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Architecture and assembly of mammalian H/ACA
small nucleolar and telomerase ribonucleoproteins
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Mammalian H/ACA small nucleolar RNAs and telomerase
RNA share common sequence and secondary structure
motifs that form ribonucleoprotein particles (RNPs) with
the same four core proteins, NAP57 (also dyskerin or in
yeast Cbf5p), GAR1, NHP2, and NOP10. The assembly and
molecular interactions of the components of H/ACA RNPs
are unknown. Using in vitro transcription/translation in
combination with immunoprecipitation of core proteins,
UV-crosslinking, and electrophoretic mobility shift assays,
we demonstrate the following. NOP10 associates with
NAP57 as a prerequisite for NHP2 binding. Although
NHP2 on its own binds RNA nonspecifically, this NAP57-
NOP10-NHP2 core trimer specifically recognizes H/ACA
RNAs. GARI1 associates independently with NAP57 near
the pseudouridylase core of mature H/ACA RNPs. In con-
trast to other RNPs whose assembly is initiated by protein—
RNA interactions, the four H/ACA core proteins form a
protein-only particle that associates with H/ACA RNAs.
Nonetheless, functional H/ACA snoRNPs assembled in
cytosolic extracts are stable and do not exchange their
RNA components, suggesting that new particle formation
requires de novo synthesis.
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Introduction

Modification of ribosomal and spliceosomal small nuclear
RNAs is essential for proper function of ribosomes in transla-
tion and of spliceosomes in pre-mRNA splicing, respectively
(Yu et al, 1998; Bonnerot et al, 2003; King et al, 2003). In
eucaryotes, such RNA modifications and, in the case of pre-
ribosomal RNA, also some processing steps are mediated
by hundreds of small nucleolar ribonucleoprotein particles
(snoRNPs). Based on conserved secondary structure and
sequence elements of their small nucleolar RNAs
(snoRNAs), two major classes of snoRNPs can be distin-
guished, H/ACA and C/D. H/ACA snoRNPs primarily
mediate site-specific pseudouridylation and C/D snoRNPs
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2'-O-methylation of their target RNAs (for reviews, see
Bachellerie and Cavaille, 1997; Smith and Steitz, 1997;
Tollervey and Kiss, 1997; Decatur and Fournier, 2003). Each
H/ACA snoRNP consists of the same four core proteins and a
different snoRNA, which guides modification by site-directed
base pairing (Ganot et al, 1997; Ni et al, 1997; Henras et al,
1998; Lafontaine et al, 1998; Watkins et al, 1998). In fact, the
core particle of H/ACA snoRNPs, comprising the proteins
NAP57, GAR1, NHP2, and NOP10 and an H/ACA snoRNA, is
sufficient for site-specific pseudouridylation of ribosomal
RNA (rRNA) in vitro (Wang et al, 2002).

In addition to H/ACA snoRNAs, mammalian telomerase
RNA (hTR in humans), required for replicating telomeres,
ends in an H/ACA motif and associates with the same four
core proteins to form an H/ACA RNP (Mitchell et al, 1999a, b;
Dragon et al, 2000; Pogacic et al, 2000; Dez et al, 2001). This
H/ACA domain of hTR appears solely required for stability
and proper 3’-end processing of the RNA, as no substrate for
pseudouridylation has been identified (Mitchell et al, 1999a)
and as synthetic substrates complementary to the putative
pseudouridylation pockets of the H/ACA domain failed to be
modified in vitro (unpublished observation).

The four H/ACA core proteins are evolutionarily highly
conserved, as documented by the existence of orthologs in
yeast and archaea (Meier and Blobel, 1994; Henras et al,
1998; Watkins et al, 1998; Watanabe and Gray, 2000;
Rozhdestvensky et al, 2003). All four proteins are concen-
trated in the nucleoli and Cajal bodies of every cell (Girard
et al, 1992; Meier and Blobel, 1994; Henras et al, 1998;
Pogacic et al, 2000). As judged from depletion studies in
yeast, all proteins are essential for viability and, with the
exception of GARI1, are required for the stability of H/ACA
RNPs (Bousquet-Antonelli et al, 1997; Henras et al, 1998;
Lafontaine et al, 1998; Watkins et al, 1998; Dez et al, 2001).

NAP57, originally identified in yeast as CbfSp and also
known as dyskerin in mammalian cells, is apparently the
enzyme of H/ACA snoRNPs that catalyzes the isomerization
of uridines to pseudouridines (Jiang et al, 1993; Meier and
Blobel, 1994; Heiss et al, 1998; Lafontaine et al, 1998). This is
based on its homology to proven eubacterial pseudouridine
synthases and the severe defects in pseudouridylation caused
by point mutations introduced in the catalytic domain of
Cbf5p (Meier and Blobel, 1994; Nurse et al, 1995; Zebarjadian
et al, 1999). The gene encoding human NAP57, DKCI, is
mutated in the X-linked form of the bone marrow failure
syndrome dyskeratosis congenita (DC) (Heiss et al, 1998). DC
is a rare genetic disorder characterized by the triad of skin
pigmentation, nail dystrophy, and mucosal leucoplakia, and
by a predisposition to malignancy in rapidly dividing tissues
(for recent reviews, see Dokal and Vulliamy, 2003; Marrone
and Mason, 2003). Patient cells exhibit reduced levels of
telomerase RNA and shortened telomeres, suggesting telo-
merase deficiency as the molecular basis for the disease
(Mitchell et al, 1999b). However, a mouse model faithfully
replicates the phenotype of the disease in the absence of any
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telomere defects, but with reduced levels of rRNA pseudour-
idylation (Ruggero et al, 2003). Altogether, DC mutations in
NAP57 may, in general, affect the stability/function of H/ACA
RNPs, of both small nucleolar and telomerase RNPs (Meier,
2003).

