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The two major families of small nucleolar RNAs
{snoRNAs), Box C/D and Box H/ACA, are generated
in the nucleoplasm and transported to the nucleolus
where they function in rRNA processing and modifica-
tion. We have investigated the sequences involved in
the intranuclear transport of Box H/ACA snoRNAs by
assaying the localization of injected fluorescent RNAs
in Xenopus oocyte nuclear spreads’ Our analysis of
U17, U64 "and UG5 has revealed that disruption of
either of the conserved sequence elements, Box H or
Box ACA, eliminates nucleolar localization. In addition,
the stem present at the base of the 3' hairpin is required
for efficient nucleolar localization of U65. Fragments
or rearrangements of U65 that consist of Box H and
Box ACA flanking either the 5° or 3’ hairpin are
targeted to the nucleolus. The targeting is dependent
on the presence of the Box sequences, but not on their
orientation. Our results indicate that in each of the
two major families of snoRNAs, a motif composed of
the signature conserved sequences and an adjacent
structural element that tethers the sequence elements
directs the nucleolar localization of the RNAs. We
demonstrate that telomerase RNA is also targeted to
the nucleolus by a Box ACA-dependent mechanism.
Kevwords: coiled bodies/nucleolus/RNA transport/
snoRNA/Xenopus oocyte

Introduction

In cukaryotes. the nucleolus is the site of assembly of
ribosomal protcins and ribosomal RNA (rRNA) into
ribosomal subunits. While ribosomal proteins are synthe-
sized in the cytoplasm and wransported o nucleoli. rRNASs
are synthesized. modified and processed from precursors
within the nucleolus (Scheer and Weisenberger. 1994:
Shaw and Jordan, 1995). rRNA is heavily modified: >200
of the ~7000 nucleotides of mature human rRNA are
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madificd by isomcrization of uridine o pscudouridine or
methylation of the 2°-OH group of the ribose (Maden.
1990; Ofengand et al.. 1995: Ofengand and Bakin, 1997;
Ofengand and Fournier. 1998). The purpose of 2°-0-
methylation and pseudouridylation of rRNA is not known.
Whilc individual modifications have not been found to be
essential for cellular viability (Maxwell and Fournicr.
1995; Balakin et al.. 1996: Qu ¢f al.. 1999), the positions
of modified rRNA nucleotides are concentrated in the
lunctional core of rRNA and arc conserved, implying an
important, perhaps collective function (Bakin et al., 1994,
Lanc et al.. 1995). The maditicd precursor rRNA transcript
“is processed to produce three mature species (5.8S, 188
and 28S rRNA in vertebrates) that arc incorporated into
the large and small ribosomal subunits (Hadjiolov. 1985:
Eichler and Craig. 1994: Venema and Tollervey, 1995:
Sollner-Webb er al.. 1996).

Modification and processing of rRNA requires small
nucleolar RNAs (snoRNAs). Two major classes of
snoRNAs can be identified based on common sequence
elements, predicted structures and associated proteins
(Maxwell and Foumnier, 1995: Smith and Steitz, 1997;
Tollervey and Kiss. 1997). Members of the Box C/D
family snoRNAs guide the 2'-O-methylation of rRNA
(Kiss-Liszlo er al.. 1996; Nicoloso et al.. 1996). Box H/
ACA snoRNAs guide pseudouridylation of rRNA (Ganot
et al.. 1997a; Ni et al., 1997). In both cases, it appears
that the snoRNAs select the modification sites by base-
paired interaction with rRNA. but do not catalyze the
modification. In addition. a few Box C/D (U3, U8, Ul4
and U22) and Box H/ACA (UI7/E1, E2. E3, and yeast
snRI0 and snR30) snoRNAs are required for rRNA
processing (Maxwell and Fournier, 1995; Venema and
Tollervey. 1995: Enright et «l.. 1996; Tollervey and Kiss.
1997). However. the vast majority of snoRNAs appear to
direct the many modifications of rRNA.

The snoRNAs function in the nucleolus. but precursor
snoRNAs are generated by wanscription from chromo-
somes in the nucleoplasm (Suh ez al.. 1987: Sollner-Webb.
1993: Guo ¢t al.. 1997). In this work. we have investigated
the role of snoRNA sequences and structures in the
transport of threc Box H/ACA class snoRNAs (U17. U64
and UG5} to the nucleolus. The Box H/ACA RNAs have
similar predicted core sccondary structures that can be
described as hairpin-hinge~hairpin-tail structures (Balakin
el al., 1996: Ganot et al.. 1997b). The RNAs sharc two
sequence elements, termed Box H (consensus AnAnnA),
which is found in the “hinge’. and Box ACA (consensus
ACA). located in the "ail’, three nucleotides from the
3' terminus of each RNA (Balakin ¢ al.. 1996; Ganot
et al.. 1997h). The Box I and Box ACA sequences are
found in single-stranded regions of the RNAs flanking the
37 hairpin, Site sclection for pscudouridylation of rRNA
is accomplished by basc-pairing between sequences in
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Fig. 1. Sequence and secondary structures of U65. U64 and U117 Box H/ACA snoRNAs (Cecconi er al.. 1994: Ganot et al.. 1997b: Bortolin ¢r al..

1999). The conserved Box H and Box ACA sequences are indicated.
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Fig. 2. Microinjected fluorescently labeled RNAs localized in Xenopus oocyte nuclear spreads. (A) Box H/ACA snoRNAs co-localize with
endogenous fibrillarin in nucleoli. Fluorescently labeled U6S. U64 and U17. as well as U3 and Ul. were transcribed in virro (see Materials and
methods) and injected separately into Xenopus oocyte nucler. m G-capped U3 snoRNA and Ul snRNA served as positive and negative controls.

respectively. for nucleolar localizauon. The nuclear spreads were prepared 1 h after in]

ction. Endogenous fibrillarin was detected by indirect

immunofluorescence using anti-hbrillarin antibody. 17C12 (Hultman er al.. 1994) and Texas Red-labeled secondary antibodies (FIB). The RNAs were
observed by fluorescence microscopy. Differential interference contrast (DIC) and fluorescence images (RNA and FIB) are shown for each sample

~

I'he DIC panels show 2

5 nucleolis Bar, 10 pm. (B) Box H/ACA snoRNAS are not observed in coiled bodies. Nuclear spreads were made 15 min

after the mjection of fluorescently labeled RNAs. Coiled bodies were stained by indirect immunofluorescence using antibody H1 against p80 coihin

(Tuma ez al.. 1993) and Texas Red-labeled secondary antibodies (COLIN)

I'he control U3 snoRNA and UT snRNA localize to cotled bodies as reported previously (Narayanan er al

(RNA and COILIN) are shown for cach sample

one of the two pscudouridylation
snORNA and sequences flanking the modification site in
rRNA (Ganot er al.. 1997a). The pseudouridylation loops
are located within the hairpins of Box H/ACA  guide
RNASs flanked by the proxtmal and distal stem regions

loops of a Box H/ACA

The sequences within Box H/ACA snoRNAS important
for their accumulation and function in pscudouridvlation
have been investigated. These studies have been performed
in both veast and vertebrate svstems. where the RNAS are

A single coiled body is present in cach panel (indicated by an arrow)
1999). DIC and fluorescence images

eenerated by disunct mechamsms. Vertebrate Box H/ACA
snORNAS (including Ul7. U64 and U6S) are generated
by processing from introns. whereas most Box H/ACA
RNAs are transcribed independently in yeast (Maxwell
and Fournier. 1995: Tollervey and Kiss, 1997). Accumula
ton ol all Box H/ACA snoRNAs examined requires Box
H and Box ACA. and the 3 -proximal stem has been
demonstrated to be essential for stability in yeast (Balakin
cr al.. 1996: Ganot ¢r al.. 1997b: Bortolin ¢t al.. 1999)

5121



A.Narayanan et al.

ABox H

U6s ABox H

PROX

A Box
ACA {

3

A% A Box
PROX ACA

M N C
123

wa @ w @@
il S5

% |

NoC o MSN G M N -C

Pe f° o9 ©F
§34-3-

e@eeGe @

Rl St ll 12

Fig. 3. Identification of cis-acting sequences essential for the nucleolar localization of U635 Box H/ACA snoRNA. (A) Schematic representation of
the secondary structure of U65 snoRNA denoting the positions of Box H. Box ACA. and also the 5° and 3’ hairpins. In addition, the stem region of
each hairpin that is proximal (PROX) and distal (DIST) to the Box H/ACA region. and the pseudouridylation loops (y) are indicated. (B) Role of
Box H. Box ACA and the 3'-proximal stem in the nucleolar localization of U65 snoRNA. Block sequence substitution (indicated as A) to disrupt the
proximal and distal stems of each of the 5" and 3" hairpins. as well as the Box H and Box ACA sequence elements. was performed (Bortolin er al..
1999: see Materials and methods). In addition. compensatory changes were introduced into the A 3° PROX construct to restore a stem siructure (r 3
PROX). Fluorescently labeled RNAs were injected and nuclear spreads were made | h after injection. The DIC panels show 2-5 nucleoli. and the
fluorescence panels (FL) show RNA signals. Bar. 10 um. (C) Variants of U6S that are not localized to nucleoli are present within the nucleus
Samples from the same set of injected oocytes were analvzed for nucleolar localization [see (B)] and by gel electrophoresis tollowing dissection into
nuclear (N) and cytoplasmic (C) fractions. RNAs were co-labeled with 2P (see Materials and methods) and detected by autoradiography. Marker
lanes 1. 4. 7 and 10 (M) show RNA samples prior to injection. U3 and t(RNA were included as controls for accurate oocyte dissection and RNA

stability. retention (U3) and export (IRNA)

On the other hand, the 5 cap is mportant for the
accumulation of independently transcribed Box H/ACA
snoRNAs. but not for intron-derived RNAs. which do not
contain 5" caps (Bortolin et al., 1999). The 5 -proximal
stem is essential for accumulation of intronic Box H/ACA
snoRNAs, but not for capped RNAs (Bortolin er al.
1999). Box H and Box ACA are also essential for
generating correctly processed S* and 3" snoRNA termini
(Balakin er al., 1996; Bortolin er al.. 1999). Finally. the
ability of the snoRNAs (including U64 and U63) to
function in pseudouridylation depends on the integrity ot
Box H, Box ACA and each of the four stem regions that
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flank the pseudouridylation loops in the 5" and 3" hairpins
(Bortolin et al.. 1999).

Box H/ACA snoRNAs. including Ul7. U64 and U6S.
have been found to fractionate with nucleoli (Kiss et al..
1996: Ganot et al.. 1997b) or to be localized in nucleoh
in cytological preparations (Ceccont et al.. 1995:
Selvamurugan er al.. 1997: Shaw er al.. 1998). We are
interested in the mechanism of transport of sSnoRNAs to
the nucleolus and have examined the distribution ot
fluorescently labeled H/ACA RNAs following injection
into the nucleus of Xenopus oocytes. These RNAS
specifically localize o the tibrillar region of the nucleolus
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Fig. 4. Box H and Box ACA are required for nucleolar localization of U64 and U17. Variants of U64 and U17 Box H/ACA snoRNAs were injected
into Xenopus oocyte nuclei. Nuclear spreads were prepared [(A) and (C)] and RNAs were analyzed by gel electrophoresis [(B) and (D)] I h after
injection. Block substitution of Box H (A Box H) and deletion of Box ACA (del Box ACA). as well as point mutation of Box ACA (ACA—-GCA).
disrupted nucleolar localization of U64 (A). Similarly. deletion of Box H or Box ACA (del Box H or del Box ACA). or point mutation of Box ACA
(ACA—-GCA) in Ul7. blocked localization of RNA to nucleoli (C). DIC indicates differential interference contrast and FL indicates fluorescence
Bar. 10 um. The amount of the variant U64 or U17 RNAs present in the nucleus at the ume of analysis is shown in (B) and (D). respecuvely.
Nuclear (N) and cytoplasmic (C) fractions were obtained 1 h after injection from the same set of injected oocytes as used for the nuclear spread
analysis. Marker lanes 1. 4 and 7 [(B) and (D)] are samples before injection (M). U3 (B) or U8 (D) and tRNA were used as controls for oocyte

dissecuion. and RNA stability, retention and export.

and examination of variant RNAs has allowed us to
determine that the conserved Box H and Box ACA
sequences along with an adjacent stem structure are
necessary for nucleolar localization of RNA. Our results
also indicate that telomerase RNA is targeted to nucleoli
by the same mechanism.

Results

Specific targeting of Box H/ACA snoRNAs to the
nucleolus

Previously. we determined the sequences and structures
critical for localization of Box C/D family snoRNAs to
the nucleolus by mjecting fluorescently labeled wild-type
and variant RNAs into the nucleus of Xenopus oocytes
and assessing the RNA localization in nuclear spreads
(Narayanan e¢r al.. 1999). Similarly. we have analyzed
the nucleolar localization of three Box H/ACA family
snoRNAS in this work. Fluorescently labeled human U6S.
U64 and U17 snoRNAs (Figure 1) are present in nucleoli
I h following injection into Xenopus oocytes (Figure 2A).
The RNASs co-localize with the nucleolar protein fibrillarin
to the fibrillar region of the nucleolus (Figure 2A). The
localizaton of the Box H/ACA RNAs is similar to that

observed with U3 Box C/D snoRNA (Figure 2A). Ul
small nuclear RNA was not observed in nucleoli at any
time point examined (Figure 2A: 15 min, 4, 8 and 24 h,
A.Narayanan, R.Terns and M.Terns. unpublished data). In
addition. while we found that Box C/D snoRNAs transi-
ently localize to coiled bodies prior to nucleoli (Narayanan
et al., 1999), UGS, U64 and U17 do not localize to coiled
bodies at an early time point (15 min after injection:
Figure 2B). or at any time point examined (including 1.
4 and 8 h after injection; A.Narayanan, R.Terns and
M.Terns. unpublished data). Box H/ACA snoRNAs appear
to be retained in the nucleus (Figure 3C) like Box C/D
snoRNAs (Terns and Dahlberg. 1994: Terns er al.. 1995).

Box H, Box ACA and the 3’-proximal stem are
critical for localization of U65 to nucleoli
Localization of human H/ACA snoRNAs to nucleoli in
Xenopus oocytes implied that conserved sequences and
structures would be involved in localization. The two
conserved sequence elements identified in the Box H/
ACA snoRNAs. Box H and Box ACA, are both located
in single-stranded regions of the RNAs (Figures | and
3A). The Box H/ACA snoRNAs share hairpin-hinge-
hairpin—tail predicted secondary structure elements typified
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by UGS and Uo64 RNAS (Figure 3A). Box H s located in
the hinge between the 3 hairpin and the 3" hairpin (Figure
3A). Box ACA 1s located three nucleotides from the
3" terminus of mature RNAs in the single-stranded tal
(Figure 3A). Among the RNAs that guide pseudoundyl-
aton, cach functional hairpin consists essentially of a
stem proximal to Box H. an mternal loop where base
pairing with rRNA for pscudouridylation site selection
occurs, a distal stem regron and a terminal loop (Figure
3A). We tested the ability of variants of U65 in which
conserved elements were disrupted to localize to nucleoli.
Each of the four stem regions was disrupted by substitution
of the sequence of one strand of the stem. Disruption of
either the proximal or distal stem in the 5" hairpin (A 5
PROX and A 5" DIST) or the distal stem of the 3" hairpin
(A 3" DIST) did not significantly affect the ability of
the RNA to localize to nucleoli (Figure 3B). However.
disruption of the proximal stem of the 3" hairpin nearly
eliminated nucleolar localization (A 3" PROX; Figure 3B).
Restoration of the 3'-proximal stem by compensatory
changes in the sequence of the other strand of the stem
re-established the ability of the RNA to localize to nucleoli
(r 3" PROX: Figure 3B), indicating that the 3'-proximal
stem structure (but not sequence) is vital for nucleolar
localization. In addition, substitution of either the Box H
or Box ACA sequence element prevents localization of
UG5 to nucleoli (AH and AACA; Figure 3B). Importantly.
each of the variant RNAs that is not observed in nucleoli
is present in the nucleus at the time of analysis 1 h after
injection (Figure 3C). Thus, Box H. Box ACA and the
3'-proximal stem formed by sequences adjacent to Box H
and Box ACA are important for localization of U635
to nucleoli.

