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The H/ACA small nucleolar RNAs (snoRNAs) are involved in pseudouridylation of pre-rRNAs. In the yeast
Saccharomyces cerevisiae, four common proteins are associated with H/ACA snoRNAs: Garlp, Cbf5p, Nhp2p,
and Nop1Op. In vitro reconstitution studies showed that four proteins also specifically interact with H/ACA
snoRNAs in mammalian cell extracts. Two mammalian proteins, NAP57/dyskerin (the ortholog of Cbf5p) and
hGARI, have been characterized. In this work we describe properties of ANOP10 and hNHP2, human orthologs
of yeast Nop10p and Nhp2p, respectively, and further characterize hGAR1. hNOP10 and hNHP2 complement
yeast cells depleted of Nhp2p and Nop10p, respectively. Immunoprecipitation experiments with extracts from
transfected HeLa cells indicated that epitope-tagged hNOP10 and hNHP2 specifically associate with hGAR1
and H/ACA RNAs; they also interact with the RNA subunit of telomerase, which contains an H/ACA-like
domain in its 3’ moiety. Immunofluorescence microscopy experiments showed that hGAR1, hNOP10, and
hNHP2 are localized in the dense fibrillar component of the nucleolus and in Cajal (coiled) bodies. Deletion
analysis of hGARI1 indicated that its evolutionarily conserved core domain contains all the signals required for
localization, but progressive deletions from either the N or the C terminus of the core domain abolish
localization in the nucleolus and/or the Cajal bodies.

Synthesis, maturation, and also packaging of rRNAs into
ribosomal particles in eukaryotes take place in the nucleolus.
The 188, 5.8S, and 25/28S rRNAs are generated from a single
large precursor RNA by a complex series of endonucleolytic
and exonucleolytic processing steps. In addition, rRNAs un-
dergo extensive modifications: 2’-hydroxyl groups of many ri-
boses are methylated, and specific uridines are converted into
pseudouridines (reviewed in references 1, 51, 69, and 74).
Cleavage and modification events are assisted by a large num-
ber of small nucleolar RNAs (snoRNAs), which function in the
cell in the form of small nucleolar ribonucleoprotein particles
(snoRNPs) (reviewed in references 1, 54, 72, 78, and 81). Two
major classes of snoRNAs, box C/D and box H/ACA, have
been identified based on conserved structural elements (3, 19,
73). Most C/D snoRNAs act as guides for the 2’'-O-methylation
of pre-rRNAs, whereas most H/ACA snoRNAs direct the site-
specific pseudouridylation of pre-rRNAs, and each class is
associated with specific proteins (10, 18, 39, 61; reviewed in
references 1, 43, 72, 74, and 78). RNase MRP, an RNP in-
volved in the endonucleolytic cleavage of pre-rRNA in yeast
(references 13 and 50 and references therein), is structurally
similar to RNase P (11, 16) and does not belong to either of the
families.

Four common proteins associated with H/ACA snoRNAs
have been identified in Saccharomyces cerevisiae: Garlp (25
kDa), Cbf5p (65 kDa), Nhp2p (22 to 25 kDa), and Nop10p (10
kDa). All four are essential for growth; depletion of any of
them causes inhibition of 18S rRNA production and impairs
pseudouridylation of rRNA (6, 23, 29, 31, 44, 77). Garlp and
Nhp2p orthologs in the fission yeast Schizosaccharomyces
pombe have also been described (24, 52). In vitro reconstitu-
tion studies with HeLa cell extracts showed that four proteins
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specifically interact with mammalian H/ACA snoRNAs (15).
Two mammalian proteins have been characterized: NAP57/
dyskerin, which is the ortholog of Cbf5p (27, 56, 58, 80), and
hGARI1 (15).

Yeast Garlp is characterized by the presence of glycine- and
arginine-rich (GAR) domains flanking a highly conserved cen-
tral core domain, which is necessary and sufficient for localiza-
tion and function of the protein in vivo (23, 24, 25, 77). Al-
though Garlp has been shown to interact with snR10 and
snR30 RNAs in vitro (2), it does not appear to be a primary
binding protein. In yeast, depletion of Garlp does not affect
accumulation of H/ACA snoRNAs (6, 23). Moreover, in the
mammalian in vitro reconstitution system, the presence of
hGARI does not appear to be a prerequisite for the assembly
of other H/ACA proteins (15). In contrast to depletion of
Garlp, depletion of Cbf5p affects the accumulation of H/ACA
snoRNAs and also Garlp (44). Cbf5p has sequence similarity
with pseudouridine synthases involved in tRNA and bacterial
rRNA modifications, which strongly suggests that it may rep-
resent the pseudouridine synthase of H/ACA snoRNPs (42, 44,
82). Orthologs of Cbf5p have been identified in rats (NAP57),
humans (dyskerin), and flies (MFL or Nop60B) (22, 27, 56, 64).
Mutations in the associated gene result in growth and devel-
opmental defects in Drosophila melanogaster (22), whereas in
humans they cause dyskeratosis congenita, an X-linked reces-
sive disease associated with bone marrow failure, skin defects,
chromosome instability, and a predisposition to certain types
of malignancy (27, 40). NAP57 was shown to interact with the
phosphoprotein Nopp140, which is present in both the nucle-
olus and the Cajal (coiled) bodies (CBs) and which shuttles
between the nucleolus and the cytoplasm on intranuclear
tracks (30, 55, 80).

Nhp2p and NoplOp are two other core components of the
yeast H/ACA snoRNPs. As for Cbf5p, their genetic depletion
interferes with accumulation of H/ACA snoRNAs and Garlp.
Both proteins are highly conserved nucleolar proteins (29, 77).
Interestingly, Nhp2p contains a putative RNA-binding domain
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shared by some spliceosomal and ribosomal proteins (29, 41,
52, 62, 70, 77).

The observation that mammalian telomerase RNA contains
a 3'-terminal domain that structurally resembles H/ACA
snoRNAs (57) has greatly stimulated interest in H/ACA
snoRNPs and their components. Telomerase is a ribonucleo-
protein enzyme responsible for maintaining telomeric ends of
the chromosomes. The enzyme uses a short internal region of
its RNA subunit as a template to synthesize sequence repeats
that form telomeres (reviewed in references 4, 5, and 14).
Mitchell et al. (5§7) have shown that the H/ACA domain is
required for the accumulation and function of human telo-
merase RNA (hTR) in vivo. Moreover, both dyskerin and
hGARLI are associated with hTR in vivo (15, 58), and dyskerin
was found to be a component of active telomerase (58).
hGARI can also associate with hTR in vitro (15). It has been
suggested that decreased telomerase activity, and not a failure
in TRNA processing and/or pseudouridylation, is the main fac-
tor contributing to the development of dyskeratosis congenita
(58).

