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Site-specific 2-O-ribose methylation of eukaryotic
rRNAs is guided by small nucleolar RNAs (snoRNAS).
The methylation guide snoRNAs carry long perfect
complementaries to rRNAs. These antisense elements
are located either in the B half or in the 3’ end region
of the snoRNA, and are followed by the conserved D
or D box motifs, respectively. An uninterrupted helix
formed between the rRNA and the antisense element
of the snoRNA, in conjunction with the adjacent D or
D box, constitute the recognition signal for the putative
methyltransferase. Here, we have identified an addi-
tional essential box element common to methylation
guide snoRNAs, termed the Cbox. We show that the
C' box functions in concert with the D' box and plays
a crucial role in the methyltransfer reaction directed
by the upstream antisense element and the Thox. We
also show that an internal fragment of U24 methylation
guide snoRNA, encompassing the upstream antisense
element and the D and C’' box motifs, can support
the site-specific methylation of rRNA. This strongly
suggests that the C box of methylation guide snoRNAs
plays an essential role in the methyltransfer reaction
guided by the 3-terminal antisense element and the D
box of the snoRNA.

Keywords guide snoRNAs/modified nucleotides/
nucleolus/pre-rRNA maturation/ZD-ribose methylation

Introduction

Ofengand and Bakin, 1997). Although the function of the
modified nucleotides is unknown, the facts that they cluster
on the universal core regions of rRNAs and their positions
show remarkable evolutionary conservation suggest that
the 2-O-methyls and pseudouridines contribute to folding
or recognition events essential for ribosome function
(Maden, 1990; Lanet al, 1995; Ofenganet al, 1995).

The nucleolus contains a large number of small nucleolar
RNAs (snoRNAs) (Maxwell and Fournier, 1995; Sollner-
Webbet al, 1996; Tollervey and Kiss, 1997). Most of the
snoRNAs can be divided into two families, based on the
presence of common sequence motifs. The first group of
snoRNAs is defined by two conserved sequence elements,
the C and D boxes (Tyc and Steitz, 1989; Maxwell and
Fournier, 1995). Members of the second group of ShoORNAs
are characterized by the conserved box H and ACA motifs
(Balakinet al., 1996; Ganott al,, 1997b). Although some
box C/D (U3, U8, U14, U22) and box H/ACA (snR30,
U17, E2, E3) snoRNAs have been linked to the nucleolytic
processing of pre-rRNA (Maxwell and Fournier, 1995;
Enright et al, 1996; Mishra and Eliceiri, 1997), most
of the snoRNAs function as guide RNAs in the post-
transcriptional modification of pre-rRNA. The box C/D
snoRNAs direct the site-specifié-©-methylation of pre-
rRNA (Cavalille et al,, 1996; Kiss-Lazlo et al, 1996;
Tycowskiet al,, 1996b; reviewed by Maden, 1996; Peculis
and Mount, 1996; Tollervey, 1996; Bachellerie and
Cavaille 1997; Tollervey and Kiss, 1997) and the box
H/ACA snoRNAs guide the site-specific synthesis of
ribosomal pseudouridines (Ganet al, 1997a; Niet al,
1997; reviewed by Maden, 1997; Peculis, 1997; Smith
and Steitz, 1997).

Both methylation and pseudouridylation guide RNAs
select the target nucleotides by forming direct base-pairing
interactions with rRNA sequences. The methylation guide
RNAs contain one or occasionally two stretches of 10—
21 nucleotide long sequences that show perfect comple-
mentarities to mature rRNAs (Bachellerat al., 1995;

In eukaryotes, synthesis and processing of rRNAs take Bachellerie and Cavaille997; Tollervey and Kiss, 1997).
place in the nucleolus (Hadjiolov, 1985). The primary These so-called antisense elements are located either in

rRNA transcripts (pre-rRNAS), in addition to the 18S,

proximity to the 3 end or in the 5 half of the snoRNA.

5.8S and 25/28S rRNAs, contain long spacer sequencesComplementary sequences found in theedminal region
that are removed by a complex series of nucleolytic of the snoRNA are always followed by the highly con-
cleavages (Eichler and Craig, 1994; Venema and Tollervey, served D box (consensus: CUGA), and antisense elements

1995; Sollner-Weblet al, 1996). Before the nucleolytic

in the 5 half of the snoRNA are followedyba D box-

processing, the rRNA-coding regions of the pre-rRNA like motif, designated the Dbox (Tycowski et al,
undergo extensive post-transcriptional modifications. A 1996a). The antisense element of the snoRNA forms
large number of carefully selected nucleotides are methyl- an uninterrupted helix with the complementary rRNA

ated at the 20-hydroxyl position and many uridine

sequence and positions the D of Box 5 bp from the

residues are isomerized into pseudouridines (Maden, 1990;methylated nucleotide (Kiss-kalo et al., 1996; Nicoloso
Eichler and Craig, 1994). In vertebrates, mature rRNAs et al, 1996). Apparently, the ’20-methylase enzyme that
carry >100 2-O-methyl groups and ~95 pseudouridine binds directly or indirectly to the D or Dbox of the
residues. Yeast rRNAs contain about half as many modified snoRNA relies on this structural information to select the

nucleotides (Maden, 1990; Ofenganet al, 1995;
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substrate nucleotide. Supporting this idea, novel methyl
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Fig. 1. Comparison of human and yeast U24 snoRNAS). $election of 2-O-ribose-methylated nucleotides by yeast and human U24 snoRNAs in
yeast 25S and human 28S rRNAs. The upper strands represent rRNA sequencésar8adsientation. Ribose-methylated nucleotides with their
canonical distance from the D or'Dox of the snoRNA are indicated by closed circles. Othe©znethyl groups are indicated by open circles. The
sequence of yeast 25S rRNA was taken from the database (DDBJ/EMBL/GenBank No. K01048). The positions of ribose-methylated nucleotides
have been published by Veldmai al. (1981), and the sequences of human and yeast U24 snoRNAs have been taken fevral.QLO95).

(B) Alignment of yeast (yU24) and human (hU24) U24 snoRNAs. Sequences complementary to 25S or 28S rRNAs are underlined. The
evolutionarily conserved sequence motifs are boxed. Dashes stand for spacings introduced into the sequence of human U24 to improve the
alignment.

groups have been introduced into yeast and mouse rRNAsResults
either by shifting the position of the D box in the snoRNA—- , , .
rRNA interaction or by manipulating the sequence of the Human U24 snoRNA directs site-specific

antisense element of the snoRNA (Cavagleal, 1996; ﬁ 'O'mEth’('j’atiO" tO{JZaSt r ’;IKIAA . i
Kiss-LaszIo et al, 1996; J.Ni, A.G.Balakin and M.J. ' uman and yeas SNORIVAS POSSEss TWo antisense

elements that are complementary to two closely spaced
¢ regions of human 28S and yeast 25S rRNAs (Figure 1A).
The antisense elements located in thae3minal regions

Fournier, personal communication).

