-encoded, box C/D snoRNAs with unknown
function. The majority of box C/D snoRNAs direct ribose methylation of pre-rRNAs, while a
few of them function in the nucleolytic processing of pre-rRNAs. Ribose methylation of rRNAs
requires an at least 10 nucleotide long antisense element with perfect complementarity to prerRNA sequences (Cavaille and Bachellerie, 1998). Since both U83 and U84 snoRNAs lack
long sequences with at least 9 nucleotides complementary to the pre-rRNA, we concluded
that they do not function in rRNA modification.
SnoRNAs functioning in processing or nucleotide modification of rRNAs are present in
60-80S ribonucleoprotein complexes which represent maturing precursor ribosomes in the
nucleolus. To assess whether U83 and U84 snoRNAs function in nucleolytic processing of
rRNAs, we examined their association with the precursor ribosomal particles. Unlike U3 and
U14 snoRNAs, the U83 and U84 snoRNAs were not detected in precursor ribosomal
particles, but were present in 10-20S complexes which represent free snoRNPs. We
concluded that U83 and U84 snoRNAs do not function in any aspects of ribosomal RNA
biogenesis.
We also tested the ability of U83 and U84 snoRNAs to direct ribose methylation of an
appropriate artificial nucleolar substrate RNA. We noticed that the potential antisense element
preceding the D box of both snoRNAs are invariantly conserved in human, mouse and pig
U83 and U84 snoRNAs, suggesting that these antisense elements might direct modification
of a conserved substrate RNA. Indeed, short fragments complementary to the putative
downstream antisense elements were correctly ribose methylated at the predicted sites when
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they were expressed as parts of an artificial nucleolar RNA. We believe that both U83 and
U84 snoRNAs are ribose methylation guide snoRNAs directing modification of a nonribosomal, thus far unidentified RNA.
interestingly, the putative downstream antisense elements of U83 and U84 snoRNAs
only differ in one nucleotide. It is possible that the U83 and U84 snoRNAs direct nucleotide
modification of two sequence variants of the same substrate RNA. Interestingly, primer
extension analysis performed with an oligonucleotide primer corresponding to the antisense
element of the U83 snoRNA detected a nuclear RNA in human HeLa cells. We consider this
nuclear RNA as a potential substrate RNA whose nucleotide modification can be mediated by
the U83 snoRNA. Molecular cloning of this RNA is currently in progress.
Before identification of the U83 and U84 snoRNAs, only three snoRNAs with nonribosomal RNA related function, namely the mgll6-77, mgU6-47 and mgl)6-53 snoRNAs, had
been discovered. Beside the RNA polymerase Ill-transcribed U6 snRNA, whose nucleotide
modification is directed by snoRNAs, several stable RNAs have been found to localise at
least transiently to the nucleolus. Nucleolytic processing of at least some yeast tRNAs has
been demonstrated to occur in the nucleolus (Bertrand et al., 1998). Portions of several
mammalian stable RNAs, namely the telomerase RNA, the signal recognition particle RNA,
and the RNase P RNA, are detected in the nucleolus. Microinjection of these RNAs into the
nucleoplasm of Xenopus oocytes or mammalian cells resulted in their transient localisation to
the nucleolus (Jacobson etal., 1997; Jacobson and Pederson, 1998b; Mitchell et al., 1999a;
Narayanan etal., 1999a; Politz etal., 2000). However, examination of the sequence of stable
RNAs known to localise to the nucleolus did not reveal any potential target RNA for either the
U83 or U84 snoRNA. We concluded that the U83 and U84 snoRNAs function in ribose
methylation of an unidentified stable RNA, whose maturation occurs at least partly in the
nucleolus. Our results concerning the transient localisation of the telomerase RNA, the
nucleotide modifications of the U6 snRNA and characterisation of the U83 and U84 snoRNAs
support the idea the nucleolus is a multifunctional organelle functioning in maturation and/or
export of several stable RNAs beside synthesis ofribosomalsubunits.
Recently, novel snoRNAs with non-ribosomal RNA-related functions have been
identified. In human and mouse brain, tissue-specific snoRNAs have been described
(Cavaille etal., 2001; de los Santos etal., 2000; Huttenhofer et al., 2001). Interestingly, the
recently identified mouse MBII-52 and its human counterpart HBII-52, have been proposed to
function in ribose methylation of the serotonin 2C receptor mRNA at a frequently edited site
(Cavaille et al., 2001). In archaea, a large number of box C/D snoRNAs have been identified
(Gaspin et al., 2000; Omer et al., 2000). The Pyrococcus sR40 and the Archaeoglobus sR3
are box C/D snoRNAs likely to function in ribose methylation of tRNA-Trp (Daniels C.J.,
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(Jady and Kiss, 2001). Evolutionary conserved sequences are shaded.

unpublished results). Interestingly, these snoRNAs are encoded in introns of the tRNA-Trp
gene.
Identification of snoRNAs in archaea supports the hypothesis that snoRNAs may
represent relics of the "RNA World" (Jeffares et al., 1998). Moreover, presence of snoRNAs
in introns of protein-coding genes or in archaeal tRNA genes supports the theory that introns
were present not just in the last common universal ancestor but also in the "RNA World"
(Poole et ai,