In this work we describe the characterization of hNHP2 and
hNOP10, the human orthologs of yeast Nhp2 and Nop10 pro-
teins, and further analysis of hGARI1. Both hNHP2 and
hNOP10 are functionally conserved proteins that can comple-
ment yeast cells depleted of Nhp2p or Nopl10p. Immunopre-
cipitation experiments indicate that hNHP2 and hNOP10 spe-
cifically associate with hGAR1 and H/ACA snoRNAs. They
also associate with hTR, as previously shown for dyskerin and
hGARI. Tagged hNHP2 and hNOP10 expressed in HeLa cells
colocalize with hGAR1 in the dense fibrillar components
(DFC) of nucleoli and in CBs. Finally, we demonstrate that
short conserved sequences at the N and C termini of the
hGARI core domain are essential for localization of the pro-
tein in HeLa cells.

MATERIALS AND METHODS

Cloning of hNHP2 and hNOP10 ¢DNAs. Expressed sequence tag (EST) se-
quences encoding putative human orthologs of Nhp2p were identified in BLAST
searches using the yeast Nhp2p sequence as a query. 5’ and 3’ rapid amplifica-
tions of cDNA ends (RACE) were performed on total RNA isolated from HeLa
cells to determine the complete sequence of hNHP2 cDNA. Three different
hNHP2-specific oligonucleotides, GGGCAGTGTGTCTCCTGCCAAAACC,
CTGAACCTCTTTCACCCCGCGCCG, and CCGAATCTGCTTCTGCTTCA
CGC, were used for 5’ RACE, and primer GTCTATATCCCCTCTAAGACG
GACCTGGG was used for the 3" RACE, in accordance with the manufacturer’s
instructions (Boehringer Mannheim). Primers specific for the 5" (CCGGAATT
CATGACCAAAATAAAGGCAGATCCCGAC) and 3' (GCGGAATTCTCAT
AGGGGTAGCAGGGAC) ends of the hNHP2 coding region (EcoRI sites are
underlined) were used to amplify by PCR the hNHP2 coding region from a
plasmid cDNA library derived from a human Namalwa (Burkitt lymphoma) cell
line (71). The amplified fragment was cleaved with EcoRI and cloned into the
EcoRI site of pcDNA3.1/HisC (Invitrogen) to generate plasmid pcDNA-hNHP2.

The amino acid sequence of the NoplOp-like protein (hNOP10), deduced
from human ESTs has been reported previously (29). Primers GCGGAATTC
ATGTTTCTCCAGTATTACCTCAACGAGC and GCGGAATTCTCAGAGG
ACAGGGCGCGGTTGCTG, bearing EcoRI restriction sites (underlined),
were used to amplify by PCR the open reading frame (ORF) encoding hNOP10
from a plasmid cDNA library (see above). The amplified fragment was cloned
into the EcoRI site of pcDNA3.1/HisC to generate plasmid pcDNA-hNOP10.

The ORF of dyskerin (27) (accession no. AJ224481) was amplified by PCR
from a plasmid cDNA library using primers CCGGAATTCGGTAACATGGC
GGATGCGGAAG and CCGGAATTCTCACTACTCAGAAACCAATTC. The
amplified fragment bearing terminal EcoRI sites was cloned into the EcoRI site
of pcDNA3.1/HisC to generate plasmid pcDNA-DKCI1. Recombinant proteins
expressed from the cytomegalovirus promoter of pcDNA3.1/HisC contain an
N-terminal six-His tag followed by the Xpress epitope. The inserts of all plasmids
were sequenced on an ABI automated sequencer.

GFP fusion expression constructs. The ORF of hGARI1 (15) (accession no.
AJ276003) was amplified by PCR using primers CCCGATATCATGTCTTTTC
GAGGCGGAGG and GGGGATATCTGGAGGTCCTTTCTCACCTG (EcoRV
sites are underlined) and cloned in the EcoRV site of ppact-ECGFP (49) to
generate pBhGARI1-EGFP, which encodes full-length hGAR1 fused to the N
terminus of enhanced green fluorescent protein (EGFP). For simplicity, this and
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other fusions to EGFP are referred to as green fluorescent protein (GFP)
fusions. The portion encoding the core domain of hGAR1 (amino acids 62 to
168) was cloned similarly, using appropriate primers, to generate ppcore-EGFP.
Coding sequences for shorter forms of the core domain, truncated at either the
N or C terminus, were likewise amplified by PCR and cloned in the EcoRV site
of pBact-ECGFP. Plasmids pBcoreA3N-EGFP, pBcoreA6N-EGFP, pBcore ASN-
EGFP, and pBcoreA14N-EGFP encode the core domain N-terminal deletion
mutant derivatives lacking 3, 6, 8, and 14 amino acids, respectively. Plasmids
pBcoreAYC-EGFP, pBcoreA13C-EGFP, and pBcoreA20C-EGFP encode the
core domain C-terminal deletion mutant derivatives lacking 9, 13, and 20 amino
acids, respectively. The ORFs encoding hNHP2 and hNOP10 were amplified by
PCR and cloned similarly to generate pghNHP2-EGFP and pphNOP10-EGFP,
respectively. The primers used were CCCGATATCGCTGCGATGACCAAAA
TAAAGGC and GGGGATATCTAGGGGTAGGGGCAGGGACTG (hNHP2)
and CCCGATATCATGTTTCTCCAGTATTACCTCAACGAG and GGGGA
TATCGAGGACAGGGCGCGGTTGCTG (hNOP10) (EcoRYV sites are under-
lined). The ORF encoding dyskerin was amplified by PCR as described previ-
ously (see above) and cloned into the EcoRV site of pBact-mGFP6 (a kind gift
from A. Matus, Friedrich Miescher Institute) to generate pBmGFP6-DKCI,
which encodes dyskerin with GFP at its N terminus. The identities of all con-
structs were checked by sequencing. DNA manipulations were carried out as
described by Sambrook et al. (67).

Subcellular localization. HeLa cells were grown on glass coverslips in Dul-
becco modified Eagle medium supplemented with 10% fetal bovine serum
(Gibco-BRL) in a 5% CO, humidified atmosphere at 37°C. For transient trans-
fection assays with GFP- or Xpress-tagged constructs, HeLa cells were trans-
fected with plasmid DNA using FuGENE as recommended by the manufacturer
(Boehringer Mannheim) and further incubated for 24 to 48 h. Indirect immu-
nofluorescence microscopy was performed essentially as described by Genschik
et al. (21), using purified rabbit anti-hGAR1 antibodies (Abs) (15) at 1/1,000
dilution, mouse antifibrillarin monoclonal antibody (MAb) 72B9 (a kind gift
from J. A. Steitz and K. T. Tycowski, Yale University School of Medicine, and
K. M. Pollard, The Scripps Research Institute) at 1/400 dilution, mouse anti-
p80-coilin MAD (5P10-1; kindly provided by M. Carmo-Fonseca, University of
Lisbon) at 1/100 dilution, rabbit polyclonal anti-p80-coilin (sera 204/5; a kind gift
from A. Lamond, University of Dundee) at 1/2,000 dilution, mouse anti-p120
MAD (Ab-1; Calbiochem) at 1/200 dilution, mouse anti-U2B” MAb (4G3; Cap-
pel) at 1/200 dilution, mouse anti-GFP MAbs (Boehringer Mannheim) at 1/400
dilution, mouse antiubiquitin MAb (Ubi-1; ZYMED Laboratories), and mouse
anti-Xpress MAb (Invitrogen) at a dilution of 1/500. Appropriate secondary
antibodies (Jackson ImmunoResearch Laboratories), specified in the figure leg-
ends, were used at 1/400 dilution. Samples were examined with a laser scanning
confocal microscope from Leica. Direct GFP fluorescence microscopy on living
cells was performed as described previously (33).

