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The nucleolus has long been known as a functionally highly specialized subnuclear compartment where
synthesis, posttranscriptional modification, and processing of cytoplasmic rRNAs take place. In this study, we
demonstrate that the nucleolus contains all the trans-acting factors that are responsible for the accurate and
efficient synthesis of the eight 2’-O-methylated nucleotides and three pseudouridine residues carried by the
mammalian U6 spliceosomal small nuclear RNA. Factors mediating the formation of pseudouridine residues
in the U3 small nucleolar RNA are also present and functionally active in the nucleolus. For selection of the
correct target nucleotides in the U6 and U3 RNAs, the nucleolar 2’-O-methylation and pseudouridylation
factors rely on short sequences located around the target nucleotide to be modified. This observation further
underscores a recently proposed role for small nucleolar guide RNAs in the 2’-O-methylation of the U6
spliceosomal RNA (K. T. Tycowski, Z.-H. You, P. J. Graham, and J. A. Steitz, Mol. Cell 2:629-638, 1998). We
demonstrate that a novel 2’-O-methylated nucleotide can be generated in the yeast U6 RNA by use of an
artificial 2’-O-methylation small nucleolar guide RNA. We also show that a short fragment of the 5.8S rRNA,
when expressed as part of the human U6 RNA, is faithfully 2'-O-methylated and pseudouridylated. These
results are most consistent with a trafficking pathway in which the U6 spliceosomal RNA cycles through the

nucleolus to undergo nucleolar RNA-directed modifications.

In eukaryotes, most stable cellular RNAs undergo extensive
posttranscriptional nucleoside modifications (5, 41, 62). For
tRNAs, rRNAs, and small nuclear RNAs (snRNAs), about 90
different modified nucleotides have been identified (39). De-
spite the great structural diversity of modified residues, meth-
ylation of the backbone ribose at the 2'-hydroxyl position and
conversion of uridine residues into pseudouridine residues
represent the most abundant RNA modifications. The versatile
hydrogen-bonding capacity of pseudouridines and the hydro-
phobic nature of 2'-O-methyl groups can modulate the three-
dimensional structure of the RNA or fine-tune its interactions
with other RNAs or proteins (36, 41, 55).

In tRNAs, modified nucleosides are important determinants
of the specificity and efficiency of both aminoacylation and
codon recognition (5, 81). The actual role of the large number
of 2'-O-methyl groups and pseudouridines found in rRNAs
and snRNAs is unknown. However, the fact that these modi-
fications cluster around the functionally essential regions of
these RNAs suggests that they contribute to RNA function (1,
41, 62). Consistent with this notion, a 2’-O-methyl group at
G2251 in yeast mitochondrial 21S RNA has been found to be
essential for the production of functional 50S ribosomal sub-
units (71). The importance of modifications in spliceosomal
snRNAs has recently been underscored by the findings that in
vitro-synthesized U2 snRNAs failed to reconstitute pre-
mRNA splicing both in a U2-depleted HeLa cell splicing ex-
tract (66) and in Xenopus oocytes (57, 82).

A cell follows different strategies to accomplish the accurate
synthesis of modified nucleosides in tRNAs, rRNAs, and
snRNAs. The formation of pseudouridines and 2'-O-methyl-
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ated nucleosides in tRNAs is catalyzed by protein enzymes
which recognize the sequence and/or structure of the target
site (3, 10, 38, 70). In 18S, 5.8S, and 28S rRNAs, the selection
of more than 200 2'-O-methylation and pseudouridylation sites
that occupy diverse sequence and structural environments is
mediated by small nucleolar guide RNAs (snoRNAs). For
each modification site, transient base-pairing interactions be-
tween a specific snoRNA and the target rRNA sequence occur.
Methylation snoRNAs form 10- to 21-bp perfect double heli-
ces with TRNAs that are immediately followed by the con-
served D or D’ box sequence motifs of the snoRNAs. In the
snoRNA-rRNA double helix, the fifth ribosomal nucleotide
upstream of the D or D' box represents the target nucleotide
for the methyltransfer reaction (11, 31, 32). Pseudouridylation
snoRNAs take part in two short interactions with rRNA se-
quences that precede and follow the target uridine residue.
Normally, in the pseudouridylation snoRNA-rRNA interac-
tion, the substrate uridine is located 14 nucleotides (nt) up-
stream of the ACA or H box motif of the snoRNA (8, 16, 52).
A pseudouridine synthase and a methyltransferase enzyme,
most probably the Nap57p/Cbf5p (34) and fibrillarin/Nop1 (53,
75) proteins, that are directly or indirectly bound to the
H/ACA or C/D box elements of the snoRNAs catalyze the
nucleoside modification reaction. Therefore, the formation of
numerous ribosomal pseudouridines and 2'-O-methylated nu-
cleotides most likely is catalyzed by a single pseudouridine
synthase and a methyltransferase enzyme.

Less is known about the generation of pseudouridines and
2'-O-methylated residues in spliceosomal snRNAs. In vitro
pseudouridylation experiments suggest that multiple pseudouri-
dine synthase activities direct the pseudouridylation of the
polymerase II-synthesized U1, U2, and U5 snRNAs (59, 60).
Since maturation of these snRNAs proceeds via a cytoplasmic
phase (20, 47, 58), it remains unclear whether their modifica-
tion occurs in the nucleoplasm or the cytoplasm. The U6
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snRNA, an RNA polymerase III product (12, 21), represents
the most conserved and most extensively modified spliceoso-
mal RNA (62). Microinjection experiments indicated that U6
does not leave the nucleus of Xenopus oocytes, suggesting that
its maturation occurs in the nucleus (80). Unexpectedly, it has
recently been found that 2'-O-methylation of U6 snRNA at
C-77 and perhaps at A-47 is directed by C and D box-contain-
ing methylation snoRNAs (79).

