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Maturation of pre-ribosomal RNA (pre-rRNA) in eukarvotic cells takes place in the
nucleolus and involves a large number of cleavage events, which frequently follow al-
ternative pathways. In addition, rRNAs are extensively modified, with the methyla-
tion of the 2'-hydroxyl group of sugar residues and conversion of uridines to pseu-
douridines being the most frequent modifications. Both cleavage and modification
reactions of pre-rRNAs are assisted by a variety of small nucleolar RNAs (snoRNAs),
which function in the form of ribonucleoprotein particles (snoRNPs). The majority of
snoRNAs acts as guides directing site-specific 2'-O-ribose methylation or pseu-
douridine formation. Over one hundred RNAs of this type have been identified to
date in vertebrates and the yeast Saccharomyees cerevisiae. This number is readily
explained by the findings that one snoRNA acts as a guide usually for one or at most
two modifications, and human rRNAs contain 91 pseudouridines and 106 2'0-
methyl residues. In this article we review information about the biogenesis, structure
and function of guide snoRNAs.

Processing and packaging of ribosomal processed into mature 188, 5.8 and 25/28S
RNAs (rRNAs) into ribosomal particles in  rRNAs. The maturation of rRNAs is an ex-
eukaryotic cells takes place in the nucleolus.  tremely complex process. It occurs concomi-
Ribosomal RNAs are synthesised as long tantly with packaging of RNA into ribonucleo-
35/47S precursors (prerRNAs) which are protein structures containing most of ribo-
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somal proteins and also nucleolar proteins as-
gociating only transiently with the nascent ri-
bosomes. The precursor rRNA is processed
into mature rRNAs through a series of nu-
cleolytic cleavages. A large number of RNA in-
termediates is produced and processing
events may follow alternative pathways. In
addition to nucleolytic RNA processing, nu-
cleotides in prerRNAs undergo two major
types of modifications: methylation of the 2'-
hydroxyl group of sugar residues (2'-O-methy-
lation) and conversion of uridines to pseu-
douridines (W) (pseudouridylation) (for re-
view, see Maden, 1990; Maxwell & Fournier,
1995; Venema & Tollervey, 1995; Sollner-
Wehb et al., 1996).

Maturation and modification of prerRNAs
is assisted by a large number of small nucleo-
lar RNAs (snoRNAs), which function in the
form of ribonucleoprotein particles (sno-
ENPs). Some snoRNAs, such as vertebrate
U3, U8 and U14, or RNase MRP in yeast, are
required for endonucleolytic cleavages of the
35/478 prerRNA or resulting intermediates
(Filipowicz & Kiss, 1993; Maxwell & Four-
nier, 1995; Morrissey & Tollervey, 1995; Ve-
nema & Tollervey, 1995; Sollner-Webb et al.,
1996). However, the majority of snoRNAs
acts as guides specifying site-specific 2'-O-ri-
bose methylation or W formation (Cavaillé et
al., 1996; Kiss-Laszlo et al., 1996; Ganot et al.,
1997a; 1997h; Ni et al, 1997). Since human
rRNAs contain 91 pseudouridines and 106 2'-
O-methyl residues (in yeast, these numbers
are 43 and 55, respectively) (Maden, 1990;
Tollervey & Kiss, 1997; Ofengand & Bakin,
1997; Lafontaine & Tollervey, 1998), the
number of guide snoRNAs required for speci-
fying these modifications must be very large.
Consistant with this, one hundred and fifty
RNAs of this type have been identified to date
in vertebrates and yeast (Tollervey & Kiss,
1997; Lafontaine & Tollervey, 1998; Qu et al.,
1999; and references therein). In this article
we review information about the structure
and function of guide snoRNAs. We also dis-
cuss mechanisms of their biogenesis, with

particular emphasis on processing of intron-
encoded snoRNAs.