Box H and Box ACA are also required for
localization of U17 and U64 snoRNAs to nucleoli
We tested whether the conserved sequence elements Box
H and Box ACA were also involved in the nucleolar
localization of two additional Box H/ACA snoRNAs. We
found that disruption of either Box element in U64 or in
U17 blocked localization of the RNAs to nucleoli (Figure
4A and C). Again. although the RNAs did not localize to
nucleoli, they were present in nuclei at the time of analysis
(Figure 4B and D). Furthermore. point mutation of one
of the three conserved residues of Box ACA (ACA—-GCA)
also prevented localization of both U64 and U17 (Figure
4A and C). In addition. we analyzed a series of mutations
in Box H (consensus sequence AnAnnA) in U64 RNA
(Figure 5). The results indicate that all of the three
conserved A residues of Box H (positions 1. 3 and 6) are
necessary [or the function of Box H in localization. In
summary, our results indicate that Box H. Box ACA and
the 3'-proximal stem that tethers these two sequence
elements are required for nucleolar localization of Box H/
ACA family snoRNAs

Minimal elements sufficient for localization of RNA
to the nucleolus

We were interested in determining the minimal sequences
required for targeting of a Box H/ACA snoRNA 1o
nucleoli. We analyzed the localization of fragments of
U65 RNA and found that an RNA composed of the hinge
including Box H. the 3" hairpin and the tail including Box
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Fig. 3. All three conserved adenine nucleotides of the Box H region of
U64 are essenual for nucleolar localization. In vitro transcribed.
fluorescently labeled RNAS were injected into oocytes and nuclear
spreads were prepared | h after injection and analyzed by fluorescence
microscopy. The Box H sequence of wild-type (AAAAGA) and each
U64 variant RNA 1s indicated 1o the left (Ganot ¢r al.. 1997h)
Conserved adenine residues are underlined. DIC indicates differential
interterence contrast panels and FL indicates fluorescence panels. Bar.
10 um

ACA (H-3'"Hp-ACA) was transported to the nucleolus
(Figure 6A). However. a similar fragment consisting of
the 3" hairpin and Box ACA. but lacking Box H (3"Hp-
ACA). was not observed in nucleoli (Figure 6A) despite
its presence in the nucleus (Figure 6B). In addition. a
fragment of U6S consisting of the 5" hairpin and Box H
(3'Hp-H) was present in the nucleus (Figure 6B) but not
in nucleoli (Figure 6A). These results indicate that Box
H and Box ACA are each essential for localization of the
fragments as well as full-length Box H/ACA snoRNAs
Box ACA is not directly up- or downstream of the
5" hairpin in wild-type Box H/ACA snoRNAs. However.
rearrangement of the elements of UGS to generate an RNA
comprised of Box H. the 3" hairpin and Box ACA
(H-3"Hp-ACA). in which the 3" hairpin is essentially
replaced by the 37 hairpin. results in targeting to the
nucleolus (Figure 0A). Thus. RNAs composed ol either
hairpm flanked upstream by Box H and downstream by
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Fig. 6. RNAs consisung of Box H. Box ACA. and either the 5° or the 3 hairpin are sufficient for nucleolar localization. (A) Fragments of U65 that

Y

contain the 5" hairpin and Box H (5'Hp-H). or the 3" hairpin and Box ACA (3'Hp-ACA). were analyzed. In addition, a larger fragment of U65
consisting of Box H. the 3" hairpin and Box ACA (H-3"Hp-ACA) was tested. Finally. two RNAs consisting of rearranged elements of U65 were
tested: Box H. the 57 hairpin and Box ACA (H-5'Hp-ACA). and Box ACA. the 3" hairpin and Box H (ACA-3"Hp-H). Schematic representanions of
the injected RNAS are shown to the right. The arrow indicates the orientation of Box H. Nuclear spreads were prepared 1 h after injection of
fluorescently labeled RNAs. Difterential interference contrast (DIC) and fluorescence panels (FL) are shown. Bar, 10 pm. (B) The presence of RNAs
that are not localized 1o nucleoh within the nucleus. RNAs were extracted from the nuclear (N) and cytoplasmic (C) fractions of the same batch of
injected oocytes that were analyzed for nucleolar localizaunon (A). The fractionation was performed 1 h after injection. Marker lanes 1 and 4 (M)
indicate samples prior 1o injection. U3 and Ulsm™ were used 1o assess oocyte dissections and RNA stability. retention and export

Box ACA contain signals sufficient for localization to the
nucleolus. Furthermore. we found that placement of Box
ACA upstream and Box H downstream of the 3" hairpin
(ACA-3"Hp-H) resulted in targeting to the nucleolus
(Figure 6A). indicating that Box H and Box ACA function
in both orientations relative to a hairpin to target the RNA
to the nucleolus.

We further tested the requirement for the proximal stem
(PROX). pscudouridylation loop (LOOP) and distal stem
region (DIST) of the hairpin in the localization of a
minimal RNA to the nucleolus. Substitutions were intro-
duced into the fragment of UGS consisting of Box H, the
3" hairpin and Box ACA (H-3"Hp-ACA) to disrupt a stem
structure (A) and compensatory changes were made 1o
restore the stem (). Disruption of either the proximal
(A PROX) or distal (A DIST) stem resulted i loss of
nucleolar signal (Figure 7A) and RNA stability (Figure

7B). However. RNAs in which the stem structures were
restored by substitution of the sequence of the opposite
strand of the stem are targeted to the nucleolus (r PROX
and r DIST: Figure 7A). indicating that the sequences of
the stems are not important for targeting of the fragment.
In addition. we introduced substitutions into one strand
of the pseudouridylation loop which were expected to
result in base-pairing with the opposite strand and loss of
the loop structure (A LOOP). Although the stabihity of the
ALOOP RNA was compromised, sufficient RNA remained
in the nucleus (based upon experiments in which we
utrated the amount of RNA required in the nucleus
to produce a significant nucleolar signal: A Narayanan,
R.Terns and M. Terns. unpublished data). but did not
localize 1o nucleol (Figure 7A and B). When compensa
tory mutations were introduced nto the sequence ol the
opposite strand  to - disrupt base-pairing and restore the
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Fig. 7. Essential elements of a fragment of U65 sufficient for nucleolar
localization. (A) Substitutions were made in the sequence of a
fragment of UGS that localizes to the nucleolus (H-3'"Hp-ACA) 10
disrupt (A) and restore (r) the primary substructures of the hairpin: the
stem proximal to the Box H/ACA region (PROX). the
pseudouridylation loop (LOOP) and the distal stem (DIST). Schematic
representations of the labeled RNAs are shown to the right of the
corresponding set of panels. Nuclear spreads were made | h after
injection. DIC denotes differential interference contrast and FL denotes
fluorescence panels. Bar. 10 um. (B) The injected RNAs were
extracted from the nuclear (N) and cytoplasmic (C) fractions of the
oocytes | h after injection and analyzed by gel electrophoresis and
autoradiography. Marker lanes 1.4, 7. 10, 13. 16 and 19 (M) are
samples before injection. U3 and Ulsm™ were used as controls for
oocyte dissection. and RNA stability. retention and export

loop. localization of the RNA to the nucleolus was restored
substantially (r LOOP: Figure 7A). These results indicate
that the presence of an internal loop in the hairpin is
important for transport of the snoRNA fragment to the
nucleolus, but that the specific sequence of the loop is not
critical for localization.

Box ACA also functions in the localization of
telomerase RNA to the nucleolus

Telomerase RNA functions to maintain telomeres at the
ends of chromosomes (Blackburn and Greider. 1995)
Potential sequence and structural similarities of telomerase
RNA to the Box H/ACA snoRNAs have recently been
identified (Mitchell er al.. 1999). In addition. a small
fraction of telomerase RNA has been reported in nucleoli
in steady-state biochemical fractionation studies (Mitchell
et al., 1999). We injected fluorescently labeled human
telomerase RNA into Xenopus oocytes and  observed
specific localizauon of the RNA to the fibrillar regions of
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Fig. 8. Localizaton of telomerase RNA 1o the nucleolus depends on
Box ACA. (A) Fluorescently labeled human telomerase RNA was
microinjected into Xenopus oocyte nuclei. Wild-type (hTR) and Box
ACA mutant (ACA—CCC) telomerase RNAs were injected. Nuclear
spreads were prepared 1 h after injection and the RNAs were observed
by fluorescence microscopy. Differential interference contrast (DIC)
and fuorescence images (FL) are shown for each sample. (B) Both
RNAs are pluxcm in the nucleus | h after injection. The RNAs
(co-labeled with *P) were analyzed by gel electrophoresis following
dissection into nuclear (N) and cytoplasmic (C) fractions. and detected
by autoradiography. Marker lanes 1 and 4 (M) show RNA samples
prior to injection. U3 and Ulsm  were included as controls for
accurate oocyte dissection, and RNA stability. retention (U3) and
export (tIRNA).

Box H/ACA Box C/D
Motif Motif

Fig. 9. Sequence/structural elements essential for the nucleolar
localization of the two major snoRNA families. In the case of both the
Box H/ACA and Box C/D snoRNAs. we have found that a mout
comprised of the signature conserved sequence elements (Box C and
Box D. or Box H and Box ACA) and an adjacent structural element
(typically a stem) is essential for targeting the RNA to the nucleolus
The shaded stem of the Box H/ACA motf indicates that this stem is
conserved in this family of snoRNAs but was not found in this study
o be essential for nucleoloar localization. The shaded stem ot the Box
C/D motif indicates that some members of the Box C/D family (e.¢
U3) contain two adjacent stems that function to tether the Box € and
D elements.

nucleoli (Figure 8A). indicating that telomerase RNA does
associate with nucleoli. Furthermore. mutation of the
putative Box ACA sequence located three nucleotides
from the 3" terminus of the RNA blocked targeting of
telomerase RNA to the nucleolus (ACA—CCC: FFigure
8A) stmilar to UGS, U64 and U7 Box H/ACA snoRNAS



(Figures 3 and 4). Although the Box ACA mutant telomer-
ase RNA was not observed in nucleoli 1 h after injection,
it was presem in the nucleus (Figure 8B). These resulis
indicate that the Box ACA sequence clement. identificd
by sequence and structural homology in telomerase RNA.,
tunctions similarly in welomerase RNA o target the RNA
1o the nucleolus.

Discussion

We have found that the two sequence elements conserved
among members of the Box H/ACA family of snoRNAs.
and a stem structure that brings these two elements
adjacent to one another. are required for the localization
of these RNAs to the nucleolus (Figures 3 and 4). In
previous work, we and others determined that a motif
composed of the two sequence clements conserved among
members of the other major snoORNA family. Box C and
Box D, and a structural clement that linked the two
sequence eclements directed the targeting of Box C/D
snoRNAs to the nucleolus (Samarsky er al.. 1998:
Narayanan et ¢l., 1999). The similarity in the composition
of the essential elements of the Box H/ACA and Box C/D
motifs is striking (Figure 9). Both the Box H/ACA and
Box C/D motifs are also important in the stability and
function of the RNAs (Balakin er «l.. 1996: Ganot er al..
1997b; Bortolin er al.. 1999: reviewed in Maxwell and
Fournier, 1995: Tollervey and Kiss. 1997). It is likely that
both motifs mediate their roles in stability, transport
and function through protcins that bind at the motif
(Schimmang et al.. 1989: Caffarelli er al.. 1998: Henras
et al., 1998. Lafontaine er al.. 1998: Waikins er al..
1998a,b; Wu er al.. 1998: Latontaine and Tollervey. 1999).

While Box H. Box ACA and the 3'-proximal stem are
essential for the targeting of Box H/ACA snoRNAs 10 the
nucleolus (Figures 3 and ), it was more difficult to
ascertain the minimal elements sufficient for nuclcolar
localization. We found that a single hairpin flanked by Box
H and Box ACA sequences was sufficient for localization
(Figure 6). Furthermore. similar fragments lacking either
Box H or Box ACA were not targeted to nucleoli (Figure
6). However, disruption of cither the proximal or distal
stem structure of the hairpin resulied in loss of RNA
stability and prevented assessment of the role of the stems
in targeting to the nucleolus (Figure 7). Replacement of
the proximal and distal stems with stems of different
sequence did not disrupt nucleolar localization. indicating
that the sequence of the stems does not play a role in
localization (Figure 7). Our experiments also suggest that
the pseudouridylation loop structure may be important in
targeting the snoRNA fragment to the nucleolus (Figure
7). While the specific sequence of the pseudouridylation
loop does not play an essential role in nucleolar localization
of the fragment, we did observe a slight decrease in
nucleolar signal associated with the RNA in which the
sequence of the loop was replaced (r LOOP: Figure 7).
This may reflect unforeseen structural consequences of
the sequence changes or o small contribution of the
pscudouridylaion loop sequence 1o targeting. A smaller
fragment of UGS snoRNA  comprised of Box 11 and
Box ACA fanking the proximal stem with a terminal
tetranucleotide loop was not sufficiently stable for analysis
(unpublished data). Although an RNA composed of Box

Nucleolar localization of Box H/ACA snoRNAs

H. Box ACA and a single hairpin still localizes o the
nucleolus, it seems unlikely that it could direct rRNA
pseudouridylation. because snoORNAs carrying a destroyed
distal or proximal 3° stem are already inactive in pseudo-
uridvlation guiding (Bortolin er al.. 1999).

Interestingly. we found that the 5" and 3' hairpins were
interchangeable in their ability to act as an appropriate
structural context for Box H and Box ACA (Figure 6).
Furthermore. the orientation of the Box clements relative
1o & given hairpin was not important (Figure 6). Thus. the
Box H/ACA scquences can function equivalently woward
both the 5° and 3’ hairpin within a Box H/ACA snoRNA.

We found previously that Box C/D family snoRNAs
localize to coiled bodices prior to nucleoli and that disrup-
tion of the Box C/D motif appeared to block transfer of
the RNAs trom coiled bodies to nucleoli, resulting in
retention of RNAs in coiled bodies (Narayanan er «l..
1999). Interestingly. we did not observe U65, U64 or U17
Box H/ACA snoRNA. or any of the variant Box H/ACA
snoRNAs tested, in coiled bodies at any time point that
we examined (Figure 2B; unpublished data). On the other
hand. proteins associated with all Box H/ACA snoRNAs.
including the putative pscudouridine synthase. NAPS7
(Meier and Blobel, 1994), and GAR1 (A.Narayanan.
R.Terns and M.Terns. unpublished data), have been
detected in coiled bodies. Furthermore, there is evidence
that precursor Box H/ACA snoRNAs are enriched in
coiled bodies in plants (Shaw er al., 1998). The RNAs
that we injected in this work were not precursor forms. It
is also possible that the Box H/ACA snoRNAs were not
detected in coiled bodies because the RNAs rapidly
traverse these structures. While we did not observe Box
H/ACA snoRNAs in coiled bodies in this work, our results
do not preclude an association of Box H/ACA snoRNAs
with coiled bodies.

The distinct localization of telomerase RNA to nucleoli
that we have reported here raises interesting questions
about this RNA. Telomerase RNA functions as a template
for the synthesis of telomeric DNA repeats at the termini
of chromosomes in cukaryotes. and it was realized only
recently that it possesses a 3’ domain that strongly
rescmbles Box H/ACA snoRNAs in vertebrates (Mitchell
et al.. 1999). Only vertebrate telomerase RNAs appear (o
have acquired or retained a Box H/ACA snoRNA-like
domain (Mitchell ¢t al.. 1999). Given its similarity to Box
H/ACA snoRNAs, one might hypothesize that telomerase
RNA also functions in RNA modification or processing
within the nucleolus. Alternatively. telomerase RNA may
itself be modified or matured in the nucleolus. It is not
clear why telomerase RNA might possess a Box H/ACA
domain, but it is clear from our work that this domain.
and in particular the Box H/ACA motif, targets human
telomerase RNA 1o nucleoli.

Materials and methods

Generation of U65, U64, U17 and telomerase RNA wild-type
and mutant constructs
Oligadeoxynucleotides used in this study are listed in Table 1.

Many of the wikl-type and mutint snoRNAs used in this stedy
(lable 11 left column: see Resulis) were synthesized by i vine
irmsenption from PCR wemplates generated by the combination of DNA
templates and ofigadeoxynucleotide pairs shown in Table 11 (middle il
right columns, respectively).
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Table 1. Oligideosynucleotides used in this sindy

I, STAATACGACTCACTATAGGGTCAGCCACCCGUCACTGC S
2. STANTACGACTCACTATAGGGTGTCGGTGGUGECACY

A SAGCTGTICCCATGCTTTCGY

4. SAGCGGGTCCCATGCTTTCGY
5

7

S'AGCTGTTGGGTACGAATCGGY
STAATACGACTCACTATAGGGATAGTAAACCCCAGCTTAGGY
S TAATACGACTCACTATAGGGCCCAGCTTAGG

~

6

8. STAATACGACTCACTATAGGGATAGTAAACCAGCCACCCGCCACY
9. STAATACGACTCACTATAGGGACAGCTCCCAGCTTAGGAAACAGGY”
10, S"TAATACGACTCACTATAGGGATAGTAAACCGGGTCGAANAGGAAACAGS’
1L S"TAATACGACTCACTATAGGGATAGTAAACCCCAGCTTTCCTTACAGGGTTG3!

2. S’GTTTACTATCAGCTCACCACY

13. S’AGCTGTTCAGCTCACCACTGGY'

4. S'GTTTACTATCCCATGCTTTCGGCACAGS'

15. 5’'AGCTGTTCCCATGCTTAGGAAACAGAGTCR’
17, 'GCCTGTTGCACCCCTCAAGGY

I8. 5’GCCTGCACCCCTCAAGGY

19.  S"TAATACGACTCACTATAGGGY

20. S'ATAGAATTCGTAATACGACTCACTATY

21, SATATGCGCATGTGTGAGCCGAGTCCTGGGTGY
22, S'ATAAAGCTTGTAATACGACTCACTATY

23. 5'ATATGCGCAGGGGTGAGCCGAGTCCTGGGTGS"

“T7 promoter sequences are underlined.