The nucleolus has long been considered a subnuclear com-
partment that is devoted to the maturation of cytoplasmic
rRNAs (18). The formation of mature rRNAs, including 2’'-O-
ribose methylation, pseudouridylation, and nucleolytic pro-
cessing of the newly synthesized precursor rRNA is assisted by
many snoRNAs (48, 72, 73, 77). Here, we demonstrate that
factors directing the correct posttranscriptional modification of
mammalian U6 snRNA at the eight known 2'-O-methylation
and three pseudouridylation sites are present and functionally
active in the nucleolus.

MATERIALS AND METHODS

General procedures and oligos. Unless otherwise noted, all cloning and nu-
cleic acid manipulation procedures were performed according to standard lab-
oratory protocols (65). The identity of all constructs was confirmed by sequence
analyses. The oligodeoxynucleotides (oligos) used in this study and their se-
quences are as follows: 1, CTAGTACTAAAATTGGAACGATACAGAGAA;
2, TCGATTCTCTGTATCGTTCCAATTTTAGTA; 3, CTAGAGAAGATTAG
CATGGCCC; 4, TCGAGGGCCATGCTAATCTTCT; 5, CTAGATGGCCCC
TGCGCAAGGATGACA; 6, TCGATGTCATCCTTGCGCAGGGGCCAT,; 7,
CTAGAGATGACACGCAAATTCGTGAAGCGC; 8, TCGAGCGCTTCACG
AATTTGCGTGTCATCT; 9, CTAGAGTGTAGTATCTGTTCTTATCAGC;
10, TCGAGCTGATAAGAACAGATACTACACT; 11, CTAGAAAGACTAT
ACTTTCAGGGATCAC; 12, TCGAGTGATCCCTGAAAGTATAGTCTTT;
13, CTAGATTAATGTGAATTGCAGGACACATGACTAGTC; 14, TCGAG
ACTAGTCATGTGTCCTGCAATTCACATTAAT; 1501, TTTCTCGAGCC
CCAGTGGAAAGACGCGCAG; 16g,,;, CCCAATATTGGAACGCTTCACG
AATTTGCG; 175,51, TTTACTAGTAATATTTTTACATCAGGTTG; 1851,
TTTGAGCTCTGGTAAACCGTGCACCGGCG; 19 ATTAATGTGAATTGC
AGGACACAGA,; 20, CTAGTCTGTGTCCTGCAATTCACATTAAT; 21,
CTCAATATTATGTGCTGCCGAAGCG; 22g,.;, CTCACTAGTCATACTAA
AATTGGAACGATACA; 23y, TTCTCGAGTAGCTGGGACTACAGAC
GG; 24, TTTTGATCACTATAGAAATGATCCCTG; 254, TTTACTAG
TGTTACTAGAGAAGTTTCTG; 26y, TTTGGTACCTTTCTCGCGACAT
TGCCAAGC; 27, GATCATTAATGTGAATTGCAGGACACATGA; 28, CTA
GTCATGTGTCCTGCAATTCACATTAAT; 29, GATCCTTAATGTGAATT
GCAGGACACATGACTAGTG; 30, GATCCACTAGTCATGTGTCCTGCA
ATTCACATTAAG; 31,1, TTTGGTACCTGGTGCATCAGTTTGGTCAAT
TTGATTAAAATGTCATCA; 32xp01, ATACTCGAGTGTGCAGATGATGT
AAAAG; 33, CCAGCTCAAGATCGTAATAT; 34, GTTATTACATCATTT
GA; 35xpar, TGCTCTAGAGTGCTCGCTTCGGCAGC; 36x,,1, CCGCTCGA
GAAAATATGGAACGCTTCAC; 37xpa; TGCTCTAGATCCCAATGATGA
GTTGCCATGC; 38,1, CCGCTCGAGACCCCTCAGATCTTCATGTGAG;
39, AAAATATTACTAGTCTGTG; 40, ATTTTAGTATGACTAGTCTGTG;
41, GTGGACGGAGCAACTAGTCATG; 42, TTCTCTAGTAACACTAGTC
ATG; 43, TTCTCAGGATCCACTAGTCATG; 44, CCAGTGATTTTTTTCTC
CATTTTAGCG; 45, GTCTTCAAAGTTCTCATTTG; and 46, ACTGCTGATC
ATCTCTGTATTG.

Construction of plasmids and transfection of mammalian cells. To generate
the pW-Ub6-1 expression construct, appropriate oligos (oligos 1 and 2) were
annealed and inserted into the Xbal and Xhol sites of recombinant plasmid
pW(Xb/Xh) carrying the mouse ribosomal minigene (16, 19). The same strategy
was used to obtain pW-U6-2 (oligos 3 and 4), pW-U6-3 (oligos 5 and 6), pW-U6-4
(oligos 7 and 8), pW-U2 (oligos 9 and 10), pW-U3 (oligos 11 and 12), and
pW-5.85 (oligos 13 and 14). Transfection of mouse 1.929 (American Type Cul-
ture Collection [ATCC] CCL1) cells was achieved by use of the DEAE-dextran
method (67).

To construct pGL/U6-5.85(3"), two contiguous fragments of the human U6
gene (33) (GenBank accession no. M14486) from positions —328 to +100 and
from positions +101 to +199 were PCR amplified with Vent DNA polymerase
(New England BioLabs), human genomic DNA as a template, and oligo primers
15xnot/16ssp1 and 17g,c1/18s,c1, Tespectively. The amplified fragments were di-
gested with appropriate endonucleases and joined in a quadrimolecular ligation
reaction in the presence of the Xhol- and Sacl-digested pGL2 promoter vector
(Promega) and annealed oligos 19 and 20, which represented a fragment of the
human 5.8S rRNA gene from positions 62 to 84 and formed SspI- and Spel-
compatible termini. The same approach was used to construct pGL/U6-5.85(5")
and pGL/U3-5.8S. For amplification of the 5" and 3" halves of the human U6
gene from positions —328 to +22 and from positions +23 to +199, oligos
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15xno1/21sacr and 22g,01/18k;,n; Were used as specific primers, respectively. The
amplified fragments were digested and connected via ligation of annealed oligos
19 and 20 to the PCR-introduced SspI and Spel sites. The 5" and 3’ halves of the
human U3 gene (83) (GenBank accession no. X14945) from positions —478 to
+33 and from positions +34 to +313 were PCR amplified with oligos 23,/
2451 and 25g;,.1/26x 1, TESpectively. Annealed oligos 27 and 28 carrying 5.8S-
specific tag sequences were inserted between the PCR-introduced Bc/l and Spel
sites of the U3 gene fragments. The resulting 5.8S-tagged U6 and U3 genes were
cloned into the Xhol/Sacl and Xhol/Kpnl sites of the pGL2 promoter vector,
respectively. To generate pG-5.8S, annealed oligos 29 and 30 were inserted into
the BamHI site of the pG expression construct (29). Transfection of COS-7
(ATCC CRL 1651) cells was performed with DOTAP {N-[1-(2,3-dioleoyloxy)
propyl]-N,N,N-trimethylammonium methylsulfate} transfection reagent (Boehr-
inger) according to the manufacturer’s instructions.