STRUCTURE AND FUNCTION OF
GUIDE snoRNAs

All known vertebrate and yeast snoRNAs
fall into two major classes, based on con-
served sequence motifs (Balakin et al., 1996;
Tollervey & Kiss, 1997; Lafontaine & Toller-
vey, 1998) (Fig. 1). One class is referred to as
C/D family, because its members contain
short sequence elements RUGAUGA (box C)
and CUGA (box D), located near their 5' and
3' ends, respectively. The C and D boxes are
usually flanked by short inverted repeats.
Many box C/D snoRNAs contain additional C-
like and D-like elements referred to as boxes
C' and D’ (Fig. 2). The box C/D snoRNAs are
associated with the highly conserved nucleo-
lar protein fibrillarin (Maxwell & Fournier,
1995; Tollervey & Kiss, 1997; Lafontaine &
Tollervey, 1998).

Members of the second class of snoRNAs,
known as H/ACA, have a characteristic strue-
ture consisting of two large stem-loops. These
stem-loops are separated by a single-stranded
sequence containing a conserved hinge ele-
ment (box H) with a consensus ANANNA. An-
other conserved sequence, a trinucleotide
ACA, is present downstream of the 3'-
terminal stem-loop (Fig. 2). The best charac-
terized protein associated with the H/ACA
snoRNAs in yeast is an essential protein
Garlp (Balakin et al., 1996: Ganot et al.,
1997b; Bousquet-Antonelli ef al., 1997). Boxes
C/D and H/ACA are required for formation
of respective snoRNPs and for nucleolar accu-
mulation of snoRNAs.

The MRP ENA does not belong to either of
the two families discussed above. This RNA is
a component of RNase MRP, a ribonucleopro-
tein enzyme related in structure to RNase P.
In yeast, RNase MRP is involved in the endo-
nucleolytic cleavage of pre-rRNA in a region
upstream from 5.85 rRNA; following this
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Vertebrates

Box ¢/D:

U3, U8, U13, U14, U15, U16, U18, U20,
U21, U22, U24, U2s, U26, U27, U28, U29,
U30, U31, U32, U33, U34, U35, U3s, U3z,
U38, U39, U40, U41, U42, U43, U44, U45,
U486, U47, U48, U49, US0, U51, Us2, US3,
U54, Us5, US6, U7, US8, U59, UBO, U1,
ue2, Ue3, U73, U74, U7s, U76, U77, U78,
u79, Uso, Us1

Box H/A

U17 (E1), E2, E3, U19, U283, U4, UBS,
Uee, U67, Ues, Ues, U70, U71, U72

Others:
7-2/MRP

Figure 1. Classification of snoRNAs.

Yeast

U3, U14, U18, U24, snR4, snR13,
snA38, snR39, snR39b, snR40, snR41
snR45, snR47, snR48, snR50, snR51,
snR52, snR53, snR54, snR55, snAR56,
snR57, snR58, snRB0, snR61, snRE2,
snAB3, snRB4, snRB5, snRE66, snARG7,
enR68, snRB9, snR70, snA71, snR72,
snR73, snR74, snR75, snR786, snR77,
snR78, snA190

snR3, snR5, snA8, snRY, snR10, snR11
snR30, snR31, snR32, snR33, snAR34,
snR35, snR36, snR37, snR42, snR43,
snR44, snR46, snR49, snR189

MRP

The list of snoRNAs (grouped as “Box C/D”, “Box H/ACA”, and “Others”) is given for vertebrates and veast. Sno-
RNAs involved in processing reactions are indicated in bold.

cleavage, the mature 5'-end of 58 rRNA is
produced by exonucleolytic processing (re-
viewed in Morrissey & Tollervey, 1995; Toller-
vey & Kiss, 1997). The RNase MRP particle
contains nine different proteins, eight of
them shared with RNase P (Chamberlain et
al., 1998).

Only very few of the C/D or H/ACA sno-
RNAs are involved in cleavage reactions. The
box C/D U3, U13, Ul4 and U22 RNAs are re-
quired for 185 rRNA production, and U8 is re-
quired for processing of 5.88 and 2885 rRNAs.
The box H/ACA snoRNAs snR10 and snR30
in yeast, and U17 and E3 in mammals, par-
ticipate in 185 rRNA processing but their ex-
act role is not understood (reviewed in Ve-
nema & Tollervey, 1995; Enright et al., 1996;
Sollner-Webb et al., 1996). Apart from RNase

MRP, none of the snoRNPs has been demon-
strated to possess nuclease activity.