1998). According to the "introns-first" theory, functional RNA units were

encompassed by non-functional RNA regions in the genome in the RNA world. Later, with the
appearance of genome-encoded proteins, the non-functional regions evolved to encode
proteins as exons of mRNA-coding genes. SnoRNAs are frequently found in introns of
chaperon-like proteins suggesting that these proteins might be evolved early during evolution.
Interestingly, the ancient snoRNAs could also be chaperones functioning the in assembly of
large RNA complexes and maintenance of correct RNA conformation.
Post-transcriptional

nucleotide

modification

of

RNA

polymerase

li-specific

spliceosomai snRNAs. We have identified a novel, evolutionarily conserved, intron-encoded
snoRNA, referred to as U85 snoRNA. The human and Drosophila U85 snoRNAs are 330 and
316 nucleotide long RNAs, respectively. Surprisingly, the U85 snoRNA consists of two
snoRNA domains, its 5'- and 3'-terminai regions form a box C/D snoRNA, and its middle
region constitutes a box H/ACA snoRNA (Figure 38.). Consequently, the U85 snoRNA hybrid
box C/D-H/ACA snoRNA is complexed with both fibrillarin and Gar1, that are common core
proteins of box C/D and box H/ACA snoRNPs, respectively. Stability and accumulation of U85
requires the C and D boxes. Mutation in either the C or the D box does not result in
accumulation of the box H/ACA snoRNA-domain, indicating that an essential structural
element might be missing that would hold H and ACA boxes in appropriate position for
binding of box H/ACA snoRNP-specific proteins.
The human and Drosophila U85 snoRNAs function in nucleotide modification of the
U5 spliceosomai snRNA. We have demonstrated that human U85 snoRNA is able to direct
pseudouridylation of the U5 snRNA in vitro at position U46. In vivo modification of the C45
and U46 residues of U5 depends on recognition of short sequences located around these
nucleotides. Both 2'-0-ribose methylation and pseudouridylation of a short mutant U5
sequence can be restored by co-expression of an altered U85 snoRNA carrying
compensatory base changes. Therefore the U85 is the first snoRNA functioning in
modification of an RNA-polymerase ll-transcribed RNA, namely the U5 snRNA. Moreover,
U85 snoRNA is the first hybrid snoRNA that functions in two different biochemical reactions.
Human U85 snoRNA directs 2'-0-ribose methylation and pseudouridylation of the U5
spliceosomai snRNAs at positions C45 and U46, respectively. The Drosophila U85 snoRNA
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mediates ribose methylation and pseudouridylation of the corresponding C46 and U47
residues of the U5 snRNA, respectively. Interestingly, C45 and U46 residues are parts of the
invariant loop I interacting with the 3' and the 5' splice sites of pre-mRNAs. Modification of
these two nucleotides are highly conserved during evolution. However, in the S. cerevisiae
U5 snRNA, the corresponding nucleotide of U46 is a C residue, consequently, this seems to
be the reason why we could not detect a U85-like RNA in yeast.
The RNA polymerase ll-transcribed U1, U2, U4 and U5 spliceosomal snRNAs follow a
common maturation pathway. Short U2 snRNA fragments expressed within a nucleolar
minigene transcript were not modified, indicating that modification of U2 occurs either outside
the nucleolus and/or recognition of U2 modification sites is based on the secondary structure
of the U2 snRNA (Ganot et al., 1999). Could these results indicate a difference between the
nucleotide modification mechanisms of U2 and U5 snRNAs? Surprisingly, we could not detect
modification of the short U5 snRNA fragment encompassing C45 and U46, when it was
expressed in a nucleolar minigene transcript (Jady B.E. and Kiss T., unpublished results.)
In the case of the RNA polymerase lll-synthesised U6 snRNA, internal modifications
seem to occur in the nucleolus. In the case of the RNA polymerase ll-specific U1, U2, U4 and
U5 snRNAs, there are two possible cellular locales for formation of internal modifications: the
nucleolus and the Cajal body. It has been demonstrated, that Cajal bodies contain snRNAs,
including spliceosomal snRNAs (reviewed in: Gall, 2000). In a recent report, precursor U2
snRNA has also been detected in Cajal bodies (Smith and Lawrence, 2000). However, apart
from the U6 snRNA, spliceosomal snRNAs have never been reported to appear in the
nucleolus.
It has recently been demonstrated that formation of internal modifications of U2 occurs
exclusively in the nucleolus of Xenopus oocytes (Yu et al., 2001). U2 snRNA was inserted
into a box C/D snoRNA and injected into the nucleoplasm of Xenopus oocytes. Due to the
presence of C and D boxes, the chimeric U2 RNA accumulated in the nucleolus. Nucleotide
analysis demonstrated that the chimeric U2 RNA was fully modified in the nucleolus. The
authors concluded that modification of the U2 snRNA occurs in the nucleolus. However, the
above experiments, in contrast to the authors' conclusion, cannot exclude the possibility that
modification of the chimeric U2-box C/D snoRNA occurs in Cajal bodies, since box C/D
snoRNAs are known to transiently localise to Cajal bodies before accumulation in the
nucleolus (Narayanan et al., 1999b).
We examined the presence of the U85 snoRNA in the nuclear, nucleolar,
nucleoplasms and cytoplasmic RNA fractions of human HeLa cells. Surprisingly, the U85
snoRNA was found both in the nucleolar and nucleoplasms fractions (Jady B.E. and Kiss T.,
unpublished results). We concluded that at least a fraction of the U85 snoRNA is present in
the nucleoplasm. Cajal bodies are known to co-purify mainly with the nucleoplasms fraction,
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Kiss, M.A. and Kiss, T., unpublished results).