Immunoprecipitations. Protein G-Sepharose (PGS) beads (Pierce) or protein
A-Sepharose (PAS) beads (Amersham Pharmacia Biotech) were incubated with
appropriate antibodies (mouse anti-GFP MADbs for the analysis of the coimmu-
noprecipitated RNAs with PGS and rabbit anti-hGAR1 Abs and mouse antifi-
brillarin MAb 72B9 for the analysis of the coimmunoprecipitated proteins with
PAS) in NET-2 buffer (20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 0.05% Nonidet
P-40) with gentle agitation overnight at 4°C. HeLa cells were transfected using
FuGENE as described above and grown for additional 24 to 48 h (90% conflu-
ency). Cells were scraped from the petri dishes, washed three times with phos-
phate-buffered saline and resuspended in NET-2 buffer supplemented with the
protease inhibitor Complete cocktail (Boehringer Mannheim). Whole-cell ex-
tracts, prepared by sonication (three times for 30 s at 50 W; Braun sonicator),
were spun at 15,000 X g for 10 min. For each immunoprecipitation, the lysate of
~5 % 10° cells was used. Lysates (500 1) were mixed with the antibody-coated
beads and incubated with a gentle agitation for 1 h at 4°C. Beads were then
washed five times with NET-2 buffer containing 400 mM NaCl. Immunoprecipi-
tated RNAs and total RNA from the whole-cell sonicates (HeLa cells used for
preparation of total RNA were grown in suspension cultures) were extracted
with phenol-chloroform containing 0.5% sodium dodecyl sulfate (SDS) and
precipitated with ethanol in the presence of 40 pg of glycogen. To analyze the
immunoprecipitated proteins, beads were washed as described above and resus-
pended in SDS-gel loading buffer. Proteins were separated by SDS-polyacryl-
amide gel electrophoresis (PAGE) on 12% gels and analyzed by Western blot-
ting using anti-GFP MAbs.

RNase A/T1 protection assays. Individual RNA species were identified by an
RNase A/T1 protection assay as described previously (26) using antisense RNA
probes complementary to U17 (37), U3 (35), U19 (38), U13 (36), and hTR (15).
Probes were labeled with [«->P]JUTP (800 Ci/mmol; NEN). Immunoprecipitated
RNA from 5 X 10° cells was used for three protection reactions. Protected RNA
fragments were fractionated on 6% sequencing gels.

Heterocomplementation. The region coding for hNHP2 was excised from
pcDNA-hNHP2 by digestion with EcoRI and cloned into the EcoRlI site of yeast
2 pm expression vector pYX242 (a kind gift from B. Séraphin, EMBL, Heidel-
berg, Germany), resulting in plasmid pYX-hNHP2. The sequence coding for
hNOP10 was amplified by PCR from pcDNA-hNOP10 using primers GCGGA
ATTCATGTTTCTCCAGTATTACCTCAACGAGC and CCGCTCGAGTCA
GAGGACAGGGCGCGGTTG (EcoRI and Xhol sites are underlined) and
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FIG. 1. Complementation of the yeast pGAL-NHP2 and pGAL-NOPI0 strains by the human hNHP2 and hNOP10 proteins. The pGAL-NHP2 (A) and pGAL-
NOPI0 (B) strains were transformed with either pYX-hNHP2 (A), pYXNOP10 (B), or the empty vector pYX, as indicated. Upper row (A and B), untransformed cells.
Complementation was assayed by monitoring the growth of serially diluted yeast on YPD plates (YPD) and comparing it to the growth under permissive conditions

(YPGal).

cloned in the EcoRI-Xhol sites of pYX242, resulting in pYX-hNOP10. Expres-
sion of both proteins is driven from the triose phosphate isomerase promoter.

The pGAL-NHP2 and pGAL-NOPI0 yeast strains (29), conditionally express-
ing Nhp2p and NoplOp, were transformed with either pYX-hNHP2, pYX-
hNOP10, or the empty vector pYX242. Transformants were selected on glucose-
or galactose-containing (SD-L or SGal-L, respectively) plates. Drop tests were
performed from independent colonies at either permissive conditions (YPGal or
SGal plates) or nonpermissive conditions (YPD or SD plates). Heterocomple-
mentation was monitored by analyzing the growth of transformants under non-
permissive conditions. Genetic manipulations and preparation of standard yeast
media followed established procedures (7).

Nucleotide sequence accession number. The sequence of the hNHP2 cDNA
has been deposited in the EMBL database under accession no. HAJ293309.

RESULTS

c¢DNAs encoding hNHP2 and hNOP10. In yeast, four protein
components of H/ACA snoRNP have been identified: Garlp,
CbfSp, Nhp2p, and Nop10p. Two H/ACA snoRNP proteins
have also been characterized in mammals. NAP57/dyskerin,
which is the ortholog of the putative pseudouridine synthase
Cbf5 (44, 82), has been studied in mouse and human cells (27,
56, 80). hGARI, the human ortholog of yeast Garlp, has
recently been described (15).

The in vitro reconstitution studies carried out with HeLa cell
extracts suggested that four proteins interact specifically with
human H/ACA snoRNAs (15). Indeed, database searches have
previously identified human ESTs coding for proteins related
to yeast Nop10p and Nhp2p (29, 52, 77). To functionally char-
acterize human Nop10p- and Nhp2p-like proteins (hNOP10
and hNHP2, respectively), full-length cDNAs encoding the
likely human orthologs (see Materials and Methods) were
cloned into different expression vectors and their activity in S.
cerevisiae and human HeLa cells was investigated. The selected
hNOP10 sequence corresponds to the protein included in the
alignment of Henras et al. (29). The hNHP2 protein is an
extended and corrected version of sequences presented by
other groups (29, 52, 77). hNHP2 and hNOP10 consist of 153
and 64 amino acids, respectively.

hNHP2 and hNOP10 complement yeast deletion mutants.
hNHP2 is 54.7% identical and 68.4% similar to yeast Nhp2p,
while hNOP10 and yeast NoplOp are 60.3% identical and
67.2% similar. In order to find out whether the human proteins

can complement yeast cells depleted of Nhp2p and Nop10p,
the ORFs encoding hNHP2 and hNOP10 were cloned into the
expression vector pY X242 to produce pYX-hNHP2 and pYX-
hNOP10, respectively. Yeast strains pGAL-NHP2 and pGAL-
NOPI10 (29) were transformed with pYX-hNHP2, pYX-
hNOP10, or the empty vector pYX242 and grown on either
glucose- (YPD) or galactose-containing (YPGal) plates. As
shown in Fig. 1, expression of human proteins complemented
growth of pGAL-NHP2 and pGAL-NOPI0 strains on YPD
plates under conditions where the yeast proteins are not pro-
duced.