The vast majority of the known C/D and
H/ACA snoRNAs act as guides for site
specific 2'-O-ribose methylation (C/D RNAs)
or pseudouridylation (H/ACA RNAs). The
box C/D guide snoRNAs generally contain at
least 10-nt-long sequence that is complemen-
tary to a region in rRNA that is a target of
methylation. Mismatches within this comple-
mentary region strongly inhibit 2'-O-ribose
methylation. The sequence complementary to
rRNA is always located immediately up-
stream of the box D or D', and the position in
rRNA which is complementary to the fifth nu-
cleotide from box D (or D') undergoes modifi-
cation (Fig. 2). SnoRNAs containing se-
quences complementary to rRNA upstream of
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Figure 2. Structure of snoRNAs and their interaction with rRNAs.

The schematic secondary structures of the H/ACA and C/D class snoRNAs. Regions of snoRNAs, which are com-
plementary to prerRNA are indicated and the conserved sequences (elements H and ACA, and C/C’ and D/D’) are
boxed. Models for the selection of specific positions to be modified are shown in lower panels. In the case of the
H/ACA box snoRNAs, formation of ¥ in rRNA occurs on the unpaired U residue positioned between two regions
of snoRNA-rRNA complementarity. This U residue is usually at a distance of 14 to 16 nucleotides from box H or
ACA. With the C/D box snoRNAs, 2'-O-ribose methylation (m) is performed on the rRNA residue that is base

paired to the fifth position upstream from box D (or D).

both the D and D' boxes specify two different
sites of methylation. In a case of some snoR-
NAs (vertebrate U32 and U36; Nicoloso et al.,
1996), one of the targets is in 18S rRNA while
another in 28S rRNA. It is not yet known
whether methylase activity is an integral com-
ponent of snoRNPs (Cavaillé et al, 1996;
Kiss-Lészlé et al, 1996; Tycowski et al,
1996b; Bachellerie & Cavaillé, 1997; Smith &
Steitz, 1997; Tollervey & Kiss, 1997).

In box H/ACA snoRNAs, short (3-10 nt) se-
quences complementary to rRNA are present
in the singlestranded internal loops inter-
rupting either one or both stem-loops charac-
teristic of this class of snoRNAs. The U resi-
due to undergo isomerisation is not base-
paired but is flanked by two short helices

formed by complementary interactions of
snoRNA and rRNA. The position of pseu-
douridine is always 14-16 nucleotides from
the box H or ACA (Ganot et al., 1997a; 1997b;
Ni et al, 1997, Tollervey & Kiss, 1997)
(Fig. 2).

Guide snoRNAs, similarly as snoRNAs in-
volved in prerRNA cleavage reactions or spli-
ceosomal U snRNAs, are associated with pro-
teins in snoRNPs. Three proteins common to
all investigated C/D box snoRNAs have been
identified. One of them is a highly evolution-
arily conserved protein known as fibrillarin in
vertebrates and Noplp in yeast. Fibril-
larin/Noplp contains a domain rich in glyci-
nes and arginines (GAR domain) and an RBD-
type RNA recognition motif. Noplp is essen-
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tial for growth in yeast (Maxwell & Fournier,
1995; Tollervey & Kiss, 1997; Lafontaine &
Tollervey, 1998). Two other proteins are
Nopb6p and Nop58p. These proteins are
structurally related (45% identity) and are es-
sential for growth. Nop58p but not Nop56p is
required for accumulation of all tested C/D
class snoRNAs in yeast (Lafontaine and
Tollervey, personal communication).