Table IL snoRNAs uscd in this study

snORNA DNA emplates M+ ¥
oligos
UG5 wild-type pFL45/SNR/UGS/U24 1+ 3
r 53 PROX U6S-5'Br 243
r5' DIST U6s-5'Ur 1 +3
A §' DIST U6s-5'Ud 1+3
A 5° PROX U65-5'Bd 143
A Box H U6s-H 1 +3
r 3’ PROX U65-3'Br 1 +3
r3' DIST U6s-3'Ur 1 +3
A 3' DIST U65-3'Ud 143
A 3 PROX U6S-3'Bd i +3
A Box ACA U65-ACA 1+4
U65-5'Hp-H pFLAS/SNR/U65/U24 1+ 12
U65-3'Hp-ACA pFL45/SNR/UGS/U24 7+3
U65-H-3'Hp-ACA pFL4S/SNR/UGS/U24 6+ 3
U65-H-5'"Hp-ACA pFLAS/SNR/UGS/U24 §+ 13
U65-ACA-3'Hp-H pFL45/SNR/UG5/U24 9+ 14
r PROX U65-3'Br 10 + 3
r DIST U6s-3'Ur 6+ 3
A DIST U65-3'Ud 6+ 3
4 PROX U65-3'Bd 6+35
A Loop pFL45/SNR/UGSIU24 6+ 15
r LOOP a Loop 1+ 13
U64 wild-type pUGH 19 + 17
U64 A Box H (all mutants) pUGAH series 19 <= 17
U64 del Box ACA pUGHIACA 19 + 18

Plasmids encoding wild-type human U635 (pFLAS/SNR/UGS/U24) and
mutated derivatives of UGS (previously called U63-3'Br. U63-5'Ur.
U65-5'Ud. U63-5'Bd. UGS-H. UGS-3'Br. U65-3'Ur. U6S-3'Ud. U6S-
3'Bd and U65-ACA) have been described previously (Borolin er al..
1999). Likewise, plasmids encoding wild-type human U63 (pU6d) and
mutant forms of human UG4 (pUGLH scries and pUGIACA) were
reported previously (Ganot er al.. 1997b). A plasmid encoding human
Ui 7a (pHU17: F.Dragon and W.Filipowicz. unpublished) was used 1o
generate Hinge and ACA muant consteucts. In all cases. block substiiu-
tion mutations (A) indicate that each nucleotide of a conserved Box
element or one side of a stem structure was replaced with the complement-
ary nucleotide. To restore (r) the stem structures, the sequences of the
opposite side of the muimed siem were changed to their Wiiwm-Crick
complement. [n a few cases, deletion mutams (del) were anafvzed. A
recombinant pUCTY plasmid carrying a full-length ¢DNA of the human
telomerase RNA (hTR) (kindly provided by Professor W.Filipowicz.
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Friedrich-Miescher Institt, Basel, Switzerland) was used as a template
for PCR amplification of ¢DNAx of the wild-type (oligos 20 and 21)
and ACA—CCC mutant (ofigos 22 and 23) TR RNAs. The wild-type
and mutant hTR ¢DNAs were inserted into the EcoRI-Swal or Hindl1)-
Smal sites of pUCI9, respectively. Alter Fspl digestion. the tinear DNAs
were used as templates for transcription with T7 RNA polymerase.

In vitro RNA synthesis

PCR products (100 ng) or lincarized plasmids (1 pg) were used as
templates for in vitro transcription. Wild-type U065, stem mutants and
Box H and ACA mutants of UGS, subfragments of U6S, UM, and Box
H and ACA mutants of Ue4 were ranscribed from PCR-derived DNA
fragments (details about the oligos and plasmids used are provided in
Tables 1 and ). Linearized plasmids were used for the transcription of
the ACA—GCA point mutant of Ued (BsaHD). the 3° and 3 subfragments
(5'-H and 3'-ACA) of U64 (Isil). and wild-ype and mutanmt Ut7
constructs (Nael). All wranscriptions of Box H/ACA snoRNAs were
driven by a T7 promoter. Xenopus UR. Ul and Ulsm™. U3 and IRNA™Me1
RNAs were transcribed in vitro us described previously (Narayanan
et al.. 1999). The RNAs were labeled hoth with l-‘:PIG'I'I’ (800 Ci/mmol:
ICN Radiochemicals) and fluoresceein-12-UTP (Bochringer Mannhcim)
to allow simuliancous detection of the microinjecied RNA both by
autoradiography after purification and gel electrophoresis. and by
fluorescence microscopy afier auclear spread preparation.

Injection of RNAs into Xenopus oocytes

Detailed protocols for microinjection and micromanipulation of Nesopis
oocyies have been described previously (Terns and Goldfarb. 1998).
Briefly. oocyte clusters were subjected 10 collagenase reatment (2 mg/ml
collagenase in 1 X MBSH minus calcium) for 90-120 min and washed
well with 1 X MBSH butfer. Maodel PL1-100 picoinjecior microinjector

(Medical Systems Corporation) and a glass needle with a 10 m owter-

diameter tip were used for microinjections. RNA sumples for injection
were prepared by drying using a Savant speed vacuum unit and
resuspended in a filier-sterilized solution of blue dextean (20 mg/ml.

72 % 10% mol. wt: Sigma) in microinjection burfer (10 mM NakLPO,

pH 7.2, 70 mM KCL 1 mM MgClh Stage VIVE noevies were injecied
with 10 nl of solution containing 1 fmol of cach of the st RNAs
(uorescently and 321 labeled) and ~1 fmol cach of the control RNAS
(3P labeled). Injected oncytes were maintained at 18°C i 1% MBSH
buffer. Nuclear injections were monitored using the hMuce dextran in the
injected solution, which turax nuctei blue (Jarmolowski er af.. 1991
The injected oocytes were then subjected 10 two different assays:
nucleolar focalization (described below) and el clecuraphoresis 1o
determine the stabiliny and nucleoceytoplasmi iibution of the RNA).
Gel electrophoresis of the injecied RNA was carried out i described
previously (Narayanan e af.. 1999y, Briefly, RNA wus prepared from
nuclear (N) and cytoplasmic (C) lretions of injected oocvies. and one




oocr e cquivalent of RNA wis subjecied 1o gel electroplioresis on an
N demnaring 2ol (7 Mowem followed by sutoradiography.

Nucleolar localization assay, indirect inmunofluorescence
and microscopy

Nuclear spreads weére prepared as deseribed previously (Gall er ol
19912 Wu er al.. 1996: Narayunan ¢ al.. 19991 Indirect immunofiuores-
vence was performed on fixed nuclear spreids as desceribed previonsly

(Wu and Gall. 1997 Narayvioan o ol 1999). For the detection of

endogenous librillarin, monoclonal antibody mAb 17C12 (Huliman er al..
1994) was used at U0 dilution Jin 130 phosphate-buttered saline
1PBS)]. For the detection of endogenaus p8O coilin (coiled bady marker
proteind, monoclonal antibexdy 11 directed against the Xenopus PR0
coilin homologue {Tumiv er .. 19931 wis used w 1:10 dilution tin 15
PBS). Texas Red-conjugated anti-touse secondary antibodies (Jackson
humune Research Laboratories. Inco at 1150 ditution (in 1X PBS)
were used for the detection of the primary antibodies.

A s Axiovert 100 inverted fluorescence microscope equipped with
dilferential interference contrast optics was used for all observations,
Images  were  acquired  using @ cooled-CCD  camera  (Quantix-
Photometrices) and IP Laboratory Spectrum sofiware.
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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'-hydroxy! position and
conversion of uridine residues into pscudouridine 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 reccntly 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 strategics to accomplish the accurate
synthesis of madificd nucleosides in tRNAs, rRNAs, and
snRNAs. The formation of pscudouridines and 2’-O-methyl-
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Toulousc, France. Phane: (33) § 61 33 59 91. Fax: (33) 5 61 33 58 8.
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ated nucleosides in tRNAs is catalyzed by protcin enzymes
which recognize the sequence and/or structure of the target
site (3, 10, 38, 70). In 18S, 5.8, and 28S rRNAs, the sclection
of more than 200 2’-O-methylation and pseudouridylation sites
that occupy diverse sequence and structural cnvironments is
mediated by small nuclcolar 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 rRNAs that arc immediately followed by the con-
served D or D’ box sequence motifs of the snoRNAs. [n the
snoRNA-rRNA double hclix, the fifth ribosomal nucleotide
upstream of the D or D’ hox represents the target nucleotide
for the methyltransfer reaction (11, 31, 32). Pscudouridylation
snoRNAs take part in two short interactions with rRNA se-
quences that precede and follow the target uridine residue.
Normally, in the pscudouridylation snoRNA-rRNA interac-
tion, the substrate uridinc is located 14 nucleotides (nt) up-
stream of the ACA or H box motif of the snoRNA (8§, 16, 52).
A pseudouridine synthasc and a methyltransferase enzyme.
most probably the Nap37p/Cbf5p (34) and fibrillarin/Nop1 (33.
75) proteins, that arc dircctly or indircctly bound o the
H/ACA or C/D box clements of the snoRNAs catalyze the
nucleoside modification rcaction. Therefore, the formation of
numerous ribosomal pseudouridines and 2'-O-methylated nu-
cleotides most likely is catalyzed by a single pscudouridine
synthase and a mcthyltransferase enzyme.

Less is known about the gencration of pseudouridines and
2-O-methylated residues in spliccosomal snRNAs. In vitro
pscudouridylation experiments suggest that muttiple pscudouri-
dine synthase activitics dircct the pscudouridylation of the
polymerase 1l-synthesized UL, U2, and U5 snRNAs (39, 60).
Since maturation of these snRNAs proceeds via a cytoplasmic
ph'\i(. (20, 47, 38). it remains unclear whether their modifica-
tion occurs in the nucleoplasm or the cytoplasm. The U6
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snRNA, an RNA polymerase I product (12, 21), represents
the most conserved and most exicnsively modified spliceoso-
mal RNA (62). Microinjection experiments indicated that Ub
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 dirccted by C and D box-contain-
ing mcthylation 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-
ribosc methylation, pscudouridylation, and nucleolytic pro-
cessing of the newly synthesized precursor RNA 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 pscudouridylation sitcs arc present and functionally
active in the nucleolus.

MATERIALS AND METHODS

General procedures and oligos. Unless athenwise noted, all cloning and nu-
cleic acid manipulation pracedures were performed according to standard lab-
vratory protacols (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. TCGATTCTCTGTATCGTTCCAATTITAGTA: 3, CTAGAGAAGATTAG
CATGGCCC:; 4, TCGAGGGCCATGCTAATCITCT; §. CTAGATGGCCCC
TGCGCAAGGATGACA: 6. TCGATGTCATCCTTGCGCAGGGGCCAT: 7.
CTAGAGATGACACGCAAATTCGTGAAGCGC; 8. TCGAGCGCTTCACG
AATTTGCGTGTCATCT: 9. CTAGAGTGTAGTATCTGTTCITATCAGC:
). TCGAGCTGATAAGAACAGATACTACACT: 1. CTAGAAAGACTAT
ACTTTCAGGGATCAC: 12. TCGAGTGATCCCTGAAAGTATAGTCTTT:
13. CTAGATTAATGTGAATTGCAGGACACATGACTAGTC; 14. TCGAG
ACTAGTCATGTGTCCTGCAATTCACATTAAT: 15y,,,,. TTTCTCGAGCC
CCAGTGGAAAGACGCGCAG: 164, CCCAATATTGGAACGCTTCACG
AATTTGCG; 174, TTTACT. AGTAAIATITITACATCAGGTTG 1851
TITGAGCTCTGGT, AAACCGTGCACCGGCG; 19 ATTAATGTGAATTGC
AGGACACAGA,; 20. CTAGTCT GTGICCI' GCAATTCACATTAAT: 2l5,.
CTCAATATTATGTGCTGCCGAAGCG: 22y, CTCACTAGTCATACTAA
AATTGGAACGATACA: 23yy,,. TTCTCGAGTAGCTGGGACTACAGAC
GG: Ay TTITTGATCACTATAGAAATGATCCCTG; 25,1, TTTACTAG
TGTTACTAGAGAAGTTTCTC: 26, TTT GGTACC!TI!ET CGCGACAT
TGCCAAGC; 27. GATCATT. f\ATGTGAA TTGCAGGACACATGA: 28.CTA
GTCATGTGTCCTGCAATTCACATTAAT: 29. GATCCTTAATGTGAATT
GCAGGACACATGACTAGTG; 30. GATCCACTAGTCATGTGTCCTGCA
ATTCACATTAAG; 31,5 'l'l'TGGTAC(’I GGTGCATCAGTTTGGTCAAT
TTGATTAAAATGTCATCA: 32,1, ATACTCGAGTGTGCAGATGATGT
AAAAG: 33. CCAGCTCAAGATCGTAATAT: 34, GTTATTACATCATTT
GA: 35y TOCTCTAGAGTGCTCGCTTCGGCAGC; 36y, CCGCTCGA
GAAAATATGGAACGCTTCAC: 37y,,. TGCTCTAGATCCCAATGATGA
GTTGCCATGC: 38xp,y. CCGCTCGAGACCCCTCAGATCTTCATGTGAG:
30 AAAATATTACTAGTCTGTG: 40, ATTITAGTATGACTAGTCTGTG:
4. GTGCGACGGAGCAACTAGTCATG: 42, TTCTCTAGTAACACTAGTC
ATG: 43 TTCTCAGGATCCACTAGTCATG: 44, CCAGTGATTITITICTC
CATTTTAGC; 45. GTCTTCAAAGTTCTCATITG: and 46. ACTGCTGATC
ATCTCTGTATTG.

Construction of plasmids and transfection of mammalian cells. To generate
the pW-U6-1 cxpression construct, appropriate oligos (oligos 1 and 2) were
inncaled and inserted into the Xbal and Xhol sites of recombinant plasmid
pW(XW/Xh) carrying the mouse ribosomal minigene (16, 19). The same strategy
wits usc.d to abtain pW-36-2 (oligos 3 and 4). p\\’ U6-3 (oligos 5 and ). p\\'~Ub -4
7 and 8). pW-U2 (oligos 9 and 10), pW-U3 (aligos 11 and 12). and
PW-S.88 (oligos 13 and 14). Transfection of mouse LY2Y (American Type Cul-
wre Collection [ATCC] CCLIY cells was achicved by use of the DEAE-dextran
methad (67).

To construct pGLAUG-3.88(.3°). two contiguous Trag s of the | |3
gene (33) (GenBank accession no. M E86) from positions —328 w0 < 100 and
from positions + 101 10 4 199 were PCR amplified with Verr DNA polvinerise
{(New England BioLabs). human gesomic PDNA as o template, and oligo primers

15\t O 2ad I7\I,,~,:I.\“, respectively. The .mlplllu.d frm_mulh were di-
gosted with appropriate endonucieases and joined in a quadrimolecalar ligation
teaction in the presence of the Xl and Sect-digested pGL2 promoter veeto
(Pramega) md .lnnu ed o

s 19 and 20, which represented o liagment of the
B ene from positions 62 10 84 ad Tarmed Sspl- amd Spel-
contpatible ini. The same approach was used o comtruet pGLIGH-.85(5°)
wmd pGilkg L For amplification of the 37 and 37 halves of the human U6
gene Irom positions =328 0 822 and Trom positions £23 1o« 199, ofigos
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Exnen M and 22,7 I8 were used as specilic primers. respectively. The
amplified fragments were digested and connected via ligation of anneated oligos
19 and 20t the PCR-intraduced Sapl and Spet sites. The 87 and 37 halves of the
human U3 gene (83) (GenBank aceession o, X14943) from positions ~478 w0
+33 and from positions +34 to <313 were PCR amplificd with oligos 2
2y and 25,1260k - rupulm.l\ Anncaled oligos 27 and 28 car:
specilic tag sequences were inserted hetween the PCR-intraduced Bell and \p‘l
sites of the U3 gene fragments. The resulting 3.88-tagged U6 and U3 geaes were
cloned into the NholiSacl and XhollKpnl sites of the pGL2 promoter vector.
respectively. To generate p(-3.85. anneated oligos 29 and 30 were inserted into
the BamHU site of the pG espression construct (29). Transfection of COS-7
(ATCC CRL 1651) cells was performed with DOTAP {N-[1-(2.3-diolcovloxy)
propyi]- V.V A-trimethylammonium methylsulfate} transfection reagent (Bochr-
inger) according to the manufaciurer’s instructions,

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

Caonstruction of plasmids for transformation of yeast cells. The pFLAS/ACT/
U24 yveast expression construct has already been described (32). To generate
pFLAS/ACTU24-6. the coding region of the human U24 snoRNA gene was PCR
amplified with oligos 31 yp, and 32y, as 3° and 5’ end-specific primers. respec-
tively. The resulting U24-6 lragiment was inserted into the Aol and Kpal sites of
the pFLAS/ACT expression construct (32). Transformation of the yeast AU24
strain (a trpd 3 his3 A ura3,52 lvs2.801 ade2, 101 URA3::U24) (31) was performed
by the lithium acetate transformation procedure (22).

RNA analysis. Total RNAs from human HeLa. mouse L929, and simian
COS-7 cells (17) and yeast cells (76) were isolated by guanidinium thiocyanate-
phenol-chloroform extraction. For Northern analysis. 10 pg of yeast cellular
RNAs was scparated on a 6% scquencing gel, electroblotied 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 (aligo 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 U6-3.85(5°) and
U6-5.35(3°) RNAs, the XholiSacl fragments of the pGL/UG6-5.85(3°) and pGL/
U6-5.85(3°) constructs were inserted into the same sites of pBluescript KS
(Stratagene). The resulting pU6-5.85(5°) and pU6-3.85(3°) plasmids were lin-
earized with Aol 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 ceding regions of the U6 (oligos 35xna and 36xy,e) and
mgU5-33 (oligos 37xy and 38yy,,,) 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 X/iol, and transcribed by
use of T3 RNA polvmerase. To generate an antisense probe for the W-U6-1
mouse minigene transcript, the Pstl/EcoR1 fragment of pW-U6-7 encompassing
the full-length ribosomal minigene was subcloned into the same sites of pBlue-
script KS. linearized with Hindl1l. and transcribed by use of T7 RNA polymer-
ase.

