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Abstract. Small nucleolar and Cajal body ribonucleoprotein particles (RNPs) are required
for the maturation of ribosomes and splicecosomes. They consist of small nucleolar RNA

or Cajal body RNA combined with partner proteins and represent the most complex RNA
modification enzymes. Recent advances in structure and function studies have revealed
detailed information regarding ribonucleoprotein assembly and substrate binding. These
enzymes form intertwined RNA—protein assemblies that facilitate reversible binding of the
large ribosomal RNA or small nuclear RNA. These revelations explain the specificity among
the components in enzyme assembly and substrate modification. The multiple conformations
of individual components and those of complete RNPs suggest a dynamic assembly process
and justify the requirement of many assembly factors in vivo.
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I. Introduction
[.I' RNA-guided modification

The large majority of transcribed mammalian RNA is not translated into proteins, but
rather becomes terminal gene expression products known as non-coding RNAs (ncRNAs)
(Birney ez al. 2007; Hannon et al. 2006; Matera e/ al. 2007). These ncRNAs participate in
a wide range of gene expression and regulation activities that are crucial to cell growth and
differentiation. An overwhelming number of ncRNAs act as guide RNAs in processing, chemical
modification, degradation or functional interference of other nucleic acids. This is made
possible because the guide RNAs form ribonucleoprotein particles (RNPs) with partner
proteins. The RNP enzymes use RNA for recognition of the substrate and proteins for catalysis.
From a biochemical perspective, RNA-guided enzymes comprise the most complex and fasci-
nating class of modern enzymes.

Among the intensely studied RNA-guided enzymes are small nucleolar RNPs (snoRNPs)
and small Cajal body RNPs (scaRNPs). The guide RNA component of these enzymes,
snoRNA and scaRNA found in the nucleolus and Cajal bodies, respectively, serve as guides
for protein enzymes to target site-specific modification of ribosomal RNA (tRNA) and small
nuclear RNA (snRNA). In selected cases, these enzymes also facilitate the cleavage of tfRNA
(Kiss, 2002; Kiss e al. 2006; Matera e al. 2007 ; Maxwell & Fournier, 1995; Weinstein & Steitz,
1999).

Sno/scaRNAs are divided into two major types — box C/D and box H/ACA — according to
their conserved secondary structural features and their associated modification reactions. The box
C/D sno/scaRNAs serve as guides for site-specific 2'-O-methylation, whereas the box H/ACA
sno/scaRNAs as guides for pseudouridylation of RNAs (Balakin ez a/. 1996; Kiss-Laszlo ez al.
1996) (Fig. 1).

The reaction mechanisms of 2-O-methylation and pseudouridylation have been studied
extensively and much has been learned (Foster et a/ 2000; Gu et al. 1999; Hamma &
Ferre-D’Amare, 2006; Huang ez al 1998; Phannachet e a/ 2005; Santi, 2000; Spedaliere
et al. 2004). In the methyltransfer reaction, the thio-methyl group of the methyl donor,
S-adenosyl-L-methionine (SAM), is transferred to the 2-OH group with the conversion
of SAM to S-adenosyl-L-homocysteine (SAH) (Fig. 1a). Pscudouridine synthases catalyze
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Fig. 1. The two major modification reactions catalyzed by RNP modification enzymes: (4) 2'-O-methyla-
tion (box C/D RNPs) and () isomerization of uridine (pseudouridylation) (box H/ACA RNPs).

isomerization of uridine in which the N-glycosidic bond of the targeted uridine is first
cleaved and the base is rotated and then reattached through its C-glycosidic bond (Fig. 1b).
The resulting isomet, pseudouridine (W), occurs most frequently than any other modified
nucleotides and is known as the ‘fifth nucleotide’ following the four primary nucleotides, A,
G, C and U. Together, the box C/D RNPs and box H/ACA RNPs facilitate the most
abundant modification reactions in functional RNAs. In archaea, homologs of sno/scaRNAs
have been identified and are referred to as small RNAs (sRNAs) (Dennis & Omer, 2005; Omer
et al. 2003). In this discussion, the terms ‘box C/D’ or ‘box H/ACA RNA(s)/RNP(s)’,
‘guide RNA(s)” and ‘substrate RNA(s)” are collectively used for simplicity, unless specified
otherwise.