GAR1 (~25kDa), NHP2 (~22kDa), and NOPI10
(~10kDa) are smaller proteins of unknown function. GAR1
consists of a central core domain flanked by two glycine-
arginine-rich (GAR) domains (Girard et al, 1992). The core
domain of yeast Garlp is sufficient for viability and binds in
vitro to two H/ACA snoRNAs (Girard et al, 1994; Bagni and
Lapeyre, 1998). NHP2 is homologous to the ribosomal pro-
tein L30 and to the 15.5K/NHP2L1 protein (Snul3p in yeast)
shared between C/D snoRNPs and U4 spliceosomal small
nuclear RNPs (Henras et al, 1998; Watkins et al, 1998, 2000;
Nottrott et al, 1999). Unlike its homologs, NHP2 does not
bind to a specific RNA motif, but associates nonspecifically
with RNA secondary structures (Henras et al, 2001). NOP10,
although conserved like the other core proteins, contains no
known motifs and measures only 64 amino acids (Henras
et al, 1998).

Despite this detailed knowledge of the individual core
components of H/ACA RNPs and the established importance
of each component for the integrity of the particles, it remains
completely elusive how these proteins interact with each
other or the H/ACA RNA and how they are assembled.
Here we report the in vitro assembly of H/ACA RNPs from
individual components and delineate a protein-protein and
protein—-RNA interaction and assembly map. Furthermore,
we investigate the impact of NAP57 mutations on H/ACA
RNP assembly.

Results

Pseudouridylation target uridines UV-crosslink to
NAP57 and GAR1

We previously showed that purified H/ACA snoRNP core
particles consisting of NAP57, GAR1, NHP2, NOP10, and an
H/ACA snoRNA were sufficient for faithful pseudouridylation
of short site-specifically **P-labeled rRNA substrates (Wang
et al, 2002). To probe the catalytic core of these H/ACA
snoRNPs by UV-crosslinking, we replaced by 4-thiouridine
the site-specifically labeled uridine corresponding to nucleo-
tide 4380 in human 28S rRNA. Incubation under assay
conditions of this 4-thiouridine-substituted substrate with
immunopurified H/ACA snoRNPs and exposure to 365nm
UV light resulted in two prominent **P-labeled bands when
analyzed by SDS-PAGE and autoradiography (Figure 1A, lane
1). After digestion of the crosslinked adducts by RNase A,
they migrated faster, equivalent to positions of NAP57 and
GAR1 (Figure 1A, lane 2). Identical incubation and UV
irradiation of a substrate that was not 4-thiouridine substi-
tuted but otherwise identical yielded no 3?P-labeled bands,
confirming that crosslinking occurred through 4-thiouridine
(not shown). When these experiments were repeated with the
same substrate, but with the adjacent uridine (nucleotide
4379 in human 28S rRNA, which is not subject to pseudour-
idylation) substituted by *?P-labeled 4-thiouridine, phosphor-
imaging revealed 2.7- and 4.5-fold less crosslinking of the
lower and upper bands, respectively. These data demonstrate
that crosslinking is sensitive to the position of the 4-thiour-
idine in the substrate.
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Figure 1 Pseudouridylation target uridine UV-crosslinks to NAP57
and GARI. (A) Immunopurified box H/ACA snoRNPs were incu-
bated with a site-specifically *?P-labeled and 4-thiouridine-substi-
tuted short rRNA substrate (corresponding to the site targeted by
snoRNA E3) and UV irradiated. The proteins and crosslinked RNAs
were eluted from protein A-sepharose beads and analyzed by 15%
Tricine SDS-PAGE and autoradiography before (lane 1) and after
RNase A treatment (lane 2). (B) After elution with SDS (lane 1), the
proteins were re-precipitated in the presence of Triton X-100 with
NAP57 (lanes 2 and 3) and GARI1 antibodies (lanes 4 and 5). The
supernatants (lanes 2 and 4) and pellets (lanes 3 and 5) were
analyzed as in (A). (C) The same as lane 1 in (B), but with a
substrate corresponding to the site targeted by snoRNA U65. The
migration positions of NAP57, GAR1, an NAP57 breakdown product
(asterisk), and the molecular weight markers are indicated.

The identity of the two crosslinked bands as NAP57 and
GAR1 was confirmed by precipitation with antibodies to the
respective protein (Figure 1B). After UV-crosslinking, the
immunopurified H/ACA snoRNPs (lane 1) were eluted by
SDS denaturation, the SDS quenched by Triton X-100, and the
proteins precipitated from the supernatants (lanes 2 and 4) by
antibodies against NAP57 (lane 3) and GAR1 (lane 5). The
precipitation of exclusively the upper and lower bands in
each case confirmed their identity. The identity of NAP57 was
further supported by the presence of a minor crosslink to a
band migrating slightly below NAPS57 (Figure 1C, asterisk), at
the position of a NAP57 breakdown product that was routi-
nely observed in immunopurified H/ACA snoRNPs (Wang
et al, 2002). Importantly, identical crosslinking to NAP57 and
GAR1 was observed, with a different 4-thiouridine-substi-
tuted substrate representing position 4363 in human 28S
rRNA and whose pseudouridylation was guided by H/ACA
snoRNA U65 (Figure 1C). Altogether, these data provided
direct support that NAP57 is the pseudouridine synthase of
H/ACA snoRNPs and that GAR1 also forms part of the
catalytic core.