Mapping of 2'-O-methylated teotides and pseud idi:le resid 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 veast 23S rRNA), and 40 (for yeast U6 snRNA) complementary w0 the
appropriate target RNAs were used as primers for reverse transcription. The
extended DNA products were analyzed on 6% seq ing 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). Ccll fractionation experiments demonstrated that
the newly identified RNA, like the authentic U3 snoRNA (78),
copurifics with the nucleolar fraction of human Hela cclls
(Fig. 1B, upper pancl, lanc 5) and is absent from the nucleo-
plasmic fraction, where the U6 spliccosomal snRNA accumu-
lates (lanc 4). The new RNA features all of the structural
clements. 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- nu.lhyl‘llion snORNAs
(31. 32. 37. 64). However, the novel putative 2’-O-mcethylation
snORNA  lacks a mgmhmnl scquence  complementarity o
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 spliccasomal 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 mgU6-33 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 mgU6-33 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 Tuql-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.

FFactors 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 mgU6-33 snoRNASs in

2'-O-methylation of the UG 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 UG3 to US85), U2
snRNA (from A30 to G52), and U3 snoRNA (from Al to A22)
were inserted into the pW(Xb/Xh) minigenc. Each fragment
contained residues that are 2'-O-methylated and/or pscudouri-
dylated in wild-type RNAs (Fig. 2A) (41, 62). Upon transfce-
tion into mouse cells, the polymerase I-directed transcription
of the ribosomal minigenc occurs in the nucleolus (18, 50), and
the resulting RNA transcript accumulates in the nucleolus (16.
19). Indeed. cell fractionation experiments followed by RNasce
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 5.85 RNA-specific sequences. (A) Schematic structure of the
pW(Xb/Xh) mouse ribosomal minigene construct. pW(Xb/Xh) contains the mouse polymerase I (Pol 1) 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-U6-7 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 dctected in the nucleoplasmic
fraction derived most likely from cross-contaminating nucleoli,
since the nucleolar U3 RNA was also detectable in this fraction
(Fig. 2B. lanc 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).
Pscudouridine residues were visualized by primer extension
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analysis with CMC [N-cyclohexyl-N'-B-(4-mcethyl-morpholinium)
cthylcarbodiimide p-tosylate]-treated RNAs (2). CMC rcacts
irreversibly with N3 of pscudouridine and stops reverse tran-
scriptase | nt before the pscudouridylation sitc.

As expected (16), the 5.8S rRNA sequences in the nucleofar
W-5.8S transcript were faithfully 2°-O-methylated at G75 (Fig.
3A, lane 10) and pscudouridylated at U69 (Fig. 3B, lanc 9).
More intcrestingly, the U6-specific sequences expressed in the
nucleolus were accurately 2'-O-methylated at A47, AS3, G54
(Fig. 3B, lanc 2), C60, C62 (lanes 2 and 4), C63, A70 (lanc 4),
and C77 (lane 6) as well as pseudouridylated at U31, U40 (lanc
1), and U8S (lane 3). The same results were obtaincd 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 (V8 and W¥12) (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 (¥54 and ¥58) and one 2'-O-methylation site
{Am61) 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 frans-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, rRNA
mcthylation 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 5.85 rRNA
containing the pseudouridylated U69 and 2°-O-methylated
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G75 residues (41) was inserted into the 5°- or 3'-tcrminat part
of the coding rcgion of the human U6 snRNA gene (33) (Fig.
4A). The same 58S tag was inserted into the human U3
snoRNA gene (83) as well as into the sccond cxon of the
human B-globin genc (29). Upon transfection of the 5.8S-
tagged genes into simian COS-7 cclls, RNasc A and T, map-

- ping performed with sequence-specific antisensce probes re-

vealed that the chimeric UG-5.85(5°) and UG-5.85(3') RNAs
(Fig. 4B, lancs 2 and 4) and U3-5.85 and GL-5.8§ RNAs (data
not shown) were correctly and cfliciently expressed. The ob-
served heterogeneity of the U6-5.85(5°)- and U6-3.85(3")-spc-
cific protected fragments likely represcnts RNase mapping ar-
tifacts, since fragments protccted by the 3'-tcrminal part of the
endogenous U6 snRNA also appcared as a doublet (Fig. 4B.
{ane 3) and primer extension revealed a unique 5 terminus for
both U6-5.85(5') and U6-5.85(3") (Fig. 5B, lancs 1 and 3).

Primer extension mapping of 2°-O-methylated nucleotides
in the U6-5.85(5°) and UG-5.85(3°) RNAs in the presence of
0.004 mM deoxynucleoside triphosphates (Fig. SA, 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 revcaled that the
U69 residue was converted into pscudouridine 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 5.85
but also the UG-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 (V'8 and ¥12) were also readily detectable in
the chimeric U3-5.85 RNA (Fig. 5B, lane 5). However, in
marked contrast to the findings for the U6-5.85 and U3-5.85
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, lanc 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 cukary-
otic rRNAs (11, 14, 30, 31). We tested whether site-specific
2'-O-methylation of the yeast Saccharomyces cerevisiae Ub
snRNA can be achieved by an artificial snoRNA that carries an
antisense element complementary to the UG snRNA.

When expressed in yeast cclls, the human U24 snoRNA can
direct 2'-O-methylation of the 255 rRNA at two positions (32).
The upstream antisense clement (UAE) directs the methyl-
ation of C1450, and the downstream antisense element (DAE)
selects the C1436 residuc (Fig. 6A). The DAE of human U24
was replaced with scquences 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 residuc C1450 in 258 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-US.85 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 transtected (R) or not transtected (N) with the pW-U6-1, pW-U6-4, pW-U3. pW-U2, or pW-U3.85
expression construct were subjected o CMC-alkali treatment. The moditied pseudouridine-CMC residues were visualized by primer extension.
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promoter (CMV), threc exons (E1 to E3), and the polyvadenylation region (PA) of the human B-globin genc are indicated for pGL-5.8S. The inserted tag sequences
and their positions as well as relevant restriction sites (8. BamHI: E. EcoRL: H, HindI1L; K, Kpnl; S, Sacl; X, Xhol) arc 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 3.85 rRNA are marked. (B) Accumulation of U6-5.85(5") and U6-3.85(3') RNAs in COS-7 cells. RNAs
extracted from transfected (T) and nontransfected (N) cells were analvzed 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 258 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 (lanc 4), did not sup-
port the DAE-dependent methylation of 255 rRNA at C1436.
The U24-6 snoRNA, like the wild-type U24 snoRNA. directed
the UAE-dependent methylation of the C1430 residue (Fig.
6C, lower pancl). More interestingly, in the AU24 veast 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 UG spliceosomal snRNA. These results also show
that the UAE and DAE of a methylation snoRNA can inde-
pendently direct 2'-O-methylation of an sSnRNA and an rRNA
(see also reference 79).

DISCUSSION

The rat U6 spliccosomal snRNA carries cight ribosc- 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"), pU3-5.85, or pGL-3.8S 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 AS1 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"). pU3-3.8S. 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 pscudouridylation 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 AmS3 (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 (W31, W40, and ¥85) and U3
(W8 and ¥12) 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 pscudouri-
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 pscudouridylation
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
Q24 snoRNA and yeast 255 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 veast alcohol dehydrogenase gene. The relevant restriction sites are shown (M, Hind11L; X, XhoL; K, Kpnl).
(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 pFLAS/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 238 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 veast U6 RNA were annealed to RNAs obtained from the yeast AU24 strain expressing the human U24 (lanes |
?”}dlz) 0'7 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 cesses can be linked to distinct subnuclear structure (35, 74).
(82) suggest that the pscudouridylation of U2 snRNA takes The nucleolus, the most extensively studied subnuclear or-
place in the nucleoplasm. canclle. has long been known as the site of the biogenesis of

Does modification of U6 snRNA occur in the nucleolus? The cytoplasmic ribosomes (18). Recently, several lines of evidence

nucleus is highly compartmentalized, and most nuclear pro- suggest that the nucleolus has more diverse functions than
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carlicr anticipated. In veast. the carly processing ol some pre-
cursor IRNAs has been found to oceur within the nucleolus
(). A fraction of mammalian telomerasc (49). signal recogni-
tion particle (63). and RNasce 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
RiNase 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 10 the bio-
genesis of cytoplasmic ribosomes. the nucleolus also functions
in the processing andfor 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 rrans-acting factors
dirccting the 2°-O-mcthylation and pseudouridylation of U6
and U3 snRNAs arc 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. Sincc mature U6 snRNA shows a stcady-
state nucleoplasmic localization. the notion that its posttran-
scriptional modification occurs in the nucleolus presupposes
that U6 snRNA cycles through the nuclcolus during its matu-
ration. Demonstration that the wild-type U6 snRNA in ycast
(Fig. 6) and thec chimeric U6-5.8§ 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 nuclcoplasm of Xenopus oocytes, transiently ac-
cumulates in the dense fibrillar compartment of the nuclcolus
(51). The fibrillar compartment of the nucleolus also harbors
the fibrillarin snoRNP protein that is associated with all 2'-O-
methylation snoRNAs. This protcin is most likcly the methyl-
transferase cnzyme that catalyzes the ribose methylation of the
target nuclcotide 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
organclles, the coiled bodies, in addition to the nucleolus. The
nucleolus and coiled bodics have scveral 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 nuclcolus (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 spliccosomal snRNAs (6, 40. 45).

Although no H or ACA box pscudouridylation 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 clements which target these
RNAS 1o the nucleolus and coiled bodices (37. 64), all snoRNAs
carrving these box motifs may be present in coiled bodics.
Thus, snoRNA-dirccted 2’-O-methylation of U6 snRNA may
take place in coiled bodics (6, 79). Coiled badices also contain
the putative 2°-O-methyltransferase (fibrillarin) and pscudouri-
dine synthase (Nap37/Chis) enzymes that likely catalyze the
U6 modification reactions. However. the putative guide RNAS
directing Uo methylation are locidized 1o the nucleolus and arce
practically absent from the nucleoplasm (79) (Fig. 1B). In
marked contrast. a coiled body-specific nuclear protein. plQ
cailin, was detected mainly. il not exclusively. in the nucleo-
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plasmic fraction (data not shown). Therefore. a potential co-
purification of coiled bodics with nucleoli cannot account for
the observed nucleolar localization of the U6 methylation
snoRNAs. We cannot. however. exclude the possibility that
coiled bodics contain a small but still sufficicnt 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 nuclcoplasm. In this context, however, it is noteworthy that,
despite our repeated cfforts. artificial snoRNAs failed to direct
the 2°-O-methylation of the human B-globin mRNA and pre-
cursor mMRNA as well as the nuclcoplasmic U19H RNA (7, 27).

In summary. the data presented in this paper arc most con-
sistent with the idea that the posttranscriptional modification
of U6 spliccosomal 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 pscudouridylation of
the U3 snoRNA are present and are functionally active in the
nucleolus documents that the nucleolus, directly or indirectly,
is involved in the biogencsis 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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ABSTRACT

Iin eukaryotic cells, the site-specific 2-O-ribose methy-
lation of ribosomal RNAs (rRNAs) and the U6 spliceo-
somal small nuclear RNA (snRNA) is directed by
small nucleolar RNAs (snoRNAs). The C and D box-
containing 2°-O-methylation guide snoRNAs select
the correct substrate nucleotide through formation
of a long 10-21 bp interaction with the target rRNA
and U6 snRNA sequences. Here, we report on the
characterisation of two novel mammalian C/D box
snoRNAs, called U83 and U84, that contain all the
elements that are essential for accumulation and
function of 2-O-methylation guide snoRNAs. However,
in contrast to all of the known 2'-O-methylation guide
RNAs, the human, mouse and pig U83 and U84
snoRNAs feature no antisense elements complementary
to rRNA or U6 snRNA sequences. The human U83
and U84 snoRNAs are not associated with maturing
nucleolar pre-ribosomal particles, suggesting that
they do not function in rRNA biogenesis. Since artificial
substrate RNAs complementary to the evolutionarily
conserved putative substrate recognition motifs of
the U83 and U84 snoRNAs were correctly 2'-O-methy-
lated in the nucleolus of mouse cells, we suggest that
the new snoRNAs act as 2’-O-methylation guides for
cellular RNAs other then rRNAs and the U6 snRNA.

INTRODUCTION

The eukaryotic nuclcolus is a specialised subnuclear organelle
devoted to the biogenesis of cytoplasmic ribosomes (1). This
complex process includes the RNA polymerase [-directed
synthesis of the long precursor ribosomal RNA (pre-rRNA). its
nucleolylic processing into mature sized 188, 5.8S and 25/28S
rRNAs and packaging of the mature rRNAs with more than
80 ribosomal proteins. Formation of functional 18S. 5.8S and
25/28S rRNAs is assisted by many small nucleolar RNAs
(snoRNAS) that occur in the form of ribonucleoprotein particles
(snoRNPs) (reviewed in 2-5). A few snoRNAs are required for

DDBJ/EMBL/GenBank accession nos AJ243199, AJ243200

the nucleolytic processing of pre-rRNA, but the majority of
them function as guide RNAs in the post-transcriptional
modification of rRNAs (fof reviews see 4,6). Many snoRNAs
that contain the conserved H box and ACA sequence elements
direct the site-specific pscudouridylation of rRNAs (7-9).
Another large group of snoRNAs which share the C and D box
motifs guide the synthesis of 2-0-methylated nucleotides (10-13).

Both classes of rRNA modification guide snoRNAs select
the substrate nucleotides through formation of direct base
pairing interactions with rRNA sequences. The C and D box-
containing 2°-0-methylation guide snoRNAs carry one or. less
frequently, two 10-21 nt long rRNA recognition motifs. also
known as antisense elements (14). The antisense elements are
located either close to the 3’-cnd of the snoRNA (downstream
antisense element) or on the 5-haif of the snoRNA (upstream
antisense element) (Fig. 1). The downstream antisense element
is followed by the D box and the upstream antisense element is
flanked by the D" box motif.. which usually represents a slightly
altered version of the D box (10.15). A Watson-Crick helix
formed by the antisensc clement of the snoRNA and the
complementary rRNA sequences places the D or D box of the
snoRNA exactly 5 bp from the 2°-O-methylated nucleotide in
the rRNA (Fig. 1). A putative methyltransferase enzyme, most
likely the fibrillarin snoRNP protein (16,17), which binds
directly or indirecily 10 the D and D’ box of the snoRNA
selects the target nucleotide to be methylated. The C” box and
probably also the C box play a crucial role in the methytransfer
reaction directed by the upstream or downstream antisense
clement, respectively (13).

Recently, snoRNAs have also been implicated in site-specific
modification of the UG spliccosomal small nuclear RNA
(snRNA). Ribose methylation of the C77 residue in an in vitro
synthesised human UG snRNA. after injection into Xenopus
oocytes, is dependent on the presence of a C/D box snoRNA.
termed mgUG-77 (18). The antisense elements of two other C/D
box-snoRNAs, mgU6-47 and mgUG-33. can position the mA47
and mAS3 residues of the U6 snRNA for 2°-O-methylation
(18.19). Moreover, the nucleolus contains all the factors that
arc required for the site-specilic synthesis ol the remaining five
ribose-methylated nucleotides of mammatian U6 snRNA (19),
The correct recognition of these methylation sites depends on

*Tou whom correspondence should be addressed i Laboratoire de Biologie Maléeubaive Eucarvote du CNRS, 1S route de Narhonne, 3H162 Tonlouse. France.
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Figure 1. Selection of 2-O-methylated nucleotides by box C/D snoRNAs.
The consensus sequences of the conserved C. C”. D and D’ boxes are indicated.
The upstream (UAE) and/or downstream (DAE) antisense element of the
snoRNA forms a double helix with complementary rRNA sequences. A nucleotide
in the rRNA that base pairs with the fifth nucleotide 5” to the D or D" box of the
snoRNA is 2’-O-methylated. The position of an internal hairpin that frequently
folds together the D” and C” boxes is indicated (13).

short snRNA sequences located around the target nucleotide.
These findings strongly support the idea that 2’-O-ribose
methylation of the U6 snRNA is mediated exclusively by C/D
box snoRNAs.

In this study, identification and characterisation of two novel
C and D box-containing snoRNAs, termed U83 and U84,
suggest that C/D box snoRNAs may also function in 2-O-
methylation of cellular RNAs other than the 18S, 5.8S and 25/28S
rRNAs or the U6 spliceosomal RNA.

MATERIALS AND METHODS

Oligodeoxynucleotides

Oligonucleotides used for PCR amplification, DNA
sequencing, primer extension or cloning were synthesised by
the standard phosphoramidite method and purified on a 20%
polyacrylamide—8 M urea gel. The following oligonucleotides
were used in this study: 1, CTAGTCAAGGGTGATAGA: 2,
TCGATCTATCACCCTTGA; 3, CTAGTCATGGGTGATAGA;
4, TCGATCTATCACCCATGA: 5, GCGCAAAGCGCTCAC-
CTTTCG; 6, GCACTGAGGTGCTCCTGTTT: 7, GGAGCA-
CCTCATGTGCA; 8, GCGCTTTGCGCAGTGAT: 9, NNNN-
TATCACCCATG.