The H/ACA box snoRNAs in yeast are asso-
ciated with four essential proteins: Garlp,
Cbf5, Nhp2p and Nop10p (Bousquet-Antonelli
et al., 1997; Henras et al., 1998; Lafontaine &
Tollervey, 1998; Lafontaine et al, 1998; Wat-
kins et al., 1998). Garlp, the best character-
ized protein, is highly conserved in evolution
and consists of the central core and two termi-
nal GAR domains (reviewed by Maxwell &
Fournier, 1995; Bousquet-Antonelli et al.,
1997; Tollervey & Kiss, 1997; Lafontaine &
Tollervey, 1998). Cbfbp is strongly homolo-
gous to the Escherichia coli tRNA: W55 pseu-
douridine synthase (Lafontaine et al, 1998;
Watkins et al., 1998). It is very likely that
Cbf5p, and its mammalian counterpart
NAP57, are enzymatic components of
snoRNPs responsible for pseudouridylation
of rRNA (Meier & Blabel, 1994; Lafontaine et
al., 1998; Watkins et al., 1998). Genetic deple-
tion of any of the four proteins associated
with the H/ACA snoRNAs results in inhibi-
tion of rRNA pseudouridylation and pre-
rRNA processing. Depletion of Cbf5p, Nhp2p
and Nopl0Op also prevents accumulation of all
tested H/ACA box snoRNAs, suggesting that
these proteins are core components of RNPs.
Garlp is not required for accumulation of
snoRNAs but is required for the function of
the H/ACA snoRNPs (Bousquet-Antonelli et
al., 1997; Henras et al., 1998; Lafontaine &
Tollervey, 1998; Lafontaine et al., 1998; Wat-
kins et al., 1998). Electron microscopy of pu-
rifed yeast H/ACA box snoRNPs, snR30 and
snR42, revealed that these two RNPs have a
similar bipartite structure. The two domains
in the particle may represent a set of core pro-
teins bound to each of the two stems charac-

teristic of all H/ACA class snoRNAs (Watkins
et al., 1998).

STRATEGIES OF snoRNA
BIOSYNTHESIS AND PROCESSING
OF snoRNAs FROM INTRONS

Eukaryotic cells use three different strate-
gies to synthesise snoRNAs (Fig. 3). Some
snoRNAs, such as U3, U8, 7-2/MRP, and
many yeast snoRNAs, are individually tran-
scribed from independent genes. Another
strategy of expression, described for plants
and the yeast Saccharomyces cerevisiae, in-
volves processing from polycistronic tran-
scripts containing as many as seven different
snoRNAs. Processing of polyecistronic tran-
scripts into mature snoRNAs in yeast is cata-
lysed by Rntlp (the yeast ortholog of bacterial
RNase III) and different 5' = 3’ and 3' = 5'
exonucleases, which also funection in the proc-
essing of intron-encoded snoRNAs (see be-
low). In yeast, most of the snoRNAs are tran-
scribed from independent genes or are ex-
cised from polycistronic transeripts; only
very few snoRNAs are encoded in introns of
pol II transcription units. In vertebrates, the
most common strategy is to process snoRNAs
from the excised and linearized introns (re-
viewed in Leader et al, 1997; Tollervey &
Kiss, 1997; Brown & Shaw, 1998; Chanfreau
et al., 1998a; 1998b; Pelczar & Filipowicz,
1998; Smith & Steitz, 1998; Qu et al., 1999).

All known mammalian H/ACA snoRNAs
and most of the box C/D snoRNAs are en-
coded in introns of pol Il4ranscribed genes
(Leverette et al, 1992; Maxwell & Fournier,
1995). Using human U17 and U19 H/ACA-
type snoRNAs as models, we have previously
established a general mechanism for process-
ing of snoRNAs from introns. 5' = 3’ and
3' = 5' exonucleases appear to be involved in
the trimming of both ends, and excised and
debranched introns act as processing sub-
strates (Kiss & Filipowicz, 1995; Kiss et al.,
1996) (Fig. 4). The exonucleolytic trimming of
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Figure 3. Expression of snoRNAs from independent transcription units (A), from introns of RNA po-
Iymerase Il4ranscribed genes (B), and from polycistronic snoRNA transcripts (C).

The promoter regions (P) are shown as white boxes, exons (E) as gray boxes, and snoRNAs as black arrows.

introns stops at the borders of the snoRNA,
most likely due to the snoRNA region being
packaged into an RNP. Several lines of experi-
mental evidence support these conclusions.
In HeLa cell extracts, processing of snoRNAs
from longer intron-like precursors requires
free RNA termini; capping of the RNA or its
circularization prevent maturation of ends.
The most compelling in vivo evidence is the
demonstration that processing is independ-
ent of sequences present upstream and down-
stream of the snoRNA in the intron, and that
only a single snoRNA sequence can be pro-
ductively processed from one intron: place-
ment of two snoRNAs in tandem in the intron
results in accumulation of dimeric snoRNAs
(Kiss & Filipowicz, 1995).