In vertebrates, methylation guide RNAs are processe
];[ﬁg] E)nttr)%g.? ?Jg%t[ﬁer?val\iltﬁsté-erou?grxﬁ,y ;nr?sgl\‘j':a 1C9 ggg;( of hgman and'yeast U24 snoRNAs seem to br-_j functionally
(consensus UGAUGA), is essential for both the correct equivalent, since they possess the potential to select
processing (Caffarellet al, 1996; Watkinset al, 1996;  analogous C residues in the yeast 25S (C1436) and human
Xia et al, 1997) and the metabolic stability (Huaegal, 285 (C2339) rRNAs. The upstream antisense element of
1992; Peculis and Steitz, 1994; Tersisal, 1995) of the ~ Yeast U24 is required for methylation at A1448 and,
snoRNA. Although the C and D boxes are positioned in Unexpectedly, also at G1449 that is located one nucleotide
the 5- and 3-terminal regions of the snoRNA, respect- downstream from the consensus position Gf2methyl-

ively, they frequently are brought together by a shdt 5 ated nucleotides (Kiss‘Iszlo et al, 1996). The upstream
3'-terminal helix (Tycowskiet al, 1993). The C and D  antisense element of human U24 is predicted to direct the

boxes probably function as protein-binding signals, and Synthesis of Cm2353 that is specific to human 28S rRNA.
the proteins bound to these elements are believed to T learn more about the molecular mechanism by which

protect the snoRNA from exonucleases responsible for methylation guide snoRNAs direct rRNA methylation, we
the processing of intronic shoRNAs (KiSS and FilipOWiCZ, _have assessedthe ablllty ofhuman U224 SnORNAtQ function
1995; Caffarelliet al, 1996; Cavailleand Bachellerie, ~ inyeastcells. AcDNA of human U24 snoRNAwas inserted
1996; Watkinet al, 1996). Indeed, the C and D boxes are into the intron of the yeast actin gene which had been placed
required (probably indirectly) for binding of an essential underthe control of the promoter and terminator of the yeast
nucleolar protein, fibrillarin, that is common to this class alcoholdehydrogenase gene (Figure 2A). The resulting con-
of snoRNAs (Schimmanget al, 1989; Basergat al, struct was transformed into a yeast strdil@4) that lacks
1991; Tollerveyet al, 1993; Peculis and Steitz, 1994). a functional U24 locus (Kiss-lszloet al, 1996), and accu-
While structural elements essential for the processing of mulation of human U24 snoRNA in the resulting hU24
methylation guide snoRNAs have been studied extensively, strain was examined by Northern blot analysis (Figure 2B).
we have little knowledge about the elements required for As compared with the control yeast U24 snoRNA (lane 1)
the site-specific methyltransfer reaction. In this study, we and the authentic human HeLa U24 snoRNA (lane 4), the
have identified a novel essential sequence element ofhumanU24 snoRNAwas correctly and efficiently processed
methylation guide snoRNAs, termed thé Box and, by from the actin (pre-mRNA) in the transformed hU24 yeast
using a chimeric box C/D-H/ACA snoRNA, we have strain (lane 3).
determined the minimal core structure of methylation  To test whether human U24 snoRNA is capable of
guide RNAs that is still capable of directing site-specific directing methylation of yeast 25S rRNA, we compared
methylation of pre-rRNA. the methylation patterns of the appropriate regions of 25S
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Fig. 2. Expression of human U24 snoRNA in yea#t) (Schematic structure of the construct used to express human U24 snoRNA il\yeast

strain. A cDNA of human U24 (hU24) was inserted into the intron of the yeast actin gene controlled by the promoter (ADH-P) and terminator
(ADH-T) of the yeast alcohol dehydrogenase gene (Kisszlaet al, 1996). Relevant restriction sites are indicated ihdlll; K, Kpnl; X, Xhd).

(B) Northern blot analyses. Cellular RNAs extracted from control CMY133 yeast cells (CONT), from cells carrying a disrupted U24Ugehe (

from cells lacking a functional U24 gene but transformed with the ACT/hU24 construct (hU24) and from human HelLa cells (HeLa) were separated
by denaturing polyacrylamide gel electrophoresis, and probed with a mixture of labelled oligonucleotides specific to human and yeast U24 snoRNAs.
(C) Mapping of alkali-resistant’20-methylated nucleotides by primer extension analysis. Cellular RNAs isolated from the control strain (lane 5),

from the AU24 strain (lane 6) and from the hU24 strain (lane 7) were subjected to partial alkaline hydrolyéi-labelled oligonucleotide

complementary to yeast 25S rRNA from position 1463 to 1483 (oligonucleotide 29) was annealed to each RNA sample and extended with AMV
reverse transcriptase. Lanes G, A, T and C represent dideoxy sequencing reactions performed on a recombinant plasmid carrying a fragment of the
yeast 25S rRNA gene (Kiss-kalo et al,, 1996). D) Primer extension mapping of -methylated nucleotides in the presence of low concentration

of dNTPs. RNA samples obtained from the control (lanes 5 and 6)AtH# (lanes 7 and 8) or the hU24 (lanes 9 and 10) strain were analysed by
primer extension of thé2P-labelled oligonucleotide 29 in the presence of 1 (lanes 5, 7 and 9) or 0.004 mM dNTPs (lanes 6, 8 and 10). Lanes G, A,
T and C represent sequencing ladders.

