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Abstract
Among eukaryotic organisms a vast majority of Box H/ACA ribonucleoproteins (RNPs) are
responsible for the post-transcriptional introduction of pseudouridine (Ψ) into ribosomal RNAs
(rRNA) and spliceosomal small nuclear RNAs (snRNA), thus influencing protein translation and
pre-mRNA splicing, respectively. Additionally, a few distinct Box H/ACA RNPs are involved in the
processing of rRNA, and the stabilization of vertebrate telomerase RNA. Thus, whether directly or
indirectly, Box H/ACA RNPs impact major steps of gene expression, as well as play a role in
maintaining genome integrity. Box H/ACA RNPs each consist of a unique Box H/ACA RNA and a
set of four common core proteins. While the RNA component is responsible for dictating site-
specificity, the four core proteins impact numerous aspects of RNP function including both stability
and catalytic potential. Interestingly, mutations have been identified in the core proteins of the Box
H/ACA RNP, resulting in a rare inherited bone marrow failure syndrome referred to as dyskeratosis
congenita. This review discusses our current understanding of the roles of the protein components
of the Box H/ACA RNP, and provides a framework to understand how mutations in the Box H/ACA
RNP contribute to disease pathology.
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Introduction
Recent years have seen an increase in the number of noncoding RNAs identified, as well as an
expansion of the known processes noncoding RNAs participate in (Mattick and Makunin
2006). Box H/ACA RNAs are one of the largest classes of noncoding RNA, and are present
in all eukaryotes and archaea (Dennis and Omer 2005; Yu et al. 2005; Terns and Terns
2006). Throughout evolution, Box H/ACA RNAs have acquired the ability to engage in a range
of cellular processes, including the formation of pseudouridine residues, ribosomal RNA
(rRNA) processing, as well as the proper maintenance of telomeric DNA (Kiss 2002; Terns
and Terns 2002; Meier 2005; Yu et al. 2005). Box H/ACA RNAs reside within
ribonucleoprotein complexes (RNPs) each consisting of, in addition to one unique Box H/ACA
RNA, several core proteins. For the vast majority of Box H/ACA RNPs, i.e., those responsible
for pseudouridylation, a set of four common core proteins suffices to form a functionally
competent RNP (Baker et al. 2005; Charpentier et al 2005; Meier et al 2005; Yu et al. 2005;
Terns and Terns 2006).

Structural and Functional Variation Among the Box H/ACA RNPs
The fundamental building block of a Box H/ACA RNA consists of an imperfect hairpin
structure followed immediately by a single stranded region containing either the variant
sequence 5′-ANANNA-3′ (Box H, where N is any nucleotide) or the trinucleotide 5′-ACA-3′
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(Box ACA) (Balakin et al. 1996; Ganot et al. 1997; Ni et al. 1997; Terns and Terns 2006).
Residing within each hairpin is a large internal loop (Figure 1). Structural disparities exist
among Box H/ACA RNAs of different functional classes allowing for unique interactions with
substrates and proteins, ultimately impacting both localization and function (Eliceiri 2005;
Meier 2005; Terns and Terns 2006).

Box H/ACA sno/scaRNAs direct site-specific pseudouridylation
Most Box H/ACA RNPs are involved in the posttranscriptional conversion of uridine to
pseudouridine (Figure 2) (Yu et al. 2005;Meier 2005;Terns and Terns 2006). The structure of
archaeal Box H/ACA RNAs which guide pseudouridylation varies, consisting of one to three
hairpins (Dennis and Omer 2005) (Figure 1); whereas eukaryotic Box H/ACA RNAs contain
two hairpins that are uniquely arranged to form a two-domain “hairpin-hinge-hairpin-tail”
structure (Tang et al. 2002;Yu et al. 2005;Terns and Terns 2006;Reichow et al. 2007). Box H/
ACA RNPs involved in directing site-specific pseudouridylation recognize their substrates
through base-pairing interactions between the internal loop sequence (the guide sequence) of
the Box H/ACA RNA and two short stretches of sequences within the substrate that flank the
target uridine (Figure 1). The target uridine is positioned at the base of the upper-stem, which
is 14–16 nucleotides upstream of either Box H or Box ACA and is left unpaired, remaining
accessible for isomerization (Yu et al. 2005). Box H/ACA RNPs that are involved in the
pseudouridylation of rRNA are localized to the nucleolus (snoRNPs; small nucleolar RNP)
whereas the RNPs that guide pseudouridylation of spliceosomal snRNAs are primarily
localized within Cajal bodies (scaRNPs; small cajal-body specific RNP) (Kiss 2002). While
nucleolar targeting requires an intact Box H and Box ACA, the retention of Box H/ACA RNPs
within the Cajal body requires an additional sequence element referred to as the CAB box (5′-
UGAG-3′) located in the apical loop of either hairpin (Lange et al. 1999;Narayanan et al.
1999;Ruhl et al 2000,Richard et al. 2003). In 2006, Fu and Collins demonstrated that the Sm
proteins, SmB and SmD3, are necessary for Cajal body retention and their interaction with
scaRNAs depends on the CAB box (Fu and Collins, 2006).