Experiments performed with injected Xeno-
pus oocytes (Cecconi et al., 1995) and with
yeast (Ooi et al., 1998; Petfalski et al, 1998;
Villa et al., 1998) also provided evidence for
the exonucleolytic mechanism of snoRNA
processing from introns. In yeast, genetic in-
activation of the intron debranching enzyme,
Dbrlp, inhibits snoRNA processing (Ooi et
al., 1998; Petfalski et al, 1998). Xrnlp and
Ratlp were identified as exonucleases in-

volved in the 5' - 3' trimming of intron-
encoded snoRNAs (Petfalski et al, 1998).
However, the mechanism of snoRNA process-
ing outlined above has some exceptions.
Some snoRNAs, such as vertebrate U16 or
U18, which are located in poorly spliced in-
trons, are excised from the intron by endonu-
cleases, and only the remaining extra nucleo-
tides flanking the snoRNA are removed exo-
nucleolytically (Caffarelli ef al.,, 1994; 1996).
In yeast, U18 snoRNA can be processed from
introns by both the exo- and endonucleolytic
pathway (Villa et al., 1998).

HOST GENES ENCODING INTRONIC
snoRNAs

Characterization of genes that act as hosts
for intronic snoRNAs in vertebrates has pro-
duced many interesting findings. Most of the
host genes analyzed to date encode proteins
essential for ribosome biogenesis or function
such as ribosomal and nucleolar proteins or
translational factors. This observation has led
to the speculation that cotranscription of
snoRNAs with mRNAs for nucleclar proteins
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Figure 4. A mechanism for exonucleolytic processing of snoRNAs from excised and debranched introns.

The 5-phosphate and 3“OH ends are indicated. The snoRNA sequence (black arrow) associates with snoRNA-
specific proteins prior to the final exonucleolytic processing steps.

or translational components may provide a
regulatory mechanism to coordinate accumu-
lation of different molecules required for the
assembly and function of ribosomes (Sollner-
Webb, 1993; Maxwell & Fournier, 1995). In-
terestingly, Bachellerie and co-workers (Qu et
al., 1999) have recently found that promoters
of several genes encoding either single unit or
polycistronic snoRNAs in yeast contain
transcriptional elements similar to those
found in ribosomal protein genes, suggesting
that expression of both classes of genes may
be coregulated.

Not all genes hosting snoRNAs in introns

code for proteins. Tycowski et al. (1996a;

1996b) have discovered that the gene UHG,
which harbors intronic snoRNAs U22 and
U25-U31, is very unusual. The spliced polyA*
RNAs produced from UHG genes in humans,

mice, and frogs are not conserved in sequence
and have no apparent protein coding poten-
tial. We have investigated the organization
and expression of the locus encoding intronic
snoRNAs Ul7a and Ul7b in human and
mouse cells (Pelczar & Filipowicz, 1998). In
humans, U17 RNAs are transcribed as parts
of the three-exon transcription unit, named
U17HG, positioned approximately 9 kb up-
stream of the RCCI locus. Comparison of the
human and mouse U17H(G genes has revealed
that, as in the case of the UHG gene, exon se-
quences are not conserved between the two
species and that neither human nor mouse
spliced U17HG polyA” RNAs have a potential
to code for proteins (Fig. 5). The finding that,
despite its cytoplasmic localization, little if
any U1THG RNA is associated with poly-
somes in Hela cells, further argues against
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an mRNA function of this RNA (Pelczar &
Filipowicz, 1998).

Two other non-protein-coding snoRNA host
genes have recently been identified. Bortolin

In summary, four snoRNA host genes which
encode polyA’ RNAs having no protein-
coding potential have been identified to date.
These genes probably act only as vehicles for
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Figure. 5. Schematic structure of human and mouse U17HG genes (upper panels) and analysis of the
protein coding potential of spliced U17HG RNAs (lower panels).