rRNAs obtained from the control CMY133 cells, from 1996), in 25S rRNA obtained from the control strain,
the AU24 and hU24 strains. Cellular RNAs isolated from three specific gaps (Figure 2C, lane 5) or stops (Figure
each strain were subjected to mild alkali treatment and 2D, lane 6) were detected for Cm1436, Am1448 and
analysed by primer extension using a terminaifp- Gm1449 residues. These ribose-methylated nucleotides
labelled oligonucleotide primer complementary to yeast were clearly absent from 25S rRNA originating from the
25S rRNA (Kiss-Lazlo et al, 1996). Since 20-methyl AU24 strain (Figure 2C, lane 6, and D, lane 8). However,
groups confer alkali resistance to the phosphodiester bondsexpression of human U24 snoRNA restored the wild-type
(Smith and Dunn, 1959), ribose-methylated nucleotides pattern of methylation of 25S rRNA at C1436 (Figure 2C,
appear as gaps in the ladder of primer extension productslane 7, and D, lane 10) and, as predicted by the rRNA
(Figure 2C). Alternatively, ribose-methylated nucleotides methylation model, introduced a novel ribose-methylated
were visualized by a primer extension reaction performed nucleotide at C1450 (Figure 2C, lane 7, and D, lane 10)
in the presence of a low concentration of dNTPs (Figure that is present in wild-type human 28S rRNA but is
2D). In the presence of 0.004 mM dNTPs, reverse tran- normally absent from yeast 25S rRNA (Maden, 1990).
scriptase stops one nucleotide before or, frequently, atNote that the methylation state of the C1450 residue is
the 2-O-methylated nucleotides (Madeet al, 1995). indicated by a major stop at A1451. These results demon-
Therefore, in these mapping experiments, the position of strate that the human U24 snoRNA, although considerably
the indicative stop signal and the actual position of the shorter than its yeast counterpart (Figure 1B), possesses
methylated nucleotide do not necessarily coincide. all of the sequence and structural elements that are essential
Consistent with previous results (Kissdzo et al, for accumulation and function in yeast cells.
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An internal C box-like element common to methylation guide snoRNAs have little or no effect on
methylation guide snoRNAs the processing and nucleolar accumulation of the snoRNA
In the hope of identifying common functional domains, (Caffarelli et al, 1996; Cavailleand Bachellerie, 1996;
human and yeast U24 snoRNAs were aligned to maximum Watkinset al, 1996), it seems logical to hypothesize that
homology (Figure 1B). The's and 3-terminal regions the C and D box elements located in the central regions
of the two RNAs, that encompass the two antisense of the snoRNAs function in the site-specific methyltransfer
elements and the conserved C, D and lidxes, show  reaction itself. To test this assumption, theox region
>80% identity. Sequences in the middle regions of the of yeast U24 was fully (yU241) or partially (yu242
two RNAs, mainly due to short spacer sequences insertedand yU24\3) deleted and the sequence of thenibtif of
into yeast U24, show no significant conservation (38%). human U24 was altered (hU24m1) (Figure 4A). As a
This central region of human U24 snoRNA carries a control, the D box of yeast U24 was masked by inverting
perfect copy of the C box sequence (UGAUGA) (Qu its nucleotide sequence (yU24mMDThe resulting mutant
et al, 1995). Interestingly, a similar sequence motif snoRNAs were inserted into the intron region of the ADH/
(GAAUGA) is also present in yeast U24 snoRNA, actin expression construct (see Figure 2A) and transformed
although it possesses two mismatches as compared withinto theAU24 yeast strain. As expected, Northern analyses
the sequence of the authentic C box. (Figure 4B) confirmed that neither deletion of thé libx
Nevertheless, this observation encouraged us to re-element of yeast U24 (lanes 4-6) nor alteration of the C
investigate the sequences of human and yeast methylatiorbox of human (lane 9) and the’ ox of yeast (lane 7)
guide snoRNAs reported thus far. To our surprise, we U24 snoRNA affected the expression of U24 snoRNA.
found that the seemingly non-conserved central regions Since the electrophoretic mobilities of the mutant U24
of methylation guide snoRNAs always carry a sequence snoRNAs were always tightly correlated with the predicted
motif that is highly reminiscent of the C box (Figure 3A). lengths of the snoRNAs, we concluded that theabd 3
This C box-like motif, termed the ‘Chox, carries one or  termini of U24 snoRNA were processed correctly in the
frequently two altered nucleotides as compared with the absence of an intact’'Dor C' box.
canonical UGAUGA sequence of the C box of fibrillarin- From each strain, RNA was extracted and the state of
associated snoRNAs. Only human U31 snoRNA representsribose methylation of 25S rRNA at C1436 and A1448-
an exception to this rule; the putativé Box motif found C1450 was tested by primer extension analyses performed
in this snoRNA carries three mismatches. in low concentration of dNTPs (Figure 4C). Similarly to
Equally surprisingly, inspection of human and yeast the wild-type yeast (lane 2) and human (lane 14) U24
antisense snoRNAs also revealed that all methylation shnoRNAs, each mutant U24 snoRNA restored the methyl-
guide snoRNAs possess a readily recognizablebbx ation of 25S rRNA at C1436 (lanes 6, 8, 10, 12 and 16).
sequence motif (Figure 3A), indicating that this box This demonstrates that neither thé libx nor the C box
element is not restricted to those snoRNAs that carry plays an essential role in the ribose methylation reaction
upstream complementarities to rRNAs (Kissskket al., directed by the 3terminal antisense element and the D
1996; Nicolosoet al, 1996; Tycowskiet al, 1996a). box of yeast and human U24 snoRNA. To ensure that
Similarly to the C box element, the putative 'Dooxes 25S rRNA was intact in each sample and that the same
also possess one or two altered nucleotides as compare@mount of RNA was used for each reaction, we performed
with the consensus CUGA sequence of the authentic D control mappings of 25S RNA at Am2279 and Am2280.
box. A statistical analysis of the box'[and C sequences  These two consecutive modified nucleotides stop reverse
shows that neither the 'Dnor the C box possesses a transcriptase at Am2280 (Figure 4C; see also Kisszla
perfectly conserved nucleotide (Figure 3B). In thelddx et al, 1996).
sequences, the G3 and A4 nucleotides show the strongest Predictably enough (Cavadillet al., 1996; Kiss-Lazlo
conservation;>94% of the analysed Dbox sequences et al, 1996), alteration of the Dbox sequence of
carry these nucleotides. In the Gox sequence, the G5 yeast U24 snoRNA (yU24mD completely abolished the
and A6 residues show the strongest conservation; they aremethylation of 25S rRNA at A1448 and G1449 (lane 12).
preserved in 86.3 and 80.4% of thél@bxes, respectively.  More surprisingly, the mutant yU24, yU24A2 and
In the sequence, the 'Dbox always precedes the’C  yU24A3 yeast U24 snoRNAs that possessed an intdct D
box element and, normally, they are separated by 3-9box motif, but carried either fully or partially deleted C
nucleotides. Interestingly, when the distance between thesebox regions, failed to mediate the site-specific methylation
two box elements is longer than nine nucleotides (human of 25S rRNA at A1448 and G1449 (lanes 6, 8 and 10).
uUi16, U18, U21, U35, U40 and U60, yeast snR40, snR41, Likewise, when the wild-type sequence of thé lidx of
Ul4, U18 and U24), potential intramolecular helix struc- human U24 snoRNA (UGAUGA) was replaced with the
tures bring the Dand C boxes closer to each other. This CCAUGG sequence, methylation of yeast 25S rRNA was
suggests that the 'Cand C boxes work together, and the completely obliterated at C1450 (lane 16). These results
length of the spacer sequence separating these two eledemonstrate that the’@nd D boxes of yeast and human
ments is probably important for the optimal function of U24 snoRNAs function largely independently of the C

the snoRNA. and D box elements. The’@nd D boxes are not essential
for the processing or accumulation of the snoRNA, and
The C' box of human and yeast U24 snoRNA is neither of these elements contribute significantly to the
essential for the D' box-dependent methylation of rRNA methylation reaction directed by the-t&rminal
258 rRNA antisense element and the D box of U24 snoRNA. How-