Telomere maintenance requires a Box H/ACA RNA
Vertebrate telomerase is a specialized Box H/ACA RNP responsible for the addition of
telomeric DNA repeats onto the ends of eukaryotic chromosomes (Mitchell et al. 1999; Collins
2000; Meier 2005; Terns and Terns 2006). While the 5′ half of telomerase RNA (TR) contains
a large pseudoknot domain as well as the template region, the 3′ half adopts the hairpin-hinge-
hairpin-tail structure of eukaryotic Box H/ACA RNAs. Interestingly, the Box H/ACA domain
of TR is essential for TR accumulation, 3′ end processing and nuclear trafficking (Mitchell et
al. 1999; Lukowiak et al. 2001; Fu and Collins 2003; Jady et al. 2004). Furthermore, TR has
been shown to localize to cajal bodies, and this localization is similarly dependent on SmB and
SmD3, as well as a CAB box within TR (Jady et al. 2004; Zhu et al. 2004, Fu and Collins
2007). It should be noted that while TR contains a Box H/ACA domain, in vitro data indicates
that TR is not capable of pseudouridylating a synthetic substrate complementary to the internal
loops of the TR hairpins (Meier 2005).

Box H/ACA RNAs direct rRNA cleavage
In eukaryotic organisms, a few Box H/ACA RNAs are also involved in the processing of rRNA
(Meier 2005; Terns and Terns 2006; Eliceiri 2006). The Box H/ACA RNAs E1/U17/snR30,
snR10, E2 and E3, are all required for efficient pre-rRNA processing/maturation. In particular,
the function of snR30 is essential for cell viability (Morrissey and Tollervey 1993; Mishra and
Eliceiri 1997; Atzorn et al. 2004; Eliceiri 2006). Some Box H/ACA RNAs functioning in rRNA
maturation adopt a secondary structure completely unique from the other Box H/ACA RNAs.
This structural deviation is exemplified by E1/U17. For instance, E1 RNA contains two stem-
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loops within its 5′ half, a stem-loop structure within the hinge region, and a double stranded 5′
terminus (Selvamurugan et al. 1997, Eliceiri 2006).

Box H/ACA RNAs of unknown function
Within the past decade a new class of Box H/ACA RNA has been defined. Through size
fractionation of RNAs and co-immunoprecipitation with antibodies against Box H/ACA core
proteins, numerous small RNAs have been identified in mice and humans that are predicted to
fold into the typical “hairpin-hinge-hairpin-tail” structure and assemble into RNPs
(Hüttenhofer et al. 2001; Vitali et al. 2003; Kiss et al. 2004). Initially these RNPs were
presumed to function as site-specific pseudouridine synthases; however, careful inspection of
the Box H/ACA RNA guide sequences failed to identify complementarity to any of the known
stable non-coding RNAs, i. e., rRNAs, snRNAs, and tRNAs (Hüttenhofer et al. 2001; Vitali
et al. 2003; Kiss et al. 2004). Thus, these RNAs have been dubbed “orphan Box H/ACA RNAs”.
While it is possible that these orphan RNAs may participate in a function yet to be ascribed to
Box H/ACA RNAs, a role for them in directing pseudouridylation of mRNA, or some yet to
be discovered noncoding RNA, has not been ruled out. In this regard, it has been reported that
HBII-52, a Box C/D RNA (a separate class of small non-coding RNA responsible for guiding
RNA 2′-O-methylation using a Box C/D RNA and a distinct set of four core proteins, see Yu
et al. 2005 for a discussion of Box C/D RNPs) displays sequence complementarity with the
Vb exon of the serotonin receptor 5-HT2CR (Cavaille et al. 2000). Indeed, Kishore and Stamm
(2006) were able to detect an interaction between HBII-52 and a 5-HT2CR mini-gene.
Strikingly, although it is not yet clear as to whether the target nucleotide in the mRNA is
modified, this interaction affected the pattern of alternative splicing for this pre-mRNA
transcript (Kishore and Stamm 2006). It is particularly exciting to speculate that some orphan
Box H/ACA may play similar roles in the regulation of gene expression.