In addition to the primary function of modification, several eukaryotic members of the box
C/D and box H/ACA RNPs are known to facilitate site-specific cleavage processing of rRNA
(Atzorn et al. 2004 ; Dragon et al. 2002; Eliceiri, 2006; Kass ¢z al. 1990; Liang & Fournier, 1995;
Peculis & Steitz, 1993), and one box H/ACA scaRNA is the mammalian telomerase RNA that
guides telomere synthesis (Collins, 2006; Mitchell ez a/. 1999a). These processing RNPs share
core components with the modification RNPs; however, they diverge substantially from modi-
fication RNPs in assembly and enzyme mechanisms. The focus of this review will be on the
structute and function of the modification sno/scaRNPs responsible for methylating and
pseudouridylating tRNA and snRNA.
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|.2 Biological significance of RNA modifications

Site-specific 2"-O-methylation and isometization of uridine are only two of more than 100
different types of chemical modifications that occur in various functional RNAs. However,
eukaryotic tRNA and snRNAs contain a large number of 2-O-methylation and pseudouridyla-
tion sites, supporting an evolutionary advantage of these two types of modifications. Lack of
these modifications in eukaryotic fRNA impairs translation and delays pre-rRNA processing
(Baudin-Baillieu ez /. 2009; Liang ez a/. 2007b, 2009b ; Pickna-Przybylska e# a/. 2008). Mis-targeted
modification in tRNA negatively impacted ribosome synthasis and activity (Liu e a/. 2008).
Similar effects on snRNAs have also been observed (Yu ¢f a/. 1998; Zhao & Yu, 2004). Modified
RNA has greater chemical and folding stability than canonical RNA and extends the chemical
reservoir of RNA functional groups. For example, substitution of hydrogen for a methyl group at
the 2’ ribose position is protective against cleavage (via alkaline hydrolysis ot ribo-nucleolytic
attack) and stabilizes the RNA fold by favoring the 3" endo sugar pucker conformation (Kawai
et al. 1992). 2'-O-methylation of adenosine also prevents A-to-I editing, suggesting a regulatory
role of 2'-O-methylation (Beal e /. 2007). Similatly, pseudoutidylation is believed to improve the
stability of RNA by introducing extra hydrogen bond donor at the N1 position of uridine
(Durant & Davis, 1999; Newby & Greenbaum, 2002; Yang e/ a/. 2005a).

[.3 Advantages and limitations of RNA-guided modification

The levels of RNA modification in archaea and eukarya are significantly greater than RNA
modifications seen in bacteria. Correspondingly, archaea and eukaryotes employ RNP enzymes,
while bacteria have protein-only (or stand-alone) enzymes. Stand-alone enzymes are very simple
and efficient. In contrast, the RNP enzymes have multiple subunits and require an accurate
method of assembly. Binding and release of substrate RNA to RNP enzymes may involve
topological barriers commonly found in nucleic acid interactions. It is difficult for a long
substrate RNA to thread through the internal loops in order to base pair with the guide RNA.
After modification reactions, a significant amount of activation energy is likely required in order
to separate the substrate-guide RNA pairing. Thus, RNA-mediated modification faces unique
challenges in enzyme assembly, substrate binding and substrate release. On the other hand,
inclusion of the guide RNA as a cofactor in RNP modification enzymes allows easy expansion of
the target sites without reinventing the protein catalytic subunit. In addition, it is believed that the
use of the guide RNA to the nascent fRNA transcripts may prevent misfolding of the ribosome
(Weinstein & Steitz, 1999).