Cell fractionation. Fractionation of transfected simian COS-7 and mouse cells
as well as human HeLa cells was performed as described earlier (27, 78).

Construction of plasmids for transformation of yeast cells. The pFL45/ACT/
U24 yeast expression construct has already been described (32). To generate
pFLA5/ACT/U24-6, the coding region of the human U24 snoRNA gene was PCR
amplified with oligos 31y, and 32x;,0; s 3" and 5’ end-specific primers, respec-
tively. The resulting U24-6 fragment was inserted into the Xhol and Kpnl sites of
the pFL45/ACT expression construct (32). Transformation of the yeast AU24
strain (a trpl A his3 A ura3,52 lys2,801 ade2,101 URA3::U24) (31) was performed
by the lithium acetate transformation procedure (22).

RNA analysis. Total RNAs from human HeLa, mouse 1929, and simian
COS-7 cells (17) and yeast cells (76) were isolated by guanidinium thiocyanate—
phenol-chloroform extraction. For Northern analysis, 10 ng of yeast cellular
RNAs was separated on a 6% sequencing gel, electroblotted onto a Hybond-N
nylon membrane, and probed with a mixture of 5’-end-labeled oligos comple-
mentary to the yeast snR36 (oligo 33) and human U24 (oligo 34) snoRNAs.
RNase A and T, mapping was performed as described previously (17). Gener-
ation of a sequence-specific antisense RNA probe for human U3 snoRNA has
been reported elsewhere (15, 27). To obtain RNA probes for the U6-5.85(5") and
U6-5.85(3") RNAs, the Xhol/Sacl fragments of the pGL/U6-5.85(5") and pGL/
U6-5.85(3") constructs were inserted into the same sites of pBluescript KS
(Stratagene). The resulting pU6-5.85(5") and pU6-5.85(3") plasmids were lin-
earized with Xhol and used as templates for the synthesis of antisense RNA
probes by use of T7 RNA polymerase. To generate probes for the human U6 and
mgU6-53 RNAs, the coding regions of the U6 (oligos 35xp,; and 36x,0;) and
mgUS5-53 (oligos 37xp. and 38x;,01) SNRNAs were PCR amplified with human
genomic DNA as a template. The resulting DNA fragments were inserted into
the Xbal/Xhol sites of pBluescript KS, linearized with Xhol, and transcribed by
use of T3 RNA polymerase. To generate an antisense probe for the W-U6-1
mouse minigene transcript, the PstI/EcoRI fragment of pW-U6-1 encompassing
the full-length ribosomal minigene was subcloned into the same sites of pBlue-
script KS, linearized with HindIIl, and transcribed by use of T7 RNA polymer-
ase.

Mapping of 2'-O-methylated nucleotides and pseudouridine residues. Detec-
tion of 2'-O-ribose-methylated nucleotides and pseudouridine residues was per-
formed by primer extension analyses as described by Maden et al. (42) and Bakin
and Ofengand (2), respectively. Terminally labeled oligos 39 [for U6-5.85(5")
RNA], 40 [for U6-5.85(3") RNA], 41 [for human U2 snRNA], 42 (for U3-5.8S
RNA), 43 (for G-5.85 RNA), 44 (for mouse ribosomal minigene transcripts), 45
(for yeast 25S rRNA), and 46 (for yeast U6 snRNA) complementary to the
appropriate target RNAs were used as primers for reverse transcription. The
extended DNA products were analyzed on 6% sequencing gels.

RESULTS

A putative guide snoRNA for 2’-O-methylation of human U6
snRNA at Am53. During characterization of a cDNA library of
human snoRNAs (31), we identified a 109-nt novel small RNA
(Fig. 1A). Cell fractionation experiments demonstrated that
the newly identified RNA, like the authentic U3 snoRNA (78),
copurifies with the nucleolar fraction of human HelLa cells
(Fig. 1B, upper panel, lane 5) and is absent from the nucleo-
plasmic fraction, where the U6 spliceosomal snRNA accumu-
lates (lane 4). The new RNA features all of the structural
elements, the box C, C’, D, and D’ motifs and a short 5’'-,
3’-terminal helix, that are essential for the expression, nucle-
olar localization, and function of 2’-O-methylation snoRNAs
(31, 32, 37, 64). However, the novel putative 2'-O-methylation
snoRNA lacks a significant sequence complementarity to
rRNA sequences, indicating that it cannot function in rRNA
methylation.

