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Abstract

In eukaryotes, the site-specific formation of the two prevalent types of rRNA modified nucleotid@snéhylated nucleotides and
pseudouridines, is directed by two large families of SnoRNAs. These are termed box C/D and H/ACA snoRNAs, respectively, and exert their
function through the formation of a canonical guide RNA duplex at the modification site. In each family, one snoRNA acts as a guide for
one, or at most two modifications, through a single, or a pair of appropriate antisense elements. The two guide families now appear much
larger than anticipated and their role not restricted to ribosome synthesis only. This is reflected by the recent detection of guides that can
target other cellular RNAs, including snRNAs, tRNAs and possibly even mRNAs, and by the identification of scores of tissue-specific
specimens in mammals. Recent characterization of homologs of eukaryotic modification guide snoRNAs in Archaea reveals the ancient
origin of these non-coding RNA families and offers new perspectives as to their range of function. © 2002 Société francaise de biochimie
et biologie moléculaire / Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction somes. The two types of eukaryotic rRNA modifications are
directed by two large families of snoRNAs (small nucleolar
RNASs) which specify the sites to be modified, in both cases
through the formation of a specific duplex at the rRNA
modification site, while the catalytic function is provided by

The biogenesis of eukaryotic ribosomes in the nucleolus
involves an intricate series of pre-rRNA processing steps.
This results in the removal of extended spacer regions from

the primary transcript and production of stoichiometric ) .
. a common protein enzyme, methylase or pseudouridine
amounts of mature small and large subunit rRNAs. Before . . . .
synthase, associated with the snoRNA. Since a single

its cleavage by endo- and exonucleases, the nascent pre- . .
rRNA und%rgo)e/zs a complex pattern of nucleoside modiﬁ- snoF\"l.\IA.gwde can direct one, or at most tWO. rRNA
cations of its mature small subunit (SSU) and large subunitmOd'flcatlons.’ the number of these R.NA Species was
(LSU) sequences. These modifications are of two prevalente)(peme‘j until recently t_o approach 200 in vertebr_ates.
types, 20-ribose methylation or pseudouridylation, each ~ However, recent studies show that the complexity of the
involving about 50-100 sites per eukaryotic ribosdfes]. two snoRNA guide families has been largely underesti-
They are exclusively located within the most conserved, Mated. Their diversity relates not only to their genetic
functionally important domains of mature RNAs, particu- ©rganization and biosynthesis but a!so to the existence of
larly into the structural elements contributing to the variant snoRNA structures and multiple .cellular RNA tar-
peptidyl-transfer region and its viciniti$] and their posi- ~ 9€ts, reflectmg_a range of cellular functions .b_eyo.nd I’Ib.O-
tions are largely (but not perfectly) conserved among distantSOmMe biogenesis. Novel members of the modification guide
eukaryotes. While these modifications of elusive role are not SNORNA families target spliceosomal snRNAs in verte-
absolutely essential, they are likely to fine-tune rRNA Prates, tRNAs in Archaea and even probably eukaryotic
folding and interactions with ribosomal proteins, thereby MRNASs, in addition to rRNAs. Remarkably, an increasing

modulating both the biogenesis and activity of the ribo- NuMber of “orphan” guides without known RNA targets
have been identified. Several of them are expressed in a

tissue-specific fashion and submitted to genomic imprint-
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identification of homologs of guide snoRNAs in organisms
lacking a nucleus, Archaea, provides further insights into
the evolutionary origin and function of these two large
families of non-coding RNAS.

Fundamental properties of snoRNA guides for rRNA
modification have been reviewed previously [2,3,5-9] and
the reader isreferred to these articles for further information
on their gene organization, biogenesis and guide function,
as well asto reviews dealing with pre-rRNA processing and
nuclectide modification in eukaryotes [1,10-13]. In this
article, following an updated summary of the properties of
rRNA modification guides, we will focus on recent break-
throughs revealing the unanticipated structural and func-
tional diversity of the two families of guide snoRNAs in
organisms ranging from Archaea to Eukarya.

2. Thetwo families of rRNA modification guides
2.1. Structure and function

Except for the RNA component for RNase MRP, all
snoRNAs to date fall into two major classes, antisense box
C/D and box H/ACA snoRNASs, based on the presence of
short consensus sequence motifs [14]. Most members of the
two snoRNA families guide the 2'-O-ribose methylations
and pseudouridylations, respectively, of rRNA. It is note-
worthy, however, that a handful of them are involved
instead in pre-rRNA cleavages[12]. The two snoRNA guide
families have been identified in awide spectrum of eukaryal
species, ranging from metazoans to yeasts, plants, and
kinetoplastid protozoans.

2.1.1. Methylation guides
Antisense box C/D snoRNASs contain two short sequence

moatifs, box C (5PUUGAUGAS') and box D (5'CUGA3),
located only afew nucleotides away from the 5" and 3' ends,
respectively (Fig. 1A). The two motifs are generally brought
together in a typica 5-3' terminal stem-box structure,
involving the 4-5nt at both termini, which is critical for
snoRNA biogenesis and nucleolar localization [2,15-19].
They also contain another, less conserved copy of the box C
motif, box C', in their central portion [20], and an additional
box D motif, termed box D', in their 5' half [21]. Finally,
they exhibit immediately upstream from box D and/or box
D' one or two of the so-called antisense elements, i.e.
sequence tracts 10- to 21-nt in length that are complemen-
tary to a site of rRNA 2-O-ribose methylation [22-24].
Methylation guide function of box C/D antisense snoRNAs
and the essentia role of the CUGA box motif in determining
the precise nucleotide to be methylated in the RNA duplex,
a the fifth position upstream from box D or box D'
(Fig. 1B), have been experimentally demonstrated [23,24].
Expression of an artificial box C/D snoRNA carrying an
appropriate antisense element is sufficient to target a novel
ribose methylation on the predicted pre-rRNA nucleotide
and aso, to a lesser extent, to RNA-polymerase Il tran-