Since several lines of evidence indicate that sequencesever, our results demonstrate that thé Kbx motif,
located between the C and D boxes of intron-encoded together with the Dbox, plays a crucial role in the rRNA
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A
box D’ box C’
Human
Uld-6 41-CAAAAQCUUGGC . « + v o v vt vt eteneaasasaaneossasensnesnesas UAAUGA
Ul5 26-CUGACUUGG . « « « « o e vt vttt et ot e eeneensensn GGAUGU
Ulé 25-CUUAcucuguucucagcgacaguugccugcugucaguaagcugguacagaagguUGACGA
Uls 37-CUGAACCACAUGGUUUUCUC. « « ¢ vt teee vt v vttt tnia e eenanns GGAUGU
U20 21-CUGAQRAAUAAU . « « « e v v vttt ettt o e en s nsanenenneeesenss UGAUGA
U221 23-CUGAgcagucaguaguuggucCulugguUUgCAUA. « o« v vt v v e v nnnseos UGAUGC
U24 30-CUGAQAGAUGG + « « « « s v et et e sat e e sananeeeensensneseenas UGAUGA
U25 34~ CUGAGCUCCT . « + vttt vttt et sanensaaenaneeneenaneseenas UGAGGA
U26 37-CUGAUGQAUUAT . - « « + v s e v vttt et et enneneeneneeneeneneennens UGGAGA
u27 35-CUGAACUUUCAAG . « « o v v ettt ete et enea e eaeeneesaneneenns UGAUGU
U28 J6-UUGAUAAGC . « ¢ o ¢ v o ev et ot en s s n e seneneesensensesensnesns UGAUGU
U29 29-AUGACCGACAG . « « « « « e vttt ittt ittt et s UGAAAA
U30 33-CUGAUGACUUGC . + v« v v te e eteeeeie e eea e eaeaneneneneenens UGUUGA
U3l 3I-CUGAUCAAU. « « t v vttt it e ie it ittt et ae et aneneeaenn GUGUGA
U32 35-UUGAQUCUCACTT + - « « « s v vttt it e iee e iie e ine e eaaeennn CCAUGA
U33 4I1-CCGACCAUG . - « « v v et ettt et ettt it ettt AGAUGA
U34 33-UUGAUCC. . .« oottt it ittt ettt ettt e e UCAUGA
U35 33-CGGAUUGACUGCGGTAR . « ¢ « o v v e oo v e et i e i UGGCGA
U36a 23-CUGAAUUCAACCU . + + ¢ v v vt tv et e te e et ieta e neananens UGAAGU
uU37 35-=CAGAUGUC. « « t et vttt iie et ie et e UGUUGA
U38 35-CUGACAGUAAG . « « « « vt tie et te ettt it tae e UGAAGA
U39 36—CCGAQUICTCT + « e v ¢ vt tte e tte ittt e UGGGGA
U40 22-CUUAGgCgUggUUUGGCCGUCU. & &ttt vt vttt e e aaannnees UGGUCA
U4l I17-CUGUQGAC. « ¢ v vttt ettt e ittt en et et UGUUGA
U42 25-UGGAAAAGAAUG . + + « « ¢ vt vttt ittt e e ACAUGA
u43 30-CAGAAACUGUG . « « « « ottt e te et tete et UGCUGA
U44 22-CUGACUGAACA . « .« v ettt ettt te it ineat e tn e e eneaneeens UGAAGG
U45a 28-CUGAAUCUAUUGC . « + e v v o v oo teta s ne o sne e e e sasaeenenens UGAUGU
u47 27-AUGABAUA. .« ot vttt n ittt ie e e e e e UAAUGA
uU48 24-CUGAGQUGUGUCGC . « + « « e e vt e e e e e eee e e ee e e e UGAUGC
u49 34-CAGAAgCTAUAAC . « « v v v v vt e et e ettt e UGACGA
USs0 26-CUGAACUUC. . .« ettt vttt ettt ittt eesene et eaeananeneenas UGUUGA
U551 38-CUGAQUUCT . « « vt ettt e tete e it it et it en e UGAUGG
U552 30-CCGAUGCUGT e « « v v v ettt e te e te ettt ettt UCAUGA
Us3 36-CUGAGUUUCAG . « « « « « vt e vte e te et ee e iee e ten e neenne AGAUGA
U54 26-UUGAQUAACTT . « « « « « v vttt vttt et taen ettt UGAUAA
Us5 35-CCGAGUGCGCTT .+ « ¢ v e v vttt ittt et te et e UGGGGA
uUs6 29-CAGCAQUUCACC . + « « vt vttt e ite e ite e tie ettt e e UAGUGA
us7 18-CUGAQCCUGACCU . & « ¢ v vt et e et s te o m o tean e nee s ieeeeneaeas UGUAGA
US58a 30-UGGAUUUACCT . « « « « o vt ttt et ite e ite e iie et ee e ee s UGAAAA
U5s9 39-CUGAQUU. . &t ittt ettt ettt ettt UGCUGA
u60 38-AUGA22aCUgCACTUGCAGUC . « « + « v oottt e et UGAUUA
U6l 22-UUGAUCGUCUGACE . + « + v vt ettt te it ote e en e eneaeeeeenes UGAUAA
Yeast
SNR38 42-CUGAAUGGT + + « + « c s v v vt e ttete st ae e e nesaeaseeeneaensan UAAUAA
SNR39 37-UCGACUAQUCAU . « « ¢ vt v v v v et e e nensaannsaeenenesasensenss UGACGA
snR40 32-CUGAacauccaugccacaaguacucaggugul. . oo.veevveveeooennnns CUAUGA
snR41l 45-CUGAaUuagugguUUUAACUACA . « « v v v v et vt vt nnnnnesennnnnnss UGUCGA
SNR190 36—CCGAUUCGACCA . + ¢ v v vt vt vt e tetae e e etaae s easenenensesan UGACGA
Ul4 44-CGGUaggaguacgcuuacgaacccaucguuaguacuCU. . o .o v v v v e oo v CGGUGA
uUls 35-AUGAUgGggaaguUaAgACCCCCT . « « ¢t v v vt ettt AUAUGA
U24 31-CAGAUggAACUUUGAGUUCEC . « « e v vt v et et ot o e ee e ne e neseenenns GAAUGA
B
Box D' sequence Box C' sequence
Nucleotide| C;| U.| G3| As| U:| G2| As | Us| Gs| As