A protein-only core complex

Although the minimal composition of active H/ACA snoRNPs
consists of only five components, nothing is known about the
interactions between them. Since expression in bacteria and
baculovirus of NAP57 yielded only denatured protein (data
not shown), we used in vitro transcription/translation in
rabbit reticulocyte lysate and subsequent immunoprecipita-
tion to delineate the interactions between the four core
proteins. When programmed with the individual cDNAs of
the four core proteins, transcription/translation in the pre-
sence of >*S-methionine yielded one major protein band each,
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which migrated at the expected position (Figure 2A). All four
proteins were also efficiently synthesized when their cDNAs
were added simultaneously (Figure 2B, lane 1).
Immunoprecipitation with anti-NAP57 peptide antibodies
from the mixture of the four labeled proteins precipitated
NAPS57 (Figure 2B, lane 2) and removed it from the super-
natant (compare lanes 4 and 5). Note that, for unknown
reasons, immunoprecipitated NAP57 migrated more slowly,
as multiple bands or a smear in our gel system (e.g., lane 2,
vertical bar). In addition to NAP57, NHP2 and NOP10 were
co-precipitated (lane 2). GAR1 was not always detectable in
NAPS7 precipitates (see below). Precipitation was specific
because it was competed for by excess free NAP57 peptide
against which the antibodies were raised (lane 3).
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To dissect the association of the individual core proteins
with NAP57, various combinations were expressed
(Figure 2C, lanes 1-5) and precipitated with NAP57 antibo-
dies (lanes 6-10). As a control, fibrillarin, a core protein of C/
D snoRNPs, was included in all translations, but was absent
from all precipitates (lanes 6-10). None of the other proteins
was precipitated in the absence of NAP57 (lane 6), but
NAPS7 alone was (lane 7). NOP10 (lane 8), but not NHP2
(lane 9) alone, co-precipitated with NAP57. Precipitation of
NHP2 required the presence of NOP10 (lane 10), suggesting
that NOP10 mediated its association with NAPS57, thereby
forming a core trimer. In seven similar NAP57 co-precipita-
tion experiments with at least two samples each, the molar
ratio of NOP10/NHP2, as determined by phosphorimaging,
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Figure 2 Immunoprecipitation of in vitro-translated snoRNP core proteins. (A) The individual cDNAs for the indicated H/ACA core proteins
were transcribed and translated in rabbit reticulocyte lysate in the presence of 3*S-methionine and analyzed by 15% Tricine SDS-PAGE and
fluorography. (B) All four H/ACA core proteins were co-translated (lane 1) and precipitated with NAP57 peptide antibodies in the absence
(lanes 2 and 4) and presence (lanes 3 and 5) of free competing peptide. Compared to the input (lane 1), twice the amount of pellets (lanes 2 and
3) and supernatants (lanes 4 and 5) were loaded. Note the anomalous migration of immunoprecipitated NAP57 (vertical bar). (C) H/ACA core
proteins and fibrillarin as control were co-translated in various combinations and precipitated with NAP57 antibodies. The input (lanes 1-5)
and the precipitates from 10-fold more (lanes 6-10) are shown. (D) Immunoprecipitations of various combinations of NAP57, NHP2, and HA-
NOP10 with HA antibodies. The input (odd lanes) and precipitates (even) are shown, respectively. (E) NAPS57 precipitates of different
combinations of H/ACA core proteins including GAR1. (F) NAP57 precipitation in the presence of all core proteins was performed before (lanes
1 and 2) or after RNase A treatment (lanes 3 and 4). The input (odd lanes) and precipitates (even lanes) are shown. The migrating positions of

molecular weight markers are indicated for each panel.
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was 2.0+0.7 (n=32). This further supported the NAP57
binding of NHP2 being NOP10 dependent and raised the
possibility that there are two NOP10, and possibly NAP57,
per one NHP2 in each core trimer.

For further analysis of this core trimeric complex, NOP10
was HA-tagged and precipitated with HA antibodies in the
presence or absence of NAP57 and/or NHP2 (Figure 2D).
HA-NOPI10 itself (lane 3) was efficiently precipitated (lane 4),
but none of the other proteins (lane 1) were present in the
pellet in its absence (lane 2), documenting specificity. Trace
amounts of NHP2 alone (lane 5) were co-precipitated with
HA-NOP10 (lane 6), suggesting a weak interaction. However,
NAP57 alone (lane 7) co-precipitated (lane 8, vertical bar),
confirming the NAP57-NOP10 connection. When all three
proteins were present (lane 9), HA-NOPI10 efficiently precipi-
tated NHP2 in addition to NAP57 (lane 10), confirming
that both NAP57 and NOPI10 are required for tight NHP2
binding.

For unknown reasons, GAR1 was not always detected
in NAP57 precipitates, but was observed consistently within
experiments where it occurred, for example, when excess
NAP57 was used (Figure 2E). Note the many NAP57-derived
background bands when NAPS57 alone was precipitated (lane
1). All four proteins, including GAR1, were precipitated with
NAP57 (lane 2), and GARI1, but not NHP2, co-precipitated
with NAP57 when just the two proteins were added (lane 3).
NHP2, as determined above, required NOP10 for co-precipita-
tion (lane 4). Importantly, GAR1 precipitated with NAPS57
alone (lane 5), indicating a GAR1-NAPS57 interaction inde-
pendent of NOP10 and NHP2.