2. Sno/scaRNP compositions
2.1 Core components of the box C/D RNP

Box C/D RNAs were first detected by nuclear fractionation as a class of RNAs specifically
localized to the nucleolus (Reddy e a/ 1981) and immunoprecipitated by the nucleolar protein
fibrillarin (Tyc & Steitz, 1989). Box C/D RNAs contain two sets of conserved sequence motifs,
box C or C' (RUGAUGA, where R is any purine) and D or D’ (CUGA). In addition, a conserved
stem is formed between the 5" and 3’ ends of the box C/D RNA that forms a hairpin-
like structure (Fig. 2). The internal loop flanked by the box C/D and box C'/D’ motifs is
complementary to the sequence of substrate RNA and thus serves as the substrate specificity
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Fig. 2. Conserved features of RNP modification enzymes. (2) Box C/D MTases comprise box C/D RNA
and four core proteins. (/) Box H/ACA pseudouridylases comprise box H/ACA RNA and four core
proteins. (¢) h'TR is a special member of the box H/ACA RNPs without known modification activities. The
table lists names of the core proteins associated with each type of RNPs in both eukarya and archaea.

element. Remarkably, methylation takes place via a ruler mechanism in which the substrate
nucleotide that is paired with the fifth nucleotide upstream of box D or D’ is modified. In
archaea, an optimal length of the internal loop is found to be 10—12 nucleotides (Tran ez al. 2005).

Following the identification of fibrillarin as the box C/D RNA-associated protein (Tyc &
Steitz, 1989), genetic synthetic lethal screens with a fibrillarin mutant revealed two additional
proteins, Nop56p and Nop58p, that are associated with box C/D RNA (Gautier ef al. 1997,
Lafontaine & Tollervey, 1999, 2000; Wu e a/. 1998). Finally, tag-purification of U3-snoRNP
followed by mass spectrometry identification revealed the fourth box C/D RNP protein,
Snul3p (15-5 K in mammals and L7Ae in archaea) (Watkins ez 2/ 2000). Fibrillarin, which
contains an SAM binding domain, is the subunit responsible for the methyltransfer reaction.
Nop56p and Nop58p are homologous to each other and to a single Nop56/58 protein in
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archaea (Lafontaine & Tollervey, 2000; Omer ef al. 2000). These four proteins are found in all
members of the box C/D RNPs including those requited for rRNA cleavage. Notably, yeast
U3 snoRNPs in isolated small ribosome processing complexes contain more than 20 additional
proteins that are most likely required for U3-specific functions (Dragon ez a/ 2002; Grandi e/ al.
2002; Krogan ef al. 2004; Perez-Fernandez ez al. 2007).

2.2 Core components of the box H/ACA RNPs

Box H/ACA RNAs were also discovered through the isolation of nucleolus-specific RNAs
(Kiss & Filipowicz, 1993), but were immunoprecipitated by another nucleolus protein,
Garl (Girard e al 1992). The box H/ACA sno/scaRNAs contains a central unit of the
hairpin—hinge—hairpin—tail secondary structure as shown in Fig. 2. In archaea, box H/ACA
RNAs can contain one, two, or three hairpin structures, each with an internal loop — the
pseudouridine (W) pocket — complementaty to a substrate RNA (Rozhdestvensky ez a/. 2003;
Tang ez al. 2002). Box H refers to the conserved sequence (ANANNA, N means any nucleotide)
in the hinge connecting two hairpin units and box ACA is the conserved trinucleotide sequence
at the 3’ tail of the RNA. The uridine targeted for modification is positioned at the center of
the W pocket and is typically 14-16 nucleotides away from box H or box ACA.

