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The nucleolar localization elements (NoLEs) of U17 small nucleolar RNA (snoRNA), which is
essential for rRNA processing and belongs to the box H/ ACA snoRNA family, were analyzed by
fluorescence microscopy. Injection of mutant U17 transcripts into Xenopus laevis oocyte nuclei
revealed that deletion of stems 1, 2, and 4 of U17 snoRNA reduced but did not prevent nucleolar
localization. The deletion of stem 3 had no adverse effect. Therefore, the hairpins of the hairpin—
hinge-hairpin-tail structure formed by these stems are not absolutely critical for nucleolar
localization of U17, nor are sequences within stems 1, 3, and 4, which may tether U17 to the rRNA
precursor by base pairing. In contrast, box H and box ACA are major NoLEs; their combined
substitution or deletion abolished nucleolar localization of U17 snoRNA. Mutation of just box H
or just the box ACA region alone did not fully abolish the nucleolar localization of U17. This
indicates that the NoLEs of the box H/ ACA snoRNA family function differently from the bipartite
NoLEs (conserved boxes C and D) of box C/D snoRNAs, where mutation of either box alone

prevents nucleolar localization.

INTRODUCTION

The processing and modification of the ribosomal RNA pre-
cursor (pre-rRNA) in the nucleoli of eukaryotic cells is ac-
complished by a large number of small nucleolar RNAs
(snoRNAs) complexed with proteins in ribonucleoprotein
particles (snoRNPs). The transport of snoRNAs from their
nucleoplasmic sites of transcription to their site of function,
the nucleolus, is a prerequisite for ribosome biosynthesis.
Although cues that direct some snoRNAs to the nucleolus
are beginning to be elucidated, nothing is known about the
signals that localize snoRNAs of the box H/ACA family to
nucleoli, a question that is addressed in the present report.

The first of the three families of snoRNAs is characterized
by two phylogenetically conserved sequences, boxes C and
D. Only a few snoRNAs of the box C/D family are essential
for cell growth because of their participation in rRNA pro-
cessing (reviewed by Gerbi, 1995; Maxwell and Fournier,
1995; Sollner-Webb ef al., 1995; Venema and Tollervey, 1995).
Most box C/D snoRNAs are nonessential and are used as
guide RNAs to direct 2'-O-ribose methylation in rRNA
(Cavaillé et al., 1996; Kiss-Ldaszl6 et al., 1996, 1998; Maden,
1996; Maden and Hughes, 1997; Nicoloso et al., 1996; Toll-
ervey, 1996; Tycowski et al., 1996; Smith and Steitz, 1997;
Lowe and Eddy, 1999) and snRNA (Tycowski et al., 1998).
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Within this family, boxes C and D are the cis-acting nucle-
olar localization elements (NoLEs), which direct box C/D
snoRNA molecules from the nucleoplasm to the nucleolus
(Lange et al., 1998b,c; Samarsky et al., 1998); controversy
exists about the importance of box C' as a NoLE in U3
snoRNA (Narayanan et al., 1999). Box D is also important for
5'-cap hypermethylation and nuclear retention of U3 box
C/D snoRNA (Terns et al., 1995). Furthermore, boxes C
and D are required for the splicing of intronic box C/D
snoRNAs, such as Ul4, from the host RNA (Watkins et al.,
1996; Xia et al., 1997), an event that occurs in the nucleoplasm
(Samarsky et al., 1998).

A second (minor) family of snoRNAs is composed of only
two species: 7-2/MRP snoRNA and the RNA component of
RNase P. In 7-2/MRP snoRNA, which is essential for 5.85
rRNA processing (Schmitt and Clayton, 1993; Chu et al.,
1994; Lygerou et al., 1996), nucleotides 23-62, which contain
the To antigen binding site, are required for nucleolar local-
ization (Jacobson et al., 1995). The nucleolar localization of
the ribonucleoprotein enzyme RNase P, which catalyzes the
5' processing of pre-tRNA, is also mediated at least in part
by the nucleolar To antigen binding site and RNase P-
associated proteins (Jacobson et al., 1997; Bertrand et al.,
1998; Jarrous et al., 1999).

The third family of snoRNAs is characterized by two
evolutionarily conserved sequences: box H (ANANNA) and
box ACA. Both sequences are required for accumulation and
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Figure 1.

Structure and mutations of U17 snoRNA. The sequence and structure of Xenopus laevis U17 snoRNA (copy f), found in the sixth

intron of the gene for ribosomal protein S7 (formerly S8), is from Cecconi et al. (1994), with sequence corrections at positions 33 (G instead
of A), 91 and 161 (additional U). Shaded areas A and B in stems 1 and 3 of U17 are complementary to sequences in 185 rRNA (Cecconi et
al., 1994). Shaded area C in stem 4 is complementary to the external transcribed spacer of pre-rRNA (Cecconi et al., 1994). The regions of U17
that were mutated in the present study are enclosed by lines. Box ACA, consisting of three nucleotides (enclosed by a dotted line), lies within
the single-stranded 3’ end of the molecule. The sequences of the mutants of U17 designed for the present study are listed in the lower portion;
nucleotides that are the same as in wild-type Ul4 snoRNA are shown by dots in the sequence alignment, and deletions are indicated by
dashes. The double mutants Abox H/Abox ACA+, Abox H/Abox ACA, sub. box H/sub. box ACA+, A46-108/Abox H, and A46-108/

A152-213 are not shown, because they are simply the sum of the individual single mutations.