We noted that the in vitro-translated GAR1 migrated as a
doublet in the 15% Tricine SDS-PAGE system (e.g., Figure 2F,
lane 3) and wondered if one of the two forms might prefer-
entially associate with NAP57. GAR1 is known to be asym-
metrically dimethylated on the arginine residues of its amino-
and carboxy-terminal glycine/arginine-rich repeats (Frankel
and Clarke, 1999; Xu et al, 2003), and the two bands could
represent the methylated and unmethylated forms of GARI.
Indeed, addition of S-adenosyl methionine, the methyl donor
for arginine methylation, and/or of recombinant protein
arginine methyl transferase (PRMT1) converted the faster-
migrating GAR1 band into the slower one (data not shown).
These results indicated that there was some PRMT]1 activity
present in reticulocyte lysate, but insufficient for full methy-
lation of GAR1. GARI association with NAP57, however, was
unaffected or equally variable, whether its arginines were
dimethylated or not (data not shown), consistent with the
finding that a yeast GAR1 mutant without GAR domains
functionally complemented a GARI1-depleted strain (Girard
et al, 1994).

Since the four core proteins are usually associated with
RNA, we tested if any of the RNAs in reticulocyte lysate might
be involved in the observed complex formation (Figure 2F).
For this purpose, the lysate was treated with RNase A after
expression of the labeled proteins, but before precipitation
with NAP57 antibodies. All four core proteins, but not
fibrillarin, were precipitated regardless of prior incubation
with RNase A (Figure 2F, compare lanes 2 and 4). In
summary therefore, these co-precipitation data argue for a
protein-only complex of the four H/ACA core proteins, con-
sisting of a NAP57-NOP10-NHP2 core trimer and GARI,
associated with NAP57 (see Figure 0).
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Effect of NAP57 mutations on core protein complex
formation

NAP57 is an evolutionary highly conserved protein contain-
ing a pseudouridylase domain (TruB) in its amino terminus
and a pseudouridine synthase/archaeosine transglycosylase
(PUA) domain in its carboxy-terminal half (Figure 3A;
Aravind and Koonin, 1999). An aspartate residue in the
TruB domain, corresponding to D126 in rat NAP57, appar-
ently catalyzes the reaction by forming a covalent enzyme-
substrate intermediate (Huang et al, 1998; Gu et al, 1999;
Hoang and Ferre-D’Amare, 2001). The carboxy terminus of
NAP57 stands out by its high charge density, mostly due to a
large number of lysine residues (Jiang et al, 1993; Meier and
Blobel, 1994). One of the hot spots of missense mutations in
the DKCI gene encoding human NAPS57 is exon 3 (for re-
views, see Dokal and Vulliamy, 2003; Marrone and Mason,
2003). In this exon, we selected the evolutionarily most
highly conserved phenylalanine F37 in rat NAP57 and chan-
ged it to valine, which apparently causes DC in family
DCRO026 (Heiss et al, 1998).

We generated HA-tagged full-length, partial, and mutated
NAP57 constructs following the above characteristics, and
tested them for complex formation with the other core
proteins in our in vitro translation/immunoprecipitation
assay (Figure 3B). Incubation of the in vitro-translated pro-
teins (Figure 3B, lane 1) with antibodies directed against the
HA tag precipitated full-length HA-NAP57, NOP10, NHP2,
and some GARI, but not fibrillarin (lane 2), as was the case
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Figure 3 Co-immunoprecipitation of H/ACA core proteins with HA-
NAPS57 and derivatives. (A) Schematic representation of HA-tagged
(HA) NAP57 and derived constructs with the highly conserved
pseudouridylase (TruB) and pseudouridine synthase/archaeosine
transglycosylase domains (PUA), the lysine clusters (KK), and point
mutations (asterisks) highlighted. (B) HA-NAP57 and derivatives
were co-translated with the other H/ACA core proteins and fibrillar-
in as described in the legend to Figure 2 and precipitated with anti-
HA antibodies. Odd lanes correspond to input and even lanes to
precipitates. The HA-tagged NAP57 derivatives are (amino acids in
parentheses): HA-NAPS7 (full-length, 1-509); -AC (1-466); -N half
(1-259); C half (252-466); F37V, point mutation detected in a family
with X-linked DC; D126A, point mutation of the aspartate required
for pseudouridylase activity. The positions of the HA-NAP57 con-
structs are marked (asterisks).
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for untagged NAP57 (see Figure 2). While no difference in
NAPS57-associated proteins was observed when its lysine-rich
C-terminus was missing (lane 4), none of the core proteins
were present in the precipitates of the NAP57 amino- or
carboxy-terminal halves alone (lanes 6 and 8). Further-
more, generation of the DC mutation F37V or catalytic inacti-
vation of NAPS57 by mutating aspartate 126 to alanine
(D126A) had no apparent effect on core complex formation
(lanes 10 and 12). Therefore, major structural alterations
in NAP57, but not point mutations that were catalyti-
cally inactivating or associated with DC, interfered with its
association with the other H/ACA core proteins.