but they might be present in the nucleolar fraction as well. Cell fractionation experiments
therefore failed to determine whether U85 snoRNA resides in Cajal bodies or in the nucleoli of
HeLa cells.
During analysis of a cDNA library of human snoRNAs, we have identified four novel
snoRNAs of about 300 nucleotides (Figure 39. and 40.), (Jady B.E., Kiss M.A. and Kiss T.,
unpublished results). G2 RNA is a box H/ACA snoRNA predicted to direct pseudouridylation
of the U2 snRNA (Figure 41.). B3 and N43 snoRNAs are new box C/D-H/ACA hybrid RNAs
with a secondary structure similar to U85. While B3 is predicted to direct ribose methylation of
the U4 and U5 snRNAs, the function of N43 remains unknown (Figure 41.). N7 RNA is a long
box C/D snoRNA expected to guide ribose methylation of the U1 snRNA (Figure 41.). We
determined the distribution of G2, B3, N43 and N7 RNAs in human nuclear, nucleolar,
nucleoplasms and cytoplasmic RNA fractions. All four RNAs were found to accumulate
mainly in the nucleoplasms and less significantly in the nucleolar RNA fraction of HeLa cells
(Jady B.E. and Kiss T., unpublished results). The ratio of the amounts of RNAs detected in
the nucleoplasms and nucleolar fractions were in all case similar to the distribution of the U85
snoRNA, indicating that these RNAs possess a common cellular localisation site.
In situ hybridisation with fluorescently labelled oligonucleotides demonstrated that the
U85, G2, B3, N43 and N7 RNAs, unlike other box C/D or box H/ACA snoRNAs, are localised
exclusively to Cajal bodies (Darzacq, X., Verheggen, C., Bertrand, E. and Kiss, T.,
unpublished results). The U85, G2, B3, N43 and N7 RNAs, therefore, comprise a novel class
of cellular RNAs, and they were termed small Cajal body-specific RNAs (scaRNAs) (Kiss,
2001).
The Cajal-body specific localisation of the U85 scaRNA suggests that the U85directed modification of the U5 snRNA at positions C45 and U46 occurs in Cajal bodies. This
explains why U2 and U5 snRNA-specific fragments are not modified in the nucleolus.
Moreover, modifications predicted to be guided by G2, B3 and N7 scaRNAs are also likely to
occur in Cajal bodies. We concluded that modifications of at least some residues of the RNA
polymerase ll-transcribed snRNAs takes place in the Cajal body and are guided by scaRNAs.
Besides the scaRNA-guided nucleotide modification mechanism, some nucleotides in
the U1, U2, U4 and U5 snRNAs might be modified by a different mechanism. Ribose
methylation of the first and second nucleotides following the 5-terminal cap structure cannot
be mediated by snoRNAs or scaRNAs. They are most likely modified by the RNA polymerase
ll-specific capping mechanism. This conclusion is further supported by the fact that the cap
structure of snRNAs of a given organism always corresponds to the cap structure of its
mRNAs. For instance, the first and second nucleotides of mRNAs as well as snRNAs are
unmodified in yeast, whereas the first two nucleotides of both mRNAs and snRNAs are ribose
methylated in higher eukaryotes.
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In the case of the U5 snRNA, pseudouridylation of the U53 residue seems to be
supported by a protein factor, since in vitro pseudouridine formation at this position was
resistant to micrococcal nuclease treatment (Jady and Kiss, 2001).
In yeast, Puslp protein functions both in tRNA pseudouridylation and formation of the
¥44 residue in the U2 snRNA (Massenet etal., 1999). Interestingly, nucleotide modification of
yeast U1, U2, U4 and U5 snRNAs might differ from modification of snRNAs in higher
eukaryotes. Formation of pseudouridines in yeast spliceosomal snRNAs does not seem to
require Cbf5p, the putative snoRNP pseudouridine synthase (Massenet et a/., 1999).
Moreover, no distinct Cajal body-like structures have been identified in yeast cells. Yeast
spliceosomal snRNAs do not seem to leave the nucleus during their maturation, suggesting a
difference in maturation pathways of yeast and higher eukaryotic spliceosomal snRNAs.
Factors required for modification of mammalian U2 snRNAs have been found to reside
in the nucleus (Yu et at., 1998). We failed to detect any internal modifications in the
cytoplasmic precursor of the human U2 snRNA, suggesting that modification of the RNA
polymerase ll-specific spliceosomal snRNAs occurs after their return to the nucleus (Jady
B.E. and Kiss T., unpublished results). We suggest that after re-entering the nucleus, the U1,
U2, U4 and U5 snRNAs transiently localise to Cajal bodies to undergo scaRNA-directed
modifications. Consequently, we suggest that Cajal bodies are essential organelles
functioning in maturation of the RNA polymerase ll-specific spliceosomal snRNAs.
All known Cajal body-specific RNAs contain box C/D and/or box H/ACA sequence
elements, that function as nucleolar localisation signals. Since box C/D snoRNAs transiently
localise to Cajal bodies before their accumulation in the nucleolus, box C/D motifs of
scaRNAs might direct localisation to Cajal bodies, where scaRNAs are retained by an
unknown mechanism. However, G2 scaRNA does not carry a box C/D motif, indicating that
additional cis-elements direct G2 scaRNA to Cajal bodies. We believe that scaRNAs carry
specific localisation signals directing their accumulation and retention in Cajal bodies.
What is the relationship between Cajal bodies and the nucleolus? Could the nucleolus
be a general RNA maturation centre from which Cajal bodies evolved? After structural
separation, Cajal bodies could retain snoRNAs and some functions of the nucleolus such as
maturation of the RNP polymerase ll-specific snRNAs.
The U85, B3 and N43 scaRNAs are hybrid RNAs carrying a box C/D and a box
H/ACA snoRNA domains. What is the function of N43 scaRNA? What is the functional
advantage of the unusual structural organisation of the box C/D-H/ACA hybrid RNAs?
Interestingly, the vertebrate telomerase RNAs can also be considered as hybrid RNAs
carrying two well-defined RNA domains. Can N7 also be a hybrid RNA consisting of a box
C/D snoRNA domain formed by the 5'- and 3'-terminal regions and of a still unrecognised
RNA domain formed by its middle part?
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In summary, identification of the mgU6-53, U83, U84 snoRNAs and the U85 scaRNA
led to a better understanding of nucleotide modification of spliceosomal snRNAs and provided
us with new insights into the functions of the nucleolus and the Cajal body. Recently, it has
become apparent that the functions of non-coding cellular RNAs are more diverse, than it has
been anticipated before. Several non-coding RNAs are essential for fundamental cellular
processes such as transcription, translation, replication, transport, RNA editing, differentiation
and protein degradation. I believe that eukaryotic cells contain many non-coding RNAs that
have yet to be identified. I expect that identification and funtional characterisation of novel
non-coding cellular RNAs will result in significant discoveries in molecular and cellular
biology.
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SUMMARY
Eukaryotic non-coding RNAs contain a large number of irregular ribonucleotides which are
synthesised by post-transcriptional covalent modification of the primary RNA transcript.
Conversion of uridines into pseudouridines and 2'-0-ribose methylation of the classical
ribonucleotides represent the most abundant RNA modifications. In ribosomal RNAs (rRNAs),
site-specific