stability of box H/ACA snoRNAs in yeast cells (Balakin et
al., 1996; Bousquet-Antonelli et al., 1997; Ganot et al., 1997b).
Some snoRNAs of the box H/ACA family are essential for
rRNA processing (snR10 [Tollervey, 1987], snR30 [Morrissey
and Tollervey, 1993], and E1 = U17, E2, and E3 [Mishra and
Elicieri, 1997]), but the majority function as guide RNAs for
pseudouridine modifications in rRNA (Ganot et al., 1997a;
Ni et al.,, 1997; Smith and Steitz, 1997). All box H/ACA
snoRNAs possess a characteristic hairpin-hinge-hairpin-
tail secondary structure with the single-stranded hinge re-
gion containing box H and the single-stranded tail contain-
ing box ACA (Balakin ef al., 1996; Ganot et al., 1997b). To
target pseudouridylation, a bulge structure within one or
both hairpins base pairs with the rRNA on either side of the
substrate uridine, forming a modification pocket. Either box
H or the box ACA motif is located 14-16 nucleotides (nt)
downstream of this pocket (Ganot et al., 1997a; Ni et al., 1997;
Smith and Steitz, 1997). Several proteins have been reported
to associate with box H/ACA snoRNAs in yeast: Garlp
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(Girard et al., 1992; Balakin ef al., 1996; Bousquet-Antonelli et
al., 1997; Ganot et al., 1997b), the putative rRNA pseudouri-
dine synthase Cbf5p (Nap57/dyskerin) (Jiang et al., 1993;
Meier and Blobel, 1994; Cadwell et al., 1997; Lafontaine et al.,
1998), Nhp2p, and Nop10p (Kolodrubetz and Bergum, 1991;
Henras et al., 1998). All of these proteins with the exception
of Garl are required for accumulation and stability of box
H/ACA snoRNAs in yeast (Bousquet-Antonelli et al., 1997;
Henras et al., 1998, and references therein). To date, how-
ever, it is unknown if any of these proteins contribute to box
H/ACA snoRNA transport to the nucleolus nor have the
structural requirements within box H/ACA snoRNAs been
studied that are essential for nucleolar localization.

In the present report we have employed an assay previ-
ously used to analyze NoLEs of box C/D snoRNA (Lange et
al., 1998a—c) to study the localization of a box H/ACA
snoRNA. Ul7 snoRNA is one of the most abundant box
H/ACA snoRNAs (Pelczar and Filipowicz, 1998) and is
essential for the cleavage of pre-rRNA within the 5’ external
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Figure 1 (Continued).

transcribed spacer, resulting in the formation of 185 rRNA
(Enright et al., 1996; Mishra and Elicieri, 1997). U17 snoRNA
is of intronic origin and has been characterized from various
vertebrate organisms (Kiss and Filipowicz, 1993; Nag et al.,
1993; Rimoldi et al., 1993; Ruff et al., 1993; Cecconi et al., 1996)
including Xenopus laevis (Cecconi et al., 1994, 1995; Selvamu-
rugan et al., 1997). The secondary structure of U17 is similar
to that of guide RNAs with hairpin structures flanking the
single-stranded box H region within the molecule and sin-
gle-stranded box ACA at the 3’ end (Cecconi ef al., 1994,
1996; Selvamurugan et al., 1997) (Figure 1, top).

Vol. 10, November 1999

The present study shows that box H and the box ACA
region but not the hairpins of the hairpin-hinge-hairpin-
tail secondary structure are essential NoLEs of U17; the
combined substitution or deletion of those two single-
stranded areas but not of either box alone abolished nucle-
olar localization. These two elements presumably act by
binding protein(s) that either transport the snoRNA from the
nucleoplasm to the nucleolus and/or anchor it within the
nucleolus, whereas direct U17 snoRNA-rRNA interactions
do not appear to be critical for nucleolar localization. The
integrity of the hairpin-hinge—hairpin-tail structure con-
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tributes to nucleolar localization, probably by assisting the
major NoLEs, box H, and box ACA. This is the first identi-
fication of nucleolar localization sequences for a member of
the box H/ACA snoRNA family.

MATERIALS AND METHODS

Plasmid Constructs

U17 templates for in vitro transcription reactions were constructed
by PCR using the primers listed below. Plasmid pU17f’ containing
U17 snoRNA copy f from intron 6 of the X. laevis gene for ribosomal
protein S7 (formerly S8; Cecconi et al., 1994) served as the template
for the PCR reactions.

U17 5'-End Primers (T7 promotor shown in italics). Wild type,
5'-TAA TAC GAC TCA CTA TAG GGC CAA CGT GGA TAT CTC
ATG-3';

A1-45, 5'-TAA TAC GAC TCA CTA TAG GGG TGG CGT ATG
GGA GCG-3';

A46-108, 5'-TAA TAC GAC TCA CTA TAG GGC CAA CGT GGA
TAT CTC ATG AGG TTA CTC TCA TGG GCT CTG TCC TGA
GAA CAA GCA TGT CC-3';

A46-108/Abox H, 5'-TAA TAC GAC TCA CTA TAG GGC CAA
CGT GGA TAT CTC ATG AGG TTA CTC TCA TGG GCT CTG TCC
TGA TGT CCC CGG CCA TTC-3'".

U17 3'-End Primers (substitutions shown by lowercase letters).
Wild type, 5'-CTG TAT CCT GCA TGG TTT-3';

sub. box H, 5-CTG TAT CCT GCA TGG TTT GTC TCC CCG
GTC ACT GCC CGA GGG CTC TGG GAA GTT GTA GGA ATA
TAC AGG GTG ATG CCC ACA CCA GCC GAA TGG CCG GGG
ACA Tca cca cca cCC AAC GTT GTG GAA GG-3';

Abox H, 5'-CTG TAT CCT GCA TGG TTT GTC TCC CCG GTC
ACT GCC CGA GGG CTC TGG GAA GTT GTA GGA ATA TAC
AGG GTG ATG CCC ACA CCA GCC GAA TGG CCG GGG ACA
TCC AAC GTT GTG GAA GG-3';

A118-213, 5'-CTG TAT CGC TTG TTC TCC AAC GTT-3';

A118-151, 5'-CTG TAT CCT GCA TGG TTT GTC TCC CCG GTC
ACT GCC CGA GGG CTC TGG GAA GTT GTA GGA ATA TAC
AGG GCT TGT TCT CCA ACG TTG-3';

A152-213, 5'-CTG TAT CGT GAT GCC CAC ACC AGC CG-3’;

A169-200, 5'-CTG TAT CCT GCA TGG TTT GTT TGT AGG AAT
ATA CAG GGT-3';

A152-168,201-213, 5'-CTG TAT CCT CCC CGG TCA CTG CCC
GAG GGC TCT GGG AAG GTG ATG CCC ACA CCA GCC-3';

sub. box ACA, 5'-Caa gAT CCT GCA TGG TTT G-3’;

sub. box ACA+, 5'-gaa gga aCT GCA TGG TTT GTC TCC C-3';

Abox ACA+, 5'-CCT GCA TGG TTT GTC T-3';

Abox ACA, 5'-CAT CCT GCA TGG TTT GTC-3'.