C 76.5% | 11.8% | 2.0% | 2.0% | 5.9% 78% | 3.9% | 11.8% | 2.0% | 3.9%

U 15.7% | 68.6%| 3.9% | 3.9% | 78.4%| 5.9% | 11.8% | 68.6% | 2.0% | 11.8%

G 0.0% 7.8% | 941%| 0.0% | 7.8% | 76.5%| 15.7% | 5.9% | 86.3%| 3.9%

A 78% | 11.8% | 0.0% | 94.1% | 7.8% 9.8% | 68.6% | 13.7% | 9.8% | 80.4%

Fig. 3. Structure of box Dand C motifs of human and yeast methylation guide snoRNAS. Compilation of sequences of putative box &d C

motifs of methylation guide snoRNAs. Boxes Bnd C are shown in upper case. Thé Box elements that are known to be preceded by
complementary sequences to rRNAs are italicized. Spacer sequences are indicated by lower case letters. Potential intramolecular helices are
underlined. Numbers indicate the positions of the first nucleotides of tHeok elements. The sequences of human and yeast methylation guide
snoRNAs have been obtained from the literature. For references, see sids-&hal. (1996) and Nicolost al. (1996). Please note that human

U40 and U46, that have been characterized independently by Nicetcao(1996) and Kiss-Lszlo et al. (1996), represent the same snoRNB) (
Nucleotide conservation in the proposed dhd C box motifs of human and yeast methylation guide RNAs. The most conserved nucleotides in the
box D’ and box C sequences are indicated in italics.
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Fig. 4. Expression and activity of human and yeast U24 methylation
guide snoRNAs with modified Dand C box elements.A)

Construction of mutant human and yeast U24 snoRNAs. Deletions and
nucleotide changes (in italics) are indicated above or below the
authentic D and C sequences of yeast and human U24 snoRNAs.
(B) Northern blot analyses of expression of human and yeast U24
snoRNAs with modified Dand C elements. RNAs isolated from the
control CMY133 cells (lane 1), from thaU24 strain (lane 3) or from
AU24 cells transformed with the ADH/actin expression construct that
carried either the wild-type yeast U24 (lane 2), the wild-type human
U24 (lane 8), the yeast yUP, yU24A2, yU24A3, yU24mD (lanes

4-7, respectively) or the human hU24m1 (lane 9) snoRNAs were
subjected to Northern blot analyses. For details, see legend to
Figure 2B. C) Primer extension mapping of ribose-methylated
nucleotides in yeast 25S rRNA. RNAs obtained from fté24 strain
(lanes 3 and 4), from yeast cells expressing either the wild-type human
U24 (lanes 13 and 14), the wild-type yeast U24 (lanes 1 and 2), the
yeast yU241 (lanes 5 and 6), yUZR (lanes 7 and 8), yUZ8 (lanes

9 and 10), yu24mD(lanes 11 and 12), or the human hU24m1 (lanes
15 and 16) snoRNAs were analysed by primer extension in the
presence of 1 or 0.004 mM dNTPs as indicated above the lanes. For
other details, see legend to Figure 2D.
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Fig. 5. Expression and activity of human U24 methylation guide
snoRNA with modified D and C box spacer sequences.

(A) Sequences of the modified regions of human U24 snoRNA. To
facilitate cloning, a noveEcaRl site was introduced downstream of
the C box of U24 snoRNA. The non-natural sequences are italicized.
In the hU24D/yC’-20 and hU24DYyC’-stem RNAs, the Cbox of
human U24 was replaced with theé Box of yeast U24 snoRNA. The
inverted arrows indicate putative intramolecular helic&).Northern
blot analyses. RNAs isolated either from th&l24 strain (lane 2) or
from its derivative strains (lanes 1 and 3-10) transformed with the
ADH/actin expression construct carrying the mutant human U24
snoRNAs (as indicated above the lanes) were separated on a
denaturing gel and probed with a radiolabelled oligonucleotide
complementary to human U24 snoRNAC)(Mapping of ribose
methylations in yeast 25S rRNA. RNAs isolated from yeast strains
indicated above the lanes were analysed by primer extension. For
other details, see legend to Figure 2D.

boxes is longer than nine nucleotides, potential intra-
molecular helices can fold the two elements closer to each
other. To test whether the distance between tharial C
boxes is really essential for optimal snoRNA function, a
series of D-C' spacing mutants of human U24 snoRNA

methylation reaction directed by the upstream antisensewere constructed and expressed in 1424 yeast strain

elements of human and yeast U24 snoRNA.

Correct spacing of the D' and C' boxes of U24
snoRNA is required for efficient rRNA methylation
Normally, the D and C boxes of methylation guide

snoRNAs are separated by 3-9 nucleotides (Figure 3A).

In snoRNAs where the distance between theabd C
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(Figure 5A and B).

As expected, deletion or insertion of sequences within
the D-C’ spacer region of U24 had no effect on the
accumulation of snoRNA (Figure 5B) and did not influence
the D box-dependent methylation of 25S rRNA at C1436
(data not shown). However, changing the distance between
the D and C boxes of U24 had detrimental effects on



the D' box-dependent methylation of 25S rRNA at C1450
(Figure 5C). The hU24DC’-4 snoRNA, in which the D
and C boxes are separated by four nucleotides, still
supported the methylation of 25S rRNA (lane 6) at the
levels of the wild-type U24 snoRNA (lane 2). However,
placing the C box two or one nucleotide downstream of
the D box (hU24D/C’-2 and hU24D/C’-1) or fusing
the two box elements (hU24IT’-0) almost completely

Site-specific 2’'-O-methylation of pre-rRNA

U24 gene was transformed into theJ24 yeast strain.
Northern hybridization (Figure 6B) showed that the snR5/
U24 snoRNA accumulated efficiently in the transformed
cells (lane 3). Mapping the ribose methylation sites in the
25S rRNA obtained from the snR5/U24 strain (Figure 6C)
demonstrated that expression of the chimeric snR5/U24
snoRNA at least partially restored the methylation of the
25S rRNA at the C1450 residue. As compared with the

abolished the methylation of 25S rRNA (lanes 8, 10 and wild-type 25S rRNA (lane 2), ~40% of the nucleotides at

12, respectively).