Specific interaction of H/ACA sno- and telomerase RNAs
with core proteins

Having established a protein-only complex of the core
proteins, we investigated their association with H/ACA
snoRNAs. First, we tested the RNA binding of recombinant
NHP2 by electrophoretic mobility shift analysis, because its
relative 15.5K/NHP2L1 of C/D snoRNPs binds to a conserved
motif in C/D snoRNAs with high specificity (Watkins et al,
2000). Indeed, increasing amounts of GST-NHP2 fusion
protein yielded an increased mobility shift of *P-labeled H/
ACA snoRNA E3 (Figure 4A). While excess unlabeled E3
snoRNA competed for the E3 gel shift (Figure 4B, lanes 1 and
2), the C/D snoRNA U3 competed even better (lanes 3 and 4),
suggesting nonspecific binding of GST-NHP2 to E3. This
interaction was not due to the GST moiety of our construct
because GST-NOP10 did not bind E3 (Figure 4C, compare
lanes 2 and 3). In addition, GST-NHP2 bound even more
efficiently to the stem-loop structure formed by the 3’ un-
translated region (3’ UTR) of a yeast mRNA (Chartrand et al,
1999), confirming its nonspecific RNA interaction (Figure 4C,
lanes 4 and 5). These data with mammalian NHP2 are
entirely consistent with the RNA-binding ability of yeast
Nhp2p, as detailed elegantly by Henras et al (2001).

Using NAP57 antibodies in our in vitro translation/immu-
noprecipitation assay, we tested if the context of the other H/
ACA core proteins would alter the specificity of NHP2-RNA-
binding (Figure 4D). Indeed, 3*P-labeled H/ACA snoRNA E3,
but not C/D snoRNA U3, precipitated with the 3°S-methio-
nine-labeled core complex (Figure 4D, lanes 2 and 5). To
assay if H/ACA snoRNAs aided in NAP57-NHP2 interaction
and what the minimal protein complex for their association
was, E3 was incubated with a combination of core proteins
(Figure 4E, lanes 1-4). E3 only co-precipitated with the
NAP57-NOP10-NHP2 trimer (Figure 4E, lane 8), but not
with NAP57 alone or in combination with either protein
(lanes 5-7). Furthermore, GAR1 was not required for RNA
binding (compare lanes 2 and 8 in Figure 4D and E, respec-
tively). To test if the NAP57-NOP10-NHP2 trimer was re-
sponsible for the specificity of H/ACA snoRNA binding, the
three proteins were precipitated in the presence of other 3*P-
labeled RNAs (Figure 4F). Neither C/D snoRNA U3 that
competed for GST-NHP2 binding nor the mRNA 3’ UTR
that bound efficiently to GST-NHP2 alone co-precipitated
with the trimer (Figure 4F, lanes 1 and 2, and 6 and 7,
respectively). However, human telomerase RNA (hTR),
which ends in an H/ACA element, precipitated efficiently
with the trimer (Figure 4F, lanes 3-5). Therefore, the core
protein trimer NAP57-NOP10-NHP2 is responsible for the
specific association of H/ACA RNAs.
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Finally, we investigated if the above-described NAP57
point mutations (see Figure 3) would affect the association
of H/ACA RNAs with the trimer (Figure 4G). The DC muta-
tion F37V showed no apparent reduction in binding of E3
(Figure 4G, lanes 2 and 3) or hTR (lanes 6 and 7). However,
in the context of the trimer, the catalytically inactivated
mutant (D126A) precipitated both RNAs less efficiently
than wild type (Figure 4G, lanes 4 and 8). When quantitated
by phosphorimaging relative to the amount of precipitated
NHP2, the D126A-containing trimer bound only 37% of E3
snoRNA and 49% of hTR compared to that with wild-type
HA-NAP57. Note, as previously reported (Mitchell et al,
1999a), transcription of hTR yielded two bands, and despite
gel purification of the upper (Figure 4F, lane 5, and 4G,
lane 5) the lower band reappeared during incubation
and also associated with the trimer, suggesting a folding
variant (Figure 4F, lane 4, and 4G, lanes 6-8). In control
experiments, the C/D snoRNA U3 did not bind to core
complexes containing wild type or mutant HA-NAP57 con-
structs (data not shown). In summary, the D126A point
mutation of NAPS57 affected H/ACA RNA association but
not core trimer formation.