For PCR mutagenesis of a given U17 mutant, one of the mutant
primers listed above was used in combination with the wild-type
primer at the other end.

For the double mutation “Abox H/Abox ACA+,” the PCR con-
struct “Abox H” served as the template, and the wild-type 5" primer
and Abox ACA+ 3’ primer were used. For the double mutation
“sub. box H/sub. box ACA+,” the PCR construct “sub. box H”
served as the template, and the wild-type 5' primer and sub. box
ACA+ 3’ primer were used. For the double mutation “A46-108/
A152-213,” the PCR construct “A46-108" served as the template,
and the A46-108 5’ primer and the A152-213 3" primer were used.
The wild-type as well as all the mutant PCR products were cloned
into pCR3.1 (Invitrogen, Carlsbad, CA), and their sequences were
confirmed, with the exception of constructs “A169-200” and “A152-
168,201-213,” which, however, were created by using the sequenced
wild-type clone and wild-type 5" primer as well as the appropriate
3’ primers listed above. The “Abox H/Abox ACA” mutation was
created by using the sequenced clone of the Abox H/Abox ACA+
mutation as a template, and the wild-type 5" primer and the Abox
ACA 3’ primer were used.
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For the stability assays described below, we used U14 snoRNA
transcripts from the murine hsp70 intron 5 (Liu and Maxwell, 1990;
Leverette et al., 1992) as an internal control. Wild-type U14 template
was derived by PCR from plasmid pSP64T7 using the following
primers:

U14 5'-End Primer. 5'-TAA TAC GAC TCA CTA TAG GGT TCG
CTG TGA TGA TGG ATT CCA AAA-3'.

U14 3'-End Primer. 5'-TTC GCT CAG ACA TC-3'.

U2 snRNA was used as a control in stability as well as localization
assays. Plasmid pXIU2 that contains the X. laevis U2 snRNA gene
(Mattaj and Zeller, 1983) served as the template for PCR to add the
T7 promotor sequence by using the following primers:

U2 5'-End Primer. 5'-TAA TAC GAC TCA CTA TAG GGA TCG
CTT CTC GGC CIT TTG GC-3'".

U2 3'-End Primer. 5'-AAG TGC ACC GGT CCT GGA GG-3'.

In Vitro Transcription and Labeling of RNA

All transcripts were obtained using a T7 megascript in vitro tran-
scription kit (Ambion, Austin, TX) according to the method of
Lange et al. (1998b) with an incubation time of 4 h at 37°C. In
contrast to some non-intronic snoRNAs that normally contain a
monomethyl G cap, which is subsequently converted to a trimethyl
G cap (Terns and Dahlberg, 1994; Terns et al., 1995), U17 snoRNA is
processed from the intron of another gene and lacks a 5’ cap.
However, because we observed a higher degradation of in vitro-
transcribed U17 with an unprotected 5’ end after injection into
oocytes (our unpublished results), stability of the transcripts was
improved by capping the 5’ ends with the m’G(5")ppp(5')G cap
analogue (Ambion). Previously it was shown for intronic as well as
non-intronic snoRNAs that the presence or absence of a cap did not
affect nucleolar localization of a given snoRNA in Xenopus oocyte
nucleoli (Lange ef al., 1998a—c). After the 5 addition of a mono-
methyl G, all mutated U17 snoRNAs were sufficiently stable to be
within the range of concentrations that would be detectable by
fluorescence microscopy if they had localized to nucleoli (see Fig-
ures 2 and 5). The transcripts were purified (Lange et al., 1998b), and
their integrity was confirmed by 8% polyacrylamide, 8 M urea gel
electrophoresis. The amount of fluorescent transcript was deter-
mined by spectrophotometry at 260 nm. In addition, wild-type and
mutated snoRNA transcripts were run on the same gel, and their
fluorescence intensity as well as their staining by methylene blue
were compared and adjusted accordingly for injection of equivalent
amounts.

Oocyte Microinjections and Fractionation

A portion of the ovary was surgically removed from female X. laevis
(Nasco, Fort Atkinson, WI) following National Institutes of Health—
and Institutional Animal Care and Use Committee-approved pro-
cedures and transferred to OR2 saline buffer (Wallace et al., 1973).
Single oocytes were obtained by digesting the connective tissue
with collagenase type I and II (3000 U/ml each; Sigma, St. Louis,
MO) in OR2 for 2 h at room temperature. Stage V oocyte nuclei were
injected 16—40 h after isolation (Nanoject; Drummond, Broomall,
PA). For fluorescence analysis of snoRNA nucleolar localization as
well as for stability assays, oocyte nuclei were injected with in
vitro-transcribed RNA in H,O (0.1 ug/ul stock solution; 9.2 nl
injected = 0.92 ng/oocyte). To distinguish elements needed for
nucleolar localization from those used for intronic processing of
U17, the mature form of Xenopus U17 snoRNA was injected into
oocyte nuclei. After subsequent incubation for 1.5 or 15-16 h at
20°C, oocytes were transferred to an isolation buffer containing 83
mM KCl, 17 mM NaCl, 1 mM MgCl,, 6.5 mM Na,HPO,, and 3.5 mM
KH,PO,, pH 7.5, and the nuclear envelopes were manually re-
moved.