scripts. This shows that the antisense element associated
with box D (or D" is the sole determinant of the site of
methylation [24]. More recently, based on a set of conserved
box motifs and precisely positioned, relatively long rRNA
complementarities, computational genomic searches have
helped identify avirtually full complement of rRNA methy-
lation guides in two eukaryal species with a compact,
completely sequenced genome, yeast S. cerevisiae [25] and
plant A.thaliana [26-28]. Presently, cognate box C/D
snoRNAs are known for 51 of the 55 ribose methylated sites
in S cerevisiae rRNA [25]. In A. thaliana, 66 C/D snoRNAS
potentially able to direct a total of 86 rRNA ribose methy-
lations have been identified, but the precise number of
2'-O-methylated rRNA nucleotides remains to be assessed
in this organism [26-28]. In mammals, while a computer
search of databases have helped identify many antisense
C/D snoRNAs in the early phase of this research
[22,29-31], further progress has essentialy resulted from
experimental screens [23,32]. A screen for small non-
MRNAs in mouse based on an EST-like sequencing ap-
proach has recently detected 72 new C/D and 41 new
H/ACA snoRNAs, most of them targeting rRNA [32]. Asa
result, snoRNA guides for 93 of the 105-107 2'-O-
methylated sites in mammalian rRNAS are now known.
Scores of rRNA methylation guides have aso been identi-
fied in Drosophila [33] and Trypanosoma [34—-36]. Interest-
ingly, a universally conserved LSU rRNA ribose methyla-
tion with a predicted snoRNA guide, corresponding to
Um4458 in human 28SrRNA, is catalyzed by a site-specific
methyltransferase in bacteria and mitochondria [37,38].

2.1.2. Pseudouridylation guides

Box H/ACA snoRNAs share a common secondary struc-
ture consisting of two large hairpin domains linked by a
hinge and followed by a short tail (Fig. 1A). Conserved
motifs termed boxes H (ANANNA, where N stands for any
nucleotide) and ACA (a trinucleotide aways found three
nucleotides away from the 3' end) are located in the hinge
and tail, respectively [14,39]. Each H/ACA snoRNA con-
tains an appropriate bipartite guide sequence in the internal
loop of one (or both) of the two large hairpin domains
[3,40]. The two stems forming the 9-13 bp bipartite guide
duplex precisely flank the substrate uridine which remains
accessible for isomerization (Fig. 1B). Reminiscent of the
target/box-D spacing rule observed for methylation guides,
the conserved distance between the target uridine and the
downstream H or ACA box of the snoRNA, 14-16 nt, is a
critical determinant of the pseudouridylation site [40,41].
Genomic search of pseudouridylation guides, in contrast to
methylation guides, is severely limited by their shorter box
motifs and bipartite (instead of single, continuous) antisense
elements. No fruitful genomic search has been reported so
far for yeast S cerevisae and only 15 yeast H/ACA
snoRNAs are known, which collectively target 19 of the 44
S cerevisiae rRNA pseudouridines [40,42]. In mammals,
guides for 42 of the 91-93 rRNA pseudouridines [43] have
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Fig. 1. Structural features of the two families of modification guide snoRNAs. (A) Schematic secondary structures of the C/D and H/ACA classes of
eukaryotic snoRNAs, with indication of their conserved box motifs (in green and orange boxes, respectively) and sequence tracts complementary to the
cognate RNA target, also termed antisense elements (thick blue lines). The nucleotide targeted for modification is denoted by a yellow circle. For C/D
snoRNAs (left), the 5'-3' termina stem allowing the formation of the box C/D structural motif is represented. (B) Canonical structure of each type of guide
RNA duplex. (C) Sets of associated proteins and categories of cellular RNA targets identified so far. Archaeal homologs of the two sets of snoRNP proteins

are indicated.

been identified [32,40]. In yeast and mammals, the two
hairpin domains are essential for rRNA pseudouridylation,
even when the H/ACA snoRNA contains a single guide
sequence [41]. In Trypanosoma, however, the first charac-
terized H/ACA snoRNA consists of a single-hairpin struc-
ture, representing the shortest rRNA pseudouridylation
guide described so far in Eukarya [44].

2.2. Biogenesis and assembly of snoRNP particles

2.2.1. ShoRNA gene organization and expression

Both snoRNA familiesare closely related by their unusual
genomic organization and modes of biosynthesis. In verte-
brates, they are encoded within introns and are not indepen-

dently transcribed but processed from the pre-mRNA introns,
in most cases by exonucleolytic digestion of the debranched
lariat. Outside Metazoa, guide snoRNAs exhibit a more
diverse gene organization. In yeast S cerevisiae, only afew
of them are intronic and most are synthesized from indepen-
dent mono-, di-, or polycistronic RNA transcripts processed
by endo- and exonucleases [45-47]. Occurrence of clusters
of multiple different sShoRNA genes, transcribed as polycis-
tronic precursors, sometimes encoding both box C/D and box
H/ACA types, from which individual snoRNAs are pro-
cessed, is also widespread in higher plants and in Trypano-
soma [26-28,34,44,48,49]. Intriguingly, U86, a novel yeast
C/D snoRNA which has a human intronic homolog, is
encoded within an open reading frame and its synthesis
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appears to be alternative to that of the cotranscribed mRNA
[50]. Finally, detection of archaeal homologs of box C/D
snoRNAS (see below) also points to the peculiar aspects in
their biosynthesis, with the coding sequences of several of
them partially overlapping upstream and/or downstream
open reading frames.

Most genes hosting intronic snoRNA guides for rRNA
modifications code for proteins involved in ribosome bio-
synthesis or function, which suggests that this particular
gene organization might provide a regulatory link between
partners in the same biological process. However, the
hypothesis cannot be generalized: several intronic SnoRNA
guides are hosted by different genes in different eukaryotes
[51-53] and an increasing number of vertebrate host genes
lack any direct relationship with translation, some of them
even being apparently devoid of protein-coding potential
[21,54-56]. However, al vertebrate genes hosting an in-
tronic snoRNA guide for rRNA modification belong to the
family of actively transcribed housekeeping genes termed 5'
TORP (terminal oligopyrimidine) genes, which could provide
the basis for a coordination of snoORNA biosynthesis at the
transcriptional level [55,56]. In yeast too, promoter regions
of mono- or polycistronic snoRNA genes and genes hosting
intronic snoRNAs share common control elements, pointing
to coordinated transcription [47].

Whether the snoRNA genes are independently tran-
scribed or are intron-encoded, correct processing and nucle-
olar localization of the mature guide snoRNAs are directed
by conserved boxes C/D and H/ACA through bound
SnoRNP proteins [15-18,57-59].

2.2.2. Associated proteins

Both types of guide snoRNAs function as small ribo-
nucleoprotein particles (snoRNPs), each one consisting of a
site-specific snoRNA associated with a small set of proteins
common to each guide family (Fig. 1C).