hNHP2, hNOP10, and dyskerin interact with hGAR1. We
investigated whether hNHP2, hNOP10, and dyskerin can be
coimmunoprecipitated with hGARI, the previously character-
ized protein component of human H/ACA snoRNPs. GFP
fusions with hNHP2, hNOP10, and dyskerin were transiently
expressed in HeLa cells, and whole-cell extracts were incu-
bated with anti-hGAR1 Abs attached to PAS beads (for sim-
plicity, we refer to these as anti-hGAR1 beads and we use this
appellation for other antibody-bead complexes). As a control,
the same extracts were incubated with antifibrillarin beads,
since fibrillarin is a protein component of box C/D snoRNPs.
The immunoprecipitated proteins were fractionated by SDS-
PAGE. Western blotting with anti-GFP MAbs revealed that
GFP fusions with hNHP2, hNOP10, and dyskerin were present
in the anti-hGAR1 immunoprecipitates but not in the antifi-
brillarin immunoprecipitates (Fig. 2). Similar results were ob-
tained when the association of hGAR1 with hNHP2, hNOP10,
and dyskerin, expressed as fusions with the Xpress-tag (see
Materials and Methods), was studied in HeLa cells (data not
shown). These results indicate that hANHP2, hNOP10, dyskerin,
and hGARI associate together in structures very likely corre-
sponding to H/ACA snoRNPs.

hNHP2 and hNOP10 are specifically associated with H/ACA
snoRNAs. To determine if hNHP2 and hNOP10 are indeed
components of the H/ACA snoRNPs, we investigated whether
they are associated with H/ACA snoRNAs in human cells.
GFP-tagged hNHP2, hNOP10, and dyskerin were transiently
expressed in HeLa cells, and whole-cell extracts were incu-
bated with anti-GFP beads. Immunoprecipitated RNAs were
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FIG. 2. GFP fusions with hNOP10, hNHP2, and dyskerin specifically associ-
ate with hGAR1. HeLa cells were transfected with plasmids expressing either
hNOP10-GFP, hNHP2-GFP, or GFP-dyskerin, and protein extracts were incu-
bated with antifibrillarin beads (lanes 1 to 3) or anti-hGAR1 beads (lanes 4 to 6).
Immunoprecipitated proteins were separated by SDS-PAGE and analyzed by
Western blotting using anti-GFP MAbs. The strong bands in lanes 1 to 3 corre-
spond to the heavy chain of the antifibrillarin MAb recognized by the anti-mouse
immunoglobulin G secondary Ab. The masses of proteins markers are indicated
on the left.

extracted, and individual RNA species were identified by
RNase A/T1 mapping. H/ACA snoRNAs U17 and U19 were
immunoprecipitated from cells expressing hNHP2-, hNOP10-,
and dyskerin-GFP fusions but not from control cells expressing
GFP alone (Fig. 3, lanes 4 to 6). Box C/D snoRNAs U3 and
U13 were not detected in anti-GFP immunoprecipitates but
were present in antifibrillarin immunoprecipitates isolated
from control HeLa cells (Fig. 3, lane 7). hTR possesses an
H/ACA-like domain and associates with dyskerin and hGAR1
(15, 57, 58). Mappings of RNAs isolated from different immu-
noprecipitates indicated that ANHP2 and hNOP10 also specif-
ically associate with hTR (Fig. 3). Specific coprecipitation of
H/ACA snoRNAs and hTR with hNHP2, hNOP10, and dys-
kerin expressed as fusions with the Xpress tag was also ob-
served (data not shown). Taken together, our data suggest that
hNHP2 and hNOP10 are components of H/ACA snoRNPs
and telomerase in human cells.

Comparison of hNOP10 and hNHP2 with likely orthologs
from other organisms. hNHP2 and hNOP10 have calculated
molecular masses of 17.2 and 7.7 kDa, respectively, and their
sizes are similar to those of yeast Nhp2p (calculated mass, 18.9
kDa) and Nop10p (6.6 kDa). However, as already observed for
the yeast proteins (29, 77), the mobilities of hNHP2 and
hNOP10 in SDS gels appear to be substantially slower then
expected (data not shown). Hence, it is very likely that h(NHP2
and hNOP10 correspond to p23 and p14, respectively, two of
the four human proteins that can be specifically UV cross-
linked to RNA in H/ACA snoRNPs reconstituted in vitro (15).
We compared the sequences of these proteins with their likely
orthologs from other organisms. Database searches indicated
that sequences similar to hNOP10 are encoded not only in
genomes of many other eukaryotes (29, 52, 77) but also in all
archaeal genomes sequenced to date (Fig. 4); E values for the
similarity of hNOP10 to different archaeal sequences, derived
from BLAST searches, range from 0.011 to 1.2 (with the ex-
ception of a substantially higher value for the protein from
Methanococcus jannaschii). Although these values are low,
similar lengths and a nearly perfect colinearity of eukaryotic
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FIG. 3. GFP-tagged hNOP10, hNHP2, and dyskerin specifically associate
with H/ACA snoRNAs and hTR. HeLa cells were transfected with plasmids
expressing hNHP2-GFP, hNOP10-GFP, GFP-dyskerin fusion proteins or GFP
alone (vector pBact-ECGFP), and protein extracts were incubated with anti-GFP
beads. As an additional control, protein extracts from untransfected HeLa cells
were incubated with antifibrillarin beads. Antisense RNA probes specific for
U17, U19, U3, and U13 RNAs and hTR were used for RNase A/T1 mapping of
RNA from anti-GFP (lanes 3 to 6) and antifibrillarin (lane 7) immunoprecipi-
tates. Lane 1, aliquot of probe; lane 2, mapping of total RNA isolated from
nontransfected HeLa cells; for mapping with the hTR probe, five times more
total RNA was used. The hTR gel was exposed two times longer than other gels.
The sizes of DNA markers in nucleotides are indicated on the left.

and archaeal NOP10-like proteins (four of the archaeal pro-
teins differ from eukaryotic ones only by insertions of single
Cys residues at two positions) add to the potential significance
of this relationship (76) (see Discussion). No sequences with
significant similarity to Nop10p or hNOP10 could be identified
in Bacteria.

Yeast Nhp2p and human hNHP2 are 54.7% identical and
68.4% similar. As expected, the BLAST searches with the
hNHP?2 as a query identified orthologs in other metazoa, fungi,
and plants, with E values ranging from 2.5 X 10733 to 108
(data not shown). Since NHP2-like proteins are members of a
large family of RNA-associated proteins, which include some
ribosomal and spliceosomal proteins (references 29, 41, 52, 62,
70, and 77 and references therein), database searches with
hNHP?2 identified also other proteins in both eukaryotes and
Archaea (data not shown). Archaeal sequences most probably
represent ribosomal proteins (34, 52) (see Discussion).