Nucleolar Localization Assay

Following a method for preparation of lampbrush chromosomes
(Gall et al., 1991), the nuclear contents of one oocyte were dispersed
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in a chamber on a slide containing a solution of 20.75 mM KCl, 4.25
mM NaCl, 0.5 mM MgCl,, 10 uM CaCl,, 0.1% paraformaldehyde,
6.5 mM Na,HPO,, and 3.5 mM KH,PO,, pH 7.2. The slides were
centrifuged at 4000 X g for 40 min at 4°C, incubated in 2% parafor-
maldehyde in PBS (137 mM NaCl, 3 mM KCl, 6.4 mM Na,HPO,,
1.5 mM KH,PO,, pH 7.0) for 1 h and washed once in 100% ethanol
and 0.3 M ammonium acetate. DNA in the nucleoli was stained by
adding 20 ng/ml 4’-6-diamidino-2-phenylindole (DAPI) in PBS for
5 min. For fluorescence analysis, a Zeiss (Thornwood, NY) Axiophot
Epifluorescence microscope equipped with a 100X Neofluar Ph 3
objective and a 100-W mercury lamp and Zeiss filter sets 48-7709
(for fluorescein) and 48-7702 (for DAPI) were used. Nucleolar prep-
arations were embedded in PBS under a coverslip, and pictures
were taken with constant exposures for each filter set using Ekta-
chrome 400x professional film (Eastman Kodak, Rochester, NY).

snoRNA Stability Assay

To determine the stability of the various U17 snoRNA constructs
after injection into oocyte nuclei, wild-type U14 snoRNA transcripts
were coinjected and served as an internal control to normalize for
any differences in injection or recovery of the samples. One and
one-half hours after injection of the oocytes with [a-3>PJUTP-labeled
wild-type Ul4 and U17 mutants, the RNA of five oocytes per
sample was recovered and analyzed as described previously (Lange
et al., 1998a,b). For any given mutation, the ratio of U17/U14 be-
tween 1.5 h (or 15-16 h for long term stability) and 0 h (sample
recovery immediately after injection) determines the relative stabil-
ity of a U17 mutant compared with wild-type U17.
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RESULTS

Detection of U17 snoRNA Localization to Nucleoli

Nucleolar localization of U17 snoRNA was monitored by
direct visualization of nucleolar preparations after injection
of fluorescein-labeled in vitro transcripts of U17 into Xeno-
pus oocyte nuclei. We previously used this technique to
analyze the NoLEs of box C/D snoRNAs (Lange et al.,
1998a—c). One and one-half hours after injection with la-
beled Ul7 transcripts, oocyte nuclei were manually dis-
sected, and the nuclear envelope was removed. Subse-
quently, the nuclear contents including chromosomes,
nucleoli, and coiled bodies (snurposomes) were centrifuged
onto a microscope slide. This technique is valuable because
it permits a direct qualitative assessment of nucleolar local-
ization of the labeled RNA. As shown in Figure 2, strong
fluorescent signals depicting nucleolar localization of wild-
type U17 snoRNA were seen 1.5 h after injection of 0.9 ng of
transcript per oocyte nucleus. In favorable preparations,
signals were found in ring-like structures within the nucleoli
(e.g., Figure 2). These structures appear to correspond to the
dense fibrillar component of nucleoli, which surrounds the
rDNA-containing fibrillar center (Shah et al., 1996). This
supposition was supported by DAPI staining of DNA, lo-
cated in the center of the labeled areas.

The nucleolar localization of fluorescent U17 snoRNA was
specific, because injection of the same concentration (0.9
ng/oocyte) of U2, a small nuclear RNA that is part of the
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splicing machinery, did not give nucleolar signals (Figure 2).
Additional controls demonstrated that the fluorescent sig-
nals we observed were not due to degradation of fluorescent
snoRNA and subsequent reuse of the label by other nuclear
components. For example, as published previously (Lange et
al., 1998b,c), injection of a 200-fold molar excess of fluores-
cein-UTP alone did not label the nucleoli. Moreover, stabil-
ity assays of 3*P-labeled wild-type and mutant U17 snoRNA
transcripts (summarized below) demonstrated the short-
term stability of all mutants at 1.5 h after injection into
oocyte nuclei (the time at which the localization assays were
carried out). To determine the amount of fluorescent U17
transcripts necessary for reliable detection, a dilution series
was carried out: it revealed that 35% of the original amount
of wild-type U17 snoRNA (0.9 ng/oocyte) can still be de-
tected (Figure 2). This also indicates that should a mutant
U17 snoRNA be three times less stable than the wild-type
U17 at 1.5 h after injection, it would still be sufficient in
amount to be detected in this localization assay.

Small nucleoli can be distinguished from coiled bodies
(snurposomes) by the presence of DAPI staining, because
only nucleoli contain DNA (Wu and Gall, 1997). Fluorescent
U17 snoRNA was not observed to localize to coiled bodies at
the time point (1.5 h) when the assay was carried out.
Similarly, another box H/ACA snoRNA, U65, also failed to
localize to coiled bodies 15-240 min after oocyte injection,
although members of the box C/D snoRNA family seem to
traffic through coiled bodies (Narayanan et al., 1999). In
addition to not staining coiled bodies, U17 does not stain
lampbrush chromosomes (Figure 2). In summary, these re-
sults indicate that nucleolar localization of U17 snoRNA is
specific and therefore mediated by defined intrinsic features
within the molecule, such as unique structures and/or de-
fined sequences.

Are the Hairpin Structures Essential for Nucleolar
Localization of U17 snoRNA?

To define the elements of U17 snoRNA necessary for nucle-
olar localization, the localization of mutant transcripts was
compared with that of wild-type U17. Figure 1 summarizes
the various U17 mutants designed for the present study as
well as the sequence of mature wild-type U17 snoRNA of
Xenopus U17 snoRNA (Cecconi ef al., 1994).