Box C/D snoRNPs contain four evolutionarily conserved,
essential proteins, fibrillarin (Noplp), Nop56p, Nop58p and
Snul3p. Fibrillarin, which exhibits amino acid sequence
motifs characteristic of SAM-dependent methyltransferases
[60], isthelikely snoRNA-guided modifying enzyme[61], as
point mutations in the methylase-like domain disrupt all
rRNA methylations [62]. Snul3p protein, the yeast homolog
of mammalian 15.5 kD protein, binds specifically to the C/D
structural motif, termed a K-turn, in which an asymmetric,
3 ntinternal loop isflanked by aregular stem on oneside and
two non-Watson-Crick, sheared G.A pairs on the other
[63—65]. This protein which binds the same structural motif
in U4 withinthe U4/U6.U5tri-snRNPcomplex [66] isalso an
integral component of this spliceosomal complex, raising the
interesting possibility that mRNA splicing and snoRNA
synthesis may be linked. Two other core proteins of C/D
snoRNPs, Nop56p and Nop58p, are highly related to each
other in sequence [67,68].

Proteins common to H/ACA snoRNPs include evolution-
arily conserved proteins Cbf5p (dyskerin), Garlp, Nhp2p

and Nop10p, all essential for the pseudouridylation reaction.
Cbf5p is likely to correspond to the catalytic component of
the H/ACA-snoRNA-guided modification, based on the
presence of signature motifs for pseudouridine synthase and
deleterious effects of point mutations in these motifs
[69,70]. Mutations in the human homolog of Cbf5p, dys
kerin, are a cause of dyskeratosis congenita, an inherited
human disease first proposed to result from ribosome
dysfunction [71]. However, another form of the disease
linked to an atered telomerase activity has been recently
characterized [72], suggesting that the critical effect of
dyskerin mutations in the pathology rather reflects the
specific binding of the Cbf5p homolog to telomerase RNA,
which aso contains an H/ACA domain (see below). Based
on amino acid sequence homologies, Cbf5p appears closely
related to TruB, which catalyzes the pseudouridine forma-
tion in the T loops of virtualy al tRNAs. The crysta
structure of TruB bound to RNA suggests that both enzymes
recognize RNA in a similar manner [73]. Nhp2p, Nop1Op
and Cbf5p constitute the core of H/ACA snoRNPs [74,75].

Recently, a pair of highly conserved nucleoplasmic
proteins related to each other which have both DNA
helicase activity and are linked with chromatin remodeling
and transcription, p50 (Rvb2) and p55, were observed to
bind to a model box C/D snoRNA in vitro, suggesting that
they function at an early stage of snoRNP biogenesis in the
nucleoplasm [67,76]. Remarkably, depletion of p50 impairs
assembly or trafficking of C/D snoRNPs and H/ACA
SnoRNPs as well. In each snoRNP type, two core proteins,
Snul3p and Nhp2p, respectively, are strikingly related to
each other, particularly in their middle portion, which might
provide a common element mediating coordinated biogen-
esis of the two snoRNA families[77]. In yeast S. cerevisiae,
Snul3p and Nhp2p exhibit significant similarity to riboso-
mal protein L30, raising the possibility of a further link
between ribosome and snoRNP production. Snul3p and
Nhp2p share a common archaeal homolog, ribosomal pro-
tein L7Ae, pointing to acommon evolutionary origin for the
two families of modification guide snoRNAs (see below).

3. A widerange of cellular RNA targets for eukaryotic
snoRNA guides

3.1. Modification guides for spliceosomal snRNAs

Mammalian U1, U2, U4, U5 and U6 snRNAs contain a
very substantial number of 2'-O-methylations and pseudo-
uridylations, amounting collectively to 30 and 24, respec-
tively [78]. Interestingly, these modifications are mainly
located in the sSnRNA segments involved in intermolecular
RNA-RNA interactions or conformational switches during
spliceosome assembly and function, suggesting that they
play an important role in splicing control [78]. In line with
this notion, modifications in the 5 termina region of
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vertebrate U2 snRNA are required for snRNP assembly and
pre-mRNA splicing [79].

Antisense box C/D snoRNAs able to guide snRNA
2'-O-methylations have been first reported in the case of U6
in vertebrates [80,81]. The homolog of one of these,
mgU6-47, has been recently identified in Drosophila and
fission yeast S. pombe [82]. The disruption of the S. pombe
mgU6-47 gene demonstrated this snoRNA is absolutely
required for site-specific 2'-O-methylation of U6. Although
the cognate U6 methylation is not essential, it seems to be
involved in a fine-tuning of MRNA splicing [82]. Severa
snoRNA guides for the formation of additional snRNA
ribose methylations not only in U6, but also in U2 and U4
snRNAs have been recently detected through a general
screen for small non-mRNAs in mouse [32]. Severa
H/ACA snoRNAs that are able to guide pseudouridylations
in mouse U2 and U6 snRNAs have aso been identified in
the same experimental screen [32]. Meanwhile, an outstand-
ing C/D-H/ACA chimeric snoRNA, U85, directing 2'-O-
methylation of position 45 and pseudouridylation of uridine
46 in the invariant loop of U5 snRNA has been identified in
human and Drosophila [83]. Current observations suggest
that other chimeric C/D-H/ACA snoRNAs guides for the
2'-O-methylation and pseudouridylation of vertebrates snR-
NAs might exist [84].

Yeast S cerevisiae snRNAs, the 2'-O-methylations of
which have not been investigated, contain considerably less
pseudouridines than vertebrates snRNAs, with only three
pseudouridines in U2 snRNA and no pseudouridine at al in
U6 snRNA, in contrast to the 12 and 3 pseudouridines,
respectively, present in their vertebrate homologs [78,85].
No snoRNA guide for ayeast shnRNA pseudouridylation has
been reported so far. The three pseudouridines in yeast U2
are conserved in vertebrates, corresponding to 34, w41 and
w43 in human U2. Remarkably, although one of these sites,
y34, has a cognate H/ACA snoRNA guide in mammals,
analysis of yeast mutants showed snRNA pseudouridyla-
tions in yeast do not involve CbfSp, the rRNA-
pseudouridine synthase catalyzing the H/ACA-guided reac-
tion [69,85]. This suggests that either mechanisms of 34
formation in U2 snRNA are dramatically different between
yeast and vertebrates or yeast has a redundant, entirely
distinct biosynthetic pathway for this particular modifica-
tion. Interestingly, the formation of another conserved
pseudouridine in yeast U2, corresponding to w43 in verte-
brate U2, is catalyzed by Puslp, a pseudouridine synthase
which also modifies tRNAs [85].