Expression constructs for transfection of mouse cells

Construction of the pW(Xb/X/) mouse ribosomal minigene
expression vector has been described (20,21). To obtain pW-US4.
oligodeoxynucleotides 1 and 2 were annealed and inserted into
the Xbal and Xhol sites of pW(Xb/Xh). The same approach was
used to generate pW-US31 (oligos 3 and 4). Transfection of
plated mouse 1.929 cells (ATCC CCL1) was performed by the
DEAE-dextran method (22).

Nucleic Acids Research, 2000, Vol. 28, No. 6 1349

RNA analyses

RNAs from human HeLa and mouse 1.929 cells or from the
nuclear, nucleolar, nucleoplasmic and cytoplasmic fractions of
HeLa cells were extracted by the guanidine thiocyanate/
phenol-chloroform extraction method (23). Primer extension
analysis of the 5’-termini of human U83 and U84 snoRNAs
was performed using 5’-end-labelled oligonucleotides 5 and 6
as primers, respectively, and the samples were electrophoresed
on denaturing 8% polyacrylamide gels. The 3’-terminal
sequences of U83 and U84 were determined by the T4 RNA
ligase-PCR approach as described (24). except that oligos 7
and 8 were used as U83- and U84-specific primers for the PCR
amplification reaction.

RNase A/T1 mappings were performed as described (23).
Antisense RNA probes for the human U3 snoRNA and the U4
snRNA were synthesised in vitro (24). To generate sequence-
specific probes for the human U83 and U84 snoRNAs, the
pU83 and pU84 recombinant plasmids carrying the full-length
c¢DNAs of U83 and U84 were linearised with EcoRI and used
as templates for in vitro transcription with T3 RNA
polymerase. The probes were purified on a 6% sequencing gel.

Ribose-methylated nucleotides were mapped by primer
extension analyses (25). To monitor 2’-O-methylation of the mouse
ribosomal minigene transcripts, the 5-end-labelled 3-0CAT2
oligonucleotide (20), complementary to the pW transcript
downstream from the inserted target sequences, was used as
primer. To detect a potential target RNA for the U83 2-O-
methylation guide snoRNA, 2 pmol of terminally labelled
oligo 9 was annealed to 10 pg of Hel a total cellular or nuclear
RNA and extended by AMV reverse transcriptase. The extended
DNA products were analysed on a 6% sequencing gel.

Cell fractionation and glycerol gradient analyses

Human HelLa cells were fractionated into nuclear, nucleolar,
nucleoplasmic and cytoplasmic fractions as described (26).
Preparation and fractionation of HeLa cell extracts on 10-30%
glycerol gradients were performed as described (26,27).

RESULTS

Mammalian U83 and U84 C/D box snoRNAs lack sequences
complementary to rRNAs

Partial sequences of two novel putative snoRNAs were
obtained during characterisation of a ¢cDNA library of human
snoRNAs (10). Northern assays of human HelLa and mouse
cellular RNAs revealed that the new RNAs contain about 75—
80 nt, whose sequences are conserved in mammalian cells
(data not shown). The 3’-terminal sequences of the two human
RNAs were determined by the oligoribonucleotide ligation—PCR
amplification procedure (24; Fig. 2b) and the correct 5"-ends
were defined by primer extension analyses (Fig. 2a). The novel
human RNAs, hereafter named U83 and U84, consist of 76 and
78 nt, respectively (Fig. 3). Database searches revealed that
sequences 80-85% homologous to the human U83 and U84
RNAS are present in the fifth and first introns, respectively, of
the pig and mouse BAT/ gene that encodes for a putative RNA
helicase (GenBank accession nos 7234846 and AC007080).
Moreover. a perfect copy of the U83 RNA was found in the
fifth intron of the human BATI gene (GenBank accession
no. AF029062). Unfortunately. the S™-terminal part of the
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Figure 2. Characterisation of human U83 and U84 snoRNAs. (a) Primer extension analyses of the 5"-termini of U83 and US4 RNAs. Terminally labelled oligonucleotides
specific for U83 and U84 were annealed to human nuclear RNAs and extended by AMV reverse transcriptase (lanes R). Lanes C, T, A and G represent dideoxy
sequencing reactions using the same oligonucleotides as primers and recombinant plasmids carrying the full-length cDNAs of U83 and U84 as templates. The
extended products were separated on an 8% sequencing gel. The 5”-terminal sequences of the U83 and U84 RNAs are shown. (b) Determination of the 3'-terminal
sequences of human U83 and U84 snoRNAs by the T4 RNA ligase/PCR procedure. The 3’-terminal sequences of the two snoRNAs and the 5-terminal sequence

of the oligoribonucleotide ligated to the U83 and U84 RNAs are shown.
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Figure 3. Alignments of human, pig and mouse U83 and U84 snoRNAs. The C and D boxes and the potential C’ and D" box motifs are indicated. The vertical lines
highlight nucleotides conserved in the aligned snoRNAs and dashes stand for gaps. Inverted arrows indicate sequences capable of forming base pairing interactions.
The presence of an additional A and C residue in the pig U83 RNA at positions 4 and 61 (circled), as compared to the published sequence (GenBank accession no.
Z34846), has been verified by sequence analysis of the appropriate region of the pig BAT/ locus (data not shown). Sequences of the human U83 and U84 snoRNAs
have been deposited in the EMBL database (accession nos AJ243200 and AJ243199, respectively).

human BAT! gene that may encompass the human U84 RNA
gene has not yet been characterised. Nevertheless, we
concluded that the U83 and U84 RNAs represent novel intron-
encoded RNAs that are processed from the fifth and first
introns of the mammalian BAT/ gene.

Alignments of the human, pig and mouse U83 and U84
RNAs are shown in Figure 3. These RNAs feature all of the
elements, the C, C’, D and D’ box sequence motifs and a short
5’-, 3’-terminal helix structure, that are essential for nucleolar
accumulation and function of intron-encoded 2’-O-methylation
guide snoRNAs directing the modification of rRNAs and U6
snRNA (18,19,28-30). However, neither U83 nor US4 RNA
possesses sequences that could form a long base pairing
interaction with rRNA or U6 snRNA sequences. The best

interaction, potentially formed by U83 (positions 58-66) or
U84 (positions 60—-68) snoRNA with the 18S rRNA sequence
between positions 404 and 413, would consist of eight canonical
base pairs interrupted by one non-canonical C:A or C:U base
pair, respectively. Based on a recent functional analysis of the
guide RNA and rRNA duplex (31), such a poor interaction
would be insufficient to support the 2’-O-methylation reaction.
Consistent with this conclusion, no 2’-O-methylated nucleotide
was reported in this region of the human 18S rRNA (32).

U83 and U84 RNAs are nucleolar but are not associated with
precursor ribosomal particles

We assayed the intracellular distribution of the U83 and U84 RNAs.
whose C and D box elements predict a nucleolar localisation.
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Figure 4. Human U83 and U84 RNAs are not associated with higher order nucleolar structures. (a) Intracellular localisation of human U83 and U84 snoRNAs.
RNAs extracted either from human Hel.a cells (T) or from nuclear (N), nucleoplasmic (Np). nucleolar (No) and cytoplasmic (Cy) fractions of HeLa cells were
mapped by RNase A/T1 protection using sequence-specific antisense RNA probes as indicated. Lane C, control mapping with Escherichia coli tRNA. Lane M, size
markers (a mixture of Haelll- and Tagl-digested pBR322). (b) Sedimentation analyses of U83, U84 and U14 snoRNP particles. Hela cell extract was fractionated
on a 10-30% glycerol gradient. RNAs were isolated from each fraction and subjected to RNase A/T1 mapping with antisense RNA probes specific for the U83,
U84 or Ul4 snoRNA. Positions of HeLa ribosome markers are indicated. Lanes C and M represent control mappings and size markers. respectively.

Human HeLa cells were fractionated into nuclear, nucleoplasmic,
nucleolar and cytoplasmic fractions. RNAs obtained from each
fraction as well as from whole HeLa cells were mapped by
RNase A/T1 protection using antisense RNA probes specific
for the U83 and U84 RNAs (Fig. 4a). As controls, we also
measured the U3 snoRNA and the U4 spliceosomal RNA
content of each fraction. The U83 and U84 RNAs, like the U3
snoRNA, were highly enriched in the nucleolar fraction of
HeLa cells and were hardly detectable in the nucleoplasmic
fraction where U4 snRNA accumulated, demonstrating that the
U83 and U84 RNAs represent authentic snoRNAs.

The nucleolar localisation of the U83 and U84 snoRNAs
suggests that they may function in the nucleolar maturation of
rRNAs. snoRNAs involved in the nucleolytic processing or
nucleotide modification of rRNAs are associated with higher
order structures that likely represent ribosomal particles under-
going maturation in the nucleolus (11.21.26,27,33,34). To
assess whether the U83 and U84 snoRNAs are associated with
large nucleolar structures, a HeLa cell extract was fractionated
in a non-denaturing glycerol gradient (Fig. 4b). Distribution of
the U83 and U84 snoRNAs as well as Ul4 snoRNA, which
functions both in the nucleolytic processing and 2’-O-methylation
of 18S rRNA (35,36), was investigated by RNase mapping.
About half of the cellular Ul4 snoRNA sedimented together
with large particles that showed sedimentation properties
similar to the 60S and 80S cytoplasmic ribosomal particles.
Very similar results were obtained with another snoRNA, U3
snoRNA (data not shown), which functions in the early
processing of pre-rRNA (37-40). In contrast to the U14 and U3
snORNAs, the U83 and U84 snoRNAs sedimented exclusively in
10-20S structures that likely represent snoRNP monoparticles.
These findings indicate that the U83 and U84 snoRNPs are not
associated with pre-ribosomal particles in the nucleolus.

U83 and U84 snoRNAs direct 2’-O-methylation of artificial
substrate RNAs

A few C/D box snoRNPs, such as the U3 (37-40), U8 (41,42),
U22 (43) and U14 (35,44) RNPs, function in the nucleolytic
processing of rRNAs. These snoRNPs, similarly to the
authentic rRNA 2-O-methylation particles, also contain the
fibrillarin protein that likely catalyses the 2’-O-methyltransfer
reaction (16,17). This is contrary to the fact that the above
mentioned snoRNPs, with the exception of U14, apparently do
not function in rRNA methylation. We therefore examined
whether U83 and U84 snoRNP particles possess the potential
to direct RNA ribose methylation.

Sequences immediately preceding the D box motifs of the
U83 and U84 snoRNAs are perfectly conserved in the human,
mouse and pig RNAs (Fig. 2). We examined whether the
mouse intracellular U83 and U84 snoRNAs are capable of
directing site-specific 2’-O-methylation of properly designed
artificial substrate RNAs in the nucleolus. To this end, two
short DNA fragments (U83t and U84t) were inserted into a
mouse ribosomal minigene (W) that possesses the RNA
polymerase I promoter and terminator regions but lacks rRNA
sequences (20; Fig. 5a). The RNA transcripts generated from
the W-U83t and W-US84t constructs carry 15 nt long sequences
that are perfectly complementary to the putative downstream
antisense elements of the U83 or U84 snoRNAs. Since the
RNA polymerase I-directed transcription of the ribosomal
minigenes occurs in the nucleolus, the W-U83r and W-U84t
RNAs are expected to accumulate in the nucleolus (19-21).

The pW-U83t and pW-US841 constructs were transfected into
mouse cells and the state of ribose methylation of the
expressed minigene transcripts was monitored by primer
extension (Fig. 5b). In the presence of low concentration of
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Figure 5. Ribose methylation of artificial substrate RNAs in mouse cells.
(a) Schematic structure of the pW-U83r and pW-U841 expression constructs
used for transfection of mouse cells. The RNA polymerase [ promoter and
terminator, the terminal regions of the 5’ (hatched box) and 3 (open box)
external transcribed sequences (ETS) and a fragment of the chloramphenicol
acetyltransferase (CAT) gene are indicated. To generate pW-U83r and pW-US841.
appropriate synthetic DNA fragments were inserted into the Xbal (Xb) and
Xhol (Xh) sites of pW(Xb/Xh). Nucleotides facilitating the cloning are in lower
case letters. The potential base pairing interactions formed between the
expressed artificial substrate RNAs and the putative antisense elements of the
U83 and U84 snoRNA are shown. Nucleotides predicted to be 2'-O-methylated
are indicated by closed circles. (b) Primer extension mapping of 2-O-methy-
lated nucleotides. A 5”-end-labelled deoxyoligonucleotide was annealed with
RNAs extracted from mouse cells non-transfected (Nt) or transfected (Tr) with the
indicated expression constructs and extended with AMV reverse transcriptase in the
presence of 1 or 0.004 mM dNTPs (as indicated above the lanes). Lanes C. T.
A and G are dideoxy sequencing reactions performed on the pW-U83r or pW-U84¢
expression constructs.

dNTPs, ribose-methylated nucleotides interfere with the
passage of reverse transcriptase and result in stops 1 nt before
or at the modified nucleotide (25). When RNAs obtained from
cells transfected with the pW-U83r or pW-U84t expression
construct were analysed in the presence of 0.004 mM dNTPs.
strong stop signals were obtained | nt before the G residues
that are predicted to be 2-O-methylated by the endogenous
U83 and U84 snoRNPs (Fig. 5, lanes 2 and 6). In contrast. no

reverse transcriptase stops were observed in the presence of

I mM dNTPs (lanes | and 5) or during mapping of control
RNAs derived from non-transfected mouse cells (lanes 3. 4. 7
and 8). These results show that the U83 and U84 snoRNAs are
capable of directing site-specific 2-O-methylation of artificial
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Figure 6. Primer extension analysis. RNAs obtained from human HeLa cells
(T) or from a nuclear fraction of HeLa cells (N) were annealed with 5”-end-
labelled oligo 9 and extended with AMV reverse transcriptase. The extended
DNA products were size-fractionated on a 6% sequencing gel. Lane M. size
marker.

substrate RNAs and suggest that these snoRNAs likely function in
the nucleolus as 2’-O-methylation guide RNAs.

In an attempt to detect a potential target RNA for the U83
methylation guide RNA, a terminally labelled oligodeoxy-
nucleotide, identical to the U83 snoRNA sequences from
position 56 to 66 and extended by four randomly synthesised
S’-terminal nucleotides, was annealed to human HeLa total
cellular or nuclear RNAs. After incubation with AMV reverse
transcriptase, an extended DNA product of ~82-83 nt was
reproducibly detected in total cellular RNAs (Fig. 6, lane 2)
and, more efficiently, in RNAs extracted from the nuclear
fraction of HeLa cells (lane 1). To identify this RNA molecule
and to investigate whether it really represents the natural
substrate of the U83 2°-O-methylation guide snoRNP remains
a challenge for the future.

DISCUSSION

We have identified two novel mammalian snoRNAs that represent
new members of the family of C and D box-containing intron-
encoded snoRNAs (Fig. 2). The mouse, pig and, most likely,
human U83 and U84 snoRNAs are encoded in the fifth and first
introns of the BAT/ putative RNA helicase gene, respectively.
More than 50 C/D box snoRNAs have been identified in
vertebrates and their final number is predicted to exceed 100
(3—4). The vast majority of C/D box snoRNAs function as
guide RNAs in the site-specific 2°-O-methylation of rRNAs.
Selection of the ribosomal 2°-O-methylation sites is mediated
by transient base pairing interactions formed between the
target ribosomal sequences and the antisense elements of the
guide snoRNAs (Fig. 1). The efficiency of the methyltransfer
reaction greatly depends on the length and regularity of the
snoRNA-rRNA duplex formed (31). The natural rRNA
methylation guide snoRNAs possess at least 10 nt long rRNA
antisense elements. A snoORNA-rRNA interaction composed
of eight canonical and onc¢ non-canonical base pairs—the best
interaction that could be drawn between the U83 or US4
snoRNA and mammalian 18S rRNA (see Results)—would not
be expected to support IRNA methylation (31). In accordance



with this conclusion, no 2°-O-methyl group was encountered in
this particular region of the mammalian 188 rRNA (32).
Hence, we concluded that neither the U83 nor the UR4 snoRNA
can direct ribose methylation of rRNAs in mammalian cells. A
few C/D box snoRNAs, such as U3. U8, Ul4 and U22, function
in the nucleolytic processing of pre-rRNAs (reviewed in 3.4).
At the moment, we cannot unambiguously exclude the formal
possibility that the U83 and U84 snoRNAs may function in the
nucleolytic processing of IRNAs. However, in marked contrast
to snoRNAs involved in rRNA modification or processing, the
U83 and U84 snoRNAs are not associated with precursor
ribosomal particles. This strongly argues against a role for
these snoRNAs in rRNA processing.

A comparison of mammalian U83 and U84 snoRNAs
revealed that, beside the C and D box motifs, the 3'-terminal
regions preceding the D boxes show the highest degree of
conservation (Fig. 2). In fact, thesc sequences are perfectly
conserved in human, mouse and pig RNAs, underlining their
functional importance. The demonstration that artificial
substrate RNAs complementary to the conserved putative
downstream antisense regions of the U83 and U84 snoRNAs
are accurately 2’-O-methylated in mouse cells strongly
supports the idea that the U83 and U84 snoRNAs function as
2’-O-ribose methylation guide RNAs in the cell (Fig. 5).