The first H/ACA RNP protein identified is yeast Garlp, from a screen for proteins containing
glycine-arginine-rich domains similar to that of fibrillatin (Girard ez a/ 1992). Purification
of Garlp-bound RNPs revealed H/ACA RNAs and three additional proteins associated with
H/ACA RNAs (Henras et al. 1998; Lafontaine ef al. 1998; Watkins ef a/. 1998). In yeast, these
correspond to Cbf5p (Dyskerin in human, NAP57 in mice, Cbf5 in archaea), Nhp2p (NHP2 in
mammals, L.7Ae in archaea) and Nop10p (Fig. 2). Cbf5p contains two of the three hallmark
sequence motifs of pseudouridine synthases (motifs I and II) including the strictly conserved
asparate residue in motif II (Koonin, 1996) and is thus the putative catalytic subunit. Nhp2p
shares sequence similarity with the box C/D core protein, 15-5 kDa/Snul3p/L7Ae, but lacks
K-turn binding specificity. This homology suggests that the two classes of sno/scaRNPs share
a common origin. All four proteins are also components of the human telomerase (hTR) and
are required for the biogenesis of h'TR (Collins, 2006).

Mutations of the protein components of sno/scaRNPs have been implicated in multiple
human disorders. However, it has not been firmly established whether these mutations cause
defects in the modification function itself or other functions requiring the sno/scaRNP proteins.
Fibrillarin, the enzymatic component of box C/D RNPs, is essential for development and its
depletion is embryonic lethal (Newton ez 4/. 2003). Mutations in the human dyskerin gene DKC1
(Cbf5) (Heiss ez al. 1998 ; Marrone & Mason, 2003 ; Meier, 2005), NHP2 (Vulliamy ez a/. 2008) and
NOP10 gene (Vulliamy e# a/. 2008; Walne & Dokal, 2008) are associated with the X-linked
genetic disorder, dyskeratosis congenita (DC). This genetic disease is characterized by cutaneous
pigmentation, bone marrow failure, nail dystrophy, white potentially malignant patches on the
oral mucosa, continuous tear production and often abnormally low blood platelet counts, anemia
and predispositions to epithelial cancers (Marrone & Mason, 2003). Importantly, the box
H/ACA core proteins are also essential to h'TR biogenesis (Collins, 2006 ; Mitchell ¢z a/ 1999b).
They are associated with the 3"-end of the telomerase RNA and are required for the accumu-
lation, 3"-end processing and nuclear localization of hTR in Cajal bodies. In DC patients,
malfunction of tRNA and shortening of telomeres have been observed (Marrone ef al. 2005;
Mochizuki ez al. 2004).
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3. Substrates of sno/scaRNPs

In mammals, substrates for sno/scaRNPs include both snRNAs and rRNAs (but not tRNAs)
and the modification reactions take place in the nucleolus and Cajal body, respectively.
In archaea, which has no snRNA, substrates for sno/scaRNP homologs include tRNA and
rRNA.

Chemical modification of snRNA by sno/scaRNPs is one of the many steps required for
spliceosome maturation (Fatica & Tollervey, 2002; Hage & Tollervey, 2004 ; Kiss, 2006; Matera
et al. 2007). Following their transcription, snRNAs are sequentially processed, assembled with
essential spliceosome proteins, recruited to the nucleolus or Cajal body and finally modified by
sno/scaRNPs. Ul, U2, U4 and U5 snRNAs are transcribed by Pol 11, assembled with the Sm
ring, 3’-end processed, and 5”-end cap hypermethylated in the cytoplasm before being rectuited
to Cajal bodies for modification by box C/D and box H/ACA RNPs (Fig. 3). U6 snRNA is
uniquely transcribed by RNA polymerase III (Pol III) in the nucleus, end processed and as-
sembled with Lsm protein(s) in the cytoplasm and modified by box C/D and box H/ACA
snoRNPs in the nucleolus. The mature U6 snRNP is then translocated into Cajal bodies where it
forms the U4/U6 di-snRNP with U4 snRNP. The mature snRNPs perform intron splicing at
perichromatin fibrils (PFs) or ate stored in interchromatin granule clusters (IGCs) (Matera e al.
2007).