synthesis

of

the

numerous

2'-0-ribose

methylated

nucleotides

and

pseudouridines is directed by two distinct classes of small nucleolar RNAs (snoRNAs)
(reviewed in: Kiss, 2001). The majority of box C/D snoRNAs function as guide RNAs in 2 - 0 ribose methylation of ribosomal RNAs by selecting the correct substrate nucleotide for
modification. Box C/D snoRNAs share two conserved sequence elements, the box C
(RUGAUGA, R stands for A or G) and box D (CUGA) motifs. The internal parts of box C/D
snoRNAs usually carry imperfect copies of the C and D boxes, referred to as C' and D' boxes.
Selection of ribosomal nucleotides for ribose methylation requires transient base-pairing
between the guide snoRNA and the precursor rRNA. Theribosomalnucleotide that is located
opposite to the fifth nucleotide upstream of the D or D' box of the snoRNA is selected for
ribose methylation. The majority of box H/ACA snoRNAs are responsible for selecting the
correct nucleotides of the rRNA precursor for pseudouridylation. Box H/ACA snoRNAs can be
folded into a conserved hairpin-hinge-hairpin-tail secondary structure. The single-stranded
hinge region carries the conserved H sequence element (ANANNA, where N is any
nucleotide), whereas the conserved ACA sequence is located in the short tail region, which is
invariantly followed by the three 3'-terminal nucleotides. Similarly to box C/D snoRNAs, box
H/ACA snoRNAs recognise short ribosomal sequences encompassing the target nucleotide
to be pseudouridylated. 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
form a transient base-pairing interaction 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 prerRNA is a uridine selected for pseudouridylation.
Some box C/D and box H/ACA snoRNAs function in the nucleolytic processing of
rRNAs. It has been proposed, that these snoRNAs are essential chaperones required for the
correct folding of the pre-rRNA, however, it cannot be excluded that they are directly involved
in cleavages (Steitz and Tycowski, 1995).
Box C/D and box H/ACA snoRNAs form ribonucleoprotein complexes (snoRNP) with
several proteins. The factors responsible for accomplishment of the methyltransfer reaction
and pseudouridine formation are integral components of box C/D and box H/ACA snoRNPs,
respectively. Most likely, the Nop1 p/fibrillarin protein of box C/D snoRNPs is the
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methyltransferase enzyme. Cbf5p, which is a box H/ACA snoRNP core protein, has been
demonstrated to function as the pseudouridine synthase.