H/ACA RNP Core Proteins
All Box H/ACA RNAs examined to date, including the telomerase RNA, assemble with an
evolutionarily conserved set of four core proteins (Kiss 2002; Meier 2005; Terns and Terns
2006). In S. cerevisiae, these proteins are: Cbf5p (Dyskerin in humans, NAP57 in rats, and
Nop60B in drosophila), Gar1p, Nhp2p (L7Ae in archaea) and Nop10p (Henras et al. 1998;
Watkins et al. 1998; Dragon et al. 2000; Pogacic et al. 2000; Watanabe and Gray 2000;
Rozhdestvensky et al. 2003; Wang and Meier 2004). All core proteins are essential for cell
viability (Bousquet-Antonelli et al. 1997; Henras et al. 1998; Lafontaine et al. 1998; Watkins
et al. 1998; Dez et al. 2001). To date, the core proteins have been characterized primarily in
the context of Box H/ACA RNAs that directs pseudouridylation (See below).

Cbf5p is the Box H/ACA RNP Pseudouridylase
Cbf5p was first identified in S. cerevisiae as a low affinity centromere binding protein that is
essential for cell viability (Jiang et al. 1993). The following year, Meier and Blobel identified
NAP57 as a protein that interacts with Nopp140, a nucleolar phosphoprotein of 140kD,
expected to play a role in ribosome biogenesis (Meier and Blobel 1994). Excitingly, NAP57
was found to be 71% identical and 85% homologous to yeast Cbf5p, as well as having
homologues in prokaryotic organisms (p35, E. coli; Bsp35, B. subtilis) (Figure 3). Through
immunofluorescence and immunoelectron microscopy NAP57 was localized to the dense
fibrillar component of the nucleolus and cajal bodies. Localization of NAP57 to the nucleolus,
as well as an interaction with Nopp140, led to the proposition that NAP57 (and yeast Cbf5p)
may function as a chaperone during the process of ribosome assembly.

A major break in elucidating the function of both Cbf5p and NAP57 occurred when E. coli
p35 was identified as TruB, the pseudouridine synthase responsible for Ψ55 formation in
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virtually all elongator tRNAs (Nurse et al. 1995; Becker et al. 1997). Shortly thereafter, it was
shown that Cbf5p was associated with Box H/ACA RNAs, and that point mutations within
conserved residues led to a loss of rRNA pseudouridylation (Lafontaine et al. 1998; Zebarjadian
et al. 1999). Interestingly, around a similar time it was also shown that the X-linked form of
dyskeratosis congenita (X-DC), a rare bone marrow failure syndrome, was the result of a
mutation within the DKC1 gene, the human homologue of NAP57 and Cbf5p (Heiss et al
1998; Knight et al. 1999).

The fact that Cbf5p shares high homology with the pseudouridine synthase TruB, and that a
point mutation in Cbf5p globally abolishes the formation of pseudouridines in rRNAs strongly
suggests that Cbf5p is a pseudouridine synthase associated with Box H/ACA RNPs
(Zebarjadian et al. 1999). Detailed analysis indicates that Cbf5p contains a catalytic domain
which is common to all known pseudouridine synthases, as well as a carboxyl-terminal PUA
(pseudouridine synthase and archaeosine transglycosylase) domain, which is common to most
TruB related pseudouridine synthases (Hamma and Ferre-D’Amare 2006; Terns and Terns
2006; Reichow et al. 2007). Mutation of a strictly conserved aspartic acid residue positioned
within the active site abolishes the pseudouridine synthase activity of both TruB and Cbf5p
(Ramamurthy et al. 1999; Zebarjadian et al. 1999; Reichow et al. 2007)

While the catalytic mechanism appears to be conserved among pseudouridine synthases,
structural comparisons between TruB and archeal Cbf5p (aCbf5p) suggest distinct modes of
substrate recognition (Hamma et al. 2005; Hamma and Ferre-D’Amare 2006; Manival et al.
2006; Rashid et al. 2006; Terns and Terns 2006; Reichow et al. 2007). In fact, two peptide
segments that are involved in TruB’s recognition of tRNA are not present in aCbf5p. The loss
of these peptide segments maybe compensated for by a highly electropositive surface potential
of both the catalytic face and PUA domain of aCbf5p, which is indicative of their playing a
role in substrate RNA binding (Rashid et al. 2006; Reichow et al. 2007). In addition, the
recognition of substrate RNAs by Box H/ACA RNPs is aided by the fact that each RNP is
associated with a unique Box H/ACA RNA, which is complementary to the substrate RNA.