Assembly of active and stable H/ACA snoRNPs
Although we apparently assembled intact H/ACA snoRNPs
with all four in vitro-translated core proteins and an H/ACA
snoRNA, no or only minimal pseudouridylase activity could
be observed towards a cognate rRNA substrate (data not
shown). This was most likely caused by the low amount of
reconstituted snoRNPs and the variable association of GAR1
with them. Nevertheless, we had previously noticed that
addition of exogenous H/ACA snoRNA to nuclear lysates
boosted the pseudouridylase activity of these extracts above
endogenous levels, suggesting the presence of assembly
competent snoRNP core proteins or core complexes (Wang
et al, 2002). Similarly, addition of H/ACA snoRNAs to nuclear
extracts yielded snoRNP assembly, as analyzed by mobility
shift assay (Dragon et al, 2000). We reasoned that cytosolic
extracts might contain even more RNA-free core proteins.
Indeed, addition of the H/ACA snoRNA E3 to inactive cyto-
solic S-100 extracts (Figure 5A, lane 1) yielded high pseu-
douridylase activity towards the E3 cognate rRNA substrate
(lane 2), while addition of a different H/ACA snoRNA, E2,
failed to reconstitute this activity (lane 3). As E3 itself is
inactive (Wang et al, 2002), it apparently assembled into an
active snoRNP together with the core proteins in the extract.
To test for the specificity of this assembly, we added
together with E3 an excess of a different H/ACA (E2) and
C/D (U3) snoRNA and assayed for pseudouridylase activity
towards the E3 cognate rRNA substrate (Figure 5B). While E2
competed for the assembly and therefore activity (Figure 5B,
lanes 2 and 3), U3 had only marginal effects (lanes 4 and 5).
To monitor directly snoRNP assembly under these conditions,
E3 snoRNA was uniformly 3*P-labeled and snoRNP incor-
poration assayed by electrophoretic mobility shift analysis, as
described previously (Dragon et al, 2000). One broad major
shift was observed under these conditions (Figure 5C, lane
1), which was competed for by excess unlabeled E2 (lanes 2
and 3) but not U3 (lanes 4 and 5), as observed in the activity
assay (Figure 5B). That at least NHP2, but not fibrillarin, was
part of the RNP identified by mobility shift was confirmed by
supershift analysis (Figure 5D, lanes 2 and 3). Antibodies to
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Figure 4 Electrophoretic mobility shift assay of *P-labeled RNA with recombinant NHP2 (A-C) and co-immunoprecipitation of **P-labeled
RNA with in vitro-translated H/ACA core proteins (D-G). (A) Radiolabeled H/ACA snoRNA E3 was incubated with increasing amounts of
purified, bacterially expressed GST-tagged NHP2 and analyzed by 4% native polyacrylamide gel electrophoresis and autoradiography. (B) Same
as in (A) but in the presence of either unlabeled H/ACA snoRNA E3 (lanes 1 and 2) or C/D snoRNA U3 (lanes 3 and 4) at a 200- and 1000-fold
molar excess (odd and even lanes, respectively). (C) Gel shift analysis of H/ACA snoRNA E3 (lanes 1-3) and of the stem-loop forming 3" UTR
of the Ash1 mRNA (lanes 4 and 5) in the absence of protein (lanes 1 and 4), the presence of recombinant GST-NHP2 (lanes 2 and 5), or of GST-
NOP10 (lane 3). (D) The H/ACA core proteins and fibrillarin were co-translated in the presence of **P-labeled H/ACA snoRNA E3 (lanes 1-3)
and C/D snoRNA U3 (lanes 4-6) and precipitated with NAP57 antibodies as described in the legend to Figure 2. The input (lanes 1 and 4), the
precipitates (lanes 2 and 5), and the labeled snoRNAs alone (lanes 3 and 6) are shown. (E) Same as in (D), except that only various
combinations of the core trimer proteins and fibrillarin were used in the presence of >*P-labeled E3. The input (lanes 1-4) and the respective
NAPS57 precipitates (lanes 5-8) are depicted. (F) Co-precipitation of C/D snoRNA U3 (lanes 1 and 2), the H/ACA telomerase RNA hTR (lanes
3-5), and the 3’ UTR (see €; lanes 6-8) with the H/ACA core trimer. The input (lanes 1, 3, and 6), the NAP57 precipitates (lanes 2, 4, and 7),
and the RNAs alone (lanes 5 and 8) are shown. (G) Co-precipitation of the H/ACA RNAs E3 (lanes 1-4) and hTR (lanes 5-8) with HA-NAP57
and derivatives (see Figure 3A) in the context of the core trimer. The RNAs alone (lanes 1 and 5) and the HA-antibody precipitates (lanes 2-4
and 5-8) are depicted. The position of the HA-NAP57 constructs is indicated (vertical lines).
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Figure 5 Assembly of functional E3 H/ACA snoRNPs in cytosolic extracts. (A) In vitro pseudouridylase assay. Autoradiograph of a thin-layer
chromatogram of uridine (Up) and pseudouridine (¥p) liberated from a short site-specifically **P-labeled rRNA substrate (corresponding to the
sequence modified by E3) after incubation with cytosolic S-100 extracts that had been incubated prior with unlabeled H/ACA snoRNAs E3 (lane
2) and E2 (lane 3) or no RNA (lane 1). The amount of pseudouridine produced is expressed as percent of uridine and pseudouridine combined.
(B) Same as in (A), except that all extracts were first incubated with E3 in the presence of H/ACA snoRNA E2 (lanes 2 and 3) and C/D snoRNA
U3 (lanes 4 and 5) in 10- and 100-fold molar excess (lanes 2 and 4, and 3 and 5, respectively). (C) Electrophoretic mobility shift analysis of 32P-
labeled H/ACA snoRNA E3 after incubation with cytosolic S-100 extracts (lane 1) in the presence of unlabeled H/ACA snoRNA E2 (lanes 2 and
3) and C/D snoRNA U3 (lanes 4 and 5) in 10- and 1000-fold molar excess (lanes 2 and 4, and 3 and 5, respectively). The migrating position on
the native gel of the labeled E3 snoRNA and the newly formed snoRNP is indicated on the autoradiograph. Note that most of E3 is degraded in
the extracts unless incorporated into a snoRNP. (D) Same as lane 1 in (C), except that antibodies against the proteins indicated on top were
added during snoRNP formation. Note the supershift with antibodies to NHP2 (lane 2). (E) Same as (C), except that unlabeled H/ACA snoRNA
E2 was added before (lanes 2 and 3) or after (lanes 4 and 5) snoRNP formation in 10- and 1000-fold molar excess (lanes 2 and 4, and 3 and 5,
respectively).