Positions of exons and snoRNA regions are denoted by open boxes and black arrows, respectively; sizes and num-
bers of exons are also indicated. Alu sequences are shown as small black arrows. Human U17HG (WU17HG) RNA is
polyadenylated at two different sites (AAAA). Extended version of hU1THG RNA is shown with a dashed line. The
transcriptionstart-site-proximal sequences are shown, with polypyrimidine tracts indicated in bold. {Bottom pan-
els) The coding potential of human (left panel) and mouse (mU17HG: right panel) U1THG RNAs. Positions of AUG
codons (black triangles) and stop codons (vertical lines) are indicated for all reading frames of the spliced mouse
and human U1THG RNAs. The region corresponding to the extended version of exon 3 in human RNA is drawn
with dashed lines. (Reproduced (in modified form), with permission, from Pelezar & Filipowicz (1998)).

& Kiss (1998) have demonstrated that human
U19 RNA is encoded in intron 2 of the mul-
tiexon UI9HG gene. Interestingly, the spliced
U19HG RNA has a nucleoplasmic rather than
cytoplasmic localization. Smith & Steitz
(1998) have found that human gas5 (growth
arrest specific transcript 5) gene encodes ten
box C/D snoRNAs in its introns. Comparison
of human and mouse gas5 genes has revealed
no sequence conservation or significant cod-
ing potential in spliced exons of either gene.

expression of intron-encoded snoRNAs al-
though it can not be entirely excluded that
their spliced polyA” RNA products also func-
tion as regulatory or structural RNAs. RNA
folding programs have not identified any ob-
vious secondary structure elements shared by
human and mouse UHG, U17HG or gasb
RNAs (Tycowski et al., 1996a; 1996b; Pelczar
& Filipowicz, 1998; Smith & Steitz, 1998).
Findings that in UHG, UI7HG and gas5
genes these are snoRNA-encoding introns
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and not exons that are evolutionarily con-
served and express functional RNAs requires
a modification of the current desecription of
exons as the main information-carrying re-
gions of a gene.

Determination of the 5' terminus of RNAs
encoded by UI7HG and gas5 genes revealed
that transcription of these genes starts with a
C residue followed by a polypyrimidine tract
(Pelczar & Filipowicz, 1998; Smith & Steitz,
1998). This property makes the genes mem-
bers of the 5'-terminal oligopyrimidine
(5'TOP) family which includes genes encoding
ribosomal proteins, some translation factors,
and few other housekeeping genes. The
polypyrimidine tracts are responsible for
upregulation of translation of the 5'TOP
mRNAs in response to growth factors or
other conditions which require coordinated
increased synthesis of proteins making up the
translational apparatus (reviewed by Meyu-
has et al., 1996; Amaldi & Pierandrei-Amaldi,
1997). Interestingly, other known snoRNA
host genes, including non-protein-coding
UHG and U19HG genes, have features of the
5'TOP genes (Tycowski et al., 1996a; Bortolin
& Kiss, 1998). Similar characteristics of the
transcription start site regions in snoRNA
host and ribosomal protein genes raise the
possibility that expression of components of
ribosome biegenesis and translational ma-
chineries is coregulated. It is more plausible
that coordination of expression of snoRNA
hosts and the genes coding for translational
components occurs at the transcriptional
rather than the translational level. It is rather
unlikely that 5'-terminal oligopyrimidine
tracts have been conserved in UHG, U17HG
and gas5 RNAs in order to regulate transla-
tion of these apparently non-protein-coding
RNAs (Tycowski et al., 1996a; Pelczar & Fili-
powicz, 1998; Smith & Steitz, 1998). The oli-
gopyrimidine tracts in 5'TOP genes are usu-
ally present not only downstream but also up-
stream of the start site C residue (Meyuhas et
al., 1996; Amaldi & Pierandrei-Amaldi, 1997)
and may play a role in transcription of the

5TOP genes. Perry and co-workers (Hariha-
ran & Perry, 1990; Safrany & Perry, 1995)
have reported that integrity of the start site
oligopyrimidine tracts in mouse ribosomal
protein genes S16 and L30 is important for ef-
ficient and precise initiation of their tran-
scription. Although transcriptional role for
the oligopyrimidine tract in non-protein-
coding host genes is the most probable one, it
is possible that these sequences have a differ-
ent function, more directly related to the
processing of snoRNAs from primary tran-
scripts (Pelczar & Filipowicz, 1998; Smith &
Steitz, 1998).