Ribosome maturation also has many steps, beginning with pre-rRNA transcription. The
pre-tRNA, including 18S, 5-8S and 25/28S rRNAs, is transcribed by RNA polymerase I (Pol I)
as a single transcript that is modified and cleaved by snoRNPs in the nucleolus. 55 rRNA is
transcribed by RNA Pol III and also modified/cleaved by box C/D snoRNPs in nucleolus
(Fig. 3). Chemically modified Pol I transcripts then undergo several site-specific cleavage steps in
vertebrates that are facilitated by the processing snoRNPs, U3 and U8, along with U14 and a box
H/ACA snoRNP, E1/U17 (snR30 in yeast) (Atzorn et al. 2004; Eliceiri, 2006; Gerbi, 1995;
Maxwell & Fournier, 1995; Tollervey & Kiss, 1997). These cleavage steps are followed by further
trimming by exonucleases, leading to the 5-8S, 18S and 255/28S rRNAs (Tollervey & Kiss,
1997). The processed 18S rRNA begins to assemble with ribosomal proteins in the nucleolus to
form the small pre-40S ribosomal subunit, whereas 5-8S, 285 rRNAs, together with 55 rRNA
and ribosomal proteins form the large pre-60S ribosomal subunit. The pre-40S and pre-60S
subunits are then transported separately through the nuclear membrane to the cytoplasm, where
final maturation and protein translation take place.

In archaea, tRNAs can be methylated by box C/D RNPs (Clouet d’Orval ez a/ 2001 ; Joardar
et al. 2008; Singh et al. 2008). In another example, Cbf5 alone or with Nop10 and Garl can
function as a tRNA W 55 synthase in a guide RNA-independent manner (Gutha e a/. 2007).

4. Biogenesis of the sno/scaRNPs
4.1 Maturation of the sno/scaRNAs

The C/D and H/ACA RNAs are maturated through elaborative pathways that generally
include transcription, 5" and 3’ processing and localization. This process requites a number of
biogenesis factors and depends on other RNA functional processes (Kiss ez a/. 2006 ; Matera ez al.
2007).

The majority of mammalian box C/D and box H/ACA sno/scaRNAs responsible for guiding
modifications are transcribed by RNA polymerase 1I (Pol II) as pre-mRNA introns (Fig. 3).
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Fig. 3. Expression and biogenesis of eukaryotic box C/D and box H/ACA RNPs. Key expression and
biogenesis pathways and components are indicated. Mammalian box C/D and H/ACA RNAs are largely
encoded as introns of functional genes. ‘E’ denotes ‘exon’ and ‘BP’ denotes the splicing branch point.
Cajal body is the site of spliccosomal RNA modifications and nucleolus is the site of ribosomal RNA
modifications. ‘m’ indicates 2’-O-methylation and ‘W’ indicates pseudouridylation.

Therefore, mRNA splicing also influences the generation of linear sno/scaRNAs precursors.
Most box C/D RNAs ate located 65-85 nucleotides upstream of the 3’ splice site and
~50 nucleotides upstream of the branch site (Hirose & Steitz, 2001), whereas H/ACA RNAs
have no preferential intronic location relative to the 5" or 3’ splice sites of the host intron
(Richatd ez al. 2006; Schattner e al. 2006). Correspondingly, the processing of box C/D RNAs
but not box H/ACA RNAs depends on general splicing factors (Hirose e a/. 20006). The intronic
sno/scaRNAs undergo debranching and exonucleolytic trimming of both 5'- and 3’-ends
(Allmang ez al. 1999). In lower eukaryotes, such as yeast and plants, sno/scaRNAs are processed
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from both non-intronic and splicing-independent intronic transcripts (Chanfreau e al. 1998;
Leader ¢z al. 1999; Qu 7 al. 1999).