As described in INTRODUCTION, box H/ ACA snoRNAs
have a characteristic secondary structure (hairpin-hinge-
hairpin—tail). We tested whether the hairpins flanking box H
are important for nucleolar localization by deleting the en-
tire stem 2 or stem 3 (Figure 1). Also, mutants with a deletion
of stem 4 alone or in combination with stem 3 were tested,
because the two hairpins may form a functional unit by
separating box H from the ACA region (Figure 1). The
analysis revealed that deletion of stem 3 did not affect nu-
cleolar localization (Figure 3; A118-151). The deletion of
stem 2 (A46-108), stem 4 (A152-213), or the stem3/stem4
structure (A118-213) resulted in reduced nucleolar localiza-
tion but did not abolish it. This indicates that the hairpins of
the hairpin-hinge-hairpin—tail structure of U17 snoRNA
are helpful but not critical for nucleolar localization. This
conclusion is supported by the observation that even after
the combined deletion of both stems 2 and 4, which individ-
ually contribute somewhat to nucleolar localization, U17
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localization was still detectable (Figure 3, A46-108/A152-
213).

Another important question is whether elements of U17
snoRNA that may tether it to pre-rRNA by base pairing (see
Figure 1, shaded areas A, B, and C in stems 1, 3, and 4) also
have a role in localization. Deletion of stem 1 (containing
area A) led to a somewhat reduced signal but did not abolish
nucleolar localization of U17 (Figure 3, A1-45). As noted
above, deletion of stem 3 (containing area B) did not affect
U17 localization (A118-151), and deletion of stem 4 (A152-
213) (containing area C) only reduced but did not abolish
nucleolar localization. Also, the deletion of just the top part
of stem 4 (A169-200) with the complementary sequence to
the ETS of pre-rRNA did not exert any stronger effect on
nucleolar localization of U17 than the deletion of the bottom
half of stem 4 (A152-168,201-213). Even deletion of the entire
stem3/stem4 structure (A118-213) did not appreciably per-
turb nucleolar localization. Therefore, we conclude that di-
rect snoRNA-rRNA interactions are not critical for the lo-
calization of U17 snoRNA to nucleoli.

Role of Evolutionarily Conserved Box H and Box
ACA for Nucleolar Localization of U17 snoRNA

Recently, we defined the NoLEs of box C/D snoRNAs,
showing that the conserved boxes C and D are the cis-acting
and primary NoLEs for this family of snoRNAs (Lange et al.,
1998b,c). By analogy, it could be hypothesized for snoRNAs
of the box H/ ACA family that the evolutionary conservation
of specific sequences might reflect their function in nucleolar
localization. To address this question, we designed several
mutations in conserved regions of Ul7 snoRNA, namely
boxes H and ACA, to be tested in the nucleolar localization
assay.

AZ can be seen in Figure 4, neither the substitution (sub.
box H) nor the deletion of the box H region alone (Abox H)
significantly hindered the localization of mutant U17 tran-
scripts to nucleoli. Mutations of the single-stranded 3'-tail
region carrying the conserved box ACA generally reduced
but did not abolish U17 localization to nucleoli (Figure 4,
sub. box ACA+ and Abox ACA+). In contrast to the muta-
tions of box H, however, box ACA mutations showed some
variability in signals. Figure 4 shows an example in which
some nucleoli after injection of the mutant with a substituted
box ACA region (sub. box ACA+) are stained weakly and
one nucleolus is stained strongly. Similarly, the mutant with
a deleted ACA region (Abox ACA+) showed some stained
and some unstained nucleoli. Variable results were also
observed for U17 snoRNA with a substitution of the three
nucleotides constituting box ACA (our unpublished results).

Interestingly, and in contrast to all other mutations tested
in the present report, U17 molecules that carried a combined
substitution (sub. box H/sub. box ACA+) or combined de-
letion (Abox H/Abox ACA+) of box H and the box ACA
region were fully incapable of localization to nucleoli (Fig-
ure 4). The lack of nucleolar localization was observed when
the deletion of box H was coupled with a 5-nt deletion of the
box ACA region or a 3-nt deletion of just box ACA itself
(Abox H/Abox ACA) (Figure 4). This clearly shows that
although box H as well as box ACA can function by them-
selves to mediate U17 snoRNA localization to nucleoli, nu-
cleolar localization is entirely blocked when both are de-
stroyed. This conclusion is supported by a control showing
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wild-type U17

A1-45

(stem 1)

A46-108
(stem 2)

A118-151
(stem 3)

A118-213
(stem 3+4)

A152-213
(stem 4)

A152-168,201-213
(base of stem 4)

A169-200
(top of stem 4)

A46-108/A152-213
(stem 2+4)

Figure 3. Nucleolar localization of U17 snoRNA after deletion of sequences with stem structures and rRNA binding sites. Fluorescein-
labeled U17 snoRNA was injected into the nuclei of X. laevis oocytes at an amount of 0.9 ng per oocyte. After 1.5 h, nucleolar preparations
were analyzed by phase-contrast (PC) or fluorescence (FL) microscopy; the nucleolar rDNA was stained (DAPI, blue). U17 snoRNA carrying
a deletion of stem 3 (A118-151) localized as well to nucleoli as the wild-type molecule (FL, green). U17 deleted in stem 1 (A1-45) localized
strongly to nucleoli, and deletions of stem 2 (A46-108), stem 4 (A152-213), or a combination of both (A46-108/A152-213) showed significantly
less but not abolished localization. Dissection of stem 4 (A169-200 or A152-168,201-213) did not reveal any major site of importance for
nucleolar localization. The deletion of the entire structure of stems 3 and 4 between the single-stranded regions of conserved boxes H and
ACA (A118-213) reduced but did not completely abolish nucleolar localization. Bar, 10 um.
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PC DAPI FL