NOP10 failed to shift the band (Figure 5D, lane 1). This was Discussion
possibly caused by masking of the epitope by NHP2 and
NAPS7 or by a lack of binding of these antibodies under the Using in vitro assays, we delineate the molecular interactions
assay conditions. of the five core components of H/ACA sno- and telomerase
To investigate if the core proteins associated with one RNPs, NAP57, NOP10, NHP2, GAR1, and the RNA. The
snoRNA can switch to a different snoRNA, for example, to identified protein-protein and protein-RNA interactions sug-
modify another site, we tested if unlabeled H/ACA snoRNA gest the following assembly path for these particles (Figure 6).
competed for snoRNP assembly when added after incubation NOP10 associates with NAPS7 as a prerequisite for binding of
with labeled E3 in our gel shift assembly assay (Figure 5E). NHP2 and consequent core trimer formation. GAR1 indepen-
When added before or simultaneously with labeled E3, un- dently associates with NAP57 at a yet to be determined point
labeled E2 competed for assembly (Figure SE, lanes 2 and 3) during or after trimer formation. This assembly of a protein-
but not when added after (lanes 4 and 5). Thus, functional H/ only particle consisting of all four H/ACA core proteins likely
ACA snoRNPs, once formed, are stable and unable to ex- occurs in the cytoplasm because nuclear import of GARI,
change their snoRNAs, suggesting that new particle forma- NHP2, and NOP10 appears to depend on their association
tion requires de novo synthesis. with NAPS57, which is the only core protein containing

©2004 European Molecular Biology Organization The EMBO Journal VOL 23 | NO 8 12004 1863



H/ACA ribonucleoprotein particle assembly
C Wang and UT Meier

GAR1

— -

Core trimer

c

y

t

o

p

| Protein-only
: core complex
m

N H/ACA RNA
u

c

|

e

u

s

H/ACA RNP

Aca®

Figure 6 Schematic of H/ACA RNP assembly pathway and intra-RNP molecular interactions. The schematic is based on results from this study
as explained in detail in the text. The sizes of proteins are depicted in approximate scale to their molecular weight.

functional classic nuclear localization signals (Girard et al,
1994; Meier and Blobel, 1994; Heiss et al, 1999; Youssoufian
et al, 1999; Pogacic et al, 2000). The protein-only core
complex then enters the nucleus, where it associates with
H/ACA RNAs to form functional and stable core particles
with NAP57 and GAR1 situated at the pseudouridylation
pockets of the H/ACA RNA hairpins. It will be interesting to
determine where in the nucleus RNA binding occurs, for
example, in the nucleoli or Cajal bodies, the major sites of H/
ACA RNP accumulation, or at the sites of H/ACA RNA
transcription and processing.

X-linked DC is mainly caused by missense mutations in the
NAP57 gene. As NAP57 is part of an RNP, these mutations
can be expected to affect the structure and function of the
entire particle. This is best illustrated by depletion studies
with its yeast ortholog Cbf5p, which leads to the depletion of
all H/ACA snoRNAs and of Garlp, presumably by destabili-
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zation of the particle, and to a loss of rRNA pseudouridyla-
tion (Lafontaine et al, 1998). Indeed, cells from X-linked DC
patients show reduced levels of the H/ACA RNA hTR and
shortened telomeres (Mitchell et al, 1999b). Our in vitro
assembly system allowed us to differentiate between effects
of NAP57 missense mutations on protein-protein or on
protein-RNA interactions. We investigated two mutations,
one observed in a family with DC (F37V) and the other that
inactivates the pseudouridylase activity by replacing an as-
partate in the catalytic center (D126A). The latter was shown
in yeast to abolish TRNA pseudouridylation and to lead to a
reduced level of H/ACA snoRNAs (Zebarjadian et al, 1999).
While neither of the mutations appeared to interfere with
assembly of the protein-only core complex (Figure 3B), the
D126A mutation significantly reduced H/ACA RNA associa-
tion (Figure 4G). Although only a single DC mutation has
been identified in the highly conserved pseudouridylation
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domain of NAP57 (Knight et al, 1999), this result documents
that NAP57 missense mutations can affect protein-RNA
interactions in the RNP and could thereby cause reduced
levels of H/ACA RNAs. Furthermore, these observations
indicate that, in addition to NHP2, NAP57 participates in
binding to H/ACA RNAs. While the effect of DC mutations in
NAP57 may be subtler than the D126A exchange, for exam-
ple, in the case of F37V, our assay will now allow testing the
effects on RNP integrity of all other DC mutations identified
in NAP57.

The established interactions in H/ACA RNPs could be
direct or indirect because our studies in reticulocyte lysate
cannot rule out participation of an intrinsic factor. However,
several observations suggest that the interactions are direct.
Based on Western blots with NAP57 antibodies (not shown)
and on the fact that the observed interactions entirely depend
on the exogenously translated proteins, for example, there is
no intrinsic NOP10 to mediate NHP2-NAPS57 interaction
(Figure 4E, lane 7), reticulocyte lysate does not contain H/
ACA snoRNPs or its precursors. As documented by purifica-
tion of functional snoRNPs, the majority of H/ACA RNPs
consist of exclusively the five core components and no
additional factors (Wang et al, 2002). The same defined
composition of core particles was previously determined in
purified yeast H/ACA snoRNPs (Liibben et al, 1995; Henras
et al, 1998; Watkins et al, 1998). A direct interaction between
NAPS57 and GARL1 is also consistent with the identification of
Cbf5p, the yeast NAP57 ortholog, in a yeast two-hybrid
screen with Garlp as bait (Henras et al, 1998).
Furthermore, genetic depletion studies of the evolutionaily
conserved yeast H/ACA snoRNP core proteins support the
association map defined in this work (Figure 6). Thus,
depletion of any of the three trimer proteins, but not of
GAR1, results in a specific loss of H/ACA snoRNAs and
GAR1 (Henras et al, 1998; Lafontaine et al, 1998;
Watkins et al, 1998). In yeast cells therefore, the trimer
also appears to provide the platform for RNA and GAR1
binding. In summary, although additional factors may
function during biogenesis of H/ACA snoRNPs, for
example, Shqlp, Naflp, Rntlp, and/or Rvb2p in yeast
(King et al, 2001; Dez et al, 2002; Fatica et al, 2002;
Tremblay et al, 2002; Yang et al, 2002), the molecular inter-
actions defined in this study for mature H/ACA particles
appear to be direct.