9032 POGACIC ET AL.

MoL. CELL. BIOL.

Hs 1 B GO T@SAHPARFSPDDKY SR RIWIKKR WL TQEPI PVL-- 64
X1 1 )= TS AHPARF S PDDKE SRRV LKKRFGL BOGRPVL-- 64
Dr 1 'TESAHPARFSPDDKFS RVIWEKKRFGLLUTQW P} 27 ALY
Dm 1 i WG TIISAHPARF S PEDKY SROR LW T KKRFGLLITQNPIA 3 8 SRy
Ce 1 LEI_’FIJ# ReVIPEEGIle TIMTAHPARF S PEDK]Y SRR IMIKKRFGL LIz TQU O CEEEEEs 60
At 1 QgOChE \TIXSAHPARFS PDDKY SKORVIALKKRFGLLIZTOU:NS Ko} SR Y ]
zZm 1 O T8, SAHPARFSPDDKY SRORN/LKKRFGLLIFTOUPEIZ e SR Y
Sc 1 OB GIM I TINSAHPARF S PDDKY SRORVILKKRFGLYIZEOREEEES e 58
sp 1 G TIxSSHPARFSPDDKYS RﬁLKKRFmVLI oLEAKPY-- 64
Tg 1 qSAHPERFSPDDKYS LKRRF\ RIDISOISAPEF—— 64
Bm 1 =G OTOSAHPAR -PED < «S q R-EIKKR IVXTIXOIFRPVYHF 66
af 1 cel Tmp- LRKI I§FFSFRR--~--—- 59
Ph 1 SGIANT! 'E‘SPED ¥CE R'- RIAN: ELLG GRKEK -~ -~~~ 60
Mj 1 SGIAITIASR PIK F SPEDRWEK R4 ALKNKNKAE -~~~ 60
Mt 1 RUGVIY)ZP {FSPEDKY ek I8¢ ELYSRGEGESK-~--~ 59
Ap 1 ------ YT LR NCP\/eGe 47\ =H P3RS PDNRENK] HL" SLGHIPP-- -~ -~ 54

FIG. 4. Comparison of amino acid sequences of Nop10p-like proteins from different organisms. Nop10p-like protein sequences from Homo sapiens (Hs) (29),
Xenopus laevis (X1; EST accession no. AW199609), Danio rerio (Dr; EST accession no. Al618239), D. melanogaster (Dm; AAF58753), Caenorhabditis elegans (Ce;
AV201331), Arabidopsis thaliana (At; AAD25649), Zea mays (Zm; EST accession no. A1783103), S. cerevisiae (Sc) (29), S. pombe (Sp; CAB76034), Toxoplasma gondii
(Tg; EST accession no. N82941), Brugia malayi (Bm; EST accession no. N41102), Archaeoglobus fulgidus (Af; 029724), Pyrococcus horikoshii (Ph; genomic DNA
sequence accession no. AP000004), M. jannaschii (Mj; P81303), Methanobacterium thermoautotrophicum (Mt; 027362), and Aeropyrum pernix (Ap; AP000059) are
shown. An additional archaeal sequence, corresponding to the Nop10p-like protein in Pyrococcus abysi, is identical to the P. horikoshii sequence. The alignment was
generated with the PILEUP program (Genetics Computer Group, Madison, Wis.) and shaded using the Boxshade World Wide Web server (www.ch.embnet.org
/software/BOX_form.html); amino acids identical or similar in more than 50% of analyzed sequences have black and gray backgrounds, respectively.

Subcellular localization of human H/ACA snoRNP proteins.
Of the four identified protein components of the H/ACA
snoRNPs in mammalian cells (15, 27, 58, 80; this work), only
the cellular localization of NAP57/dyskerin was studied. This
protein is localized in the DFC of the nucleolus and in CBs (28,
56). We investigated the intracellular distribution of hGARI,
hNHP2, and hNOP10 in HeLa cells.

Localization of hGAR1 was studied by indirect immunoflu-
orescence microscopy using affinity-purified anti-hGAR1 Abs
(15). The following proteins were monitored in parallel as
markers: (i) the box C/D snoRNP protein fibrillarin, which
localizes to the DFC of nucleoli and in CBs (reviewed in
references 45 and 68); (ii) p80-coilin, a marker for CBs (re-
viewed in references 17, 45, and 53); (iii) p120 nucleolar pro-
liferation antigen localizing to the granular component of nu-
cleoli (63); (iv) the splicesomal protein U2B” present in the
nucleoplasmic speckles and in CBs (9). Double-staining exper-
iments showed that hGARI1 colocalizes perfectly with fibrilla-
rin in the DFC of nucleoli and in CBs (Fig. 5, left panels) and
with p80-coilin in CBs (Fig. 5, second panels from left). Double
labeling with p120 revealed that hGARL1 is excluded from
nucleolar regions occupied by p120. Furthermore, hGAR1 did
not colocalize with the U2-specific protein U2B” in the nucle-
oplasm; however, colocalization of the two proteins was ob-
served in CBs.

To determine the cellular localization of hNHP2 and
hNOP10, Xpress epitope-tagged versions of these proteins
were transiently expressed in HeLa cells. Double-immuno-
staining experiments were performed with an anti-Xpress
MADb and anti-hGAR1 Abs. hNHP2 and hNOP10 fusion pro-
teins (Fig. 6A, upper two rows) and also the Xpress-tagged
dyskerin (bottom row) perfectly colocalized with hGARI1 in
the DFC of nucleoli and in CBs. The same localization pattern
was found when the distribution of C-terminal GFP fusions
with hNHP2 and hNOP10 was investigated in costaining ex-
periments with anti-p80-coilin and antifibrillarin Abs (Fig. 6B
and data not shown).

In summary, these experiments indicate that all human

H/ACA proteins localize to the DFC of the nucleolus and to
CBs.

Localization of hGARI1 deletion mutants. Previous work has
indicated that GAR1 is not a primary snoRNA binding protein
(see the introduction). It is possible that GARL1 is only re-
quired for the activity or localization of H/ACA snoRNPs. In
order to get more insight into the function of hGARI, we
studied the intracellular localization of different mutant deriv-
atives of the protein that were transiently expressed in HeLa
cells.

The overall structure of GARI is preserved among eu-
karyotes (15, 23, 24, 77). The GAR domains that flank the core
domain vary in length and amino acid composition, while the
core domain is very highly conserved at the primary sequence
level (Fig. 7A). We have found that localization of the core
domain fused to GFP (core-GFP) is similar to that of hGAR1-
GFP, except that more staining is observed in the nucleoplasm
and cytoplasm (Fig. 7B), indicating that GAR domains may
help in targeting the protein to its functional sites. This result
also suggests that the core-GFP hybrid protein is functional
and that the core domain contains all the signals required for
localization in the DFC of the nucleolus and in CBs. The data
are consistent with the observation that the core domain of
yeast Garlp is sufficient for nucleolar targeting and function
(25).