Recently, it was shown that 2’-O-methylation of the Cm77
residue of human U6 spliceosomal snRNA, upon injection into
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FIG. 1. Human mgU6-53 is a novel C and D box-containing snoRNA that possesses sequence complementarity to U6 spliceosomal RNA. (A) Nucleotide sequence
of mgU6-53 snoRNA. The conserved sequence box motifs of 2'-O-methylation snoRNAs are indicated. Sequences potentially involved in the formation of a 5'-,
3’-terminal helix are indicated by inverted arrows. Sequences of the human U6 snRNA that are complementary to the mgU6-53 snoRNA sequence are shown.
Nucleotides carrying 2'-O-methyl groups are indicated (m). The nucleotide sequence of mgU6-53 has been deposited in the EMBL database under accession no.
AJ243222. (B) Subcellular localization of mgU6-53 snoRNA. RNA samples (200 ng) extracted either from human HeLa cells (T) or from nuclear (N), nucleoplasmic
(Np), nucleolar (No), and cytoplasmic (Cy) fractions of HeLa cells were mapped by RNase A and T, protection by use of sequence-specific antisense RNA probes as
indicated on the right. Lane C represents a control mapping with Escherichia coli tRNA. Lane M, size markers in nucleotides (a mixture of Haelll- and TagI-digested

PBR322).

Xenopus oocytes, is dependent on a C and D box-containing
methylation snoRNA called mgU6-77 (methylation guide for
U6 RNA at position 77) (79). Another C and D box-containing
snoRNA (mgU6-47) was implicated in the synthesis of the
2'-O-methylated Am47 residue in U6 snRNA (79). A closer
examination of our new C and D box-containing snoRNA
revealed that it carries an 11-nt sequence that is perfectly
complementary to the human U6 snRNA from positions 50 to
60 (Fig. 1A). A putative base-pairing interaction between the
snoRNA and the U6 snRNA places the D’ box of the snoRNA
5 bp upstream of the A53 residue that is known to be 2'-O-
methylated in mammalian U6 snRNAs (62). We therefore
concluded that the novel RNA, now termed the mgU6-53
snoRNA, represents a new member of the group of C and D
box-containing snoRNAs and is likely to direct the 2’'-O-meth-
ylation of U6 snRNA.

Factors directing 2'-O-methylation and pseudouridylation
of U6 and U3 snRNAs are functional in the nucleolus. Impli-
cation of the mgU6-47, mgU6-77, and mgU6-53 snoRNAs in

2'-O-methylation of the U6 spliceosomal snRNA raises the
possibility that posttranscriptional modification of the U6
RNA takes place in the nucleolus. We therefore tested
whether factors supporting the 2'-O-methylation and
pseudouridylation of U6 snRNA are present in the nucleolus.
Short overlapping fragments of the rat U6 snRNA, U6-1 to
U6-4 (Fig. 2A), encompassing its eight 2'-O-methylation (m)
and three pseudouridylation (W) sites (62), were inserted into
the pW(Xb/Xh) mouse ribosomal minigene (19). As controls,
fragments of the human 5.8S rRNA (from U63 to U8S), U2
snRNA (from A30 to G52), and U3 snoRNA (from Al to A22)
were inserted into the pW(Xb/Xh) minigene. Each fragment
contained residues that are 2'-O-methylated and/or pseudouri-
dylated in wild-type RNAs (Fig. 2A) (41, 62). Upon transfec-
tion into mouse cells, the polymerase I-directed transcription
of the ribosomal minigene occurs in the nucleolus (18, 50), and
the resulting RNA transcript accumulates in the nucleolus (16,
19). Indeed, cell fractionation experiments followed by RNase
A and T, mapping and phosphorimager quantification showed
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FIG. 2. Nucleolar expression of the mouse ribosomal minigene tagged with human U6, U2, U3, and 5.8S RNA-specific sequences. (A) Schematic structure of the
pW(Xb/Xh) mouse ribosomal minigene construct. pW(Xb/Xh) contains the mouse polymerase I (Pol I) promoter and terminator (term), some 5" (hatched boxes) and
3’ (open box) external transcribed spacer (ETS) sequences, and a fragment of the chloramphenicol acetyltransferase (CAT) gene that carries the Xbal (Xb) and Xhol
(Xh) restriction sites. The pW-U6-1, pW-U6-2, pW-U6-3, pW-U6-4, pW-U5.8S, pW-U3, and pW-U2 constructs were created by insertion of appropriate synthetic DNA
fragments into the Xbal and Xhol sites of pW(Xb/Xh). Nucleotides which are 2'-O-methylated (m) or pseudouridylated (W) in rat U6, U3, and U2 snRNAs and human
5.8S rRNA are indicated. (B) Subcellular localization of the W-U6-1 ribosomal minigene transcript. Upon transfection of the pW-U6-1 minigene into mouse cells, RNA
samples (200 ng) extracted either from total cells (T) or from cytoplasmic (C,), nuclear (N,,), nucleoplasmic (N,), and nucleolar (N,,) fractions were analyzed by RNase
A and T protection by use of antisense RNA probes specific to the W-U6-1 transcript (upper panel), U3 snoRNA (middle panel), or U4 snRNA (lower panel). Lane
C represents a control mapping with E. coli tRNA. Lane M, size markers in nucleotides.

that between 90 and 96% of the minigene transcripts studied in
our experiments localized to the nucleolus of transfected
mouse cells. As a representative example, the intracellular
distribution of the W-U6-1 transcript is shown in Fig. 2B. The
small amount of W-U6-1 RNA detected in the nucleoplasmic
fraction derived most likely from cross-contaminating nucleoli,
since the nucleolar U3 RNA was also detectable in this fraction
(Fig. 2B, lane 5).

The state of 2'-O-methylation and pseudouridylation of the
minigene transcripts was observed by primer extension analy-
ses with a *?P-labeled deoxyoligonucleotide primer comple-
mentary to the minigene RNA downstream of the insertion
site. In the presence of a low concentration of deoxynucleoside
triphosphates, (0.004 mM), reverse transcriptase stops 1 nt
before and/or at the 2’-O-methylated nucleotide (31, 32, 42).
Pseudouridine residues were visualized by primer extension
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analysis with CMC [N-cyclohexyl-N’-3-(4-methyl-morpholinium)
ethylcarbodiimide p-tosylate]-treated RNAs (2). CMC reacts
irreversibly with N3 of pseudouridine and stops reverse tran-
scriptase 1 nt before the pseudouridylation site.