The U1, U2, U4, U5 and U6 spliceosomal small nuclear RNAs (snRNAs) all together carry 30
ribose methylated nucleotides and 23 pseudouridines. The spliceosomal snRNAs can be
divided into two groups according to their biogenesis. The U6 snRNA is transcribed by the
RNA polymerase III, while the U1, U2, U4, and U5 snRNAs are synthesised by the RNA
polymerase II. The major goal of our work was to understand the molecular machinery
underlying the site-specific pseudouridylation and 2-O-ribose methylation of spliceosomal
snRNAs and to determine the cis-acting elements of box H/ACA snoRNAs essential for
nucleolar localisation.
Nucleolar localisation of box H/ACA snoRNAs (Narayanan et al., 1999a). Upon
microinjection into the nucleus of Xenopus oocytes, in vitro transcribed, fluorescently labelled
human U65, U64 and U17 box H/ACA snoRNAs localised directly to the nucleolus. Disruption
of either the H or ACA box prevented the nucleolar localisation of these snoRNAs. The ability
of fragments of the U65 snoRNA to localise to the nucleolus was also investigated. The
shortest fragment with nucleolar localisation is composed of the hinge region with the H box,
the 3' hairpin and the ACA box. Interestingly, substitution of the 3' hairpin for the 5' hairpin of
U65 did not inhibit nucleolar localisation. Moreover, placing the ACA box upstream and the H
box downstream of the 3' hairpin in the U65 fragment lacking the 5' hairpin did not abolish
nucleolar localisation. Based on these experimental results, we concluded 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 eachother.
We have 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 (Mitchell et al., 1999a). 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. This observation suggests that the box H/ACA snoRNA domain is
responsible for transient nucleolar localisation of the telomerase RNA.
Post-transcriptional nucleotide modification of the U6 spliceosomal small nuclear RNA
(Ganot et al., 1999). We have 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 earned by the RNA-polymerase III84

transcribed U6 spliceosomal snRNA. Since all 2'-0-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. This conclusion was
further corroborated by identification of a novel guide snoRNA, the mgll6-53 snoRNA,
directing 2'-0-ribose methylation of the U6 snRNA. We also found that the U6 snRNA could
establish physical contact with snoRNAs. Based on these results, we propose that the U6
snRNA transiently localises to the nucleolus during its maturation to undergo snoRNAmediated post-transcriptional nucleotide modification. Indeed, it has been recently shown that
microinjected U6 snRNA cycles through the nucleolus in Xenopus oocytes (Lange and Gerbi,
2000).
The RNA polymerase Ill-specific U6 spliceosomal snRNA was the first non-ribosomal
RNA found to be modified by snoRNAs in the nucleolus. However, snoRNA-mediated
modification of cellular RNAs turned out to be a more general mechanism (see below).
Characterisation of the U83 and U84 box C/D snoRNAs (Jady and Kiss, 2000). We have
identified two novel box C/D snoRNAs, the U83 and U84, that lacked a significant
complementarity to any RNA of the known cellular RNAs. Moreover, the U83 and U84
snoRNAs, unlike any other 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 ofribosomalRNA biogenesis. The U83 and U84 snoRNAs were able to direct 2'O-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. Interestingly, primer extension analysis performed with an
oligonucleotide primer corresponding to the antisense element of the U83 snoRNA detected a
nuclear RNA in human HeLa cells. We consider this nuclear RNA as a potential substrate
RNA whose nucleotide modification can be mediated by the U83 snoRNA.

Post-transcriptional nucleotide modification of the RNA polymerase ll-specific
spliceosomal snRNAs (Jady and Kiss, 2001). We have 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. In vitro and in vivo RNA modification experiments demonstrated
that the U85 RNA directs 2-O-ribose methylation of the C45 and pseudouridylation of the
U46 residues in the 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'-0-ribose methylation. Surprisingly, the U85 RNA is not detectable in
the nucleolus. Instead, it accumulates exclusively in Cajal bodies (manuscript in preparation).
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Cajal bodies have been identified as nucleoplasms organelles about a hundred years ago
(Cajal, 1903). However, the cellular function of Cajal bodies has remained largely elusive.
We have recently identified four novel 2'-0-ribose methylation and pseudouridylation
guide RNAs, which, similarly to the U85 snoRNA, 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). Intriguingiy, 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).
In summary, identification of the mgU6-53, U83, U84 snoRNAs and the U85 scaRNA
led to a better understanding of nucleotide modification of spliceosomal snRNAs and provided
us with new insights into the functions of the nucleolus and the Cajal body. We believe that
snoRNA-directed post-transcriptional modification of various classes of cellular RNAs is more
general mechanism than it has been anticipated.
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ÖSSZEFOGLALÁS
Az eukarióta nem-kódoló RNS-ek a négy alapnukleotid (adenozin, guanozin, citidin,
uridin) mellett sokféle módosított nukleotidot is tartalmaznak (Limbach et al., 2001). A
módosított nukleotidok az alapnukleotidokból keletkeznek az újonnan szintetizált prekurzor
RNS-ek kovalens módosítása során. A két leggyakoribb nukleotidmódosítás az uridin
rotációja pszeudouridinné, valamint a ribóz metilációja a 2' helyzetben. A riboszómális RNSek (rRNS-ek) nagy számban tartalmaznakribóz-metiláltnukleotidokat és pszeudouridineket.
A módosított nukleotidok az evolúciósan konzervált és funkcionálisan aktív régiókban
helyezkednek el. A módosított nukleotidok helyspecifikus szintézisét kis nukleoláris RNS-ek
irányítják,

melyek

két

RNS

családba

sorolhatók

(Kiss,

2001).