In an attempt to define the minimal core domain of hGARI,
the effect of short truncations at either end of the core domain
fused to the N terminus of GFP was analyzed (Fig. 8). Deletion
of the N-terminal tripeptide (QDQ) of the core domain (de-
rivative A3N; for the structures of this and other mutant de-
rivatives, see Fig. 7A) had no effect, but deleting three amino
acids more (A6N), which eliminated the strictly conserved GPP
motif, impaired localization of the hybrid protein. This mutant
protein accumulated in cytoplasmic clumps or dot-like struc-
tures. A similar phenotype was observed with cells expressing
the deletion mutant derivatives ASN and A14N, which are
missing 8 and 14 amino acids at the N terminus of the core,
respectively. In living cells, the cytoplasmic dots are mobile
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FIG. 5. Subcellular localization of endogenous hGARI studied by confocal microscopy. Double-staining experiments were performed on fixed HeLa cells using
anti-hGAR1 Abs and fluorescein isothiocyanate-conjugated anti-rabbit immunoglobulin G (IgG) (hGAR1; green channel) together with either antifibrillarin (fibril-
larin), anti-p80-coilin (p80-coilin), anti-p120 (p120), or anti-U2B” (U2B") Abs, followed by Texas red-conjugated anti-mouse IgG (top row, red channel). Laser scanning
confocal images were merged (overlay); regions of colocalization appear in yellow. Bar, 10 pm.

(data not shown). Moreover, the cytoplasmic clumps or dots
were shown to be enriched in ubiquitin (Fig. 8C). These ob-
servations and the fact that the large clumps accumulated near
the nuclear membrane (Fig. 8A) strongly suggest that the N-
terminal deletions induce the formation of aggresomes in re-
sponse to protein misfolding (20, 32, 79). Therefore, the GPP
motif could be important for both protein folding and nucle-
olar localization, since the fraction of mutated proteins that
could enter the nucleus remained excluded from nucleoli and
CBs.

Cells expressing the C-terminal deletion mutant derivatives
of the core domain had very different phenotypes (Fig. 8B).
Truncation of nine amino acids (A9C) had no effect on the
subcellular localization of the hybrid protein (Fig. 8B); how-
ever, deleting four amino acids more (A13C), which removed
the RFLP tetrapeptide that is perfectly conserved in all GAR1
sequences (Fig. 7A), impaired accumulation of the fusion pro-
tein in the nucleolus but not in CBs. It is important to note that
coreA13C-GFP was not excluded from the nucleolus, but it
could not accumulate in this compartment. A longer C-termi-
nal deletion (20 amino acids) that eliminated the KLLPL pen-
tapeptide, another highly conserved portion of the core do-
main, completely abolished localization of the coreA20C-GFP
hybrid protein in the nucleolus and CBs. Taken together these
results indicate that highly conserved amino acids at the C-
terminal border of the core domain are required for localiza-
tion in the nucleolus and CBs.

Association of hGAR1 mutant derivatives with U17 RNP.
We investigated whether deletions in the core domain dis-
rupted its potential to associate with U17 RNP. Western blot-
ting analysis indicated that the deletion mutant derivatives
A3N, A9C, A13C, and A20C accumulate to levels comparable

to that of the core-GFP (Fig. 9A). Accumulation of the mutant
derivatives A6N, A8N, and A14N was low (data not shown),
supporting the suggestion that these mislocalizing hybrid pro-
teins undergo ubiquitin-mediated proteolysis (Fig. 8), and their
characterization was not pursued further. As shown in Fig. 9B,
core-GFP and the mutant derivatives A3N and A9C, which
accumulate in both the nucleolus and CBs, and the mutant
derivative A13C, which accumulates in CBs but not the nucle-
olus, efficiently coprecipitated the U17 snoRNA, suggesting
that they are competent in assembling into an RNP. The A20C
mutant derivative, which could not accumulate in the nucleolus
or CBs, was unable to associate with the U17 RNP.

DISCUSSION

In the yeast S. cerevisiae, four protein components of the
H/ACA snoRNPs have been identified: Garlp, Cbf5p, Nhp2p,
and Nopl0Op. Based on in vitro reconstitution studies, four
proteins were also found to specifically interact with H/ACA
snoRNAs in HeLa cell extracts. Two of the mammalian pro-
teins have already been characterized, namely, hGAR1 and
NAPS57/dyskerin, the ortholog of Cbf5p. In this work we de-
scribe properties of hNOP10 and hNHP2, the human or-
thologs of yeast Nop10p and Nhp2p, and further characterize
hGARI1. We find that ANOP10 and hNHP2 complement yeast
cells depleted of endogenous Nop10p and Nhp2p. Moreover,
transiently expressed epitope-tagged hNOP10 and hNHP2
specifically associate with hGAR1, H/ACA snoRNAs, and the
telomerase RNA in HeLa cells. hANOP10, hNHP2, hGARI1,
and dyskerin localize to the DFC of the nucleolus and in CBs.
We demonstrate that the evolutionarily conserved core do-
main of hGARI contains all the signals required for localiza-
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FIG. 6. Subcellular localization of tagged hNHP2, hNOP10, and dyskerin transiently expressed in HeLa cells. Double staining experiments were performed on fixed
cells using anti-Xpress MAb and fluorescein isothiocyanate (FITC)-conjugated anti-mouse immunoglobulin G (IgG) (hNHP2, hNOP10, dyskerin; green; left column)
together with anti-hGAR1 Abs and Texas red-conjugated anti-rabbit IgG (red; middle column) (A) or anti-GFP MAbs with FITC-conjugated anti-mouse IgG (hNHP2,
hNOP10; green; left column) together with anti-p80-coilin Abs and Texas red-conjugated anti-rabbit IgG (p80-coilin; red; middle column) (B). Laser scanning confocal
images were merged (overlay). Nucleoplasmic edges in panel B are highlighted with white dashed lanes. Bars, 10 um.