wild-type U17

sub.box H

Abox H

sub.box ACA*

Abox ACA*

sub.box H/sub.box ACA*

Abox H/Abox ACA*

Abox H/Abox ACA

A46-108/Abox H

Figure 4. Role of evolutionarily conserved box H and box ACA in nucleolar localization of U17 snoRNA. U17 snoRNA carrying a substitution (sub. box
H) or deletion (Abox H) of just conserved box H alone retained the ability to localize to nucleoli, resulting in moderate to strong nucleolar labeling.
Nucleolar localization signals with mutants substituted in box ACA, deleted in the ACA region (Abox ACA+), or substituted in the ACA region (sub. box
ACA+) were highly variable. The double mutants of box H and the box ACA region, being either depleted (Abox H/Abox ACA+) or substituted (sub.
box H/sub. box ACA+) in both sequences, were not capable of localizing to nucleoli. Nucleolar localization was also abolished when the deletion of box
H was coupled with the deletion of just box ACA itself (Abox H/Abox ACA). A combination of the deletion of stem 2 and box H (A46-108/Abox H) did
not enhance the effect of a stem 2 deletion alone (see Figure 3), and localization was still apparent. Bar, 10 um.
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Figure 5. Stability of wild-type and mutated U17 snoRNA. 3?P-labeled U17 snoRNA (mutants or wild-type) were injected into oocyte nuclei,
and the RNAs were isolated and analyzed by gel 8% polyacrylamide, 8 M urea gel electrophoresis. The upper panel shows controls (sample
recovery immediately after injection, 0 h), the middle panel shows short-term stability at 1.5 h (the time when localization assays were carried
out), and the lower panel shows long-term stability (left gel at 15 h, right gel at 16 h) of U17 snoRNA. ?P-labeled U14 snoRNA (lower band)
was coinjected as an internal control to normalize for any differences in injection or recovery of the samples. The relative stability was
calculated as [U17/U14 after incubation]/[U17/U14 at 0 h]. The ratio of U17/U14 shows that all the mutants are stable at the 1.5-h time point

used for analysis of nucleolar localization (middle panel).

that the combination of a box H and stem 2 deletion does not
enhance the effect of the stem 2 deletion alone; the double
deletion of box H and stem 2 (Figure 4, A46-108/Abox H)
still localizes to nucleoli, because box ACA remains intact.
It was important to ascertain the stability of each mutant
U17 snoRNA, to guard against the possibility that failure of
some mutants to localize to nucleoli was simply due to their
degradation. Stability assays using 3?P-labeled transcripts
demonstrated that all transcripts were sufficiently stable
1.5 h after injection into oocyte nuclei (the time when local-
ization assays were carried out) (Figure 5, middle panel): all
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mutants were as stable as wild-type U17 snoRNA, except for
mutants with a box H deletion or double deletion of box H
and the ACA region where two-thirds of the mutant tran-
scripts remained 1.5 h after injection into oocyte nuclei com-
pared with wild-type U17 snoRNA. Even for these latter two
mutants, however, the amount of transcript remaining is
two times more than needed for reliable detection in the
localization assay (Figure 2). The double mutant Abox
H/Abox ACA was as stable as Abox H/Abox ACA+ (our
unpublished results). These results clearly show that the
failure of U17 molecules containing the box H/ACA double
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deletion to localize to nucleoli was not due to major degra-
dation of the transcripts but rather to the loss of both NoLEs.
Similarly, the failure of U17 carrying the box H/ACA dou-
ble substitution (sub. box H/sub. box ACA+) to localize was
not simply due to degradation, because it was almost as
stable as the wild-type U17 snoRNA. Also, note that the
transcripts carrying just a box H deletion and showing a
slightly decreased stability 1.5 h after injection still localized
to nucleoli (Figure 4).

Although well beyond the time frame of the localization
assay, we were also interested to see whether any of the U17
mutants would show significant instability after longer in-
cubation periods. This approach could reveal which ele-
ments in U17 are likely to be stabilizing elements. By assay-
ing the long-term stability 15-16 h after injection of
transcripts into oocyte nuclei, we found that deletion of
either box H or the box ACA region individually (Figure 5,
lower panel, Abox H or Abox ACA+; Abox ACA [our un-
published results]) or in combination (Figure 5, lower panel,
Abox H/Abox ACA+; Abox H/Abox ACA [our unpublished
results]) significantly reduced the relative stability of the
molecules compared with wild-type U17. Also, double sub-
stitutions of both box H and the ACA region, unlike the
substitution in only one of these regions, resulted in minimal
stability of the molecule (sub. box H/sub. box ACA+). The
substitution of the 3 nts of box ACA (sub. box ACA) or
substitution of the entire box ACA region (sub. box ACA+)
decreased the stability of U17 somewhat. The only other
mutant molecule with some reduced stability was the one
lacking stems 3 and 4, in which almost one-half of the
molecule was depleted (Figure 5, A118-213, lower panel).
U17 carrying a box H substitution did not show any insta-
bility even 15-16 h after oocyte injection, although in yeast
the substitution of box H completely abolished accumula-
tion of different box H/ ACA snoRNAs (Ganot ef al., 1997b;
Bortolin et al., 1999).

Our results show that both the deletion and substitution
of the box ACA sequence destabilize U17 snoRNA. This
destabilization is further increased when the box ACA+
substitution (or deletion) is coupled with a substitution (or
deletion) of box H, indicating a stabilizing role as well for
conserved box H, as also evidenced by deletion of box H
alone.

In summary, evolutionarily conserved box H as well as
box ACA at the 3'-tail of U17 snoRNA function as major
NoLEs, whereas direct U17 snoRNA-rRNA interactions do
not appear to be critically important for nucleolar localiza-
tion. The integrity of the hairpin-hinge-hairpin-tail second-
ary structure contributes to nucleolar localization, probably
by assisting the binding of proteins to the major NoLEs,
which may either transport the snoRNA from the nucleo-
plasm to the nucleolus and/or anchor it within the nucleo-
lus. This is the first identification of nucleolar localization
sequences for a member of the Box H/ACA snoRNA.