The stoichiometry of the individual components of H/ACA
core particles remains to be established. Several arguments
suggest that each H/ACA RNA assembles with a complement
of two of each of the core proteins (Figure 6, pathway A).
Eucaryotic H/ACA RNAs are characterized by two hairpins,
both of which can contain pseudouridylation pockets and
consequently both require the pseudouridylase NAP57 and
GARI1, which we located near the catalytic core by UV-cross-
linking. Purified yeast H/ACA snoRNPs exhibit a two-domain
structure by electron microscopy and their derived molecular
weight accommodates two copies of each core protein and
one snoRNA (Liibben et al, 1995; Watkins et al, 1998).
Moreover, many trypanosomal and archaeal H/ACA
snoRNAs possess only a single hairpin, indicating that the
full complement of core proteins can bind to a single hairpin
(Liang et al, 2001; Tang et al, 2002). However, other evidence
suggests an asymmetrical distribution of core proteins
(Figure 6, pathway B). For example, the molar ratio of
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NOP10/NHP2 is close to two in all NAP57 precipitates,
indicating either the precipitation of twice as many NAP57-
NOP10 as NAP57-NOP10-NHP2 complexes or, pertinent to
the present argument, that the precipitated complex contains
only one NHP2 for every two NOP10 and NAP57, that is,
(NAP57-NOP10),-NHP2.  Although eucaryotic H/ACA
snoRNAs are structurally and functionally symmetrical with
two equivalent hairpins followed each by a conserved H
(ANANNA) or ACA (ANA) motif, mutation of either element
abolishes pseudouridylation guided by both hairpins
(Bortolin et al, 1999). This suggests the presence of a
common factor, for example, NHP2, that anchors two pseu-
douridylases, one for each hairpin. Asymmetrical binding of
one NHP2 per H/ACA RNA despite two symmetrical structur-
al and sequence elements would mirror the asymmetric
binding of its homolog 15.5K/NHP2L1 to symmetrical C/D
snoRNAs (Cahill et al, 2002; Weinstein Szewczak et al, 2002).
Finally, it is possible that both pathways (Figure 6A and B)
coexist in eucaryotic cells as not all H/ACA RNAs and for that
matter RNPs may be created equally. For example, not all
snoRNAs are affected equally by the depletion of individual
core proteins in yeast (Henras et al, 1998, 2001). Additionally,
U17 and hTR differ from other H/ACA RNAs in that their 3’
hairpins alone, unlike those of E3 and E2, are sufficient to
compete for RNP assembly in the nuclear extract (Dragon
et al, 2000). These data are consistent with our finding that
the 3’ hairpin of E3, with or without the H box, failed to be
precipitated by the core trimer (data not shown).

Although the core trimer is required for the specificity of
H/ACA RNA recognition, mostly NHP2 appears responsible
for binding. For example, NHP2 alone binds RNA nonspeci-
fically and a protein of its mobility UV crosslinks most
prominently to H/ACA RNAs in in vitro-assembled snoRNPs
(this study; Dragon et al, 2000; Henras et al, 2001). Moreover,
NHP2 apparently evolved from the archaeal L7Ae, which is
also the common ancestor of the 15.5K/NHP2L1 and the
ribosomal L30 proteins and which binds specifically to K-turn
motifs of individual hairpins in archaeal H/ACA RNAs
(Rozhdestvensky et al, 2003). Since typical K-turn motifs
are apparently absent from eucaryotic H/ACA RNAs
(Rozhdestvensky et al, 2003), NHP2 may have lost its RNA-
binding specificity during evolution but regained it by team-
ing up with NAP57 and NOP10. This RNA binding of NHP2
appears to occur at a distance from the target uridine, which
was efficiently crosslinked to NAP57 and GAR1 but not to
NHP2.

While crosslinking of the target uridine to NAP57 could be
anticipated because NAP57 had been identified as the puta-
tive pseudouridylase of H/ACA snoRNPs, crosslinking to
GAR1 was not. It is not clear if the crosslink to GAR1 occurred
in the same substrate conformation as that to NAP57, or if
there are two conformations, one that brings the target
uridine closer to the enzyme and one that has it situated
closer to GARI. Either way, GAR1 may serve as a clamp to
hold the substrate RNA in place. Such a model is supported
by the requirement of GAR1 for snoRNP association with
higher order structures in yeast nucleoli (Bousquet-Antonelli
et al, 1997). Our system now allows further dissecting if
and how mutations in NAP57 or the other core proteins
and H/ACA RNAs affect their molecular interactions,
which apparently lie at the heart of the molecular mechanism
of DC.
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Materials and methods

In vitro transcription

All RNAs were transcribed using a T7-MEGA shortscript transcrip-
tion kit (Ambion, Austin, TX) and gel purified as described
previously (Wang et al, 2002). For labeling purposes, [o->*P]-UTP
was included in the reaction. The DNA templates for the respective
RNAs were constructed as follows: rat E3 and E2 snoRNAs were
previously described (Wang et al, 2002); hTR under the T7
promoter was amplified from pGRN33 (Feng et al, 1995; from
Geron, Menlo Park, CA) using primers U250 and U251 (for primer
sequences, see Supplementary Table I); rat U3 snoRNA and the 3’
UTR of yeast Ashl mRNA were generated by linearizing U3pSP64 (a
kind gift from Susan Baserga) with Rsal and pRS168 (Long et al,
2000) with HindIll, respectively.

For all other methods, see Supplementary data.
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