Vor. 20, 2000 HUMAN H/ACA snoRNP PROTEINS 9035

A

A3N ABNASN  A14N
VYV 'V 4

Hs 62 —---—-- Fg
Mm 73 —=-m—-- . Fi
Ss 57 —==-m-- CEDDIVCKS&TTD# KVPYFNAPVYLENKEQIGKVDEIF
Bm 35 ———---- CEDDIVCHYTSEEeKIPYFNANI HYENKEQIGKVDEIF
Ce 52 ------- ‘ VGKI
Dm 58 --—--- N D GPPESIVE 1 1.GUY VNS CONDEVC K Ds {eYo/ PY FNAP I\YLENKEQVGKT
Sp 18 ---SRPFTPSE32:0)

Sc 23 TGSARSF-Q
At 51 —---m--- E

A20C  A13C A9C
\ vV

Hs 168
Mm OKFYIDPMKLLP R 179
Ss QKFYIDPMKLLPLORFLPRPIZe: 163
Bm Ao EID%RLLP' 144
ce DPEKLLPVIPRFLP[s)Y 149
Dm KLLPiaRFLPﬁPPQPEGAKKAFTNNR——-- 170
Sp e DiF: 43D NP A =K TVGPKKPKGARNGPA-~ 135
Sc ] GPPKPKNKKKRSGAP 144
F RN S TKM U EGIVAT S¥E el KFF I DPKLLPLIRF L Do PiNclol-s SR 152
Box2

168 217 aa

hGAR1-GFP core-GFP

FIG. 7. Sequences of GAR1 core domain and mutant derivatives. (A) Alignment of GAR1 core domain sequences from different organisms. Shown are sequences
from Homo sapiens (Hs; CAB76563), Mus musculus (Mm; EST accession no. AL034727), Sus scrofa (Ss; EST accession no. Z84033), Brugia malayi (Bm; EST accession
no. AI053139), Caenorhabditis elegans (Ce; AAD12858), D. melanogaster (Dm; S49193), S. pombe (Sp; CAAT79628), S. cerevisiae (Sc; P28007), and Arabidopsis thaliana
(At; AAF00626). The alignment and shading are as in Fig. 4. Arrowheads, sites of deletion in the core domain GFP fusions; arrows, sites of deletions performed on
the core domain of S. cerevisiae (these deletions did not complement yeast growth) (25). The two highly conserved regions (Box1 and Box2) (2) are underlined. A
schematic representation of hGAR1 is shown below the alignment. (B) Subcellular localization of the GFP-tagged hGAR1 and its core domain in living HeLa cells.
hGARI1-GFP, core-GFP, and GFP alone were transiently expressed in HeLa cells and visualized in living cells by direct fluorescence microscopy. GFP is distributed
throughout the cell, whereas both hybrid proteins accumulate in the nucleolus and CBs. Bars, 10 pm.

tion but that progressive deletions from either the N or the C from S. cerevisiae and the recently characterized NHP2 of the
terminus of the core domain abolish localization in the nucle- fission yeast S. pombe and database searches indicate that both
olus or both the nucleolus and CBs. proteins are highly conserved among eukaryotes 29, 52, 77; this

A comparison of hNOP10 and hNHP2 with the orthologs work; our unpublished results). NHP2 is likely to be a primary
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RNA-binding protein since it belongs to a family of proteins
containing a novel type of RNA-binding domain (41); this
family includes proteins highly similar to NHP2, such as some
ribosomal proteins (rp) from both eukaryotes (reference 41
and references therein) and Archaea (34), and the spliceoso-
mal 15.5-kDa protein associated with U4 snRNA (62) (for the
most recent alignments and the phylogenetic analysis of NHP2
and related proteins, see references 52 and 62). Genetic de-
pletion of Nhp2p, similar to depletion of Nop10p and CbfSp,
results in a reduction of the steady-state levels of the H/ACA
snoRNAs in yeast, which is consistent with the notion that
Nhp2p interacts directly with the RNA and that this interac-
tion is required for stability. Importantly, the H/ACA-specific
p23 protein, which most probably corresponds to hNHP2 (see
below), was by far the most efficiently cross-linked to RNA
(15). Moreover, NHP2 can bind directly to RNA in vitro (A.
Henras, personal communication; N. Watkins, and R. Liihr-
mann, personal communication; V. Pogaci¢, unpublished
data). For two NHP2-related proteins, the yeast rpL.30 (for-
merly rpL32) and the human 15.5-kDa protein associated with
U4, the structure of the RNA-binding sites has been charac-
terized (48, 62, 75). Henras et al. (29) suggested that there is
some similarity between the rpL.30 RNA-binding site and func-
tionally important regions of H/ACA, but our attempts to
model any conserved H/ACA regions as structures recognized
by rpL30 or the 15.5-kDa protein have not been successful.
Interestingly, database searches indicated that sequences
similar to that of the hNOP10 protein are encoded not only in
eukaryotes but also in all archaeal genomes (Fig. 4). No se-
quences with similarity to that of NOP10 could be identified in
Bacteria. While this study was being prepared for publication,
Watanabe and Gray (76) also reported detection of NOP10-
like sequences in Archaea. Moreover, these authors identified
archaeal genes encoding proteins having weak but significant
similarity to GARI1. Since the existence of Cbf5p- and dys-
kerin-like proteins in Archaea has also been proposed (refer-
ence 76 and references therein), it is possible that pseudouri-
dylation of rRNA in these organisms involves particles related
to eukaryotic H/ACA snoRNPs (76). To date not RNAs re-
sembling H/ACA snoRNAs have been identified in Archaea. In
addition, it is likely that archaeal NHP2-like sequences corre-
spond to ribosomal proteins (34, 52) (see above); however, the
possibility that these ribosomal proteins could also function as
components of H/ACA-like RNPs cannot be excluded.
Immunoprecipitation experiments performed with epitope-
tagged hNHP2 and hNOP10 expressed in HeLa cells revealed
that these proteins associate with box H/ACA but not box C/D
snoRNAs in vivo. Tagged hNHP2, hNOP10, and dyskerin also
coprecipitated with hGARI1, providing additional evidence
that all four proteins function together as components of hu-
man H/ACA snoRNPs. Four proteins, p60, p29, p23, and p14,
were previously found by UV cross-linking to specifically in-
teract with H/ACA snoRNAs in Hela cell extracts, and im-
munodepletion experiments indicated that p29 corresponds to
hGARI1 (15). Based on the mobility in SDS gels of proteins
expressed in transfected cells or translated in vitro (data not
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shown), it is very likely that dyskerin, hNHP2, and hNOP10
correspond to p60, p23, and p14, respectively.

The telomerase RNA in vertebrates contains a 3'-terminal
domain that structurally resembles H/ACA snoRNAs (12, 57).
This domain is required for the accumulation and function of
hTR in vivo. Two human H/ACA proteins, dyskerin (58) and
hGARI1 (15), were previously shown to associate with hTR in
vivo, and dyskerin was found to be a component of active
telomerase. hGARI also associates with hTR in the in vitro
reconstitution system (15). We showed that epitope-tagged
hNHP2 and hNOP10 expressed in transfected HeLa cells spe-
cifically immunoprecipitate hTR (Fig. 3). We can thus con-
clude that all four core H/ACA proteins are components of
telomerase in human cells. The function of the H/ACA domain
in hTR is not well understood. Based on the recently derived
structural model of vertebrate telomerase RNAs, the region
resembling the pseudouridylation pocket of H/ACA snoRNAs
is unlikely to act as a guide in RNA modification (12). More
probably, association of H/ACA proteins with hTR is required
for correct 3'-end processing and/or stabilization of hTR (57,
58). Indeed, mutations in dyskerin which lead to dyskeratosis
congenita result in reduced hTR accumulation and shortening
of telomeres (58). The H/ACA domain might also be required
for bringing hTR to the nucleolus (57, 59), possibly for pro-
gressive assembly of the RNP, which would be analogous to the
partial nucleolar assembly of the signal recognition particle
(65). Finally, the observation that the replacement of the
H/ACA-like domain of hTR with a conventional H/ACA
snoRNA sequence does not produce the active telomerase in
vivo (57) suggests that this domain contains some specific se-
quences likely to be recognized by telomerase proteins, a pos-
sibility supported by the results of previous in vitro assembly
experiments (15).