Additional Core Proteins
While Cbf5p and its homologues are probably the most well studied proteins of the Box H/
ACA RNP, three additional core proteins, namely Gar1p, Nhp2p, and Nop10p, are important
constituents as well. Gar1p is a small basic protein consisting of two glycine-arginine-rich
(GAR) domains flanking either side of a central core domain (Girard et al. 1992). Interestingly,
the Gar1p core domain alone is sufficient for cell viability, and is capable of binding Box H/
ACA RNAs in vitro (Bagni and Lapeyre 1998; Girad et al. 1994). However, structural analysis
of a Box H/ACA RNP suggests that Gar1p does not engage in interactions with the Box H/
ACA RNA (Li and Ye 2006) (see below).

Nhp2p (nonhistone protein) is similarly a small basic protein and shares sequence homology
with the ribosomal protein L30 and 15.5K/NHP2L1 (Snu13 in yeast), which is present in both
Box C/D RNPs and U4 snRNPs (Henras et al. 1998; Watkins et al. 1998, 2000; Nottrott et al.
1999; Leung and Lamond 2002; Meier 2005; Terns and Terns 2006,). While Nhp2p has not
been extensively investigated, recent fluorescence data suggests that L7Ae, Nhp2p’s archeal
homologue, may aid in the placement of the target uridine within the active site of the Box H/
ACA RNP (Liang et al. 2007).

Nop10p is the smallest of the core proteins, consisting of only 64 amino acids (Henras et al
1998). While Nop10p is conserved across species and is essential for cell viability, it contains
no recognizable or known motifs. Interestingly, in vitro analysis indicates that Nop10p and
Cbf5p are sufficient to achieve basal levels of enzymatic activity when in the presence of a
Box H/ACA RNA and a complementary substrate RNA (Charpentier et al. 2005). However,
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pseudouridylase activity is stimulated in the presence of the other core proteins (Charpentier
et al. 2005).

Beyond the Core Components of the Box H/ACA RNP
As discussed earlier, Box H/ACA RNPs are involved in a range of cellular processes. Thus, it
is extremely likely that specific functional classes of Box H/ACA RNPs interact with distinct
subsets of proteins, in addition to the four core proteins, allowing further diversification of Box
H/ACA RNPs (in addition to the diversity imposed by the different Box H/ACA RNAs). In
fact, the catalytic subunit of telomerase—reverse transcriptase—is one such protein (Meier
2005; Terns and Terns 2006). Reverse transcriptase, while associated with the telomerase RNP,
is associated with neither the Box H/ACA RNPs involved in RNA pseudouridylation, nor the
Box H/ACA RNPs involved in rRNA processing. Furthermore, yeast snR30 and Xenopus
oocyte E1, both of which are involved in rRNA processing, have been shown to co-purify and
crosslink, respectively, with a number of uncharacterized proteins (Lübben et al. 1995; Smith
et al. 2005). However, the identification and function of these proteins have remained elusive.

Structural Analysis of the core proteins of Box H/ACA RNP
In recent years a large amount of attention has been devoted to determining the three-
dimensional architecture of Box H/ACA RNPs involved in pseudouridylation. This has been
due in large part to the development of techniques allowing for the in vitro reconstitution of
catalytically active archeal sRNPs (Charpentier et al. 2005). Thus far, structural information
has been gathered exclusively on the archeal Box H/ACA RNP core proteins, while their
eukaryotic homologues have, for the most part, escaped crystallographic analysis.

The recent crystallographic analyses of the complexes of archaeal Box H/ACA RNP core
proteins, including heterodimeric aCbf5p-aNop10p complexes from both Methanococcus
jannaschii and Pyrococcus abyssi, as well as a heterotrimeric aCbf5p-aNop10p-aGar1p
complex from Pyrococcus furiosus, have provided a wealth of information regarding the
molecular interactions that hold the proteins together, as well as how the individual proteins
contribute to the process of RNA pseudouridylation (Hamma et al. 2005; Manival et al.
2006; Rashid et al. 2006; Reichow et al. 2007; Ye 2007).