The notion that the U83 and U84 snoRNAs function as
methylation guide RNAs raises questions about the nature of
their target RNAs. The potential target recognition sequences
of U83 and U84 show a striking similarity to each other
(Fig. 2), indicating that these snoRNAs might direct the 2’-0-
methylation of two sequence variants of the same cellular
RNA. Primer extension analyses of human cellular RNAs
revealed an RNA molecule that carries a sequence motif
complementary to the putative RNA recognition motif of the
U83 snoRNA (Fig. 6). Interestingly, the potential target RNA
for the U83 guide snoRNA was detected mainly in the nuclear
fraction of human cellular RNAs.

Recently, C/D box snoRNAs have been demonstrated to
function in the 2’-O-methylation of U6 spliceosomal snRNA
(18.19). Most likely, synthesis of the eight 2-O-methylated
nucleotides of mammalian U6 snRNA is directed exclusively
by C/D box snoRNAs (19). Moreover, guide RNAs, most
probably H/ACA box snoRNAs. have been implicated in the
synthesis of the pseudouridine residues present in the U6
snRNA and the U3 snoRNA (19). These results show that
snoRNAs can function in the post-transcriptional modification
of various classes of cellular RNAs. Besides maturing rRNAs
and authentic snoRNAs, several small RNAs are believed to
appear, at lcast transiently. in the nucleolus (reviewed in 45).
Some yeast precursor tRNAs cycle through the nucleolus to
undergo nucleolytic processing (46). A fraction of mammalian
tclomerase (47). signal recognition particle (48) and RNase P
(49) RNAs has been found in the nucleolus. Upon microinjection
into the nucleoplasm. in vitro synthesised signal recognition
particle (50), RNase MRP (51). RNuse P (49) and U6
(A.Narayanan, R.Tems and M.Tems, personal communication)
RNAs transiently localise to the nucicolus, suggesting that the
nucleolus may function in the biogenesis of these RNAs.
Unfortunately, computer-aided inspection of vertebrate small
RNA sequences. including U snRNAs, snoRNAs, the telomerase,
RNase P and MRP RNAs. as well as the cytoplasmic signal
recognition particlc RNA and the known tRNAs. failed 10
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identify a potential substrate for the U83 or U84 2°-0-methy-
lation guide snoRNAs. Of course. it is also possible that the
U83 and U84 snoRNAs function in the 2°-O-meghylation of
some as yet unidentified snRNAs (52). o

In summary. characterisation of the U83 and U84 2’-0-
methylation guide snoRNAs that most likely function in the
post-transcriptional modification of an as yet unidentified
cellular RNA lends further support to the recently emerging
idea that the nucleolus is a multifunctional subnuclear
organelle that functions in the maturation of different classes
of cellular RNAs.
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In eukaryotes, two distinct classes of small nucleolar
RNAs (snoRNAs), namely the fibrillarin-associated
box C/D snoRNAs and the Garlp-associated box
H/ACA snoRNAs, direct the site-specific 2"-0-ribose
methylation and pseudouridylation of ribosomal
RNAs (rRNAs), respectively. We have identified a
novel evolutionarily conserved snoRNA, called USS,
which possesses the box elements of both classes of
snoRNAs and associates with both fibrillarin and
Garlp. In vitro and in vivo pseudouridylation and
2’-0-methylation experiments provide evidence that
the U85 snoRNA directs 2'-0-methylation of the C45
and pseudouridylation of the U46 residues in the
invariant loop 1 of the human US spliceosomal RNA.
The U85 is the first example of a snoRNA that directs
modification of an RNA polymerase II-transcribed
spliceosomal RNA and that functions both in RNA
pseudouridylation and 2’-0-methylation.

Keywords: 2’-O-methylation/pseudouridylation/RNA
modification/snoRNA/snRNA

introduction

In stable cellular RNAs, many nucleotides undergo site-
specific post-transcriptional covalent modifications. In
ribosomal RNAs (rRNAs) and small nuclear RNAs
(snRNAs), conversion of uridine into pseudouridine (\F)
and 2"-O-methylation of the backbone ribose represent the
most common modifications. In mammals, the 18, 5.8 and
28S rRNAs together carry >100 2°-O-methyl groups and
~95 pseudouridines (Maden, 1990; Ofengand er al., 1995).
In the major spliceosomal snRNAs (U1, U2, U4. US and
U6), 23 pseudouridines and 30 2'-O-methylated nucleo-
tides have been detected (Reddy and Busch, 1988).

The actual function of the modified nucleotides in
rRNAs and snRNAs is largely unknown. Most ribosomal
pseudouridines and 2°-O-methy! groups are dispensable
for cell growth (Ni er al., 1997; Lowe and Eddy. 1999).
Unmodified Ut, U4, U5 and UG snRNAs can support pre-
mRNA splicing in vitro, but modification of the
5’-terminal region of the U2 snRNA is essential for the
splicing reaction (Yu e al., 1998 and references therein).
Generally, the pscudouridines and 2’-O-methyl groups
cluster around the functionally important regions of stable
cellular RNAs (Maden, 1990; Szkukalek er af.. 1995: Gu

©European Molecular Biology Organization

et al., 1996) and they are thought to fine-tune the function
of the RNAs by facilitating specific RNA-RNA and
RNA-protein interactions.

Site-specific pseudouridylation and 2°-O-methylation of
rRNAs is directed by a large population of snoRNAs
within the nucleolus. The 2°-O-methylation guide
snoRNAs possess the conserved C (consensus
RUGAUGA) and D (CUGA) boxes, which are frequently
folded together with an adjacent 5°.3-terminal stem.
Internal regions of box C/D snoRNAs carry imperfect
copies of the C and D boxes, called C* and D’ boxes
(Kiss-Liszlo er al., 1996, 1998; Tycowski er al.. 1996).
The D and/or D’ boxes are preceded by long (10-21 nt)
recognition sequences that, through formation of double
helices with tRNA sequences, position the D or D’ box of
the snoRNA exactly 5 nt from. the 2°-O-methylated
ribosomal nucleotide (Cavaillé et al., 1996; Kiss-Laszlo
et al, 1996). The pseudouridylation guide snoRNAs
consist of 5" and 3’ hairpin domains, connected and
followed by single-stranded hinge and tail regions that
carry the conserved H (AnAnnA) and ACA boxes,
respectively (Balakin er al., 1996; Ganot et al., 1997b).
Two short rRNA recognition motifs of the snoRNA base
pair with fRNA sequences flanking the uridine to be
converted into pseudouridine. In the resulting ‘pseudo-
uridylation pocket’, the substrate uridine is positioned
~14 nt upstream of the H or ACA box of the snoRNA
(Ganot et al., 1997a; Ni er al., 1997).

The 2’-O-methylation and pseudouridylation guide
snoRNAs are present in the nucleolus as ribonucleoprotein
(snoRNP) particles. While the snoRNAs select the correct
nucleotides for 2°-O-methylation and pseudouridylation,
the associated snoRNP proteins accomplish the modifica-
tion reaction. The box C/D snoRNAs are packaged with at
least three proteins, Nop56p, Nop58p and fibrillarin. Since
fibrillarin shares common sequence and structural motifs
with known methyltransferascs, it is likely to be the
2’-0-methyltransferase enzyme (Wang et al.. 2000). Thus
far, four box H/ACA snoRNP proteins have been identi-
fied. Nap57p (CbfSp in yeast) has been demonstrated (o
function as pseudouridine synthase (Lafontainc er al.,
1998; Zcbarjadian er al., 1999), but the role of the three
remaining proteins, Garlp, Nhp2p and Nopl0p, remains
conjectural (Henras et al.. 1998; Watkins e al., 1998).

The cellular machinery directing modification of
spliccosomal snRNAs is poorly understood. Unexpect-
edly. three box C/D snoRNAs have been implicated in
2°-O-mcthylation of thc RNA polymerase (pol) IlI-
synthesized U6 snRNA (Tycowski et al., 1998: Ganot
et al.. 1999). Factors directing 2°-O-methylation and
pscudouridylation of the pol [I-transcribed Ui, U2, U4
and U5 snRNAs remain largely unknown. In contrast to
the U6 snRNA, maturation of the pol [[-specific snRNAS
possesses a cytoplasmic phase (Mattaj, 1986). Following
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synthesis. the Ul. U2, U4 and US snRNAs are transported
into the cytoplasm where binding of seven Sm proteins
precedes the hypermethylation of their primary cap
structures 1o 2.2.7-methylguanosine (TMG) and the trim-
ming of their 3’-terminal trailer sequences. The mature
snRNAs are re-imported into the nucleus as snRNPs. For
synthesis of the ‘Y44 residue in the yeast U2 snRNA, a
tRNA modification enzyme. the Puslp pseudouridine
synthase, is responsible (Massenet et al., 1999). In vitro
RNA modification studies suggested that multiple activ-
ities accomplish pseudouridylation of mammalian Ul, U2
and U5 snRNAs (Patton. 1993. 1994). Thus far, however,
no trans-acting factor functioning in modification of
mammalian pol Il-specific snRNAs has been identified.
Here, we describe a novel snoRNA, called U8S, which can
direct 2°-O-methylation of the C45 and pseudouridylation
of the neighbouring U46 residue in the invariant loop 1 of
the U5 spliceosomal snRNA.

Results

Identification of an evolutionarily conserved box
C/D+H/ACA snoRNA

RNAs immunoprecipitated from a human HeLa cell
extract with anti-fibrillarin antibodies were pCp-labelled
and analysed on a 6% sequencing gel (Figure 1A). Besides
many previously identified box C/D snoRNAs, a novel
slowly migrating RNA species. referred to hereafter as
U85, was detected. The U85 RNA was recovered, purified
further on a 12% native polyacrylamide gel and its
3’-terminal nucleotides were determined by chemical
sequencing. This sequence information was used for
synthesis and cloning of a cDNA of U85S (see Materials
and methods). The correct 5" end of the new RNA was
determined by primer extension (data not shown).
Sequence analysis showed that the human U85 RNA
consists of 330 nt (Figure 2) and. apart from the conserved
C and D boxes, shows no similarity to any known RNA.
Northern blot analysis of human, mouse and fruit fly
cellular RNAs with a human U85-specific antisense RNA
probe revealed a hybridizing RNA of 315-330 nt long in
each of these species (Figure 1B). Although probing of
Saccharomyces cerevisiae and  Schizosaccharomyces
pombe cellular RNAs failed to unveil a U85-like RNA in
veast RNA (data not shown). we concluded that the U85
RNA represents a novel C and D box-containing
fibrillarin-associated snoRNA that shows significant
sequence conservation during evolution.

Nucleotide sequence of the Drosophila U85 snoRNA
was determined by cloning and characterization of its
¢DNA (see Materials and methods). The fruit fly U85
snoRNA 1s 316 nt long and similarly to the human U85
snoRNA. it features a 5"-terminal box C and a 3"-terminal
box D motif as well as internal C" and D” boxes (Figure 2).
A computer-aided modelling of the human and Drosophila
U8S snoRNAs revealed that the two RNAs fold into
similar two-dimensional structures. In both snoRNAs, the
5% and 3’-terminal regions containing the C and D boxes
are predicted to form a long hairpin-like structure. In the
middle of the human (from position 73 to 229) and
Drosophila (from position 84 to 209) U85S snoRNA. a
large region folds into a hairpin—hinge—hairpin structure
highly reminiscent of the consensus structure of box H/
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Fig. 1. Characterization of U85 snoRNA. (A) Human fibrillarin-
associated snoRNAs. RNAs immunopreciptated with monoclonal anti-
fibrillarin antibody (72B9) were 3" end-labelled and fractionated on a
6% sequencing gel (lane FIB). Lane CON, control precipitation with
monoclonal anti-Sp1 antibody. Lane M, size markers. (B) Northern
analysis. RNAs from human, mouse and fruit fly cells were
fractionated on a 6% denaturing gel and probed with an internally
labelled antisense human U85 RNA. (C) Anti-fibrillarin and anti-
hGART antibodies recognize the human U85 snoRNP. Extracts
prepared from HeLa cells in the presence of 250 or 400 mM NaCl
were reacted with anti-fibrillarin (a-Fib) or anti-hGAR1 (a-Gar)
antibodies. Distribution of the U85. U3 and U19 snoRNA and the U4
snRNA in the extracts (lanes E) and supernatants (lanes S) or pellets
(lanes P) of the immunoprecipitation reactions were determined by
RNase A/T1 protections. Lanes C represent control mappings with
Escherichia coli tRNA. Lanes M. size markers.

ACA snoRNAs (Ganot er al., 1997b). In the H/ACA-like
domain of the two snoRNAs, the single-stranded hinge
region carries a perfect H box and the 3’-terminal hairpin is
followed by an ACA motif (Figure 2). In the human U85
snoRNA, the 3’ hairpin of the H/ACA-like domain
contains an additional short hairpin (/H, inserted hairpin),
which is frequently found in vertebrate and yeast box
H/ACA snoRNAs (Ganot er al., 1997b).

We tested whether the human U85 snoRNA is
complexed with Garlp, which is a common component
of all box H/ACA snoRNPs (Balakin er al., 1996; Ganot
et al., 1997b). Extracts prepared from HeLa cells in the
presence of 250 or 400 mM NaCl were immunoprecipi-
tated with anti-hGAR1 and as a control. with anti-
fibrillarin antibodies (Figure 1C). Distribution of the U85
snoRNA, the U3 box C/D snoRNA, the U19 box H/ACA
snoRNA and the U4 spliceosomal snRNA was measured



200
100 AGAAA/
23 £ 3
e R e Ty
A-U Ua 8:8
U-¢ A o2
B Us
c—G c-G g=a
G-u U-G e
G-U 160-C-G 180 a~H
g% =i l.s
G—C UG pUsilsag
CGAJGu—ﬁA\
120 H—G 220
/ oA
e §=%
U-A 1407 ¢
6=c H [ &-& ACA
0 AC®
U uGY
Gy_gACUAUGGGACY \
c-G
-G 240
G—C
0=k
60—u-A
u-G
C—G— 260
-G
A-U
G-C
&=
“HAp
G
Co-cA®
A<0
U-A 280
&g /

Methylation and pseudouridylation guide snoRNA

180

UGA/

ut>he

A U

c c

Uy _(C

U-A

C-G

U-A

A%

U—

U-R

AU

U-A

¢—c

160 &—Y

\,A-U

AL
SQy-c—200

A-U

G—C

G-0

G—C

A—U

G &g
G-k &§ ACA

¢=G6G; A-U,

A-UMangcuanacccacA

B

80—U-A |
-A
g—é 220
& 240
c l\-%/
R G
A
AAC_GACCGAGGACCC
G-U \
g:g 260
Ye—c
a=d
so—A—x
G-A
Cc-G
AT G
A u

Drosophila

Fig. 2. Proposed secondary structures of the human and fruit fly U85 snoRNAs. The box C. C’, H, ACA. D and D’ motifs are boxed. Other sequences

conserved between the two snoRNAs are shaded.

by RNase A/T1 mapping. In each immunoprecipitation
reaction, the U85 RNA was found mainly in the pellet
(Figure 1C, lanes 4, 7, 11 and 14), demonstrating that the
human U85 snoRNA is specifically associated with
fibrillarin and Garlp. As expected, the anti-fibrillarin and
anti-hGART1 antibodies precipitated the U3 (lanes 4 and 7)
and U19 snoRNPs (lanes 11 and 14), respectively, but

neither of them recognized the U4 snRNP (lanes 4, 7, 11
and 14).

The C and D boxes direct accumulation of the
intron-encoded U85 snoRNA

In vertebrates, most snoRNAs are processed from pre-
mRNA introns. Although organization of the human U85S
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Fig. 3. Processing of the human US8S intronic snoRNA. (A) Structure of
the expression constructs used for transfection of COS7 cells. The
exons (E1. E2 and E3) and the polyadenylation site (PA) of the human
B-globin gene and the promoter region of the cytomegalovirus (CMV)
are indicated. Relevant restriction sites are shown (H, Hindlll: C. Clal:
X. Xhol: E. EcoRI). The U85 snoRNA gene inserted into the second
intron of the B-globin gene is indicated by open arrow. In the pG/
U85-C, pG/U85-H. pG/U85-ACA and pG/UB5-D expression constructs.
the C, H, ACA or D boxes of U85 were replaced with C residues.
(B) RNase A/T1 protection. Simian COS7 cells were transfected with
the pG/U8S5. pG/U8S-C. pG/U85-H. pG/U85-ACA or pG/U85-D
expression construct. RNAs extracted from transfected (lanes T) or
non-transfected (lanes N) cells were mapped with appropriate antisense
RNA probes as indicated above the lanes. Lane H, control mapping
with HeLLa RNA. RNAs protected by the human U85 snoRNA. the first
(E1) and second (E2) exon of the globin mRNA are indicated. (C) The
U8S-H and U85-ACA snoRNAs are not associated with Garlp. Extracts
of COS7 cells transfected with the pG/USS-H. pG/U85-ACA or the
pG/USS expression construct were subjected to immunoprecipitation
with anti-hGAR| antibodies. RNAs recovered from the extracts (E). the
supernatant (S) or the pellet (P) of the immunoprecipitation reactions
were mapped by RNase A/T1 protection by using RNA probes specific
for the U85-H, U85-ACA. U85S and U19 snoRNAs. Lanes C. control
mappings with E.coli IRNA. Lanes M. size markers.

snoRNA gene remains unclear. we found a perfect copy of
the Drosophila U85 snoRNA within the first intron of the
CG1142 gene (DDBJEMBL/GenBank accession No.
AEQ003671), indicating that the Drosophila and presum-
ably the human U85 snoRNAs are intron encoded. For
processing and accumulation of the box C/D and H/ACA
intronic snoRNAs. the conserved box elements are abso-
lutely essential. Since the USS snoRNA features boxes of
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both classes of snoRNAs. we decided to determine
elements supporting its accumulation. The human USS
gene with short flanking sequences was inserted into the
second intron of the human B-globin gene, which had been
placed under the control of the cytomegalovirus (CMV)
promoter (Figure 3A). The resulting G/U85 construct as
well as the G/U85-C, G/U85-H, G/U85-ACA and G/U85-D
constructs, in which the corresponding box element of U85
was replaced with a short C stretch, were transfected into
simian COS7 cells. Accumulation of the U85 RNA and the
spliced B-globin mRNA was measured by RNase protec-
tion with sequence-specific antisense RNA probes
(Figure 3B). As indicated by the spliced exons (El and
E2), B-globin mRNA was expressed in each transfected
cell line (lanes 3, 5,7, 9 and 11). Wild-type U85 snoRNA
(lane 3) and U85 snoRNAs with altered H (lane 7) or ACA
(lane 9) boxes were efficiently and, compared with the
authentic human U85 snoRNA (lane 1), accurately
processed from the B-globin pre-mRNA. In contrast,
U85 snoRNAs carrying an altered C (lane 5) or D (lane 11)
box showed no accumulation, demonstrating that the C
and D boxes, but not the H and ACA boxes, provide
metabolic stability for the U85 snoRNA. Other protected
RNA bands, indicated by asterisks, resulted from partial
protection of human U85-specific probes by the endogen-
ous simian U85 snoRNA and therefore, they were also
present in mapping reactions performed with RNAs from
non-transfected cells.