The Cga body (or coiled body, CB) is a nuclear
organelle frequently located close to the nucleolus which
appears involved in the biogenesis of snRNAs and snoR-
NAs as well [18,86,87]. Newly synthesized snRNAs are
proposed to transit through the CBs before and after their
cytoplasmic stage of snRNP assembly, before reaching the
nuclear structures where splicing is detected, the speckles
[88]. Recent in situ hybridizations have shown that U85, the
chimeric C/D-H/ACA snoRNA guiding modificationsin U5

snRNA, as well several other snoRNAs predicted to guide
modifications of snRNAs U1, U2, U4 and U5 colocalize
with the CBs in human Hel a cells, raising the possibility
that modifications of these snRNAs are taking place in the
CBs [151]. However, the results of injection experiments
into the Xenopus oocyte suggest that U2 internal modifica-
tion occurs within the nucleolus [89].

3.2. Orphan guide snoRNAs

The finding that telomerase RNA in vertebrates contains
a typical H/ACA domain [90] and that human H/ACA
snoRNPs and telomerase share evolutionarily conserved
proteins [91,92] expands the structural and functional diver-
sity of the box H/ACA snoRNA motif, suggesting that some
of the novel snoRNAs in this group might have unantici-
pated functions. No presumptive RNA target for pseudou-
ridylation has been identified for the H/ACA domain of
vertebrate telomerase RNA. Interestingly, the 3' terminal
stem-loops of human telomerase RNA and U17 (see below)
have some specific features that distinguish them from other
vertebrate H/ACA, since they could by themselves recon-
stitute a snoRNP in vitro unlike their counterpart in other
H/ACA snoRNAs [93]. Moreover, in the context of the
detection of a chimeric C/D-H/ACA snoRNA [83], it is
noteworthy that a couple of dramatically enlarged C/D
snoRNAS have been identified in mouse and yeast, MBI-43
and snR63, respectively, which each guides a single rRNA
2'-O-methylation [25,32]. These extended snoRNAs might
have a more complex function than the canonica rRNA
methylation guides characterized so far.

An increasing number of ubiquitously expressed snoR-
NAs belonging to the box H/ACA or C/D structural families
in mammals but devoid of antisense element to rRNA or
snRNA have been reported recently [32,94]. A single yeast
specimen in this category, a C/D snoRNA, has been
detected [50]. Recent EST screen for mouse small non-
mRNAs identified 15 C/D and 11 H/ACA orphan snoRNAS,
the biological role of which remains elusive [32]. Many
RNA species not directly related to ribosome biogenesis,
including several mRNAS, have been reported to localize
transiently to the nucleolus and the 5'-terminal processing of
some yeast pre-tRNAs by RNAse P takes place in the
nucleolus [95,96]. This suggests that a host of cellular
RNAs might be targeted by these intriguing orphan modi-
fication guides. A search for potential target sitesin the three
stable non-coding RNASs trafficking through the nucleolus,
telomerase RNA, RNase P and SRP RNA, was negative for
all the orphan snoRNAs reported so far. Alternatively, some
orphan snoRNAs could be exclusively involved in pre-
rRNA cleavages instead of modification, similar to C/D
snoRNAs U3, U8 and U22 [12,97,98] and yeast H/ACA
snR10 and snR30 [99,100]. Remarkably, the vertebrate
homolog of yeast snR30, U17, also involved in pre-rRNA
cleavage, has a 3 domain exhibiting hallmarks of a
pseudouridylation guide for a still unidentified target, point-
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ing to a dual function of this snoRNA, as previously
demonstrated for afew modification guides targeting rRNA,
such as H/ACA snoRNAs E2 and E3 and C/D snoRNA U14,
which al have an additiona role in pre-rRNA cleavage
[101,102].

3.3. Looking for mRNA targets

Trans-splicing is an RNA processing pathway where a
common, relatively short terminal 5' exon, the spliced leader
(SL RNA), is linked to al or to a variable fraction of
MRNASs in an organism. The novel process, initially discov-
ered in kinetoplastid protozoans, has been subsequently
identified in widely different phyla of metazoans, including
nematodes [103]. Trypanosoma SL RNA can be cross-
linked to another small RNA, SLAZ1, that foldsasan H/ACA
snoRNA containing a single-hairpin structure. Recently,
SLA1 was found to be potentially able to guide pseudouri-
dine formation at a position of the spliced leader that is
always pseudouridylated, position 12 relative to the 5' splice
site of SL RNA [44]. Mutations introduced in the SL RNA
to disrupt the presumptive canonical guide duplex involving
SLA1 abolished pseudouridylation, as expected [104]. The
conserved SL RNA pseudouridine might play a role in
modulating SL-snRNA interactions during trans-splicing or,
aternatively, in the export of spliced mRNAs from the
nucleus or even during translation. Remarkably, SLA1 RNA
is unique so far among modification guides in also binding
to the Sm core protein [105]. It localizes both in the
nucleolus and the nucleoplasm where it is likely to bind its
target SL RNA, probably reflecting the shuttling of SLA1
between distinct nuclear sites.

The possihility that some of the above-mentioned orphan
guide snoRNAS, which are ubiquitously expressed in mam-
mals, might target an MRNA must be considered, although
the presence of mRNA pseudouridines or 2'-O-methylations

5-HT2c pre-mRNA
| 1T I IV

(external to the 5' cap structure) has not been reported so far.
This hypothesis remains difficult to test by the search of
appropriate complementarity in complex mammalian ge-
nomes, unless unusually long guide duplexes are involved.
Screening of myriad candidate targets by comparative
search of multiple mammalian genomes, based on con-
served guide RNA duplexes, might provide clues on this
exciting issue in the near future. Remarkably, among the
novel brain-specific snoRNAs (see below), C/D snoRNA
MBII-52 displays an unusualy long (18 nt), phylogeneti-
caly conserved antisense element to an mMRNA that is
specificaly expressed in the brain [106]. This snoRNA
could play a key role in the processing of its presumptive
RNA target, serotonin receptor 5-HT2c mRNA (Fig. 2).
Strikingly, the mRNA nucleotide potentially targeted for
2'-O-methylation by snoRNA MBI I-52 is a so the subject of
a physiologically important adenosine-to-inosine editing
[107]. In vitro, 2-O-methylation of the adenosine to be
edited dramatically inhibits its deamination to inosine[108],
suggesting for MBII-52 arole in the regulation of 5-HT2c
MRNA editing (see aso below). Alternatively or addition-
ally, the same antisense element in snoRNA MBI I-52 might
also control the alternative splicing of 5-HT2c pre-mRNA at
a nearby splice site, through steric occlusion instead of
nucleotide modification (Fig. 2).

As discussed below, further study of an intriguing set
orphan guide snoRNAs exclusively expressed in the brain
might open new insights as to the potential range of
functions of these unexpectedly large snoRNA families.