Structural comparisons between P. furiosus Cbf5p and E. coli TruB revealed structural
homology with a root mean square deviation (r.m.s.d.) of 1.3 Å for 191 Cα atoms (Manival et
al. 2006; Rashid et al. 2006). The active sites of the two enzymes superimpose closely, and
residues involved in catalysis are all present in equivalent locations. However, several
differences were observed between aCbf5p and TruB. Most striking was the lack of two
stretches of 17 amino acids in aCbf5p. In TruB, these two segments are present in the thumb-
loop domain which is involved in binding the substrate tRNA. In place of the thumb-loop
domain, aCbf5p contains a β7/β10 hairpin loop, which is positioned within a similar location
in the active site (Hamma et al. 2005; Manival et al. 2006; Rashid et al. 2006; Terns and Terns
2006; Reichow et al. 2007; Ye 2007). Furthermore, several basic residues form two regions
flanking the active site, and are also distributed across the catalytic face and PUA domain.
These data hinted at distinct modes of substrate recognition for TruB and Cbf5p (as mentioned
previously) (Hamma et al. 2005; Manival et al. 2006; Rashid et al. 2006; Terns and Terns
2006).

aNop10p folds into an elongated two-domain structure when in complex with aCbf5p. The N-
terminal half, which consists of a zinc-coordinating ribbon domain, coordinates a single zinc
molecule by four conserved cysteines and is connected to a C-terminal alpha helix via a linker
region (Hamma et al. 2005; Manival et al. 2006; Rashid et al. 2006; Terns and Terns 2006;
Reichow et al. 2007; Ye 2007). The linker region is the most highly conserved region of
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aNop10p and engages in several interactions with aCbf5p along a motif required for the stability
of pseudouridine synthases (Koonin 1996; Reichow et al. 2007). The ability of aNop10p to
form this elongated structure is dependent on its interaction with aCbf5p, as aNop10p alone
appears to be intrinsically disordered (Terns and Terns 2006). Interestingly, yeast Nop10p, as
well as other eukaryotic Nop10p, lack zinc coordination. This corroborates the fact that
mutations within the N-terminal domain of archaeal Nop10p, which are predicated to disrupt
zinc binding, do not affect its function in vitro (Charpentier et al. 2005). Furthermore, while
yeast Nop10p lacks zinc coordination, it can assemble with archaeal Cbf5p, indicating that
zinc coordination does not play a significant role in this interaction and that their mechanism
of interaction is conserved from archaea to eukaryotes (Hamma et al. 2006).

Structural characterization of Box H/ACA protein complexes has also provided information
regarding Gar1p. aGar1p folds into a compact six-stranded β-barrel structure, and interacts
with aCbf5p at the site opposite to that engaged in binding with aNop10p (Li and Ye 2006;
Rashid et al. 2006). aGar1p and aNop10p are separated by a distance of ~20Å in the aCbf5p-
aGar1p-aNop10p complex. The fact that aGar1p does not make contact with aNop10p is in
line with biochemical evidence that indicates independent interactions between aNop10p and
aCbf5p, and aGar1p and aCbf5p (Baker et al. 2005). Interestingly, the β7/β10 hairpin loop of
aCbf5p, which is thought to be involved in substrate recognition, is disordered when aCbf5p
is not bound by aGar1p (Hamma et al. 2006; Terns and Terns 2006). This suggests that while
aGar1p does not interact with the substrate RNA, aGar1p’s interaction with aCbf5p promotes
structural rearrangements that are critical for the proper recognition of substrate RNAs and
provides an explanation for the requirement of aGar1p for full enzymatic activity.

The structure of the complete Box H/ACA RNP
In 2006 Li and Ye published the first crystal structure of a complete Box H/ACA RNP at 2.3
Å resolution (Figure 4b). The structure is comprised of the four core proteins, aCbf5p, aGar1p,
aNop10p, and L7Ae from P. furiosus bound to a 65 nucleotide single hairpin Box H/ACA
RNA from Archaeoglobus fulgidus. Their structure closely resembles that of the aCbf5p-
aNop10p-aGar1p structure, with an r.m.s.d. of 0.69 Å over 420 Cα atoms. The structure of the
complete Box H/ACA RNP resembles that of an equilateral triangle with aCbf5p’s catalytic
domain positioned in the center. aGar1p, L7Ae (Nhp2p in eukaryotes), and the PUA domain
of aCbf5p constitute the three corners. aNop10p is sandwiched between L7Ae and aCbf5p.