When extracts of COS7 cells transfected with the G/
U85-H and G/U85-ACA constructs were reacted with anti-
hGARI antibodies, neither the U85-H nor the U85-ACA
snoRNA was immunoprecipitated (Figure 3C, lanes 4 and
8). In comparison, the endogenous U19 H/ACA snoRNP
(lanes 4 and 8) and the wild-type U85 snoRNA processed
from the -globin pre-mRNA (lane 12) were depleted. We
concluded that the H and ACA boxes of the U85 snoRNA,
although not required for RNA accumulation, play an
essential role in snoRNP assembly.

The U85 snoRNA is predicted to function in
pseudouridylation and 2’-O-methylation of the U5
spliceosomal RNA

Alignment of the human and fruit fly U85 snoRNAs
revealed three highly conserved and presumably function-
ally important sequence motifs that occupy identical
positions on the two-dimensional structures of the two
snoRNAs (Figure 2, shaded nucleotides). The conserved
sequences precede the D box and form a putative
pseudouridylation pocket, suggesting that the U85
snoRNA may function as a 2”-O-methylation and pseudo-
uridylation guide RNA.

To identify potential substrate RNAs for the U85
putative guide snoRNA, sequences of all known stable
cellular RNAs, such as rRNAs. tRNAs. snRNAs and
snoRNAs, have been carefully scrutinized. This search
revealed that the alleged 2"-O-ribose recognition motit and
pseudouridylation pocket of the human U85 snoRNA
could position the C45 and the neighbouring U46 residues
of the US spliceosomal snRNA for 2’-O-methylation and
pseudouridylation. respectively (Figure 4A). Similar inter-
actions could be drawn for the Drosophila U85 and U5
RNASs. Indeed. the C45 and U46 residues in the human and
the corresponding C46 and U47 residues in the Drosophila
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Fig. 4. The U85 snoRNA can direct modification of the U5 snRNA. (A) Potential hydrogen bonding between U85 and U5 RNAs in human and
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[0-3P]UTP-labelled US snRNA was incubated in a HeLa extract (S100+NU) that had been either not treated or treated with micrococcal nuclease
(MN). Three RNase T1 fragments of the U5 substrate RNAs were digested with nuclease P1 and analysed by one-dimensional TLC. Phosphorlmager
quantification revealed that the pseudouridine content of the 13 nucleotide fragment was ~35% of the theoretical yield. (C) In vitro transcribed U835
and [’P]ATP-labelled US RNA were incubated with an MN-treated extract. The 6- (lane 1) and 5-nt (lane 2) RNase CL-3 subfragments of the 13-nt
RNase T1 fragment of substrate US RNA were digested with RNase T2 and analysed by TLC.

U5 snRNA are known to be 2°-O-methylated and
pseudouridylated, respectively (Myslinski er al., 1984;
Reddy and Busch, 1988). Neither the human nor the
Drosophila U85 snoRNA showed significant complemen-
tarity to any other stable RNA, supporting the intriguing
hypothesis that the U85 snoRNA directs 2'-O-ribose
methylation and pseudouridylation of two consecutive
nucleotides in the US snRNA.

The U85 snoRNA directs in vitro pseudouridylation
of the U5 snRNA

Previously, an in vitro modification system that employs a
Hela S100 extract in combination with a nuclear extract
has been successfully used for site-specific synthesis of all
three pseudouridines present in the human U5 snRNA at
positions 43, 46 and 53 (Patton, 1991, 1993, 1994). To
identify trans-acting factors directing pseudouridylation of
the U5 snRNA, in vitro synthesized uridylate-labelled U5
snRNA was incubated with the U5 modification system.
The modified US RNA was recovered and fragmented by
RNase T1. After polyacrylamide gel fractionation, each
uridine-containing T1 fragment was digested with nucle-
ase Pl and its pseudouridine content was determined by
TLC (Figure 4B and data not shown). Apart from the 13-
and 7-nt fragments, which carry the U43, U46 and U533
residues (Figure 4B, lanes 2 and 7). none of the Tl

fragments contained pseudouridines. As an example, TLC
analysis of the 18-nt U78-G95 fragment is shown
(lane 11). Similarly, no pseudouridine was detected in a
control experiment when the US RNA was not incubated
with HeLa extracts (lanes 1, 6 and 10). After pre-treatment
of the extract with micrococcal nuclease (MN), formation
of pseudouridines in the 13-nt fragment was abolished
(lane 3), indicating that some nucleic acid component(s) of
the extract play(s) an essential role in pseudouridylation of
the U43 and U46 residues. In contrast, MN treatment did
not impair pseudouridine formation in the 7-nt fragment
(lane 8), suggesting that formation of ‘W53 is supported
exclusively by a protein factor(s).

When an MN-treated modification extract was supple-
mented with in vitro transcribed U85 snoRNA, pscudo-
uridine synthesis in the 13-nt fragment was restored
(Figure 4B, lane 4). Inclusion of U85 snoRNA, however.
did not facilitate pseudouridylation of the 7- and 18-ut
fragments (lanes 9 and 13). Upon reconstitution of
pseudouridylation of a [*PJATP-labelled U5 RNA by
adding in vitro synthesized U85 to an MN-treated extract,
RNase T2 digestion liberated ¥P-labelled pseudouridine
3’-monophosphates only from the 6-nt RNase CL-3
subfragment (40-UUUUAC-45) of the 13-nt T1 fragment
(Figure 4C, lane 1), further supporting that U85 specific-
ally restores pseudouridylation of the U46 residue. Even
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Fig. 5. Expression of chimeric U2 snRNAs in COS7 cells.

(A) Schematic structure of the U2-US5 and U2-U5m snRNAs.
Sequences of the U5 and U5m tags and positions of pseudouridines (‘V)
and 2’-O-methylated nucleotides (closed circles) are shown. The
authentic U5 sequences are in upper case. Altered nucleotides in the
U5m tag are shaded. (B) Subcellular localization of U2-U5 and
U2-U5m RNAs. RNAs extracted either from whole cells (T) or from
the nuclear (Nu), nucleoplasmic (Np), nucleolar (No) and cytoplasmic
(Cy) fractions of COS7 cells transfected with the pGL/U2-US5 or
pGL/U2-U5m construct were mapped by RNase A/T1 protection using
antisense RNA probes specific for the U2-US5 and U2-U5m snRNAs,
and the U3 snoRNA. Lanes C, control mappings with RNAs from non-
transfected cells. Lanes M, size markers. (C) Immunoprecipitation.
Extracts obtained from COS7 cells transfected with the pGL/U2-US5 or
pGL/U2-U5m construct were precipitated with anti-trimethylguanosine
(a-TMG) and anti-SM (a-SM) antibodies. RNAs extracted from cell
extracts (E) or from the supernatant (S) and pellet (P) of the immuno-
precipitation reactions were mapped by RNase protection by using
RNA probes specific for the U2-US5 and U2-U5m snRNAs, and the
U69 snoRNA. Lanes C, control mappings with E.coli tRNA.

more tellingly, a mutant version of the U85 snoRNA
(U85m) that carries five altered nucleotides in the putative
pseudouridine recognition motif at positions 8§1-85 (see
Figures 4A and 7A) failed to restore pseudouridylation of
the 13-nt fragment (Figure 4B, lane 5). In conclusion, the
U85 snoRNA can support in vitro pseudouridylation of the
U5 snRNA, and this function of the U85 snoRNA depends
on sequences that are predicted to position the U46 residue
- for pseudouridylation.

Chimeric U2-U5 snRNA is correctly modified in
simian COS7 cells

Next, we tested whether the U85 snoRNA is capable of
directing pseudouridylation and 2’-O-methylation of the
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Fig. 6. Primer extension mapping of pseudouridines and
2’-O-methylated nucleotides in the U2-U5 and U2-U5m snRNAs.

(A) Mapping of pseudouridines. CMC-alkali-treated cellular RNAs
extracted from COS7 cells transfected (Tr) or non-transfected (Nt) with
the pGL/U2-US5 and pGL/U2-U5m constructs were analysed by primer
extension by using a terminally labelled oligonucleotide primer specific
for the U2-US5 and U2-U5m snRNAs. Closed and open arrows indicate
the actual and expected positions of pseudouridines, respectively. Lanes
A, G, C and U are dideoxy sequencing reactions. (B) Mapping of
2’-0-methyl groups. Cellular RNAs isolated from transfected (Tr) or
non-transfected (Nt) cells were analysed by primer extension in the
presence of 1.0 or 0.004 mM dNTPs as indicated above the lanes.

US snRNA in living cells. To this end, a short fragment of
the human US snRNA encompassing the C45 and U46
residues was inserted into the coding region of the U2
snRNA gene that is also transcribed by RNA pol II
(Figure 5A). As a control, a mutant version of the US tag
(U5m) carrying five altered nucleotides that are predicted
to prevent base-pairings with the putative pseudouridyla-
tion and 2-O-methylation guide sequences of the U85
snoRNA was also inserted into the U2 gene. Upon
transfection into COS7 cells, the U2-U5 and U2-USm
chimeric snRNAs were correctly expressed and accumu-
lated in the nucleoplasm like the endogenous simian U2
snRNA (Figure 5B, lanes 4 and 10). As expected, the
endogenous U3 snoRNA was found in the nucleolar
fraction of COS7 cells (lanes 5 and 11).

The pol Il-transcribed snRNAs are capped with a
S’-terminal TMG and are associated with Sm proteins.
When extracts of COS7 cells expressing the U2-US5 and
U2-U5m RNAs were reacted with anti-TMG and anti-Sm
antibodies, the U2-U5 and U2-U5m RNAs were im-
munoprecipitated together with the endogenous U2
snRNA (U2g) (Figure 5C, lanes 4, 6, 10 and 12). In
comparison, neither the anti-TMG nor the anti-Sm anti-
body recognized the U69 H/ACA snoRNP. Since TMG
formation and packaging with Sm proteins occur in the
cytoplasm (Mattaj, 1986), we concluded that the U2-US5
and U2-U5m snRNAs, prior to nucleoplasmic accumula-
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Fig. 7. Restoration of pscudouridylation and 2’-O-methylation of the U2-USm snRNA. (A) Expression and predicted interaction of the U8Sm
pseudouridylation and 2°-O-methylation guide snoRNA and the U2-USm snRNA. RNAs from COS7 cells transfected (T) and non-transfected (N) with
the pG/U8Sm/U2-USm expression construct were mapped by RNase protection. Lane M, size markers. (B) Mapping of pseudouridines. CMC-alkali-
treated cellular RNAs extracted from COS7 cells expressing the U2-U5m snRNA alone (lane 1) or together with the U85m snoRNA (lane 2) were
analysed by primer extension. (C) Mapping of 2’-O-methylated nucleotides. Distribution of ribose-methylated nucleotides in the U2-USm snRNA
expressed in the absence (lanes 1 and 2) or presence of the U85m snoRNA (lane 3 and 4) was determined by primer extension analysis.

tion, went through the normal maturation pathway of
pol II-specific snRNPs.

To locate pseudouridines in the U2-U5 and U2-U5m
chimeric snRNAs, the CMC [N3-1-cyclohexyl-3-(2-
morpholinoethyl)carbodiimide metho-p-toluenesulfonate]
modification—-primer extension method was used (Bakin
and Ofengand, 1993). CMC specifically reacts with
pseudouridine and arrests the reverse transcriptase | nt
before the pseudouridylation site. Mapping of the U2-U5
snRNA revealed that the U46 residue was correctly
pseudouridylated in the U5 tag (Figure 6A, lane 1).
However, alteration of the 3" flanking sequences of the U46
residue in the U2-U5m RNA inhibited its pseudo-
uridylation (lane 3, see also Figure 7B, lane 1). The same
reason may account for the deficiency of formation of the
W43 residue that lacks its authentic 5" flanking sequences
both in the U2-U5 and U2-U5m RNA (Figure 6A, lanes 1
and 3). Unfortunately, the U2-specific pseudouridines in
the 5 region of the U2-U5 and U2-U5m snRNAs could
not be unambiguously discerned, although synthesis of the
W54, W58 and W91 residues was apparent in both RNAs
(data not shown).

Positions of 2°-O-methyl groups were mapped by the
dNTP concentration-dependent primer extension proced-
ure (Maden er al., 1995). In low dNTP concentration,
reverse transcriptase pauses | nt before and/or at the
2’-O-methylated nucleotide. Mapping of the U2-U3
snRNA resulted in stop signals before the C45 and at the
U41 residue, indicating that the US tag sequence of the
U2-U5 snRNA undergoes correct 2-O-methylation
(Figure 6B, lane 2). In comparison, no stops were observed
in the presence of 1 mM dNTPs (lane 1) or in control
mappings performed on RNAs from non-transfected cells
(lanes 3 and 4). Mapping of the U2-US5m snRNA revealed
that alteration of the US tag sequence abolished
2’-O-methylation of the C45 residue, but did not influence
the synthesis of Um41 (lane 6, see also Figure 7C. lane 2).
This latter observation could be explained by the fact that a

putative guide snoRNA directing the 2”-O-methylation of
U41 is predicted to possess an at least 9-nt-long
complementarity to the U2-U5m snRNA (data not
shown). Moreover, most, if not all, of the ribose- and
base-methylated nucleotides reported for mammalian U2
snRNAs were also present in the U2-U5 and U2-USm
snRNAs (data not shown). These results demonstrate that
the short flanking sequences provide the necessary and
sufficient information for the site-specific synthesis of the
Cm45 and W46 residues in the US snRNA and, therefore,
strongly support the idea that selection of these nucleotides
is a guide RNA-mediated process.

Compensatory base changes in the U85 snoRNA
can restore modification of the U2-U5m snRNA
We investigated whether mutations in the US-specific tag
of the U2-U5m snRNA inhibiting 2"-O-methylation of the
C45 and pseudouridylation of the U46 residue could be
suppressed by compensatory base changes in the U85
snoRNA. Five nucleotides in the pseudouridylation
(81-AUCUU-85) and 2’-O-methylation (310-AUCUU-
314) guide sequences of the human U85 snoRNA were
replaced with the UAGAA sequence motif. Figure 7A
shows the postulated base pairing between the resulting
U85m snoRNA and U2-U5m snRNA. The U85m gene
was inserted into the pG expression construct (Figure 3A)
that carried the U2-U5m gene (see Materials and
methods). Upon transfection of the resulting pG/U85m/
U2-U3m expression construct into COS7 cells, both
U85Sm and U2-U5m RNAs accumulated (Figure 7A.
lane 3).

Primer extension mapping of pseudouridines in the
U2-U5m snoRNA resulted in a strong reverse (ranscrip-
tase stop | nt before the U46 residue (Figure 7B. lane 2).
demonstrating that expression of the U85m snoRNA re-
established the site-specific synthesis of ‘¥46. Likewisc.
2’-O-methylation mappings revealed that methylation of
the U2-U5m snRNA at the C45 residue was restored in the
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presence of the UBSm snoRNA (Figure 7C. lanc 4).
Control mappings performed on RNAs extracted from
COS7 cells expressing only the U2-U5m snRNA failed to
detect the W46 (Figure 7B, lane 1) and Cm45 residues
(Figure 7C, lane 2). These results demonstrate that
compensatory base changes in the U85 snoRNA can
restore  the sife-specific  pseudouridylation  and
2’-0-mcthylation of mutant U5 sequences expressed
within the pol Il-transcribed U2 snRNA.