DISCUSSION

In the present study the localization of U17 snoRNA was
analyzed by microscopy of nucleolar preparations after in-
jection of fluorescein-labeled in vitro transcripts into X. laevis
oocyte nuclei. We found that U17, known to be essential for
pre-TRNA processing and 185 rRNA production (Enright et
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al., 1996; Mishra and Elicieri 1997), preferentially localizes to
the dense fibrillar component of nucleoli. Various controls
confirmed that the nucleolar localization of U17 snoRNA
was specific and, therefore, most likely mediated by defined
intrinsic features. The results presented here discern which
areas of the Ul7 snoRNA molecule are important for its
nucleolar localization. The hairpins of the characteristic hair-
pin-hinge-hairpin—tail secondary structure are not essen-
tial, because their deletion resulted in a reduction of the
localization signal but did not abolish it. This is in contrast to
the critical role in pseudouridylation played by the hairpin
structures (Bortolin ef al., 1999). The stems can be regarded
as accessory localization elements, which themselves are not
absolutely essential but probably support box H and box
ACA to function as NoLEs, as discussed below. We previ-
ously identified such accessory elements that faciliate the
nucleolar localization of box C/D snoRNAs with a complex
secondary structure such as U3 or U8 (Lange et al., 1998a,c).

The mutational analysis of the stem structures of U17
snoRNA also addressed whether elements of U17 snoRNA
that potentially tether it to pre-rRNA may also have a role in
localization. This question arises from the idea that nucleolar
localization of a snoRNA could occur passively by diffusion
of the snoRNA through the nucleoplasm into the nucleolus,
where it may become trapped by base pairing with pre-
rRNA. Two regions in stem 1 and 3 of U17 snoRNA (Figure
1, shaded areas A and B) are complementary to sequences in
18S rRNA (Rimoldi et al., 1993; Cecconi et al., 1994) and a
sequence in stem 4 (Figure 1, shaded area C) is complemen-
tary to the external transcribed spacer of pre-rRNA (Cecconi
et al., 1994). Furthermore, psoralen cross-linking has sup-
ported the notion that U17 stem 1 base pairs with 185 rRNA
(Rimoldi ef al., 1993). However, in our study the deletion of
stem 3 had no adverse effect on nucleolar localization, and
the deletion of stems 1 and 4 only resulted in a reduced
signal but did not abolish nucleolar localization of U17. This
is not surprising, because the nucleolar localization of mem-
bers of the other major family of snoRNAs (box C/D snoR-
NAs) was shown to be independent from their interaction
with pre-rRNA: for example, boxes A and A’ that contain
regions of complementarity to 185 rRNA and are crucial for
rRNA processing (Borovjagin and Gerbi, unpublished data)
are not essential for nucleolar localization of X. laevis U3
snoRNA (Lange et al., 1998c; Narayanan et al., 1999). Simi-
larly, the 5" region of U8 snoRNA needed for rRNA process-
ing and hypothesized to bind to the 5" end of 285 rRNA
(Peculis and Steitz, 1993, 1994; Peculis, 1997) is not essential
for nucleolar localization (Lange et al., 1998a). Moreover, the
middle part of U14 snoRNA that contains regions of comple-
mentarity to 18S rRNA, crucial for rRNA processing and 185
rRNA methylation, is dispensible for U14 snoRNA nucleolar
localization (Lange et al., 1998b, and references therein; Sa-
marsky et al., 1998). Taken together with the present results,
we conclude that direct snoRNA-rRNA interactions do not
critically regulate the nucleolar localization of snoRNAs of
the box H/ACA or box C/D families.

Conserved Box H and Box ACA Are Major NoLEs

The characteristic and name-giving feature of box H/ACA
snoRNAs is the presence of the conserved box H
(ANANNA) within the hinge region and box ACA within
the 3’-tail (Balakin et al., 1996; Ganot et al., 1997b). It can be
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hypothesized that the conservation of specific elements in
box H/ACA snoRNAs might at least partly reflect their
functional importance for nucleolar localization, as previ-
ously demonstrated for the box C/D snoRNA family (Lange
et al., 1998b,c; Samarsky et al., 1998). Our data support this
notion. The experiments presented here revealed that both
box H and box ACA play an essential role in the nucleolar
localization of U17 snoRNA. Only U17 molecules that car-
ried a combined substitution or deletion of box H and box
ACA were entirely defective in nucleolar localization. This
indicates that box H and box ACA are each individually able
to support nucleolar localization somewhat, even when one
of the two regions is depleted or substituted. This conclusion
is supported by the observation that the combination of a
box H deletion with another mutation that weakened nucle-
olar localization, such as the deletion of stem 2, did not show
any additional deleterious effect, because box ACA was still
intact.

By analogy to box C/D snoRNAs, evolutionarily con-
served box H and box ACA might be general NoLEs for the
entire family of box H/ACA snoRNAs. It is intriguing to
think that the NoLEs may be recognized by proteins specific
for the box C/D or box H/ACA family, respectively. These
proteins might either transport the snoRNA from the nucle-
oplasm to the nucleolus and/or anchor it within the nucle-
olus. Such proteins have not been identified yet, but candi-
date proteins that are known to interact with box H/ACA
snoRNAs will be discussed below.

We observed some differences between the NoLEs of the
two families of snoRNAs. In contrast to boxes H and ACA,
boxes C and D in C/D snoRNAs seem to act in concert,
because neither sequence by itself in the absence of the other
box is sufficient for nucleolar localization: mutation of either
box C or box D alone obliterates nucleolar localization of U8
or Ul4 box C/D snoRNAs (Lange ef al., 1998b; Narayanan et
al., 1999) as well as of U3 snoRNA (Lange ef al., 1998¢c),
although Narayanan et al. (1999) claim that for U3 snoRNA
box C' rather than box C functions as a NoLE. It could be
that binding of putative localization proteins to the box C/D
motif requires the presence of both box C and box D; when
either one is missing, then protein binding would not occur,
and nucleolar localization would be abolished. However, in
the present situation, nucleolar localization is only obliter-
ated when both box H and box ACA are absent. This sug-
gests that these regions are redundant with one another
and/or additive in their roles as NoLEs. For example, two
copies of the putative nucleolar localization protein(s) might
bind to U17 snoRNA, with one copy binding to box H and
the second copy binding to box ACA. Efficient nucleolar
localization would require both copies, but less efficient
localization would be possible with just one copy. As an
alternative model, there could be just one putative localiza-
tion protein with two binding sites: one for box H and the
other for box ACA. This protein might still bind to U17
snoRNA when just one binding site is present, and hence
nucleolar localization would still be seen.