All the core components, excluding aGar1p, are observed making contacts with the Box H/
ACA RNA. The upper stem of the hairpin is bound simultaneously by aNop10p, L7Ae, and
aCbf5p, while the lower stem and the ACA motif are recognized by the PUA domain of aCbf5p.
The two conserved adenines of the ACA motif are involved in extensive interactions, both
aromatic and hydrogen bonding, with aCbf5p. Furthermore, numerous interactions are
observed between the minor groove of the lower stem and the PUA domain, providing an
explanation for the importance of maintaining a lower stem for the proper functioning of a Box
H/ACA RNP. The tethering of aCbf5p by aNop10p and L7Ae to the apical stem, as well as
the interactions of the aCbf5p PUA domain with the ACA motif and lower stem, positions the
catalytic domain of aCbf5p over the pseudouridylation pocket. Thus, aNop10p, L7Ae and the
PUA domain of aCbf5p can be seen as serving the purpose of forming a molecular bracket
(Reichow et al. 2007; Ye 2007). This provides a structural explanation for the distance of 14–
16nt from the Box H or Box ACA motifs to the nucleotide targeted for pseudouridylation (see
above).

As mentioned earlier, crystallographic data suggests aGar1p plays a role in substrate
recognition through the stabilization of the β7/β10 hairpin of aCbf5p (Rashid et al. 2006). In
the crystal structure reported by Li and Ye, aGar1p makes a series of additional contacts with
aCbf5p which are not observed in the heterotrimeric aCbf5p-aNop10p-aGar1p complex.
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Interestingly, when a substrate RNA was modeled into the complete Box H/ACA RNP
structure, the additional contacts observed between aGar1p and aCbf5p orient the β7/β10
hairpin of aCbf5p in such a way as to prevent an interaction with the substrate (Li and Ye
2006, Reichow et al. 2007). However, if the β7/β10 hairpin is situated as in the heterotrimeric
complex, it is positioned ideally for substrate recognition. Thus, it seems plausible that aGar1p
is involved in regulating substrate loading and release through the stabilization of alternate
conformations (Reichow et al. 2007).

In 2007 Liang et al. reported the crystal structure of a P. furiosus Box H/ACA RNP in complex
with a substrate RNA, in the absence of L7Ae (Figure 4b). The structure indicates that upon
the formation of the duplex between the Box H/ACA RNA and substrate RNA, several
interactions are established between the duplex and conserved residues of aCbf5p, two of
which, His63 and His80, are strictly conserved. Interestingly, a S121G mutation in dyskerin
associated with X-DC, affects the amino acid directly adjacent to the amino acid corresponding
to Pf Cbf5p His80.

While the structure reported by Liang et al. contained a substrate RNA, the uridine nucleotide
targeted for pseudouridylation was ~11Å from the catalytic aspartate residue. Thus, the authors
suggest that L7Ae plays a role in target RNA placement within active site, as L7Ae is missing
from their structure and the target nucleotide is too far for modification. In line with this notion,
fluorescence studies aimed at addressing local conformational changes near the target uridine
indicate that upon titration of L7Ae into a preformed aCbf5p-aNop10p-aGar1p-guide RNA-
substrate complex, significant changes in fluorescence intensity were observed indicating
substantial conformational changes near the target uridine (Liang et al 2007).

Dyskeratosis Congenita (DC)
The functional importance of Box H/ACA RNPs is exemplified by the fact that mutations
within core components of the RNP are associated with dyskeratosis congenita (DC). DC is a
both clinically and genetically heterogeneous disease (Kirwan and Dokal 2007). Patients often
display a variety of features, which include, but are not limited to, mucocutaneous
abnormalities, bone marrow failure and an increased risk for the development of specific
cancers (Kirwan and Dokal 2007; Vulliamy and Dokal 2007). Genetically, DC can be inherited
in three fashions (Meier 2005; Kirwan and Dokal 2007). The first is an X-linked manner and
is the most frequent and severe form of the disease. A positional cloning approach identified
the gene responsible for X-DC as dyskerin (DKC1) (Heiss et al. 1998). DC can also be
transmitted genetically in an autosomal dominant pattern, and mutations within the RNA
component of telomerase (TR) have been identified as being responsible for this form of the
disease (Vulliamy et al. 2001). Lastly, DC can be inherited in an autosomal recessive fashion.
While there are likely several loci responsible for this form, recently Walene et al. (2007)
identified mutations within Nop10p as being responsible for a specific subtype.