Discussion

In the nucleolus, two structurally and functionally well
defined families of snoRNAs function in the post-
transcriptional modification of rRNAs. The box C/D
snoRNAs direct 2’-O-methylation and the box H/ACA
snoRNAs guide pseudouridylation of the 18, 5.8 and
28S rRNAs. We have identified a novel, evolutionarily
conserved snoRNA that is composed of both box C/D and
box H/ACA snoRNA domains. Instead of directing rRNA
modification, several lines of evidence support the idea
that the U85 snoRNA functions in 2’-O-methylation and
pseudouridylation of the US spliceosomal snRNA.
Sequences of the U85 snoRNA predicted to select the
target nucleotides in the U5 snRNA for 2’-O-methylation
and pseudouridylation are conserved during evolution.
The U85 snoRNA is capable of directing the site-specific
pseudouridylation of the U5 snRNA in vitro. Recognition
of the US target nucleotides depends on short sequence
motifs that are predicted to base-pair with the U85
snoRNA. Finally, the site-specific pseudouridylation and
2’-0O-methylation of an altered U5 sequence can be
restored by compensatory base changes introduced into
the U85 snoRNA. The U85 snoRNA is the first example of
a guide RNA that directs both pseudouridylation and
2’-0-methylation reactions and that functions in post-
transcriptional modification of an RNA pol Il-transcribed
snRNA.

The human U85 snoRNA guides 2'-O-methylation of
C45 and pseudouridylation of the U46 residues in the
evolutionarily invariant terminal loop 1 of the US
spliceosomal snRNA. During pre-mRNA splicing, nucleo-
tides in the terminal loop 1 of the US snRNA interact with
exon sequences immediately adjacent to the 5 and 3’
splice sites (Sontheimer and Steitz, 1993). In the invariant
loop 1 of the US snRNA, the modified Cm45 and VY46
residues, together with two additional 2°-O-mcthylated
nucleotides (Gm37 and Umdl) and a pseudouridine
(¥43), show a striking evolutionary conservation. They
are present in vertebrate, insect, plant, green alga, lime
mold and protozoan U5 snRNAs (for references sce
Szkukalek et al.. 1995). These modifications are likely to
have an important function in pre-mRNA splicing. They
could strengthen the pre-mRNA-US snRNA interaction,
or alternatively could stabilize the structure of US snRNA
and/or facilitate its interaction with protein splicing
factors. Interestingly, in the S.cerevisiae and S.pombe U5
snRNAs a C residue is present at the position correspond-
ing 10 W46 in mammalian RNAs. This, of course. could
explain the lack of a U85-like RNA in yeast cells.

The phylogenetic invariance of the structural organ-
ization of U8S snoRNA suggests that “co-expression” of a
pseudouridylation and a 2°-Q-methylation guide snoRNA
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responsible for modification of two consccutive nucleo-
tides in the U5 snRNA is advantageous for the cell. The
Drasophila and most probably the human U85 snoRNA
belong to the family of intron-encoded snoRNAs. The
human U85 snoRNA is faithfully processed from the
human B-globin pre-mRNA in COS7 cells, and its
accumulation relies exclusively on the 5°,3"-terminal box
C/D domain. In the absence of a functional C or D box, the
H/ACA domain of the U85 snoRNA cannot accumulate
independently. This might be a way to ‘trap’ the box
H/ACA domain within the U85 snoRNA and to secure
co-expression of two snoRNAs of different classes as
‘Siamese twins” within a single snoRNP particle.
Although the H and ACA boxes are dispensable for
RNA accumulation, they play an essential role in the
assembly of a functionally active box H/ACA snoRNP.

Concerning the molecular mechanism by which the U85
snoRNP mediates 2’-0-methylation and pseudouridylation
of the US snRNA, many details remain to be answered.
Apparently, the two modification reactions can be
achieved only consecutively, since the 2’-O-methylation
and pseudouridylation recognition motifs of the U85

_snoRNA cannot base pair with the same target sequence at
the same time. At the moment we cannot answer whether
the same or two independent U85 snoRNP particles direct
2’-O-methylation and pseudouridylation of the C45 and
U46 residues in the US snRNA. Clearly, packaging of the
2’-O-methylation and pseudouridylation activities into a
common particle favours the idea that a single U85 particle
can catalyse both reactions. If so, is there any obligate
order of the two reactions? Can the 2’-O-methylation and
pseudouridylation domains of the U85 snoRNP function in
concert?

The evolutionarily conserved box elements have been
demonstrated to act as nucleolar localization signals both
for box C/D (Lange et al., 1998; Samarsky er al., 1998;
Narayanan et al., 1999a) and H/ACA (Lange et al., 1999;
Narayanan er al., 1999b) snoRNAs. Since the U85
snoRNA possesses the box elements of both classes of
snoRNA:g, it is predicted to accumulate in the nucleolus.
Interestingly, we have recently identified three other
human snoRNAs that are predicted to act as guides for
2’-0-methylation and pscudouridylation of the U1, U4 and
U2 snRNAs, respectively. The new snoRNAs, however,
conform to the canonical structures of box C/D and H/
ACA snoRNAs. Although the functional characterization
of the new snoRNA:s is still in progress, we can envisage
that snoRNA-mediated 2°-O-methylation and pscudo-
uridylation of RNA pol Il-transcribed spliccosomal
snRNAs is more comimon than has been anticipated
(Ganot er al., 1999; Massenet ef al., 1999).

A notion that snoRNAs can direct post-transcriptional
modification of US and perhaps Ul, U2 and U4 snRNAs
raises the question of where in the cell modification of
these RNAs occurs. Previously, three box C/D snoRNAs
have been identified that function as guides in
2’-O-methylation of the RNA pol Il-transcribed U6
snRNA (Tycowski er al., 1998: Ganot et al., 1999).
Moreover, all factors required for synthesis of the eight
2-O-methylated nucleotides and three pscudouridines of
the U6 snRNA have been found within the nucleolus
(Ganot ¢t al.. 1999). Upon injection into the nucleoplasm
of Xenopus oocytes, the U6 snRNA has been found to



accumulate transicntly in the nuclcolus (Lange and Gerbi,
2000). Therefore, the available data are most consistent
with the idea that modification of the U6 snRNA occurs in
the nucleolus (Ganot et al., 1999; Lange and Gerbi. 2000).

In contrast to the U6 snRNA, the pol [I-transcribed Ul
and U2 snRNAs show no major accumulation in the
nucleolus after injection into the nucleoplasm of Xenopus
oocytes (Lange et al., 1999; Narayanan ¢7 al., 1999a.b).
However, Lange and Gerbi (2000) reported a small
amount of U2 snRNA in the nucleolus that was above
background. Moreover, test U2 snRRNAs recovered from
the nuclei of Xenopus oocytes were found to be fully
modified, indicating that modification of the U2 and
presumably all pol Il-specific snRNAs occurs in the
nucleoplasm (Yu et al., 1998). A small fraction of Ul, U2,

. U4/U6 and U5 snRNPs has long been known to colocalize
with Cajal bodies in the nucleoplasm (Carmo-Fonseca
et al., 1992; Matera and Ward, 1993; Spector, 1993;
Sleeman and Lamond, 1999). Cajal bodies are also known
to contain box C/D snoRNAs (Samarsky et al., 1998;
Narayanan et al., 1999b) as well as the fibrillarin and
Nap57p snoRNP proteins, which are thought to provide
the catalytic activities for the snoRNP-mediated RNA
modification reactions (Raska er al., 1991; Meier and
Blobel, 1994). These observations make Cajal bodies a
possible nuclear locale where modification of pol II-
transcribed snRNAs might occur (Yu er al, 1998).
Intriguingly, a remarkable structural and functional rela-
tionship exists between Cajal bodies and nucleoli. As well
as sharing common antigens, Cajal bodies are frequently
found within nucleolar structures (Lyon er al., 1997),
leading to the fascinating concept that snRNPs might be
delivered into the nucleolus by Cajal bodies to undergo
snoRNA-mediated modifications (Yu ez al., 1998).

In summary, identification of a novel type of snoRNA
that is composed of a box C/D and H/ACA domain and
that functions in 2’-O-methylation and pseudouridylation
of the RNA pol II-transcribed US spliceosomal snRNA
raises exciting questions. Is the U85 snoRNA the first
member of a new family of snoRNAs? If so, how many
box C/D+H/ACA ‘Siamese’ snoRNAs exist in the cell?
How many composite snRNAs featuring structural
domains of distinct classes of small RNAs exist in the
cell? In this context, it is noteworthy that the human and
yeast tclomerase RNAs have receuntly been demonstrated
to contain box H/ACA and Sm domains, respectively
(Mitchell et al., 1999; Seto et al., 1999). These questions
clearly indicate that much still remains to be learned about
the complex and fascinating world of small nuclear RNAs.

Materials and methods

General procedures

Unless otherwisc stated. all techniques used for manipulating RNA, DNA
and oligonucleotides were as described by Sambrook et al. (1989). The
following oligonucleotides were used in this study: 1. GCCATCAGA-
TTACCAAAGATC: 2. AATAGGAT(C)yx: 3. ATAATCGATGGAA-
GGTGTTTGTTATC: 4. ATACTCGAGTTTCACTCACTTCTTTC: 5.
CAACAGCCTTGATAGGGGGGTGTGGCTGACAAAATGT: 6. CTG-
TATCGCCCACCTTCTATACAGACCTTTA: 7. CTTGCAGCCATCA-
GATTACCATTCTACTGTGTTTCATCT: 8. ACAGATCTTTGGTAA-
TCCCCTGGCTGCAAGTGCTGGGTG: 9. TTTCTCGAGTA-CGAA-
CAAGGAAGTGG: 10. TTTGAGCTCCTATTCCATCTCCC: 1. TTT-
ACTAGTTGCTCCGTCCACTCCACG: 12. TTTGGTACCTCAGGG-
AAGCAGTTAAGCT: 13. TTTACTAAAGATTTGACA: 14, CTAGT-
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GTCAAATCTTTAGTAAAAGCT: 15, TITACTATTCTATTGACA:
16. CTAGTGTCAATAGAATAGTAAAAGCT: 17. CTGTATCGCC-
CACCTICTATACAGACCTTTA: 18, CTTGCAGCCATCAGATTAC-
CATTCTACTGTGTTTCATCT: 19. GGACGGAGCAACTAGTGT: 20.
ATAGTCGACATAGTCGGACCTCGAGTACGAACAAGGAAG: 1.
ATATCTAGAGGATCCCCGGGTACCTCAGGGAAGCAGTTA: 22,
ATAGAATTCTGTAATACGACTCACTATAGGATACTCTGGTTTC-
TCTTCA: 23. ATATCTAGATGCATGGCCTTGCCAAGGCAAGG.

Characterization of U85 snoRNA

RNAs extracted from pellets ol i precipitation reactions performed
on a HeLa cell extract with anti-fibritlarin antibodics were labelled using
[5"-**P|pCp and T4 RNA ligase. The labelled RNAs were fractionated on
a 6% polyacrylamide gel containing 8 M urea. The U85 snoRNA was
{urther purified on a [2% native polyacrylamide gel and subjected 1o
chemicat sequencing. Human and Drosophila U8S-specific cDNAs were
synthesized by AMV (avian mycloblustosis virus) reverse transcriptase
using an oligonucleotide primer (oligo I) complementary to the human
U85 snoRNA from position G309 to C329. A homopolymer G tail was
added 1o the resulting cDNAs by terminal deoxynucleotidyltransferase.
The cDNAs were PCR-amplified using oligos | and 2 as primers and
cloned into the Smal-BamHI sites of the pBluescribe vector (Stratagene).
Folding of U85 RNAs was performed by using the RNAdraw computer
program (http://madraw.base8.se).

Construction of plasmids for transfection of COS7 cells
To generate the pG/U8S expression construct, 2 446 bp human genomic
fragment encompassing the UBS gene and its 64/52 bp flanking sequences
was PCR amplified (oligos 3 and 8). The amplificd fragment was digested
with Clof and Xhol and inserted into the same sites of the pGexm
expression vector (Ganot ef al.. 1997b). Construction of pG/U85-C. pG/
U8S-H, pG/U85-ACA and pG/U8S5-D was performed by asymmetric PCR
amplifications using the pG/U8S5 construct as a template. *“Megaprimers’
were generated by PCR amplification reactions performed with oligos 3/5
(pG/U85-C). 3/6 (pG/U8S-H), 477 (pGIUBS-ACA) and 4/8 (pG/USS-D).
Oligos 5, 6, 7 and 8 carried appropriitte sequences to replace the box C, H.
ACA or D sequences with short C stretches. The amplified fragments
were used as megaprimers in the second amplification reaction. where
oligos 4 (pG/U85-C and pG/U8S-H) and 3 (pG/U85-ACA and pG/U85-D)
were used as 5° and 3° end-specific primers, respectively. The amplified
mutant U85 genes were inserted into the Clal and Xhol sites of pGexm.
To obtain pGL/U2-U5 and pGL/U2-USm, two fragments of the human
U2 gene (DDBL/EMBL/GenBank accession No. K03023). positions
-326t0 +129 and +130 to +307 were PCR amplificd using oligos 9/10 and
1112 as primers, respectively. The amplified 5°- and 3"-terminal
fragments of the U2 genec were digested with Xhol-Sacl and
Spel-Kpnl, respectively. Anncaled oligos 13/14 (pGL-U2-U5) and
15/16 (pGL-U2-US5m) were inserted between the Sacl and Spel sites
and the resulting tagged U2 genes were cloned into the Xhol and Kpnl
sites of the pGL2-Promoter vector (Promega). The US5m gene was
created by three consecutive PCR reactions in which the pG/US3
construct was used as a template. In the first reaction. a 5'-terminal
fragment of the US5m gene was gencrated with oligos 3 and 17. which
resulted in an altered pseudouridine recognition motit of U8S. The
amplified fragment was used as a megaprimer in the second amplification
reaction, in which the 3’ primer (oligo 18) introduced an altered
2-0-methylation recognition motif. This fragment was purilied and used
as a megaprimer with oligo 4 to amplify the full-tength U83Sm gence that
was inserted into the Clal and Xhol sites of pGexy. resulting in
pG/U8Sm. To obtain pG/USSW/U2-USm, the U2-U3m gene was PCR
amplified with oligos 20 and 21 using the pGL/U2-USm construct as a
template. The amplified fragment was digested with Safl and Xbal and
inserted into the same sites of the pG/U85m construct. Transfection of
COS7 cclis has been described (Ganot er al.. 1997b).

RNA analysis

RNAs were isolated by the guanidinium thiocyanate/phenol—chloroforn
extraction procedure (Goodall er al.. 1990). For northern analysis. ~5 pg
of human and mousc and 10 pg of Drasaphila cellular RNAs were
fracti d on a 6% d ing gel and clectroblotied onto Hybond-N
nylon membranc (Amersham Pharmacia Biotech). The filter was probed
with an antisensc RNA probe complementary to the human U85S RNA
(sce below). The filier was washed in 0.1X SSC containing 0.3% SDS
50°C. RNase A/TI protection was performed as described by Goodall
et al. (1990). Antisense RNA probes used for mapping of human U4. U3,
U19 and U69 RNAs have been described (Ganot e al.. [997b). To abtain
sequence-specific probes for the USS. USSm. USS-C. USS-11. USS-ACA
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and U8S-D RNAs. the Hindlll-EeoR] fragmems of the pG/UBS. pGl
URSIM, pG/USRS-C. pGIUSS-H. pGIUSS-ACA and pGIUSS-1) consiructs
were inseried into the same sites of the pBluescribe vector. The resulting
recombinan plasmids were cut with Hindll] and transeribed by T7 RNA
polymerase. To generate antisense RNA probes for the U2-U5 and
U2-U5m snRNAs. the Xhol-Kpnt Iragment of pGL/U2-US and pGL/U2-
USm was cloned into the corresponding sites of the pBlueseript KS-vecior
(Stratagenc). and probes were synthesized from the Xhol-cut recombinant
plasmids by T3 RNA polymerase. Pseudouridines and 2’-0-methylated
nucleotides were mapped as described by Bakin and Ofengand (1993) and
Maden et al. (1995), respectively. Kinase-labelled oligo 19 was used as a
primer for mapping of modified nucleotides in the U2-US5 and U2-USm
chimeric snRNAs.

Immunoprecipitation and in vitro pseudouridylation
Preparation of HeLa and COS7 cell extracts for immunoprecipitation
reactions was performed essentially as described by Ganot er al. (1997b).
Cells were sonicated in 40 mM Tris=HCl pH 7.5. 0.05% NP-40
containing 250 or 400 mM NaCl. The anti-hGARI antipeptide. the
anti-fibrillarin monoclonal (72B9) and the anti-TMG polyclonal anti-
bodies were kindly provided by Drs W Filipowicz, J.ASteitz and
R.Lithmmann, respectively. Monoclonal anti-Spl antibody was purchased
from Sama Cruz Biotechnology. /n vitro pscudouridylation of US snRNA
was performed as described (Pauwon. 1991, 1994). For hydrolyses of
nucleic acids, 100 pul of S100 or nuclear extract were treated with 15 pg of
MN at 30°C for 15 min. MN was inhibited by adding EGTA 10 3 mM final
concentration. To generate a US substrate RNA, the coding region of the
human US snRNA was PCR amplified by using oligos 24 and 25 as 5 and
3’ end-specific primers, respectively. The amplified DNA fragment that
carried the US gene and the T7 RNA polymerase promoter was cloned
into the EcoRl and Xbal sites of pUCI9. The resulting pT7-U5
recombinant plasmid was linearized with Nsil and transcribed by T7
RNA polymerase.

Accession numbers
The DDBIJ/EMBL/GenBunk accession Nos for the human and
Drosaphila U85 snoRNAs are AF308283 and AF308282, respectively.
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