As expected (16), the 5.8S rRNA sequences in the nucleolar
W-5.8S transcript were faithfully 2'-O-methylated at G75 (Fig.
3A, lane 10) and pseudouridylated at U69 (Fig. 3B, lane 9).
More interestingly, the U6-specific sequences expressed in the
nucleolus were accurately 2'-O-methylated at A47, AS3, G54
(Fig. 3B, lane 2), C60, C62 (lanes 2 and 4), C63, A70 (lane 4),
and C77 (lane 6) as well as pseudouridylated at U31, U40 (lane
1), and U85 (lane 3). The same results were obtained when
2'-O-methylation of the W-U6-3 RNA and pseudouridylation
of the W-U6-1 RNA were monitored with RNA samples ob-
tained from the nucleolar fraction of transfected mouse cells
(data not shown). Both pseudouridine residues of the U3
snoRNA (W8 and W12) (62) were accurately formed in the
nucleolar W-U3 transcript (Fig. 3B, lane 5). However, neither
ribose methylation nor pseudouridine formation was observed
in the U2-specific tag sequences (Fig. 3A, upper panel, lane 8,
and Fig. 3B, lane 7). To ensure that the lack of stop signals in
the primer extension mapping of 2'-O-methyl groups in the
W-U2 transcript was not due to the special sequence context of
the U2 RNA, we performed control mapping with the human
U2 snRNA (Fig. 3A, lower panel, lanes 7 and 8). No RNA
modification was detected when another fragment of the U2
RNA (from A48 to U70) carrying two known pseudouridyla-
tion sites (W54 and W58) and one 2'-O-methylation site
(Amo61) was tested (data not shown). Likewise, primer exten-
sion analyses of the W-U6-1 and W-U6-3 transcripts revealed
no stop signals that could have indicated the formation of the
base-methylated m°A43 and m?G72 nucleotides that are
present in the wild-type U6 snRNA (62) (Fig. 3A, lanes 3 and
4, and Fig. 3B, lane 1).

These results demonstrate that trans-acting factors directing
the site-specific 2'-O-methylation and pseudouridylation of the
U6 spliceosomal snRNA and pseudouridylation of the U3
snoRNA are present and are functionally active within the
nucleolus. The fact that short fragments of the U6 snRNA and
the U3 snoRNA are faithfully methylated and/or pseudouridy-
lated in the nucleolus lends further support to the assumption
that modification of these snRNAs is directed by snoRNAs.
The snoRNA-directed synthesis of 2'-O-methylated nucleo-
tides requires a 10-bp interaction between the snoRNA and
the substrate RNA (11, 31). Since the target nucleotide is
located in the middle of this interaction, the synthesis of Cm60
and Cm62 residues lacking U6-specific 3'-flanking sequences
in the W-U6-2 transcript (Fig. 3A, lane 2) was unexpected.
However, we noticed that minigene sequences following the
U6-2 sequences are capable of extending a base-pairing inter-
action with a putative snoRNA up to 12 bp with two mis-
matches (GGCCCctcgaga; the authentic U6 sequences are
shown in uppercase letters).

5.8S rRNA-specific tag sequences carried by U6 RNA are
faithfully modified. In view of the above results, it seems pos-
sible that the U6 snRNA cycles through the nucleolus for
snoRNA-mediated nucleotide modification. The snoRNA-di-
rected synthesis of ribose-methylated nucleotides and
pseudouridine residues in the 18S, 5.8S, and 28S rRNAs occurs
within the nucleolus shortly after or during the synthesis of
precursor rRNA (13, 41). In accordance with this fact, IRNA
methylation and pseudouridylation snoRNAs show an exclu-
sive nucleolar localization (48). To assess whether the U6
snRNA can establish an interaction with the rRNA modifica-
tion snoRNAs, a short fragment of the human 5.8S rRNA
containing the pseudouridylated U69 and 2'-O-methylated
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G75 residues (41) was inserted into the 5'- or 3’-terminal part
of the coding region of the human U6 snRNA gene (33) (Fig.
4A). The same 5.8S tag was inserted into the human U3
snoRNA gene (83) as well as into the second exon of the
human B-globin gene (29). Upon transfection of the 5.8S-
tagged genes into simian COS-7 cells, RNase A and T, map-
ping performed with sequence-specific antisense probes re-
vealed that the chimeric U6-5.85(5") and U6-5.85(3") RNAs
(Fig. 4B, lanes 2 and 4) and U3-5.8S and GL-5.85 RNAs (data
not shown) were correctly and efficiently expressed. The ob-
served heterogeneity of the U6-5.85(5")- and U6-5.85(3")-spe-
cific protected fragments likely represents RNase mapping ar-
tifacts, since fragments protected by the 3’-terminal part of the
endogenous U6 snRNA also appeared as a doublet (Fig. 4B,
lane 3) and primer extension revealed a unique 5’ terminus for
both U6-5.85(5") and U6-5.85(3") (Fig. 5B, lanes 1 and 3).

Primer extension mapping of 2'-O-methylated nucleotides
in the U6-5.85(5") and U6-5.85(3") RNAs in the presence of
0.004 mM deoxynucleoside triphosphates (Fig. 5A, lanes 2 and
4) resulted in stop signals at the G75 residue, indicating that
the 5.8S tag sequence is correctly methylated in both chimeric
U6-5.85 RNAs. Mapping of pseudouridines revealed that the
U69 residue was converted into pseudouridine in both U6-
5.85(5") and U6-5.85(3") (Fig. 5B, lanes 1 and 3). Moreover,
mapping of the 5'-terminal region of the U6-5.85(3") RNA
showed that 2’-O-methylated nucleotides and pseudouridines
found in the rat U6 snRNA (62) were also present in the
chimeric U6-5.85(3") RNA (Fig. 5A, lanes 5 and 6, Fig. 5B,
lane 4, and data not shown), indicating that not only the 5.8S
but also the U6-specific sequences were correctly modified in
the chimeric U6-5.85(3") RNA. Likewise, when expressed as
part of the U3-5.85 RNA, the 5.8S tag sequences were cor-
rectly 2’-O-methylated at G75 (Fig. 5A, lane 8) and pseudouri-
dylated at U69 (Fig. 5B, lane 5). Pseudouridines found in the
rat U3 snoRNA (W8 and W12) were also readily detectable in
the chimeric U3-5.8§ RNA (Fig. 5B, lane 5). However, in
marked contrast to the findings for the U6-5.8S and U3-5.8S
RNAs, no 2'-O-methyl group and no pseudouridine residue
were detected in the 5.8S tag sequences carried by the cyto-
plasmic B-globin mRNA (Fig. 5A, lane 10, and Fig. 5B, lane 7).