While a variety of mutations exist which result in DC, most occur within DKC1. The vast
majority of mutations are missense mutations; however, a C-terminal truncation, intronic
mutations, and mutations within the promoter have all been reported (Knight et al. 1999,
2001; Vulliamy et al. 1999; Salowsky 2002; Meier 2005). Strikingly, mutations in the protein-
coding sequences tend to cluster within two locations: an N-terminal region outside of any
conserved motifs, and in the PUA domain. Three mutations have been mapped within the
catalytic domain as well (Li and Ye et al 2006). While explaining how mutations outside of
conserved domains result in DC is rather difficult, mutations within the catalytic domain would
be expected to result in a decrease, or even loss of, the ability to carry out the pseudouridylation
reaction. Likewise, mutations in the PUA domain would be expected to alter binding of
dyskerin to the Box H/ACA RNA, resulting in a similar defect in pseudouridylation.
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Puzzlingly, however, when mutations within the PUA domain of dyskerin are modeled into
the structure provided by Li and Ye, they do not overlap with regions of Cbf5p involved in
binding to the lower stem or the ACA motif (Li and Ye 2006). However, one X-DC mutation,
S121G, affects an amino acid adjacent to a conserved histidine engaged in interactions with
the substrate RNA/target RNA duplex. Whether these mutations overlap with the binding sites
for dyskerin will have to await structural characterization of the eukaryotic Box H/ACA RNP.
On the other hand, given that dyskerin/Cbf5p is also a component of telomerase and a
component of the Box H/ACA RNPs involved in rRNA processing, mutations in dyskerin may
affect telomere maintenance and rRNA maturation, respectively, thus linking the telomerase
defect and rRNA processing defect to DC (see below). A crystal structure of the core proteins
of the Box H/ACA RNP complexed with the telomerase RNA or a Box H/ACA RNA involved
in rRNA maturation should help to clarify the effects of dyskerin mutations on telomere
maintenance and rRNA maturation.

Molecular Mechanism of DC remains unclear
Analyses of patient cell lines as well as mouse models of DC have identified defects in
numerous cellular processes including rRNA modification, rRNA processing, as well as in the
maintenance of telomeric DNA (Mitchell et al. 1999b; Ruggero et al. 2003; Mochizuki et al.
2004). The initial discovery that dyskerin is a component of the telomerase RNP led to the
general belief that DC was primarily a result of telomere dysfunction (Mitchell et al.
1999,a,b; Vulliamy et al 2001; Meier 2005). However, as discussed previously, Box H/ACA
RNPs participate in a range of cellular processes including the pseudouridylation of rRNA and
rRNA processing. Furthermore, it is becoming increasingly clear that defects in rRNA
pseudouridylation and rRNA processing have profound effects on protein synthesis (King et
al. 2003; Liang et al 2007). In line with the notion that rRNA modification and processing
defects contribute to disease pathology, a hypomorphic dyskerin mouse model exhibits the
hallmark symptoms of DC in the first generation, while no effect on telomere length was
observed (Ruggero et al. 2003). However, these mice did display a significant reduction in
rRNA pseudouridylation, as well as defects in

rRNA processing (Ruggero et al 2003). Furthermore, using an unbiased proteomic approach,
Yoon et al. (2006) showed in the same hypomorphic dyskerin mouse model that internal
ribosome entry site (IRES) meditated translation was impaired. Importantly, they showed that
impaired cap-independent translation reduced cellular levels of the tumor suppressor p27
(Kip1), offering some explanation for the observed predisposition to cancer in DC individuals
(Yoon et al. 2006). Lastly, Mochizuki et al. (2004) introduced two dyskerin mutations, G402E
and A353V, which are commonly observed in X-DC, into murine embryonic stem (ES) cells.
Both cell lines exhibited reduced levels of specific Box H/ACA RNAs, as well as a reduction
in rRNA pseudouridylation and processing.