4. Brain-specific snoRNAs and genomic imprinting

In contrast to al known rRNA or snRNA modification
guides and unlike most orphan snoRNAS, an increasing
number of recently identified snoRNAs, mostly of the C/D
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Fig. 2. A potential mRNA target for brain-specific MBII-52 C/D snoRNA. Top: Schematic structure of the serotonin receptor 5-HT2c pre-mRNA. Bottom:
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family, exhibit a tissue-specific expression pattern, being
mainly expressed within the brain [106,109-113]. Intrigu-
ingly, the genes of all of them are subjected to genomic
imprinting, an epigenetic phenomenon that restricts gene
expression to only one chromosome, either the paternal or
the maternal allele [114]. An exception from that rule
seemed to be the HBI-36/MBI-36 snoRNA which is also
exclusively expressed in the brain, but is not subject to
imprinting. However, expression of this snoRNA gene
occurs still from one chromosome only, since its host gene
the serotonin receptor 5-HT2c, locates to the X chromo-
some. Thus it appears as if all brain-specific snoRNAs
detected so far are exclusively transcribed from one chro-
mosome only. Around 50 imprinted genes have been de-
scribed in mammals so far, most of them involved in the
regulation of fetal/placental growth, cell cycle and brain
development. While the evolutionary origin and biological
significance of genomic imprinting is still under active
debate, this process has an evolutionary cost. Since im-
printed genes are functionally haploid, genetic alterations
such as chromosomal deletions or uniparental disomy can
lead to loss of expression of the active alele or abnormal
expression of the silent allele, giving rise to various human
genetic syndromes (Prader-Willi, Angelmans, Beckwith-
Wiedemann), behavioral disorders (autism, Turner and
Tourette syndromes) or even cancers (Wilm's tumors).
Unexpectedly, imprinted snoRNA genes have been recently
detected at two human chromosomal loci: 15q11g13 and
14932 in which they share the same outstanding genomic
organization [106,110,112,152]. The novel snoRNAs are
intron-encoded like all guide snoRNAS previously reported
in vertebrates. However, the snoRNA-containing intron and
flanking exons are tandemly repeated to scores of copies
(Fig. 3). The snoRNAs are processed from complex tran-
scripts spanning the entire snoRNA repeat array which also
giverise to spliced RNAs lacking open reading frames. The
function of the spliced transcripts of the snoRNAs host
genes remains elusive.

4.1. Paternally expressed snoRNA genes at human
15q11g13 (mouse 7C)

The first imprinted snoRNA genes, MBII-13, MBII-85
and MBII-52, have been identified through a systematic
search for small non-messenger RNASs expressed in mouse
brain [106]. MBII-85 has been aso characterized by two
other independent approaches [110,112]. Their genes map at
mouse Chr. 7C and their human homologs, HBII-13, -85
and -52, at the syntenic 15911913 region (Fig. 3). HBII-52
and HBII-85 are arranged into two tandem arrays of 27 and
47 snoRNA genes copies, respectively, each one embedded
within a [ kb long repeat unit [106,113]. HBII-13 snoRNA
is structuraly related to HBII-52 and encoded by a single
gene copy. Within each of the two HBII-85 and HBII-52
clusters, copies of each snoRNA sequence are highly similar
to each other (90% and 94% identity, respectively) whereas
surrounding sequences in the repeat unit diverge substan-
tialy from each other. The snoRNA gene organization at the
syntenic mouse locus is similar but its analysis remains
incomplete [106,110,112]. While their flanking sequences
diverge extensively between human and mouse, the three
novel snoRNASs are strongly conserved, pointing to their
biological importance. Human 15q11g13 locus is associated
with two very different human neurological disorders:
Prader-Willi (PWS) or Angelman syndromes (AS) that
result from the loss of paternal or maternal gene expression
within this region, respectively [115]. The three C/D snoR-
NAs are not expressed in a PWS patient (with a large
paternal deletion of the whole imprinted locus) or in a
mouse model mimicking some aspects of the PWS pheno-
type, indicating that they are only expressed from the
paternal allele [106]. They are processed from a very large
transcript (>460 kb), an antisense RNA to the maternally
expressed UBE3A gene[113] which might regulate UBE3A
paternal expression (Fig. 3). While the three imprinted
snoRNAs are processed from the same transcript, only
HBII-52 is strictly brain-specific suggesting the involve-
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Fig. 3. Schematic representation of clusters of tandemly repeated snoRNA genes at two human imprinted loci. Only a portion of each imprinted locus, 14932
and 15q11q13, is represented. Imprinted genes are depicted by blue and red boxes, for paternally expressed and maternally expressed genes, respectively,
with their transcription start site and direction of transcription indicated by arrows. The paternally or maternally expressed C/D snoRNA genes are depicted
by vertical bars (blue or red, respectively) with the name and copy number of each snoRNA in a cluster indicated above and below, respectively. The typical
structure of a snoRNA-containing repeat unit is depicted in the case of snoRNA HBII-85 below the repeat array (the non-coding exon is denoted by a black

box, and intronic sequences by a thick line).
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ment of tissue-specific RNA processing events. Whether all
the snoRNA gene copies are expressed is not known but
HBII-85 and HBII-52 are among the most abundant C/D
snoRNAS detected in mouse brain.

4.2. Maternally expressed snoRNA genes at human 14g32
(mouse distal 12)

Another brain-specific snoRNA, RBII-36, has been iso-
lated by the screening of arat C/D snoRNA library [109]. It
is encoded within apreviously described non-protein coding
gene, Bsr, that spans an array of (1100 snoRNA-containing
tandemly repeated units of 0.9 kb [116], strongly reminis-
cent of the snoRNA gene organization observed at the PWS
locus. RBII-36 snoRNA is exclusively expressed in neu-
rons, in which it exhibits anucleolar localization. RBI1-36 is
generated by the superimposition of two mutually exclusive
processes, the classical exonucleolytic processing of the
debranched lariat and a splicing-independent pathway in-
volving endonucleolytic cleavages within pre-mRNA.
While RBII-36 and its Bsr host gene could only be detected
in rat [109,116], the human and mouse loci syntenic to the
rat Bsr-containing 6g32 locus, human 14932 and mouse
distal 12, respectively, also contain tandemly repeated
arrays of novel, imprinted tissue-specific C/D snoRNAs
[152]. In contrast to PWS-encoded snoRNAS, these intronic
snoRNAs are only expressed from the materna allele in
mouse (Fig. 3). Interestingly, their antisense elements ex-
hibit a substantial level of inter-copy divergence in each
repeat array, supporting the notion that the tandemly re-
peated gene organization could provide the basis for a
functional diversification of some C/D snoRNAs.