Similarly, increasing the distance between thednd
C’ boxes of U24 by insertion of a 13 nucleotide long
additional spacer sequence (hU24D-20) significantly
decreased the efficiency of rRNA methylation at C1450
(lane 14). Interestingly, replacement of thé Box of
hu24D/C’-20 (UGAUGA) with the C box of yeast U24
(GAAUGA) further decreased the methylation activity of
the resulting hU24DyC’-20 (lane 16). More tellingly,
replacement of the spacer sequences following thbdx
of hU24D/C’-20 and hU24DYyC’-20 snoRNAs with

the C1450 position were methylated in the 25S rRNA
obtained from the snR5/U24 strain (lane 6). As revealed
by control mappings at A2279 and A2280, the RNA
samples analysed in this experiment contained the same
amounts of apparently intact 25S rRNAs. This experiment
demonstrates that a short fragment of a methylation guide
snoRNA containing the complementary element followed
by the D/D and C/C boxes can provide sufficient
information for the snoRNP proteins to perform the site-
specific methylation of pre-rRNA.

sequences that are capable of forming a 7 bp uninterruptedDiscussion

helix with downstream spacer sequences (hU28D
stem and hU24DyC’-stem), thereby bringing closer the
D’ and C boxes of U24 snoRNA, restored the wild-type

In eukaryotic rRNAs, many nucleotides are post-transcrip-
tionally methylated at the’20-hydroxyl position (Maden,

levels of rRNA methylation at C1450 (lanes 18 and 20). 1990). Since the locations of these modified nucleotides
Control mappings at Am2279 and Am2280 proved that lack any conserved sequence motifs or local secondary
the 25S rRNA was intact in each RNA sample. These structures, the mechanism underlying the specific recogni-
results demonstrate that the sterical arrangement of thetion of the numerous methylation sites had long been
D’ and C boxes in the snoRNA structure can seriously obscured (Maden, 1990). Only recently, it became evident
influence the efficiency of the methyltransfer reaction thateach rRNA methylation site is recognized by a specific
directed by the upstream antisense element and thex methylation guide snoRNA that can form a 10-21 bp
perfect double helix with the target rRNA sequence (Figure
A minimal core structure of U24 snoRNA 7). This snoRNA—rRNA duplex, in conjunction with the
competent in site-specific rRNA methylation adjacent D or D box of the snoRNA, provides the
The experiments presented thus far, although clearly structural information necessary for the methyltransferase
demonstrating that the’@nd the D boxes of human and  activity to methylate the rRNA nucleotide opposite the
yeast U24 snoRNA play crucial roles in the methyltransfer fifth base upstream from the D or' box (Cavailleet al.,,
reaction, do not exclude the possibility that additional 1996; Kiss-Lazlo et al, 1996).
snoRNA elements, for example the C and D boxes, also The focus of this study was to determine those elements
contribute to the rRNA methylation reaction directed by of methylation guide snoRNAs that, in addition to the
the upstream antisense element of U24. To assess thisantisense regions and the D and lbxes, are required
important question, a short fragment of human U24 for the site-specific methylation of pre-rRNA. An examin-
snoRNA encompassing the upstream antisense elemenation of human and yeast snoRNA sequences revealed
and the D and C boxes was inserted into the ye&NR5 that the internal region of all methylation guide snoRNAs
snoRNA gene (Figure 6A). The snR5 snoRNA belongs contains a D box motif that is always followed by a C
to the family of box H/ACA snoRNAs. Being synthesized box-like motif, termed the Cbox (Figure 7). Usually, the
by the RNA polymerase Il, the'Serminus of snR5 is D’ and the Cboxes contain one or two base substitutions
blocked by the trimethylguanosine cap structure that is as compared with the consensus sequences of the authentic
characteristic of all polymerase ll-transcribed snRNAs D (CUGA) and C (UGAUGA) boxes (Figure 3). Deletions
(Hernandez, 1992). Therefore, sequences inserted into theand nucleotide substitutions introduced into thé dnd
5'-terminal leader of snR5 that precedes the evolutionarily C’ boxes of U24 snoRNA demonstrated that these elements
conserved hairpin—hinge—hairpin—tail secondary structure are absolutely required for the rRNA methylation reaction
of box H/ACA snoRNAs have presumably no effect on guided by the upstream antisense element of U24 (Figure
the accumulation of the chimeric snR5/U24 snoRNA 4). We also noticed that the 'Dand C boxes that are
(Balakinet al,, 1996; Ganott al, 1997b). Since the snR5 positioned more than nine nucleotides apart from each
snoRNA functions as guide RNA in the site-specific other could be folded together by potential internal helices
pseudouridylation of rRNA (Ganogt al, 1997a), one (Figures 3 and 7). Indeed, deletion and insertion analyses
could assume that the snR5 snoRNP particle would deliver proved that an appropriate juxtapositioning of thednd
the U24-specific tag into the right subnucleolar compart- C' elements can greatly improve the efficiency of the
ment where pseudouridylation and, most probably, ribose methyltransfer reaction (Figure 5). Our results indicate
methylation of pre-rRNA also takes place (Maden, 1990; that the D and C boxes, similarly to the authentic C and

Eichler and Craig, 1994).
The expression construct carrying the chimesiR5/

D boxes (Caffarellyet al, 1996; Watkinset al, 1996),
probably establish a protein-binding site. Consistent with
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Fig. 6. Minimal snoRNA sequence requirements for methylation of pre-rRNA$.Schematic structure of theNR5/U24chimeric snoRNA gene. A

fragment of the human U24 snoRNA encompassing the upstream antisense element (thick line) dnahth€oxes was inserted into the

snR5-coding region of the yeaSNR5gene. The promoter and downstream flanking regions oStiR5gene are indicated by open boxes. The

schematic secondary structure and the evolutionarily conserved H and ACA box elements of snR5 RNA are shown. The relevant restriction sites are
indicated (B,BarrHI; H, Hindlll; N, Ncd). (B) Northern blot analyses of the expression of the snR5/U24 chimeric shoRNA. Cellular RNAs

obtained from the CMY133 control strain (lane 1), from thd24 strain (lane 2), and from the snR5/U24 strain (lane 3) were probed with an
snR5-specific probe. Since tlIBNR5/U25gene cloned into the pFL36 shuttle vector (Bonneaudl, 1991) is expected to be present in multiple

copies in the cell, in lanes 2 and 3 we analysegg2rather than 1Qug of cellular RNAs. C) Mapping of ribose-methylated nucleotides in yeast 25S
rRNAs obtained from the control and the snR5/U24 strains. For other details, see legend to Figure 2D.

this idea, a C box element, when it is located at a accumulate efficiently and successfully support the rRNA
suboptimal distance from the'Dbox element, but pos- methylation reaction guided by thé-&rminal antisense

sesses the consensus C box sequence (UGAUGA), carelement and the D box motif (Figure 4). It is possible that
support the rRNA methylation more efficiently than a C the internal D and C boxes, through their ability to bind

box carrying deviations from the consensus C box snoRNP proteins, can improve either the stability, the
sequence (Figure 5). Finally, we have shown that an nucleolar transportation or the methyltransferase activity
internal fragment of U24 snoRNA encompassing the of these snoRNPs. A more fascinating hypothesis would
upstream antisense element and tHe® box regions is be that the D and C motifs of these snoORNAs may be

able to support the site-specific methylation of yeast 25S involved in the site-specific ribose methylation of substrate
rRNA, indicating that this short fragment of U24 carries RNAs other than rRNAs. Notably, a recently characterized
all the elements that are necessary to select the correchuman box C/D snoRNA that lacks a significant comple-

rRNA nucleotide and to recruit the protein factors required
for rRNA methylation.