It is interesting to note that Box H/ACA RNPs are also responsible for the formation of
pseudouridines in the vertebrate spliceosomal U snRNAs, and that the pseudouridylation of
snRNAs is known to contribute to their function in pre-mRNA splicing (Yu et al. 2005).
However, to date, no studies have investigated whether any defects in pre-mRNA splicing exist
in DC. Thus, it is still an open question as to whether telomere shortening is the main contributor
to disease pathology. It is more likely that all of the defects observed (e.g. reduced
pseudouridylation and processing of rRNA, telomere shorting, and probably defects in pre-
mRNA splicing) contribute to disease pathology.

Concluding Remarks
Box H/ACA RNPs are incredibly diverse and complex macromolecular machines involved in
a variety of cellular processes. Within the past decade remarkable progress has been made on
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defining the structure and mechanism of action of Box H/ACA RNPs. These data have shed
light on the detailed molecular interactions that occur between the core protein components of
the Box H/ACA RNP, and have also provided information regarding Box H/ACA RNA-protein
binding and Box H/ACA RNP-substrate recognition.

While a tremendous amount of information has been gathered, numerous issues remain
unresolved. For instance, a complete understanding of how a Box H/ACA RNP recognizes its
substrate RNA can only be provided by a structural characterization of a complete Box H/ACA
RNP-substrate complex. Furthermore, our understanding of the structure and function of Box
H/ACA RNPs involved in rRNA processing and telomere maintenance is still premature. Also,
an entire class of Box H/ACA RNPs, the “orphan Box H/ACA RNPs”, is uncharacterized both
functionally and structurally. Eukaryotic Box H/ACA RNPs pose an even more challenging
situation, as currently there are no enzymatically active reconstitution systems from purified
recombinant proteins. Thus, any structure determined will be accompanied by serious doubts
as to the biological authenticity of the structure. The structural and functional characterization
of the eukaryotic H/ACA RNPs will help to unravel how their unique features are
accommodated within the RNP as well as offer insight into the nature of DC mutations.
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Figure 1.
Fundamental building block of a Box H/ACA RNA. The minimal components of Box H/ACA
RNAs are a lower stem, internal loop, upper stem, apical loop, and Box H or Box ACA. The
Box H or Box ACA is typically located 3 nucleotides upstream of the 3′ end. The internal loop
is capable of base-pairing with complementary sequences within the substrate RNA. The
uridine residue targeted for pseudouridylation (Ψ), as well as the adjacent downstream
nucleotide (N), are positioned at the base of the upper stem approximately 14–16 nucleotides
upstream of either Box H or Box ACA and are left unpaired so as to remain accessible for
isomerization.
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Figure 2.
Pseudouridine is the 5-ribosyl isomer of uridine. Pseudouridine is formed from uridine by
breakage of the glycosidic bond between N1 and C1′, 180° rotation of the base along the C6-
N3 axis, and reformation of the glycosidic bond between C5 and C1′. Pseudouridine has one
more hydrogen bond donor (d) than uridine, while hydrogen bond acceptors (a) are the same.
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Figure 3.
Yeast Cbf5p exhibits high sequence similarity to other pseudouridine synthases. Regions
directly adjacent to the catalytic aspartate residue are strictly conserved within the TruB family
of pseudouridine synthases. Grey shaded boxes represent amino acids which are strictly
conserved or conservative amino acid substitutions with respect to its column. Black underlined
letters (only apparent in the TruB of E. coli row) represent a non-similar amino acid with respect
to that column.

Karijolich and Yu Page 16

Curr Proteomics. Author manuscript; available in PMC 2009 October 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Schematic representation of a Heterotrimeric complex of the core Box H/ACA proteins and
complete Box H/ACA RNP. (A) aGar1p, aCbf5p, and aNop10p are capable of forming a trimer
in the absence of both a Box H/ACA RNA and Nhp2p. aGar1p interacts with aCbf5p opposite
the side of Nop10p (see Rashid et al. 2006 for detail). (B) A schematic composite of the two
structures provided by Li and Ye (2006) and Liang et al. (2007). The complete Box H/ACA
RNP consists of the four core proteins, a Box H/ACA RNA, and substrate RNA. Nhp2p,
Nop10p and the PUA domain of Cbf5p, are responsible for anchoring Cbf5p to the Box H/
ACA RNA, and positioning Cbf5p’s catalytic core over the target uridine. (see Li and Ye
2006, and Liang et al. 2007 for atomic structures).
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