4.3. Origin and function of imprinted C/D snoRNAs

The various tandemly repeated C/D snoRNA families
share a common 5'-3' terminal stem sequence (consensus.
5'GGACC...GGTCC 3) digtinct from that of any of the
previously reported, non-repeated C/D snoRNAs. This
might indicate that they have all evolved from a common
snoRNA ancestor gene in the early stages of mammalian
evolution, possibly after retrotransposition of the ancestral
snoRNA genefollowed by a series of tandem duplications at
the insertion locus. In agreement with the notion that
retrotransposition events may have played a major role in
the mobility of functional snoRNA genes [117], severa
typical C/D or H/ACA snoRNA retrogenes are found in the
human and mouse genomes (J.P. Bachellerie, unpublished
data). They exhibit the hallmark 3' poly(A)-tailed snoRNA
coding sequence flanked by a pair of 10-15-nt direct
repeats, reflecting the insertion of a likely cDNA interme-
diate at staggered nicksin the genome (Fig. 4). Interestingly,
one of them is closely related to one of the repeated,
imprinted C/D snoRNAs mentioned above, MBII-48. Many
imprinted loci share common features including the pres-
ence of repeated sequences and non-coding RNA genes

[118]. Non-coding RNAs are involved in multiple aspects of
gene expression including dosage compensation phenom-
enon [119], and the snoRNA host genes, or even the
snoRNAs themselves could play adirect role in the imprint-
ing mechanism. Since protein components of C/D snoRNPs,
p55 and p50, are linked with chromatin remodeling and with
transcription complexes [76] and Nop56p/Nop58p interact
with matrix-attached regions (MARS) in plants [120], these
proteins could be targeted to a particular imprinted chromo-
somal locus by ahigh local concentration of C/D snoRNAS,
independent of their antisense elements. Alternatively, since
the two imprinted loci are associated with neurological
defects and HBII-85 snoRNA is considered as a PWS
candidate gene [121], the repeated snoRNAs might affect
brain function and/or devel opment by specific pairing to yet
unknown RNA targets. However, except for HBII-52, which
contains an 18-nt long antisense element to the brain-
specific mMRNA encoding the serotonin receptor 2C (see
above), such targets remain to be identified. The only
brain-specific H/ACA snoRNA reported so far [106],
MBI-36 or HBI-36 (unrelated to the above-mentioned rat
RBII-36) is aso an orphan modification guide, but is not,
however, imprinted and expressed from repeated genes. Itis
encoded in the second intron of the brain-specific 5-HT2c
serotonin receptor gene, which is curiously the presumptive
target of imprinted, brain-specific HBII-52 C/D snoRNA.
Interestingly, HBI-36 and HBII-52 have an opposite local-
ization in the brain: HBI-36 is exclusively expressed within
choroid plexus (highly vascular structures arising from the
wall of ventricles), the sole brain area in which expression
of HBII-52 is not detected.

5. Archaeal maodification guides, tRNA targets
and archaeal splicing

In contrast to eukaryotes, the rRNA of typical bacterium
Escherichia coli contains only four 2'-O-methylations and
10 pseudouridines and each of these modifications appears
to be catalyzed by a site-specific protein enzyme, ribose
methylase or pseudouridine synthase, without any RNA
cofactor [38,122,123]. Among prokaryotic organisms, Ar-
chaea appear more closely related to Eukarya than to
Bacteria by multiple aspects of the macromolecular machin-
eries involved in DNA replication, transcription and trans-
lation [124]. A first assay of the extent of rRNA 2'-O-
methylations in an archaeon, Sulfolobus solfataricus, has
revealed a high number of methylations, 67, very similar to
eukaryal rRNASs[125], pointing to the potentia existence of
an RNA-guided site-selection system in Archaea too.

5.1. Archaeal C/D guides for rRNA 2'-O-methylation

Consistent with this notion, homologs of eukaryotic C/D
snoRNP core proteins, fibrillarin, Nop56/Nop/58 and
Snul3p are present in the genomes of the two major lines of
archaeal descent, Crenarchaeaotes and Euryarchaeotes
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[63,126,127]. Archaeal homologs of box C/D snoRNAs
have been recently discovered by two independent ap-
proaches involving genomic searches [128,129]. Although
only a minority of the predicted 2'-O-methylations have
been verified so far, current evidence suggests that most if
not all archaeal C/D sRNAs (small RNASs) function as
guides for rRNA ribose methylation obeying the same
spacing rule as eukaryotic C/D snoRNAs. Through the
computer screen of the three complete, closely related
Pyrococcus genomes for hallmark box motifs combined
with interspecies comparative analysis, 46 C/D sRNA spe-
cies conserved among the three hyperthermophilic eur-
yarchaea have been detected and experimentally identified
[128]. In an independent study, 18 sRNAs harboring C/D
hallmarks have been characterized in crenarchaeote S. aci-
docaldarius, through analysis of a cDNA library generated
from small RNAs immunoprecipitated from total cell ex-
tracts with antibodies raised against cloned archaeal ho-
mologs of fibrillarin and Nop56p [129]. In the next step,
these authors retrained a previously developed eukaryotic
search program [25] based on the structural traits of
experimentally identified S. acidocaldarius sRNAs. They
detected 13 high-scoring candidates, 10 of which were
experimentally verified, in closely related archaeon S. sol-
fataricus, and predicted more than 50 candidates in each of
the three Pyrococcus, most of which were confirmed inde-
pendently [128]. Omer et a. [129] aso predicted 23
untested candidates in A. pernix but only 8 and 4 (also
untested) candidates in euryarchaea M. jannaschii and
A. fulgidus, respectively. The very smal number of C/D
sRNAs predicted by genomic search in some Archaea might
merely reflect the limitations of the search program and the
presence of substantially different C/D sRNA structures in
these species. However, a recent experimental screen for