At the moment, the function of the putative Bnd C
box motifs found in those methylation guide snoRNAs
which lack upstream complementarties to rRNAs is
entirely speculative. Apparently, snoRNAs lacking func-
tional D' and C boxes are still processed correctly, they
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mentarity to rRNAs possesses an 11 nucleotide long region
that is perfectly complementary to human U6 snRNA.
Intriguingly, the position of the Dbox of this putative
methylation guide RNA allows the selection of the ribose-
methylated A53 nucleotide in human U6 snRNA (Z.Kiss-
Laszlo and T.Kiss, unpublished data).

Since the C and D boxes of methylation guide snoRNAs



pre-rRNA
3

Fig. 7. A model proposed for the involvement of the C, D, &hd D

box elements of methylation guide snoRNAs in the site-specific ribose
methylation of pre-rRNA. The downstream antisense element (DAE)
or the upsteam antisense element (UAE) of the guide snoRNA forms a
10-21 bp double helix with the complementary rRNA sequences.
These highly specific and strong snoRNA—pre-rRNA interactions are
followed either by the terminal D and C or the interndl &d C

boxes. The D and C as well as thé &d C boxes frequently are
brought together by intramolecular helices. Putative protein factors
bound to the DAE helix boxes D/C or the UAE helix boxes-D'
structural motifs accomplish the site-specific methyltransfer reaction.
Few snoRNAs, for example U24, are able to form both DAE and

UAE types of interactions.

are absolutely required for the processing and accumula-

tion of the snoRNA (Caffarellet al., 1996; Watkin=t al.,
1996; Xiaet al,, 1996), involvement of these elements in
the rRNA methylation reaction cannot be assayed by

Site-specific 2’'-O-methylation of pre-rRNA

hypermethylation of the polymerase ll-synthesized box
C/D snoRNAs (Ternset al, 1995). It would be very
interesting to determine whether the D-C and the®
boxes of methylation guide snoRNAs can recruit the same
set of snoRNP protein(s). The C and D boxes have been
implicated in binding of fibrillarin (Basergat al., 1991,
1992; Peculis and Steitz, 1994), but no evidence supporting
the existence of a direct snoRNA—fibrillarin interaction
has been presented. Recently, immunoprecipitation of
internally deleted mouse U14 snoRNASs suggested that, in
addition to the C and D boxes, the middle part of U14
SnoRNA also contains some structural elements that are
essential for fibrillarin binding (Watkingt al, 1996).
Now, in the light of our results, it becomes evident that
the deletion mutants of U14 snoRNA that failed to bind
fibrillarin lacked the putative Dand C boxes of Ul4
snoRNA. Whether the the'Tand C boxes of methylation
guide snoRNAs are involved in the binding of fibrillarin
or other snoRNP proteins remains an interesting question.
In summary, we have identified a novel common struc-
tural element of methylation guide snoRNAs, thehox,
that is required for the '20-ribose methylation of pre-
rRNA. The C box, together with the Dbox and the
upstream antisense element, constitute a minimal core
structure of the snoRNA that can support the selection
and methylation of the target rRNA nucleotide. This
argues that the authentic C box of methylation guide
snoRNA functions in the rRNA methylation reaction
guided by the 3terminal antisense element and the D

direct mutational analyses. However, the demonstration box motif. In the near future, identification of the putative

that the C box of U24 snoRNA plays a crucial role in
the rRNA methylation reaction directed by the upstream
antisense element and thé Box strongly suggests that
the authentic C box, in conjunction with the D box motif,
functions in the methyltransfer reaction guided by the

methyltransferase enzyme and the snoRNP proteins
involved in the snoRNA-guided 'Z0-methylation of
rRNAs will provide an exciting challenge.

downstream antisense element. In a previous work Materials and methods

(Cavallle et al,, 1996), in order to study the function of
the D box of U20 methylation guide snoRNA, a second
copy of the D box was introduced downstream of the
authentic D box and the’3erminal antisense element of
U20 and, thereby, the original D box of U20 was converted
into a D' box-like motif. The resulting snoRNA, although
devoid of a C box motif, supported the ‘D box'-
dependent methylation of rRNA. However, any single
mutation introduced into the canonical CUGA sequence
of the ‘D’ box’ drastically inhibited the methylation

reaction. This was rather unexpected, since many naturally

Strains and general procedures

Growth and genetic manipulations of ye&iccharomyces cerevisiae
were done by standard techniques (Shermiaal,, 1983). Construction

of the yeastAU24 strain @, trpl.4, his34, ura3.52 lys2.801 ade2.101
URA3::U24 has been described (Kiss4zoet al., 1996). Recombinant
DNA work was performed according to standard laboratory protocols
(Sambrooket al, 1989). The identity of all constructions was verified
by sequence analysis. The following oligodeoxynucleotides were used
in this study: (1) TCGAGAATATTGGTACCG; (2) TCGACGGT-
ACCAATATTC; (3) ATACTCGAGTGTGCAGATGATGTAAAAG; (4)
ATAGGTACCTGGTGCATCAGCGATCTTGGT; (5) ATACTCGAGCC-
ATTCAAATGATGTAA; (6) ATAGGTACCCCATTCATCAGAGATCT-
TGG; (7) GTGGTTTGAATTCTCATCA; (8) TTCGGAATTCAAAGT-

occurring D box sequences possess one or two altered TCC; (9) TGATGAGAATTCAAACCAC; (10) GGAACTTTGAATT-

nucleotides (Figure 3). A possible interpretation of these
results is that the C box may also contribute to the
methyltransfer reaction directed by the upstream antisens
element and the Dbox. It is easily imaginable that as

soon as the snoRNA—-rRNA double helix has been formed,

CCGAA; (11) TAAAATGCCATGGCCATC; (12) GATGGCCATG-
GCATTTTA; (13) AACTTTGAATTCCGACATACCAA; (14) CTTTG-
AATTCCGAGACATACCAA; (15) CTTTGAATTCCGGAGACATAC-
AA; (16) TCGGAATTCAAAGTTCCAGACTAAGTAGCA: (17)
TTTGAATTCTCATCATCTCTCAGATAG; (18) TTTGAATTCTCATC-
ATCTCAGATAGCA; (19) TTTGAATTCTCATCACTCAGATAGCAA;

the C box may establish a protein-mediated interaction (20) TTTGAATTCTCATCATCAGATAGCAAA; (21) TTTGAATT-

with the D' box. Of course, the mutant’'boxes carrying

CTCATCATTTCTCGTTCTTGCCATCTCTCAGAT; (22) TTTGAATT-
CTCATCATTTCTCGTTCTTGAACGAGATCAGATAGCAAAT; (23)

altered nucleotides cannot compete successfully with the t71GaAATTCTCATTCTTTCTCGTTC: (24) TTTCCATGGTCATCAC-
authentic D box motif that possesses the canonical CUGA CATCTCTC; (25) TTTCCATGGGAATATTTGCTA; (26) CTTTTACA-

sequence.
The nucleotide boxes C/@nd D/D function apparently
through binding specific protein factors. The snoRNP

proteins bound to the box C and D sequences are essentiag

TCATCTGCA; (27) GTTATTACATCATTTGA,; (28) ATAGACATA-
TGGAGGCGTG; (29) GCTTCAGTCTTCAAAGTTCTC.