A

box

C/D

szekvenciamotívummal rendelkező kis nukleoláris RNS-ek családjának legtöbb tagja a rRNSek ribóz-metilálódó nukleotidjainak kijelöléséért felelős. A módosítandó

nukleotidok

helyspecifikus kiválasztása tranziens bázispárosodáson alapul, melynek során a kis
nukleoláris RNS-ek 10-21 nukleotidnyi szakasza bázispárosodik a módosítandó nukleotidot
körülvevő riboszómális RNS régióval. A bázispárosodott szakaszt minden esetben vagy a D
box szekvencia (CUGA), vagy annak egy kissé eltérő változata, az un. D' box követi. A ribózmetilálódó bázis a D vagy D' box-tól 5' irányban levő ötödik nukleotiddal szemben található. A
box H/ACA kis nukleoláris RNS-ek nagy része a rRNS-ek pszeudouridinné alakuló
uridinjeinek kiválasztását végzi. A box H/ACA kis nukleoláris RNS-ek jellegzetes másodlagos
szerkezettel rendelkeznek. Két hajtüszerkezetüket egy egyesszálú szakasz választja el, ami
a H szekvenciaelemet (ANANNA; N: bármelyik nukleotid) hordozza. A 3' végükön egy
egyesszálú szakasz található az ACA szekvenciaelemmel, amelyet a három terminális
nukleotid követ. A pszeudouridilálódó nukleotidok kiválasztása ebben az esetben is tranziens
bázispárosodással

történik

valamelyik

hajtószerkezet

hurok

régiójának

két oldalán

elhelyezkedő rövid, a rRNS-hez komplementer szakaszok segítségével. A kialakuló két
kettősszálú régió két riboszómális nukleotidot határol, melyek közül az 5' vég felöli nukleotid
egy pszeudouridinné alakuló uridin.
A box C/D és box H/ACA kis nukleoláris RNS-ek közül néhány a prekurzor
riboszómális RNS nukleolitikus hasításához szükséges.

Bár tényleges

szerepük a

nukleolitikus hasításokban nem tisztázott, ezek a kis nukleoláris RNS-ek is Watson-Crick
kölcsönhatásokat alakítanak ki a prekurzor riboszómális RNS-sel.
A kis nukleoláris RNS-ek fehérjékkelríbonukleoproteinkomplexeket hoznak létre. A
box C/D kis nukleoláris RNS-ekhez kötődő fibrillarin protein a metil-transzferáz enzim, ami
elvégzi a kis nukleoláris RNS-ek által kijelölt nukleotidok ribóz-metilációját. A Cbf5/NAP57
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protein a

box

H/ACA

snoRNS-ekhez

kapcsolódik,

és

a

kiválasztott

nukleotidok

pszeudouridinné történő rotációját végzi.
A humán szplájszoszómális U1, U2, U4, U5 és U6 kis nukleáris RNS-ek együttesen
30 ribóz-metilált nukleotidot, valamint 23 pszeudouridint hordoznak. Tanulmányaim során
arra kerestük a választ, hogy hogyan történik a szplájszoszómális kis nukleáris RNS-ek ribózmetilált nukleotidjainak és pszeudouridinjeinek kialakítása. Ezenkívül megvizsgáltuk, hogy
milyen cis-elemek irányítják a box H/ACA kis nukleoláris RNS-ek nukleoláris lokalizációját.
A box H/ACA kis nukleoláris RNS-ek nukleoláris lokalizációjáért felelős cis-elemek
meghatározása (Narayanan et al., 1999a). Xenopus petesejt sejtmagjába történő injektálás
után a humán U65, U64 és U17 box H/ACA kis nukleoláris RNS-ek a nukleóluszban
akkumulálódnak. Az esszenciális cis-elemek meghatározásához számos mutáns box H/ACA
kis

nukleoláris

RNS-t

injektáltunk

Xenopus

petesejtek

sejtmagjába.

A

kísérletek

eredményeképpen megállapítottuk, hogy a H vagy az ACA szekvenciaelem mutációja
megakadályozza a box H/ACA kis nukleoláris RNS-ek nukleoláris lokalizációját. A 5' végi
hajtószerkezet kettősszálú régióinak egyesszálúvá tétele nem befolyásolja a nukleoláris
lokalizációt. Ezzel ellentétben a 3' végi hajtószerkezet, ami egymáshoz közel hozza a H és
ACA szekvenciákat, feltétlenül szükséges a nukleoláris lokalizációhoz.
Az U65 kis nukleoláris RNS fragmentjei, amelyekből akár a H box , akár az ACA
szekvencia hiányzik, nem mutatnak nukleoláris lokalizációt. A legkisebb fragment, ami képes
akkumulálódni a nukleóluszban, tartalmazza a H és ACA szekvenciaelemeket, valamint a
köztük levő 3' végi hajtüszerkezetet. A 3' végi hajtószerkezet helyettesítése az 5' végi
hajtüszerkezettel nem akadályozza

meg a nukleoláris

lokalizációt. A H és ACA

szekvenciaelemek felcserélése a 3' végi hajtószerkezet két oldalán szintén nem befolyásolja
az RNS fragment nukleóluszban való akkumulációját. Megállapítottuk, hogy a box H/ACA kis
nukleoláris