small non-messenger RNAs in hyperthermophilic eur-
yarchaeote A.fulgidus could detect only one additional
presumptive methylation guide for rRNA [153], suggesting
that the extent of rRNA 2'-O-methylation may widely vary
among Archaea, even among hyperthermophiles. The no-
tion that high levels of rRNA methylation reflect the need
for an increased thermodynamical stability of the ribosome
[130] may therefore not apply to all archaeal groups.
Archaeal C/D sRNAS appear as paradigms of minimalist
antisense C/D snoRNA, probably reflecting the size con-
straints on compact archaeal genomes. Slightly shorter than
their eukaryotic counterparts, they exhibit an outstanding
structural homogeneity, with almost identical sizes, ex-
tended consensus motifs for box C and C' and the quasi-
systematic presence of two (instead of one) rRNA antisense
elements [128-130]. Archaeal box C/D sRNAs are able to
assemble into functional RNA-protein complexes in the
eukaryotic nucleus and direct site-specific 2'-O-methylation
of eukaryotic rRNA [131]. Remarkably, in each archaeal
C/D sRNA, the pair of rRNA antisense elements always
matches two target sites very close to each other in rRNA
structure, suggesting the simultaneous formation of two
guide duplexes which could reflect a chaperone function in
the control of pre-rRNA folding. Likewise, many plant box
C/D snoRNAs have dual antisense elements matching pairs
of close rRNA sites [26]. Known genes of archaea C/D
SRNAs are not clustered but widely distributed in the
genome. They are encoded in both DNA strands, usually
mapping within the small portion of the archaeal genomes
corresponding to the inter-ORF segments. A few C/D
sRNAs, however, dightly overlap the upstream and/or
downstream protein-coding region [128-130]. Although a
part of these could reflect wrongly annotated ORFs, the
possibility that some sRNAs are generated from indepen-
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dent SRNA promoters embedded within an ORF or through
differential processing of chimeric SRNA/mRNA transcripts
remains to be tested. At least two closely linked Pyrococcus
C/D sRNAS, sR12 and sR39, seem to be produced by the
processing of a common sRNA precursor [128].

5.2. Methylation guides for tRNAs

A few predicted, and experimentally verified C/D sRNAs
lacking the usua 9-12 nt long antisense element to 16S or
23S rRNA have been detected in several Archaea
[129,130,132]. Most of them exhibit instead an antisense
element to a tRNA in the same species. The presence of a
2'-O-methylation at the predicted tRNA position remains
untested in most cases. However, the tRNA guide function
of some of the novel C/D sRNAs seems most likely.

For Pyrococcus sR47, sR48 and sR49, the notion is
supported by phylogenetic evidence[132]. Based on the box
D +5nt spacing rule, each of them can target the wobble
position in the anticodon of three different tRNA species,
tRNA-Leu(CAA), tRNA-Leu(UAA) and tRNA-Met(elong),
through 11-nt long antisense elements conserved in the three
Pyrococcus species. Moreover, guide duplexes involving
SR47 and sR49 are supported by the compensatory changes
in distantly related Archaea, A. fulgidus and M. jannaschii,
respectively, in which the cognate sSRNA homolog has been
identified [132]. As for sR48, it harbors a pair of tRNA
antisense elements targeting two different sites, position 58
and the first position of the anticodon, in the same tRNA-
Leu(UAA), similar to double-guide archaeal sRNAs typical
of rRNA methylation. In contrast to sR47 and sR48, sR49
targets the precursor, instead of the mature tRNA [132]. Its
guide duplex spansthe 5' exon/intron junction in pre-tRNA-
Met, suggesting that methylation of this tRNA takes place
before splicing, like some eukaryotic tRNA modifications
[133]. For a fourth tRNA methylation guide, sR50, which
also targets a tRNA precursor, the predicted function is
supported by both comparative and experimental evidence,
as detailed below. A search of the yeast S cerevisiae
genome for candidate C/D snoRNAs able to target yeast
tRNA 2-O-methylations was negative. No likely tRNA
target could be identified either for any of the mammalian
C/D snoRNAs devoid of rRNA or snRNA complementari-
ties mentioned above (C. Gaspin, J.P. Bachellerie, unpub-
lished data). Archaeal C/D sRNAs targeting rRNAs or
tRNAs bind directly and specifically ribosomal protein
L7Ae, the archaeal homolog of eukaryotic C/D snoRNP
protein Snul3p, apparently by recognizing same elementary
features in the box C/D structural motif [77] (V. Segault, B.
Charpentier, B.C. d'Orval, M.L. Bortolin, J.P. Bachellerie,
C. Branlant, unpublished data).

5.3. Novel C/D sRNAs linked to archaeal splicing

Archaeal sR50, the novel C/D guide for a tRNA 2'-O-
methylation, is outstanding because it corresponds to the

intron of its presumptive target, tRNA-Trp [132]. Based on
the box D + 5 nt spacing rule, it can direct in cistwo distinct
2'-O-methylations in the unspliced pre-tRNA-Trp, on posi-
tion 34, the first position of the anticodon, in the 5' exon and
on position 39 in the 3' exon, through intramolecular guide
duplexes both spanning an exon—intron junction. The pres-
ence of 2'-O-methylations at these tRNA-Trp positions had
been previoudly reported in halophile H. volcanii [134]. The
unusually large tRNA-Trp intron is so far the sole archaeal
intron displaying box C/D sRNA hallmarks. A search of
yeast tRNA introns for box C/D motifs was negative. In
archaea pre-tRNA-Trp, box motifs are conserved and the
two intramolecular duplexes maintained through compen-
satory changes in a wide range of euryarchaea, pointing to
the biological importance of the two 11- and 8-bp long
interactions. The guide function of the box C/D intron has
been verified in H. volcanii, through mutagenesis of the box
motifs, using an in vitro splicing/RNA modification assay in
which the two 2'-O-methylations were faithfully reproduced
[132]. Molecular mechanisms of the intramolecularly
guided methylations and their potential rolesin a control of
tRNA splicing remain to be assessed. In vitro, pre-tRNA-
Trp splicing does not seem to depend on nearby 2'-O-
methylations at positions 34 and 39 [132]. However, an
independent analysis of various pre-tRNA-Trp mutants in
H. volcanii suggests that these modifications might affect
splicing efficiency in vivo [135]. Interestingly, the hallmark
BHB (bulge-helix-bulge) structural motif required for the
splicing of archaeal introns cannot form in pre-tRNA-Trp
until the pair of intramolecular guide duplexesinvolving the
intron is dissociated. Subsequent to ribose methylation of
positions 34 and 39, major rearrangements of the pre-rRNA
structure must therefore occur before splicing can take
place. This outstanding biological system should help illu-
minate a still elusive aspect of the function of modification
guides in Archaea and Eukarya as well, i.e. their additional,
intrinsic role of RNA chaperones for the folding of cognate
RNA targets [2,9]. Addressing this experimentally challeng-
ing point could provide insights on the biological signifi-
cance of the nucleotide modification itself. In this context, it
is noteworthy that an increasing number of RNA modifying
enzymes, including 2'-O-methylases and pseudouridine syn-
thases, appear essential for growth although the modifica-
tionsthey catalyze are dispensable, possibly reflecting arole
of the modification process as a quality control mechanism
[136-139].