onstruction of expression plasmids
onstruction of the yeast expression vector, pFL45/ACT, has been

for the processing of the intron-encoded SNORNAS gescribed (Kiss-Lszlo et al, 1996). Briefly, the yeast actin gene was

(Watkins et al, 1996) and the nucleolar retention and

placed under the control of the promoter and terminator of the yeast
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alcohol dehydrogenase gene and inserted into the pFL45 yeast shuttleU24 (oligo 26), yeast U24 (oligo 27) or yeast snR5 (oligo 28) snoRNAs.
vector (Bonneauckt al, 1991). To facilitate cloning, th&mad, Kpnl, Mapping of 2-O-ribose-methylated nucleotides C1436, A1448-C1450
Sad andEcaRl sites were removed from the polylinker region of pFL45/  in yeast 25S rRNA was performed by primer extension analyses either
ACT by digestion withSmd and EcoRl, followed by religation after on partially hydrolysed RNA (Kiss-lszlo et al, 1996) or on intact
Klenow treatment. A newKpnl site was introduced into the intron RNA in the presence of a low concentration of dNTPs (Madéml.,
region of the actin gene by insertion of a synthetic DNA fragment 1995). Control mappings of 25S rRNA at positions Am2279 and Am2280
(oligonucleotides 1 and 2) into théhd site of pFL45/ACT. were performed as described by Kisssk et al. (1996).

To obtain pFL45/ACT/hU24 and pFL45/ACT/yU24, the snoRNA-
coding regions of human and yeast U24 genes were PCR amplified
using oligonucleotides specific for thé-5and 3-terminal regions of Acknowledgements
human (oligonucleotides 3 and 4, respectively) and yeast (oligonucleo-
tides 5 and 6, respectively) U24 snoRNAs. The amplified fragments
were introduced into th&Xhd—-Kpnl sites of the modified pFL45/ACT
vector using the PCR-introduce¢hd and Kpnl sites.

To facilitate mutational analyses of human and yeast U24 snoRNAs,
a newEcaRl site was introduced into the U24 snoRNA-coding sequence
by PCR mutagenesis. Thé Balves of human and yeast U24 snoRNAs
were amplified using 5end-specific primers (oligonucleotides 3 and 5,
respectively) and primers complementary to either human (from position
41 to 59; oligonucleotide 7) or yeast (from position 35 to 53; oligonucleo-
tide 8) U24 snoRNAs. The'alves of human and yeast U24 snoRNAs  References
were amplified using '3end-specific primers (oligonucleotides 4 and 6,
respectively) and primers encompassing either human (from position 41 Bachellerie,J.-P. and Cavaille (1997) Guiding ribose methylation of
to 59; oligonucleotide 9) or yeast (from position 35 to 53; oligonucleotide rRNA. Trends Biochem. Sg¢i22, 257-261.
10) U24 snoRNA sequences. The internal primers contained appropriate Bachellerie,J.-P., Michot,B., Nicoloso,M., Balakin,A., Ni,J. and

We thank L.Poljak for critical reading of the manuscript. We are grateful
to Y.de Pfeal for synthesis of oligonucleotides. We thank M.Caizergues-
Ferrer for use of facilities in her laboratory. Z.K.-L. was supported
by a European Molecular Biology Organization postdoctoral research
fellowship. Our research was supported by the Centre National de la
Recherche Scientifique and by grants from la Ligue Nationale Contre le
Cancer, I'’Association pour la Recherche sur le Cancer and la Fondation
pour la Recherche Micale.

nucleotide changes to introduce a neiedR| site. The amplified Fournier,M.J. (1995) Antisense snoRNAs: a family of nucleolar RNAs
fragments were digested withcoRIl. The 58 and 3 halves of human or with long complementarities to rRNATrends Biochem. Sgi20,
yeast snoRNAs were ligated together, digested Wit and Kpnl and 261-264.

inserted into thexhd—Kpnl sites of the modified pFL45/ACT, resulting Balakin,A.G., Smith,L. and Fournier,M.J. (1996) The RNA world of the
in pFL45/ACT/hU24ER1 and pFL45/ACT/yU24ER1, respectively. A nucleolus: two major families of small RNAs defined by different box
similar approach was used to construct pFL45/ACT/hU24m1. The 5 elements with related function€ell, 86, 823-834.

half of human U24 was amplified using oligonucleotides 3@fmer) Baserga,S.J., Yang,X.W. and Steitz,J.A. (1991) An intact box C sequence

and 11 (3 primer containing an newNcd site), and the 3 half was in the U3 snRNA is required for binding of fibrillarin, the protein

obtained by using oligonucleotides 4’ (Brimer) and 12 (5 primer common to the major family of nucleolar shRNAEMBO J, 10,
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ligated together, and inserted into tkéd—Kpnl site of pFL45/ACT. Baserga,S.J., Gilmore-Herbert,M. and Yang,X.W. (1992) Distinct
To obtain pFL45/ACT/yU241, pFL45/ACT/yU242 and pFL/45/ molecular signals for nuclear import of the nucleolar snRNA, U3.

ACT/yU24A3, theEcaRI-Kpnl fragment of pFL45/ACT/yU24ER1 con- Genes Dey 6, 1120-1130.

taining the 3 half of the yeast U24 snoRNA gene was replaced with Bonneaud,N., Ozier-Kalogeropoulos,O., Li,G., Labouesse,M., Minvielle-
PCR-amplified fragments generated by using a combination of acommon Sebastia,L. and Lacroute,F. (1991) A family of low and high copy
3’ end-specific primer (oligonucleotide 6) and appropriate mutagéenic 5 replicative, integrative and single-strand8derevisiae/E.cokhuttle

primers encompassing tiiecoR| site of yU24ER1 (oligonucleotides 13, vectors.Yeast 7, 609-615.

14 and 15, respectively). To create pFL45/ACT/yU24mihe Xhd— Caffarelli,E., Fatica,A., Prislei,S., De Gregorio,E., Fragapane,P. and

EcaRl fragment of pFL45/ACT/yU24ER1 containing the Balf of the Bozzoni,l. (1996) Processing of the intron-encoded U16 and U18
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