The premise that proteins may bind the NoLEs is sup-
ported by the observation that the box H and box ACA
regions not only act as NoLEs but also are important for
intronic processing of U17 and for stability of the molecule.
From studies in yeast it has been suggested that the con-
served ACA region protects Box H/ACA snoRNAs from
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processing exonucleases, whereas box H was proposed to
contribute to 5'-end formation and maintenance of box
H/ACA snoRNAs (Balakin et al., 1996; Ganot et al., 1997a;
Henras et al., 1998; Bortolin et al., 1999). In the present case,
proteins could bind to these regions and help define the
boundaries of the U17 snoRNA during intronic processing
and subsequently act to localize U17 to the nucleolus. How-
ever, intronic processing and nucleolar localization are not
obligatorily coupled, because we injected the mature form of
U17 snoRNA, which nonetheless was properly localized to
nucleoli. Once, in the nucleolus, protein(s) bound to the
NoLEs would confer long-term stability. Studies in yeast
have shown that box H and box ACA are needed for cellular
accumulation of box H/ACA snoRNAs (Balakin et al., 1996;
Ganot et al., 1997b; Bortolin et al., 1999). Human telomerase
RNA, a small percentage of which is found in nucleoli, also
contains boxes H and ACA that are essential for its cellular
accumulation (Mitchell ef al., 1999). However, accumulation
of a given RNA in those experiments depends on a multi-
tude of factors, including synthesis, processing, and/or sta-
bility. The present study is the first to examine stability of a
box H/ACA snoRNA in a manner distinguishable from
processing. Our data indicate that both box H and box ACA
confer long-term stability to mature U17 snoRNA in Xenopus
oocytes. Thus, box H and box ACA serve a dual function as
elements for nucleolar localization and long-term stability.

Candidate Proteins That May Interact with the
NoLEs of Box H/ACA snoRNA

For both U17 box H/ACA snoRNA as well as the box C/D
snoRNA family, the NoLEs are phylogenetically highly con-
served sequences (Lange et al., 1998a—c; Samarsky et al.,
1998; this study). Similarly, for the two species of the third
and minor family of snoRNA (7-2/MRP snoRNA and the
RNA component of RNase P), a preserved motif, the To
antigen binding site, appears to mediate nucleolar localiza-
tion (Jacobson et al., 1995, 1997). This suggests that snoRNA
family-specific proteins bind to the NoLEs, thereby mediat-
ing nucleolar localization.

There are several candidate proteins that have been de-
scribed to bind various box H/ACA snoRNAs. In addition,
one protein (Ssblp), seems to be specific for just snR10 and
snR11 snoRNP (Clark ef al., 1990). We hypothesize that a
protein important for nucleolar localization of box H/ACA
snoRNAs is more likely to be among those that are common
to the entire family, rather than a protein specific to just one
or a few snoRNPs. So far, four proteins common to the box
H/ACA family have been identified: Garlp (Girard et al.,
1992; Balakin et al., 1996; Bousquet-Antonelli et al., 1997;
Ganot et al., 1997b), Cbf5p (Nap57/dyskerin) (Jiang et al.,
1993; Meier and Blobel, 1994), Nhp2p, and Nop10p (Kolo-
drubetz and Burgum, 1991; Henras ef al., 1998), which are
predicted to be present in two copies each per snoRNA
(Watkins et al., 1998). All of the proteins mentioned above
are required for 185 rRNA production or pseudouridylation
(Girard et al., 1992; Bousquet-Antonelli et al., 1997; Cadwell
et al., 1997; Henras et al., 1998; Lafontaine et al., 1998). Cbf5p
is the candidate enzyme for ribosomal pseudouridylation
(Koonin, 1996; Lafontaine et al., 1998; Watkins ef al., 1998).
Because Cbf5p lacks an apparent RNA binding motif, it is
unlikely to bind directly to a snoRNA sequence element and
probably is held in the snoRNP by interaction with other
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proteins of the complex (Watkins ef al., 1998; Bortolin et al.,
1999). Nhp2p would be a more likely candidate to bind
directly to box H/ACA NoLEs because it contains an RNA
binding motif, which happens to be similar to that in some
ribosomal proteins (Koonin et al., 1994; Henras et al., 1998;
Watkins et al., 1998). Interestingly, as Henras et al. (1998)
pointed out, the ribosomal binding site for one of these
proteins, L32, closely resembles the box H sequence of
H/ACA snoRNA. It was recently suggested, however, that
Nop10p, rather than Nhp2p, might contact one of the con-
served boxes of H/ACA snoRNAs, because snR30 box
H/ACA snoRNA remains detectable in Nhp2p-depleted
cells but not in Nop10p-depleted cells (Henras et al., 1998).
The fourth protein, Garlp, has the potential to bind pre-
rRNA but seems to bind to snoRNPs through interaction
with Cbf5p, rather than by direct interaction with the
snoRNA (Henras et al., 1998, and references therein). In fact,
box H/ACA snoRNAs remain stable in yeast cells depleted
of Garlp but not in cells lacking Cbf5p, Nhp2p, or Nop10p
(Girard et al., 1992; Bousquet-Antonelli et al., 1997). Those
three proteins might also be responsible for the stability of
U17 snoRNA in Xenopus oocytes by directly or indirectly
binding to box H and box ACA. Direct binding of one or
two different proteins, such as Nop10p and Nhp2p, to both
major NoLEs, box H and box ACA together or individually,
might initiate the localization of U17 and other box H/ACA
snoRNAs to nucleoli. It cannot be excluded that a snoRNP
complex providing strong interaction of all assembled fac-
tors has to be fully formed to either transport the snoRNA
from the nucleoplasm to the nucleolus and/or anchor it
within the nucleolus.

The present report provides the foundation for further
studies to define the exact mechanism of nucleolar localiza-
tion of box H/ACA snoRNAs.
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