Another intriguing archaeal C/D sRNA associated with
splicing has been identified in a study revealing a further
link between intron splicing and pre-rRNA processing in
Archaea[140]. In the archaeal pre-rRNA primary transcript,
the BHB motifs found in the long processing stems flanking
pre-16S and pre-23S processing intermediates are cleaved
by the splicing endonuclease. It was recently found that this
cleavage is followed by ligation of the pre-rRNA spacers
surrounding each pre-rRNA intermediate in the primary
transcript, similar to religation of spliced archaeal exons
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[140]. Surprisingly, the spliced RNAS resulting from reli-
gation at the BHB motif at pre-16S RNA or pre-23S RNA
boundaries in euryarchaeon A. fulgidus or crenarchaeon
S solfataricus, respectively, harbor the box C/D motifs. The
spliced RNAS, designated as 16S-D or 165/23S-D, respec-
tively, depart from the above-mentioned C/D sRNAs guid-
ing rRNA or tRNA methylation by their larger size and
more complex structure. However, their C and D moatifs
form a K-turn structural motif typical of C/D snoRNAs and
bind the L7Ae protein with the same affinity as archaeal
guidesfor rRNA or tRNA methylations, but no known RNA
target site consistent with their methylation guide function
was identified [140]. The novel religated archaeal SRNAs
might belong to a subset of C/D small RNAs controlling
pre-rRNA folding and processing, such as essential eukary-
otic snoRNAs U3, U8 or U22 [12,97,98], but which could
act in cisinstead of trans. However, one of them, A. fulgidus
16S-D RNA, exists as a stable, separate entity after excision
from the rRNA operon transcript, pointing to a more
complex role than that of a mere cis-acting RNA chaperone.

5.4. Pseudouridylation guides

The few archaeal rRNAs analyzed so far contain only a
very small number of pseudouridines, similar to eubacterial
but in marked contrast to eukaryotic rRNAs [123,141].
However, genes encoding homologs of three H/ACA
snoRNP core proteins, Garlp, NoplOp and pseudouridine
synthase Chf5p, are present in archaeal genomes, raising the
possibility that the pseudouridine formation in archaeal
rRNAs also involves homologs of eukaryotic box H/ACA
snoRNAs [142]. In a recent experimental screen for small
non-messenger RNAs in A. fulgidus, four candidate H/ACA
small RNAs have been identified for the first time [153],
three of them strongly reminiscent of the Trypanosoma
single-hairpin pseudouridylation guides [44]. Together, the
four H/ACA sRNAs are predicted to direct a total of six
rRNA pseudouridylations, through the formation of bipar-
tite guide duplexes typica of eukaryotic H/ACA snoRNAs
and obeying the same target-H/ACA-motif spacing rule
(Fig. 5). In line with the notion that these SRNAS represent
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bona fide pseudouridylation guides, the predicted pseudou-
ridines have been experimentally verified in 16S and 23S
A. fulgidus rRNAs.

6. General conclusions

Methylation of 2'-hydroxyl groups may protect RNA
from hydrolytic degradation, enhance hydrophobic surfaces
and stabilize helical stems. Pseudouridines, through their
flexible C—C glycosyl bonds and increased capacity, relative
to uridines, to form H-bonds, may significantly contribute to
RNA tertiary structure. Nucleotide modifications directed
by snoRNA guides appear in most cases dispensable for cell
viability or growth. However, they are likely to have an
important biological role by fine-tuning a wide range of
RNA-RNA and RNA—protein interactions. This might oc-
cur not only in the assembly and function of the ribosome
and splicing apparatus but in other fundamental cellular
processes as well, as suggested by the detection in a wide
range of organisms of an increasing number of SnORNA
guides devoid of rRNA or snRNA antisense elements. Both
families of snoRNA guides are of ancient origin, largely
predating the evolution of a morphologically distinct nucle-
olar entity in the nucleus. Furthermore, the presence in
archaeal guide RNPs of a core protein which is also a
ribosomal protein, rpL7Ae, suggests that both guide fami-
lies, which have a related RNP organization, might have a
common evolutionary origin in primordial ribosomes [77].
Underlining their biological importance, modification guide
SRNASs are present in a wide spectrum of archaeal organ-
isms whose genomes are severely constrained in size, and
detection of novel specimens closely linked to the splicing
of archaeal introns open new perspectives as to their range
of function. These ancient RNA families show an outstand-
ing potential for structural and functional diversification in
the evolution, particularly in complex multicellular organ-
isms, as reflected by the identification of scores of ubiqui-
tous orphan C/D and H/ACA snoRNAS, in addition to the
intriguing tissue-specific, imprinted snoRNAs present at
multiple tandemly repeated copies in the mammalian ge
nomes. The two snoRNA guide families thus appear as a
paradigm of non-coding RNAs highly adapted for the
modern RNA world, in which awide range of posttranscrip-
tional controls are achieved by steric occlusion of sites
through sequence- specific recognition of target precursor or
mature RNAs [143-146]. M odification guides have intrinsic
properties of RNA chaperones, and the discovery of numer-
ous orphan specimens opens the possibility that these two
properties may be dissociated in some cases. Distinguishing
between the modification guide and chaperone function
could illuminate the biological significance of the nucle-
otide modification itself.

Guide snoRNAs are short, metabolically stable RNAs
whose largely modular structure provides the basis for tools
in fundamental or applied research. Methylation or

pseudouridylation can be targeted to novel rRNA sites by
expressing an artificial SnoRNA guide carrying an appropri-
ate antisense element [24,41]. Site-directed modification of
RNA polymerase 1l and RNA polymerase Il transcripts
transiting through the nucleolus is also effective [9,81]. To
test systematically the importance in cell growth of indi-
vidual naturally unmodified rRNA nucleotides, particularly
in 255 rRNA peptidyltransferase center, a method for
constructing libraries of yeast C/D snoRNA genes that can
introduce novel methylations into any rRNA segment of
interest has been developed [147]. The C/D box structura
motif has been successfully used to target to the nucleolus a
chimeric hammerhead ribozyme, highly efficient in the
selective cleavage of anucleolar RNA [148], or demonstrate
nucleolar transit of HIV-1 RNA and the Rev protein
[149,150]. Guide variants targeted to different intracellular
compartments through the utilization of appropriate local-
ization signals may now be envisioned. A few years ago,
identification of the two large families of snoRNAs and
discovery of their unanticipated guide function have con-
tributed to reveal the amazing diversity of gene controls
mediated by non-coding RNAs. Recent results in the field
indicate that we may expect more surprises and exciting
developments in this respect in the next future.
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