In S. cerevisiae, Garlp, Nhp2p, and Nopl10Op were shown to
localize to the nucleolus, whereas for mammalian orthologs
cellular localization was only studied for NAP57/dyskerin. This
protein localizes to the DFC of the nucleolus and to CBs (28,
56). We have found that hGAR1, hNHP2, and hNOP10 also
localize to the DFC of nucleoli and to CBs. Localization of all
known H/ACA proteins to the DFC is consistent with the
pseudouridylation of rRNA being an early maturation event in
the nucleolus (reviewed in reference 51). Association of the
H/ACA proteins with CBs supports a proposed role for these
structures in biogenesis, trafficking, or recycling of small nu-
cleoplasmic and nucleolar RNPs (reviewed in references 17,
45, 47, and 53). Importantly, the H/ACA snoRNA U17 local-
izes similarly to H/ACA proteins in HeLa cells; it is present in
both the nucleolus and CBs (M. Hebert, G. Matera, P. Pelczar,
and W. Filipowicz, unpublished results). However, it should be
noted that localization of box C/D snoRNAs in CBs, but not
box H/ACA snoRNAs, could be visualized in microinjected
Xenopus oocytes (46, 59, 60).

We have shown that, as in yeast (25), the core domain of
hGARTI contains all the signals required for proper subcellular
localization. In the absence of GAR domains, the core-GFP
hybrid protein was found in the nucleolus and CBs, but resid-

FIG. 8. Subcellular localization of hGAR1 deletion mutants. HeLa cells were transfected with plasmids expressing hGAR1 core domain fused to GFP (A,
core-GFP) or its derived N-terminal (A) and C-terminal (B) deletion mutant derivatives. Direct fluorescence from GFP-tagged constructs is shown in green (hGAR1
mutants). Fibrillarin was labeled with antifibrillarin MAb and Texas red-conjugated anti-mouse immunoglobulin G (IgG) (fibrillarin; red). Laser scanning confocal
images were merged (overlay). The A13C panel was overexpressed in order to make CBs visible. (C) Colocalization of the N-terminal core deletion mutant ASN with
ubiquitin. HeLa cells were transfected with pBcoreASN-EGFP and visualized by laser scanning confocal microscopy. Direct fluorescence from the coreASN-EGFP
deletion mutant is shown in green (A8N). Ubiquitin was visualized with anti-ubiquitin MAb and Texas red-conjugated anti-mouse IgG (ubiquitin; red). Confocal images
were merged (overlay). Identical results were obtained with HeLa cells transfected with either pBcoreA6N-EGFP or ppcoreA14N-EGFP (data not shown). Bars, 10 pum.
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FIG. 9. Association of core-GFP mutant derivatives with U17 snoRNP.
HelLa cells were transfected with plasmids expressing either core-GFP, or A3N,
A9C, A13C, and A20C deletion mutants. Proteins extracts were separated by
SDS-PAGE and analyzed by Western blotting using anti-GFP MAbs (A) or they
were incubated with anti-GFP beads and immunoprecipitated RNAs were ana-
lyzed by an RNase A/T1 protection assay using a U17-specific RNA probe (B).
Protein and DNA size markers are indicated on the left.

ual staining in the nucleoplasm and cytoplasm indicates that
GAR domains help in targeting the protein to, or retaining it
in, its functional sites. It is noteworthy that GAR domains are
found in many nucleolar proteins and might be required for
optimal nucleolar targeting or retention. Additional deletions
in the core domain revealed that the GPP motif at the N-
terminal border of the core domain is required for proper
folding and nucleolar localization. Removal of this motif in-
duced the formation of aggresomes, a protein misfolding re-
sponse that is activated when the proteasome is overwhelmed
(20, 32, 79). An active transport mechanism is required for
localization of GAR1 (25); since the GPP tripeptide is strictly
conserved among Eucarya, this motif might be required at
some stage during the cytosol-to-nucleolus itinerary.
Conserved motifs at the C-terminal border of the core do-
main are also required for proper targeting and accumulation
in the nucleolus and CBs. Indeed, deletion of the RFLP motif,
which is strictly conserved among Eucarya, impaired accumu-
lation, but not targeting, of the A13C mutant derivative in the
nucleolus. This protein could, however, accumulate in CBs.
The RFLP motif might be required for function and/or inter-
action with other nucleolar components; in its absence, defec-
tive snoRNPs could be rejected and targeted to CBs for recy-
cling (53). This view is in agreement with the observation that
nucleolar targeting of dyskerin in microinjected mammalian
cells precedes accumulation in CBs (28). Moreover, the nucle-
olar and CB protein Nopp140, which associates with H/ACA
and C/D snoRNPs and which has been proposed to act as an
snoRNP chaperone, also accumulates in the nucleolus prior to
associating with CBs (30, 80). Immunoprecipitation experi-
ments indicated that the coreA13C mutant derivative interacts
with the U17 snoRNP. In contrast, the A20C mutant deriva-
tive, which is missing an additional motif (KLLPL), did not
coprecipitate with U17 RNA and did not accumulate in the
nucleolus or CBs. Thus, the conserved C-terminal motifs play
an important role in assembly and localization of H/ACA
snoRNPs. Our results further suggest that mutant proteins
need to bind snoRNP before entering the nucleolus and CBs.
Alternatively, it is possible that RNP binding occurs in the
nucleolus and that proteins that fail to enter the nucleolus
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cannot form RNPs. However, we favor the former scenario
since it is very likely that snoRNP assembly is concomitant with
snoRNA transcription in the nucleoplasm (8, 66).

Bagni and Lapeyre (2) have shown that yeast Garlp specif-
ically binds H/ACA box snoRNAs snR10 and snR30 in vitro.
The N-terminal half of the core domain is absolutely essential
but not sufficient for this interaction to take place; it addition-
ally requires the presence of either one of the GAR domains or
the C-proximal half of the core domain. Based on the yeast
Garlp mutagenesis studies (2), the hGAR1 mutant derivatives
A9C and A13C are unlikely to retain the potential to bind
RNA. The ability of these mutant derivatives to associate with
the U17 snoRNP may, therefore, indicate that protein-protein
contacts rather than binding to RNA are responsible for the
association of hGARI1 with the particle. Investigation of the
RNA-binding potential of hGARI1 and other H/ACA proteins
and of interactions between individual components of H/ACA
snoRNPs will be important for a better understanding of the
assembly and function of these particles.
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