These results demonstrate that the chimeric U6-5.8S and
U3-5.85 RNAs, when expressed in simian cells, undergo cor-
rect posttranscriptional modifications. This finding indicates
that these RNAs are able to establish physical contacts with
rRNA methylation and pseudouridylation snoRNAs as well as
with all the factors that are responsible for the site-specific
2'-O-methylation and pseudouridylation of U6 and U3 RNAs.

Targeted 2'-O-methylation of yeast U6 snRNA is directed by
an artificial snoRNA. By use of artificial 2'-O-methylation
snoRNAs that carry properly designed rRNA recognition mo-
tifs, novel 2'-O-methylation sites can be generated in eukary-
otic rRNAs (11, 14, 30, 31). We tested whether site-specific
2'-O-methylation of the yeast Saccharomyces cerevisiae U6
snRNA can be achieved by an artificial snoRNA that carries an
antisense element complementary to the U6 snRNA.

When expressed in yeast cells, the human U24 snoRNA can
direct 2’-O-methylation of the 25S rRNA at two positions (32).
The upstream antisense element (UAE) directs the methyl-
ation of C1450, and the downstream antisense element (DAE)
selects the C1436 residue (Fig. 6A). The DAE of human U24
was replaced with sequences complementary to the yeast U6
snRNA from U27 to A40. The resulting U24-6 snoRNA is
predicted to direct the 2’-O-methylation of residue G31 in
yeast U6 RNA in addition to residue C1450 in 25S rRNA.
DNA fragments encoding the mutant U24-6 and wild-type U24
snoRNAs were inserted into the intron region of the yeast
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FIG. 3. Primer extension mapping of modified nucleotides in mouse ribosomal minigene transcripts. (A) Mapping of 2'-O-methylated nucleotides. RNAs isolated from mouse cells transfected
with the pW-U6-2, pW-U6-3, pW-U6-4, pW-U2, or pW-U5.8S construct were analyzed by primer extension in the presence of a high (1 mM) or a low (0.004 mM) concentration of deoxynucleoside
triphosphates. Panel U2 shows mapping of 2'-O-methyl groups in the wild-type human U2 snRNA. Lanes C, T, A, and G represent sequencing ladders. The extension products were fractionated
on 6% sequencing gels. (B) Mapping of pseudouridines. RNAs obtained from mouse cells transfected (R) or not transfected (N) with the pW-U6-1, pW-U6-4, pW-U3, pW-U2, or pW-U5.8S
expression construct were subjected to CMC-alkali treatment. The modified pseudouridine-CMC residues were visualized by primer extension.
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FIG. 4. Expression of human U6 snRNA, U3 snoRNA, and B-globin mRNA tagged with 5.8S-specific sequences. (A) Schematic structures of the expression
constructs used for the transfection of COS-7 cells. The coding regions of human U6 and U3 snRNA genes are represented by open arrows. The cytomegalovirus
promoter (CMV), three exons (E1 to E3), and the polyadenylation region (PA) of the human B-globin gene are indicated for pGL-5.8S. The inserted tag sequences
and their positions as well as relevant restriction sites (B, BamHI; E, EcoRI; H, Hindlll; K, Kpnl; S, Sacl; X, Xhol) are indicated above the constructs. Nucleotides
representing authentic 5.8S rRNA sequences are in uppercase letters. Nucleotides introduced to facilitate cloning are in lowercase letters. The U69 and G75 residues
that are pseudouridylated or 2'-O-methylated in human 5.8S rRNA are marked. (B) Accumulation of U6-5.85(5") and U6-5.85(3') RNAs in COS-7 cells. RNAs
extracted from transfected (T) and nontransfected (N) cells were analyzed by RNase A and T, mapping by use of antisense RNA probes specific for either the
U6-5.85(5") or the U6-5.85(3") RNA. The protected fragments were separated on a 6% sequencing gel. Lane M, size markers.

alcohol dehydrogenase gene and transformed into a yeast
strain that lacks a functional U24 locus (AU24) (31, 32). North-
ern analysis showed that the U24 and U24 snoRNAs were
correctly expressed in yeast (Fig. 6B).

The 2'-O-methylation pattern of the 25S rRNA (Fig. 6C)
and the U6 snRNA (Fig. 6D) was tested by primer extension
analyses. The U24-6 snoRNA (Fig. 6C, upper panel, lane 6), in
contrast to the wild-type U24 snoRNA (lane 4), did not sup-
port the DAE-dependent methylation of 25S rRNA at C1436.
The U24-6 snoRNA, like the wild-type U24 snoRNA, directed
the UAE-dependent methylation of the C1450 residue (Fig.
6C, lower panel). More interestingly, in the AU24 yeast strain

expressing the U24-6 snoRNA, the U6 RNA was 2'-O-meth-
ylated at the G31 position (Fig. 6D, lane 4), demonstrating that
2'-O-methylation snoRNAs can direct the site-specific meth-
ylation of the U6 spliceosomal snRNA. These results also show
that the UAE and DAE of a methylation snoRNA can inde-
pendently direct 2'-O-methylation of an snRNA and an rRNA
(see also reference 79).