Processed box C/D and box H/ACA RNAs are associated with either all or most RNP core
proteins and are translocated into Cajal bodies before the mature snoRNPs relocate to nucleolus
(Fig. 3). Factors or processes that facilitate the orderly localization events are yet to be completely
characterized. Transport of human U3 snoRNA was shown to be facilitated by the snRNA
export adaptor, PHAX, and the export receptor, CRM1 (Boulon e7 /. 2004). On the other hand,
a conserved sequence box (CAB box) is responsible for the retention of scaRNAs in Cajal
bodies through its specific interaction with a WD40 protein, WDR79. In general, the WD40
family of proteins has a circularized beta-propeller structure and forms platforms for the
assembly of protein complexes associated with a wide range of biological pathways. WDR79 has
been found to interact directly with the CAB box of both box C/D and box H/ACA scaRNAs,
as well as telomerase RNA in Cajal bodies (Jady e a/ 2004 ; Tycowski ef al. 2009 ; Venteicher ef al.
2009).

4.2 Assembly of sno/scaRNPs

The processed sno/scaRNAs are assembled with core proteins at the stage of pre-mRNA
splicing or co-transcriptionally in order to avoid the degradation pathway that is known to target
non-functional introns. A number of #ans-acting factors have been identified that affect the
assembly of mammalian sno/scaRNPs (Boulon ez a/ 2008 ; King ez a/. 2001 ; Newman ¢# af. 2000
Venteicher ez al. 2008), suggesting the existence of conformational barriers to achieve assembly.
This property may explain why iz vitro reconstituted eukaryotic sno/scaRNPs have no enzymatic
activities (Maxwell, E. S. and Meier, U. T., personal communications) and the archaeal particles
require high temperature to activate assembly and enzyme activities (Baker e a/ 2005;
Charpentier ez al. 2005; Gagnon e/ al. 2006; Omer e/ al. 2002).

Box C/D sno/scaRNPs assembly begins at the C1 splicing complex stage at which the first
transesterification reaction takes place with the recruitment of the 15-5 K protein (Hirose e al.
2003). The 15-5 K/NHPX protein interacts with box C/D RNA in a splicing-dependent manner
(Hirose e al. 2003). In addition, 7z vitro studies with its archaeal homolog, 1.7Ae, identified this
protein as the initiator of box C/D RNP assembly (Rashid ez a/. 2003 ; Tran ez al. 2003). Thus, box
C/D RNP assembly likely begins, while the spliccosome is still assembled around the pre-
mRNA. 7z vivo chemical cross-linking experiments place 15-5 K/NHPX, fibrillarin and Nop58
close to the terminal box C/D motif and fibtillarin and Nop56 to the box C'/D’ motif (Cahill
et al. 2002).

In vivo assembly of box H/ACA sno/scaRNPs is found to begin during transcription elon-
gation (Richard ef a/ 2006) and depends on several conserved frans-acting factors (Grozdanov
et al. 2009; Kittur ez al. 2006; Yang et al. 2002, 2005b). The most extensively characterized factors
include Nafl and Shql. Nafl, a protein specifically bound to the C-terminal domain (CTD) of
Pol 11, is associated with newly transcribed box H/ACA RNAs and dyskerin/Cbf5. Nafl con-
tains a domain structurally homologous to Garl and is believed to compete with Garl for
binding to dyskerin/Cbf5 (Darzacq ez al. 2006 ; Leulliot ez a/. 2007). Shql is another factor that is
required for the accumulation of box H/ACA RNAs and forms a complex with Nafl (Yang e al.
2002). The CTD of Shql is also shown to bind Cbf5 and have stand-alone chaperone activity
in vitro (Godin ef al. 2009). In addition, general chaperones and nucleic acid-associated ATPases
are found to facilitate box H/ACA RNP assembly (Kiss ez 2/ 2010).
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(b) Representative class IV MTase structures. The methylation donor, SAM, is colored in blue and the
MTases are colored in yellow and green.