RNS-ek

szekvenciaelemek,

nukleoláris
valamint

a

lokalizációjához

nélkülözhetetlenek

szekvenciaelemeket

megfelelő

a

H

és

ACA

helyzetben

tartó

hajtószerkezet.
Xenopus petesejt sejtmagjába történő injektálása során megfigyeltük a humán
telomeráz RNS átmeneti megjelenését a nukleóluszban. Az emlős telomeráz RNS 3' végi
régiója egy box H/ACA kis nukleoláris RNS-t hordoz. Az ACA szekvenciájában mutáns
telomeráz RNS nem jelent meg a nukleóluszban, ami azt mutatja, hogy a telomeráz RNS
tranziens nukleoláris lokalizációjáért a 3' végen található box H/ACA kis nukleoláris RNS
felelős.
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Az U6 szplájszoszómális kis nukleáris RNS nukleotidjainak módosításáért felelős
faktorok megtalálhatók és működőképesek a nukleóluszban (Ganot et al., 1999).
Biogenezisük alapján a szplájszoszómális kis nukleáris RNS-eket két csoportba soroljuk. Az
U6 kis nukleáris RNS transzkripciójáért az RNS polimeráz III felelős, miközben a többi
szplájszoszómális RNS-t az RNS polimeráz II írja át.
Bizonyítottuk, hogy az RNS polimeráz lll-specifikus U6 RNSribóz-metilációjáértés
pszeudouridilációjáért felelős összes faktor megtalálható és működőképes a nukleóluszban.
Bemutattuk, hogy ezek a faktorok a szubsztrát nukleotidokat körülvevő rövid szekvenciákat
ismerik fel. A faktorok ezen tulajdonsága arra utal, hogy az U6 RNS ribóz-metilált és
pszeudouridilált nukleotidjainak szelekciójáért kis nukleoláris RNS-ek felelősek. Ezzel
összhangban azonosítottuk a humán mgll6-53 box C/D kis nukleoláris RNS-t, ami az U6
RNS A53 nukleotidjának ribóz-metilációját irányítja. Az mgU6-53 RNS mellett két másik box
C/D kis nukleoláris RNS (mgll6-77 és mgll6-47) is ismert, amelyek az U6 szplájszoszómális
kis nukleáris RNS két ribóz-metilált nukleotidjának szintézisét irányítják (Tycowski et al.,
1998). Az mgU6-53, mgU6-77 és mgU6-47 box C/D kis nukleoláris RNS-ek az első kis
nukleoláris RNS-ek, amelyekről kiderült, hogy nem ariboszómálisRNS-ek érésében vesznek
részt, hanem egy RNS polimeráz III által szintetizált RNS, az U6 szplájszoszómális kis
nukleáris RNS nukleotidjainak módosítását irányítják.
A nukleólusz a riboszómális alegységek szintézise mellett számos nem-kódoló RNS
érésében is részt vesz (Pederson, 1998). Érése során keresztül megy a nukleóluszon az
emlős telomeráz RNS, a signal recognition partiele RNS és az RNase P RNS. Az RNase P
RNS-t tartalmazó ribonukleoprotein komplex a transzfer RNS-ek 5' végének érését
katalizálja. Az RNase Pribonukleoproteinkomplex legalább néhány élesztő transzfer RNS
nukleolitikus hasítását a nukleóluszban katalizálja. Elképzelésünk szerint az U6 kis nukleáris
RNS is keresztül megy a nukleóluszon, ahol a transzkripció utáni nukleotidmódosítása
történik. Ezt a modellt olyan kísérleti eredményekkel támasztottuk alá, melyek demonstrálják,
hogy az U6 kis nukleáris RNS képes fizikai kapcsolatot teremteni kizárólag a nukleóluszban
található kis nukleoláris RNS-ekkel. Feltételezésünk nyomán sejtbiológiai módszerekkel
bizonyították, hogy az U6 kis nukleáris RNS valóban keresztül megy a nukleóluszon (Lange
and Gerbi, 2000).
Az U83 és U84 box C/D kis nukleoláris RNS-ek azonosítása és jellemzése (Jady and
Kiss, 2000). Azonosítottunk és jellemeztünk két új box C/D kis nukleoláris RNS-t, az U83 és
U84 RNS-eket. Ezek az RNS-ek kizárólag a nukleóluszban találhatók, azonban nem vesznek
részt sem a riboszómális RNS-ek, sem a többi ismert stabil celluláris RNS ribózmetilációjában. Megállapítottuk, hogy az U83 és U84 kis nukleoláris RNS-eknek nincs
szerepük a prekurzor rRNS nukleolitikus hasításában sem, mert az U83 és az U84 RNS nem
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része a prekurzor riboszómális partikulumoknak, amelyekben a rRNS-ek nukleolitikus
hasítása, nukleotidjainak módosítása és riboszómális proteinekkel való kapcsolódása
történik. Mesterséges nukleoláris szubsztrát RNS-ek segítségével bizonyítottuk, hogy
mindkét kis nukleoláris RNS képesribóz-metilációirányítására. Northern blot kísérlet során
humán sejtextraktumban
szekvenciája

alapján

detektáltunk

képes az

egy eddig

ismeretlen

U83 kis nukleoláris

nukleáris

RNS-t,

ami

RNS ribóz-metilációt irányító

szekvenciájával bázispárosodni. Ennek alapján feltételezzük, hogy az U83 és U84 kis
nukleoláris RNS-ek még nem azonosított celluláris RNS-ekribóz-metilációjátirányítják.
A