DISCUSSION

The rat U6 spliceosomal snRNA carries eight ribose- and
two base-methylated nucleosides and three pseudouridines
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FIG. 5. Primer extension mapping of modified nucleotides. (A) Mapping of 2’-O-methyl groups. RNAs obtained from COS-7 cells transfected with the pU6-
5.85(5"), pU6-5.85(3"), pU3-5.8S, or pGL-5.8S expression construct were annealed with specific 3°P-labeled primers and extended with avian myeloblastosis virus
reverse transcriptase in the presence of 1 mM (lanes 1, 3, 5, 7, and 9) or 0.004 mM (lanes 2, 4, 6, 8, and 10) deoxynucleoside triphosphates. The origin of the stop signal
at A51 in the U6 snRNA is unknown (lanes 5 and 6). (B) Mapping of pseudouridine residues. RNAs isolated from COS-7 cells transfected (R) or not transfected (N)
with the pU6-5.85(5"), pU6-5.85(3"), pU3-5.8S, or pGL-5.8S construct were treated with CMC and analyzed by primer extension. For other details, see the legend to

Fig. 3.

(62). Many of these modified nucleosides are present in plant
U6 snRNA as well (28), indicating that they play an important
and phylogenetically conserved role in the assembly and/or
function of the U6 snRNP. This study has focused on the
molecular mechanism that is responsible for the generation of
modified nucleosides in U6 snRNA.

Factors directing site-specific modification of U6 snRNA
and U3 snoRNA. We have demonstrated that short fragments
of the U6 snRNA embedded in mouse ribosomal minigene
transcripts are efficiently and accurately 2'-O-methylated and
pseudouridylated within the nucleolus of mouse cells (Fig. 3).
Two major conclusions can be drawn from these observations.
First, recognition of the correct 2'-O-methylation and
pseudouridylation sites in U6 snRNA relies on short nucleo-
tide sequences located around the target site. Second, trans-
acting factors directing the modification of U6 snRNA at all
known 2'-O-methylation and pseudouridylation sites are
present and are functionally active in the nucleolus.

After injection of in vitro-transcribed human U6 snRNA
into Xenopus oocytes, the synthesis of the Cm77 2’'-O-methyl-
ated nucleotide in human U6 snRNA depends on the presence
of a C and D box-containing methylation snoRNA (79). Mam-
malian cells contain at least two additional C and D box-
containing snoRNAs with the potential to direct the 2'-O-
methylation of U6 snRNA at Am47 (79) and Am53 (Fig. 1).
These observations, coupled with the conclusion that the rec-
ognition of all known 2’-O-methylation sites of U6 RNA de-
pends on nucleotide sequences located around the actual tar-

get site, rather than the secondary structure of the RNA,
strongly support the notion that the 2’-O-methylation of U6
snRNA is directed exclusively by snoRNAs. We have demon-
strated that frans-acting factors directing the synthesis of all
pseudouridine residues in the U6 (¥31, ¥40, and ¥85) and U3
(W8 and W12) RNAs are also present in the nucleolus (Fig.
3B). Since these pseudouridylation factors recognize the nu-
cleotide sequences around the substrate uridines of the U6 and
U3 RNAs, we can anticipate that the pseudouridylation of
these snRNAs may turn out to be a guide RNA-mediated
process.

Mammalian U6 snRNAs also contain two base-methylated
nucleotides, an N-6-methyladenosine (m°A43) and a 2-meth-
ylguanosine (m*G72) (62). No base methylation was detected
at A43 or G72 in short fragments of the U6 snRNA that were
expressed in the nucleolus (Fig. 3). This finding lends further
support to the idea that base methylation of the U6 snRNA is
dependent on the three-dimensional structure of the RNA
(69) and may take place in the nucleoplasm. Similarly, short
U2 snRNA-specific sequences are neither 2'-O-methylated nor
pseudouridylated in the nucleolus (Fig. 3), suggesting that fac-
tors directing the modification of U2 snRNA are not present in
the nucleolus and/or they recognize the three-dimensional
structure of the U2 snRNA. Indeed, a yeast tRNA pseudouri-
dine synthase enzyme, Puslp, is also responsible for the syn-
thesis of the W44 residue in yeast U2 snRNA (44). The nucle-
oplasmic localization of Puslp (70) and pseudouridylation
analyses of in vitro-synthesized U2 RNAs that were microin-
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FIG. 6. Site-specific 2’-O-ribose methylation of yeast U6 snRNA directed by an artificial snoRNA. (A) Potential base-pairing interactions formed between human
U24 snoRNA and yeast 25S rRNA or U24-6 snoRNA and yeast U6 snRNA. Nucleotides known or expected to be 2'-O-methylated are indicated by closed or open
circles, respectively. DNA fragments encoding U24 or U24-6 snoRNAs were inserted into the intron of the yeast actin gene that had been placed under the control
of the promoter (ADH-P) and terminator (ADH-T) of the yeast alcohol dehydrogenase gene. The relevant restriction sites are shown (H, HindIlI; X, Xhol; K, KpnI).
(B) Northern blot analysis of human U24 and U24-6 snoRNAs. RNAs isolated from control AU24 yeast cells (lane 1) and AU24 cells transformed with the pFL45/ACT
expression construct carrying either the U24 (lane 2) or the U24-6 (lane 3) snoRNA gene were fractionated on a 6% sequencing gel and probed with a mixture of labeled
oligos specific for U24 and snR36 snoRNAs. Lane M, size markers. (C) Mapping of ribose-methylated nucleotides in yeast 25S rRNA. RNAs obtained from the AU24
strain (lanes 1 and 2) and from cells expressing either the U24 (lanes 3 and 4) or the U24-6 (lanes 5 and 6) snoRNA were analyzed by primer extension in the presence
of 1 or 0.004 mM deoxynucleoside triphosphates. Lanes C, T, A, and G represent sequencing ladders. (D) Primer extension mapping of ribose-methylated nucleotides
in yeast U6 snRNA. Oligo primers specific for the yeast U6 RNA were annealed to RNAs obtained from the yeast AU24 strain expressing the human U24 (lanes 1
and 2) or U24-6 (lanes 3 and 4) snoRNA. Primer extension was performed in the presence of 1 mM (lanes 1 and 3) or 0.004 mM (lanes 2 and 4) deoxynucleoside
triphosphates.

jected into the nucleoplasm or cytoplasm of Xenopus oocytes
(82) suggest that the pseudouridylation of U2 snRNA takes
place in the nucleoplasm.