ADDITIONAL FUNCTIONS FOR
GUIDE snoRNAs AND SOME
UNANSWERED QUESTIONS

Two recent reports indicated that guide
RNAs specifying nucleotide modifications
also function in processes other than rRNA
modification. Tycowski et al (1998) have
identified in vertebrates two C/D class guide
RNAs, named mgU6-47 and mgU6-77, which
specify 2'-O-methylation of nucleotides in the
spliceosomal U6 snRNA. Similarly as all
known C/D box snoRNAs, the two guide
RNAs targeting U6 modifications are local-
ized in the nucleolus. The mgU6-77 RNA, in
addition to specifying modification of the C
residue 77 in U6 snRNA, also directs the 2'-0-
methylation of 28S rRNA at position C2970.
Since U6 RNA is nucleoplasmic, the latter
finding raises an interesting question of
where in the cell the 2'-0-methylation of U6
snRNA occurs.

Mitchell et al. (1999) have uncovered that
the 3'-terminal domain of the RNA compo-
nent of telomerase in mammals has the
H/ACA snoRNA-like structure. Integrity of
this domain (e.g., intact H and ACA boxes) is
essential for accumulation of the telomerase
RNA in vivo, and for telomerase activity. It is
not known whether the telomerase H/ACA
domain guides pseudouridylation of any
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RNA target. It may be just required for proper

3" end processing and stabilization of te-
lomerase RNA by protecting it against diges-
tion by 3" = 5’ exonucleases. Interestingly
however, replacement of the authentic
H/ACA domain in the telomerase RNA by the
H/ACA snoRNA U64 is sufficient for 3' end
processing and accumulation of the resulting
chimeric RNP but not for its activity. Hence,
the H/ACA domain in telomerase RNA may
also contribute to the assembly and/or func-
tion of telomerase.

The specific function of nucleotide modifica-
tions introduced in rRNA by guide snoRNPs
is not known. The modifications are largely
restricted to the universally conserved cores
of mature rRNAs, likely to play a fundamen-
tal role in ribosome function. However, de-
spite this evolutionarily conserved localiza-
tion of modifications to functional regions of
rRNA, disruption of expression in yeast of as
many as seven snoRNAs at a time has no ef-
fect on cell viability or growth (reviewed in
Maxwell & Fournier, 1995; Bachellerie & Ca-
vaillé, 1997; Lafontaine & Tollervey, 1998; Qu
et al.,, 1999). It is possible that modified nu-
cleotides contribute to more global phenom-
ena rather than act individually and deletion
of tens of snoRNA genes would be required in
order to see the effect. One can envisage that
the modifications are required for rRNA fold-
ing or contribute to some of the many interac-
tions, either RNA-RNA or RNA -protein, the
ribosome is involved in. Addition of methyl
groups generates more hydrophobic surfaces
or may stabilize RNA stems by constraining
the sugar residues into the more rigid C3'-
endo conformation (Kowalak et al., 1994: La-
fontaine & Tollervey, 1998). On the other
hand, usage of Ws increases the hydrogen
bonding potential (three hydrogen bonds in-
stead of two). It is also possible that blocking
of the 2"-hydroxyl groups by methylation may
protect crucial regions of RNA from hydro-
lytic degradation. Additional informations as
to possible functions of modified nucleotides
in rRNA and evolution of guide snoRNAs can

be found in articles by Maden (1990), Ofen-
gand & Bakin (1997), and Lafontaine &
Tollervey (1998).

Questions addressing possible origins of
non-protein-coding snoRNA host genes are
also interesting though difficult to answer
conclusively. Several scenarios can be envis-
aged (Pelczar & Filipowicz, 1998). (I) Exons of
these genes originally encoded a protein but
this property was lost during evolution. (II)
The host exons may have encoded a structural
or regulatory RNA, whose function became
obsolete with time or which we have not yet
identified; (III) The genes originated from
polycistronic snoRNA genes, similar to genes
expressed in plants and yeast, by conversion
of the inter-snoRNA spacers into spliceable
exons. The last possibility would imply that
units encoding poly-snoRNAs are evolutionar-
ily very old. Such genes could have arisen by
duplication of single snoRNA units at a time
when the complexity of rRNA medification
was increasing. Characterization of snoRNA
transcription units in additional distantly re-
lated organisms might throw more light on
origins of the non-protein-coding snoRNA
host genes.
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