polimeráz

II

által

szintetizált

szplájszoszómális

kis

nukleoláris

RNS-ek

nukleotidjainak módosítása (Jady and Kiss, 2001). Azonosítottunk és jellemeztünk egy új,
evolúciósan konzervált kis nukleoláris RNS-t, ami az U85 nevet kapta. Az U85 RNS
szerkezete egyedülálló abban a tekintetben, hogy az 5' és 3' végi régiói egy box C/D kis
nukleoláris RNS-nek felelnek meg, ugyanakkor az RNS középső szakasza egy box H/ACA
kis nukleoláris RNS-t alkot. In vivo és in vitro kísérletekkel bizonyítottuk, hogy a humán U85
RNS felelős az U5 szplájszoszómális kis nukleáris RNS C45 nukleotidjának ribózmetilációjáért, valamint U46 nukleotidjának pszeudouridilációjáért. Az U85 hibrid RNS az első
azonosított kis nukleoláris RNS, ami két eltérő biokémiai reakciót irányít, és amiről bizonyított,
hogy egy RNS polimeráz II által szintetizált RNS nukleotidmódosítását irányítja.
Az U85 RNS sejten belüli lokalizációjának vizsgálata meglepő eredménnyel zárult.
Megfigyeltük, hogy az U85 RNS a nukleóluszban nem detektálható, hanem kizárólag a Cajal
body-ban helyezkedik el (kézirat készülőben). A nukleáris Cajal body-t már száz évvel ezelőtt
felfedezték, de szerepéről még ma is keveset tudunk.
Nemrég újabb négy, ribóz-metilációt, valamint pszeudouridin szintézist irányító kis
nukleoláris RNS-t azonosítottunk, amelyek hasonlóan az U85 RNS-hez, kizárólag a Cajal
body-ban akkumulálódnak (kézirat készülőben). Ezek az RNS-ek egy új RNS családot
alkotnak, ezért ezeket az RNS-eket kis Cajal body-specifikus RNS-eknek neveztük el. Az
újonnan felfedezett kis Cajal body-specifikus RNS-ek az RNS polimeráz által átírt U1, U2, U4
és U5 szplájszoszómális kis nukleáris RNS-ek nukleotidmódosítását irányíthatják. Ezen
eredmények

alapján

feltételezzük,

hogy

az

RNS

polimeráz

II

által

szintetizált

szplájszoszómális RNS-ek nukleotidmódosítását -legalább néhány pozícióban- kis Cajal
body-specifikus RNS-ek irányítják. Feltételezzük továbbá, hogy a nukleáris Cajal body egyik
fontos feladata az, hogy az RNS polimeráz II által átírt szplájszoszómális kis nukleáris RNSek transzkripció utáni érésének helyet adjon.
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MODIFICATIONS POST-TRANSCRIPTIONNELLES DES SNARN DE L'EPISSAGE
DIRIGEES PAR DES ARN GUIDES.
Les ARN des cellules Eucaryotes contiennent un grand nombre de nucléotides irréguliers dont la
synthèse résulte de modifications post-transcriptionelles des transcrits primaires. Les conversions
d'uridines en pseudouridines ainsi que les méthylations en 2'-0-ribose des ribonucléotides
classiques, représentent les modifications d'ARN les plus abondantes. Chez les ARN
ribosomiques, les méthylations en 2'-0-ribose ainsi que les pseudouridylations sont dirigées par
deux classes de petits ARN nucléolaires (snoARN). Les guides de méthylation en 2-O-ribose
présentent les boîtes conservées C et D et les guides de pseudouridylation possèdent les boîtes
H et ACA. Ces deux classes d'ARN sélectionnent le nucléotide qui sera modifié par appartement
spécifique à l'ARNr. La majeure partie de notre travail a consisté à comprendre les mécanismes
régissant les 2'-0-méthylations et pseudouridylations spécifiques de site des petits ARN de la
machinerie d'épissage (ARNsn).
<=> Nous avons démontré que le nucléole contient tous les facteurs agissant en trans nécessaires
pour effectuer les huit méthylations en 2'-0-ribo'se et les trois pseudouridylations du snARN U6
qui est transcrit par l'ARN polymerase III. Etant donné que les facteurs responsables des
méthylations en 2'-0-ribose et des pseudouridylations du snARN U6 reconnaissent des courtes
séquences flanquant le nucléotide modifié, nous avons conclu que les modifications du U6 sont
produites exclusivement par les snoARN. Cette conclusion a été confortée par la découverte d'un
snoARN à boîtes C et D responsable d'une méthylation en 2'-0-ribose de l'ARN U6.
•=> Nous avons identifié et caractérisé un nouvel ARN guide conservé au cours de l'évolution, l'ARN
U85 possède les boîtes conservées C/D et H/ACA spécifiques des snoARN. Des expériences de
modifications in vitro et in vivo, nous ont permis de démontrer que l'ARN U85 dirige à la fois la
méthylation en 2'-0-ribose du résidu C45 du snARN U5 et la pseudouridylation de l'uridine en
position 46 du même snARN U5. U85 est le premier exemple de snoARN impliqué dans la
modification d'un ARN issu de la transcription par l'ARN polymerase II et U85 est également le
premier ARN guide qui possède à la fois les deux fonctions de méthylation en 2'-0-ribose et de
pseudouridylation.
•=> Nous avons identifié deux nouveaux snoARN à boîtes C et D, U83 et U84, qui ne présentent
aucune complémentarité significative avec aucun des ARN stables connus. Les ARN U83 et U84
sont capables de diriger des méthylations en 2'-0-ribose sur des ARN cibles artificiels ce qui
démontre que ces ARN modifient des ARN cellulaires autres que les ARNr ou des snARN. Ce
résultat suggère fortement que les snoARN pourraient jouer un rôle dans les modifications posttranscriptionelles de différentes classes d'ARN cellulaires.
Mots clefs: snoARN U83, snoARN U84, snoARN U85, modifications post-transcriptionelles des ARN de
l'épissage, méthylation en 2'-0-ribose, pseudouridylation, nucléole.
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