Does modification of U6 snRNA occur in the nucleolus? The
nucleus is highly compartmentalized, and most nuclear pro-

cesses can be linked to distinct subnuclear structure (35, 74).
The nucleolus, the most extensively studied subnuclear or-
ganelle, has long been known as the site of the biogenesis of
cytoplasmic ribosomes (18). Recently, several lines of evidence
suggest that the nucleolus has more diverse functions than
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earlier anticipated. In yeast, the early processing of some pre-
cursor tRNAs has been found to occur within the nucleolus
(4). A fraction of mammalian telomerase (49), signal recogni-
tion particle (63), and RNase P (24) RNAs has been shown to
be present in the nucleolus. Microinjection of in vitro-synthe-
sized signal recognition particle (23), RNase MRP (25), and
RNase P (24) RNAs into the nucleoplasm of mammalian cells
is followed by transient localization of these RNAs to the
nucleolus. These findings suggest that in addition to the bio-
genesis of cytoplasmic ribosomes, the nucleolus also functions
in the processing and/or export of some stable small RNAs
(61).

Based on biochemical criteria, the mgU6-47, mgU6-53, and
mgU6-77 putative 2'-O-methylation guide RNAs for U6 RNA
have been localized to the nucleolus (79) (Fig. 1B). These
results, coupled with the observation that frans-acting factors
directing the 2’-O-methylation and pseudouridylation of U6
and U3 snRNAs are functionally active in the nucleolus (Fig.
3), suggest that the nucleolus may function in the posttran-
scriptional modification of the U6 spliceosomal snRNA and
the U3 snoRNA. Since mature U6 snRNA shows a steady-
state nucleoplasmic localization, the notion that its posttran-
scriptional modification occurs in the nucleolus presupposes
that U6 snRNA cycles through the nucleolus during its matu-
ration. Demonstration that the wild-type U6 snRNA in yeast
(Fig. 6) and the chimeric U6-5.8S RNA in mammalian cells
(Fig. 5) can undergo snoRNA-directed 2'-O-methylation and
pseudouridylation further supports this notion. Recently, it
was shown that an in vitro-transcribed U6 snRNA, upon injec-
tion into the nucleoplasm of Xenopus oocytes, transiently ac-
cumulates in the dense fibrillar compartment of the nucleolus
(51). The fibrillar compartment of the nucleolus also harbors
the fibrillarin snoRNP protein that is associated with all 2’-O-
methylation snoRNAs. This protein is most likely the methyl-
transferase enzyme that catalyzes the ribose methylation of the
target nucleotide specified by the RNA component of the
snoRNP particles (53, 75).

The above-mentioned study (51) also revealed that micro-
injected U6 snRNA localizes to other conserved subnuclear
organelles, the coiled bodies, in addition to the nucleolus. The
nucleolus and coiled bodies have several common antigens and
appear to be remarkably related in both structure and function
(6, 45, 74). Coiled bodies are attached to the nucleolar periph-
ery and, under certain physiological conditions, are found
within the nucleolus (40, 43, 54), suggesting that they either
emerge from or fuse to the nucleolar structures (6, 45). An
exciting feature of coiled bodies is that they contain all the
major spliceosomal snRNPs, including the U6 snRNP (9, 46).
Hence, coiled bodies have been implicated in the processing,
modification, or export of spliceosomal snRNAs (6, 40, 45).

Although no H or ACA box pseudouridylation guide
snoRNP has yet been detected in coiled bodies, the presence of
some C and D box-containing snoRNPs has been well docu-
mented (26, 56, 64, 68). Since the C and D boxes have been
identified as the key transport elements which target these
RNAs to the nucleolus and coiled bodies (37, 64), all snoRNAs
carrying these box motifs may be present in coiled bodies.
Thus, snoRNA-directed 2'-O-methylation of U6 snRNA may
take place in coiled bodies (6, 79). Coiled bodies also contain
the putative 2'-O-methyltransferase (fibrillarin) and pseudouri-
dine synthase (Nap57/Cbf5) enzymes that likely catalyze the
U6 modification reactions. However, the putative guide RNAs
directing U6 methylation are localized to the nucleolus and are
practically absent from the nucleoplasm (79) (Fig. 1B). In
marked contrast, a coiled body-specific nuclear protein, p80
coilin, was detected mainly, if not exclusively, in the nucleo-
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plasmic fraction (data not shown). Therefore, a potential co-
purification of coiled bodies with nucleoli cannot account for
the observed nucleolar localization of the U6 methylation
snoRNAs. We cannot, however, exclude the possibility that
coiled bodies contain a small but still sufficient amount of
guide snoRNPs to conduct the modification of U6 snRNA.
Likewise, the available data cannot unambiguously rule out the
formal possibility that the modification of U6 snRNA occurs in
the nucleoplasm. In this context, however, it is noteworthy that,
despite our repeated efforts, artificial snoRNAs failed to direct
the 2'-O-methylation of the human B-globin mRNA and pre-
cursor mRNA as well as the nucleoplasmic UI9H RNA (7, 27).

In summary, the data presented in this paper are most con-
sistent with the idea that the posttranscriptional modification
of U6 spliceosomal snRNA and U3 snoRNA takes place in the
nucleolus, although we acknowledge that other subnuclear
compartments, such as coiled bodies, may also contribute to
this process. Nevertheless, the fact that trans-acting factors
directing the site-specific 2'-O-methylation and pseudouridy-
lation of the U6 spliceosomal RNA and pseudouridylation of
the U3 snoRNA are present and are functionally active in the
nucleolus documents that the nucleolus, directly or indirectly,
is involved in the biogenesis of some snRNAs and snoRNAs.
These results further substantiate the emerging idea that the
nucleolus is a multifunctional organelle that functions in the
maturation and/or intracellular trafficking of different classes
of cellular RNAs.
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