5. RNA-guided versus stand-alone modification enzymes
5.1 Methyltransferases and fibrillarin

Methyltransferases (MTases) are found as proteins that function independently (stand-alone) or
as ribonucleoprotein particles that rely upon RNA. The RNA-guided MTases have thus far been
found to strictly target RNA ribose modification, while stand-alone enzymes target a much wider
range of substrates and functional groups including proteins, DNA, RNA (ribose and base
constituents), lipids and small molecules for methylation. In general, MTases can be SAM-
dependent and SAM-independent. From primary structural features, and regardless of need for
an RNA guide, the SAM-dependent MTases are divided into five classes (Class I-V MTases)
(Schubett e a/. 2003), with most of the 2"-O-MTases belonging to Class I and Class IV. The Class
I MTases share little sequence identity, but have a common structural domain comprising a
central seven f-sheet mixed with a-helices (Fig. 44) (Cheng & Roberts, 2001; Martin &
McMillan, 2002). The Class IV MTases, also known as SPOUT (SpoU-TrmD) superfamily
MTases, exhibit a Rossmann a/f-fold with a deep trefoil knot (Anantharaman er a/ 2002;
Nureki ez al. 2002) (Fig. 40). The difference in the central domain fold reflects the different
substrate specificity. Fibrillarin, the MTase in sno/scaRNPs, was found to have structural
homologies to Class I bacterial SAM-dependent MTases. These include Fts] (PDB code: 1EJ0)
and AviRa (PDB code: 109G) (Bugl ¢# a/. 2000; Mosbacher ez al. 2003) (Fig. 4 a).

5.2 Pseudouridine synthases and Cbf5

In contrast to the widespread occurrence of methylation, pseudouridylation is limited to RNA

molecules only. However, at least six families of pseudouridine synthases have been discovered
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that target one or few specific uridine(s) in each given tRNA or rRNA. Accordingly, they are
named TruA, TruB, TruD, RsuA, RluA and Pus10, respectively. The Pus10 family is found in
archaea and eukaryotes, but not in bacteria (McCleverty ez a/. 2007). Structures of all six families
of pseudouridine synthases are available and clearly indicate a conserved catalytic core among
them (Hamma & Ferre-D’Amare, 2006) (Fig. 5). Crystal structures of Cbf5 have been solved
either as ternary (Cbf5-Nop10-Garl) or binary (Cbf5-Nop10) complexes (Hamma ez a/. 2005;
Manival e al. 2006 ; Rashid ez a/. 2006) and these show that Cbf5 closely resembles TruB. In both
Cbf5 and TruB, the catalytic domain comprises a nine strand f-sheet surrounded by a-helices
and encompassing the active site which includes the strictly conserved aspartate. The C-terminal
PseudoUridine synthase and Archacosine transglycosylase (PUA) domain forms a mixed
a/[3-folding unit (Fig. 5). The PUA domain can interact with different RNA (Perez-Arellano ez /.
2007), and in the case of Cbf5, it specifically interacts with the strictly conserved ACA tri-
nucleotides of the guide RNA.

Stand-alone pseudouridine synthases have evolved a variety of elements to interact with the
substrate RNA. These include peripheral domains for anchoring the main body of the substrate,



|06 B. Liang and H. Li

a thumb loop, a forefinger and a motif III loop for gripping the target uridine and adjacent
nucleotides (Hamma & Ferre-D’Amare, 2006). The target uridine is flipped out and tucked deep
into the catalytic pocket so the catalytic residues can reach the pyrimidine base. In all enzymes,
the adjacent nucleotides are remodeled in ways that depend on the RNA interaction elements in
each enzyme. Dyskerin, the human Cbf5 homolog, contains extra N-terminal and C-terminal
regions, but there is no structure available yet. Cbf5 lacks the forefinger and has a very short
thumb loop (Fig. 5). The reduction in RNA-binding elements reflects the fact that Cbf5 func-
tions with three other proteins and the guide RNA as discussed below.

6. Structures of box C/D RNPs
6.1 Overview

Structural studies of box C/D RNPs have been carried out with the simpler archaeal homologs.
Two crystal structures of box C/D RNPs containing all core proteins and a halfmer box C/D
RNA (a single C/D module) have been obtained and one of these also contains a bound
substrate RNA (Xue ef a/. 2010; Ye et al. 2009). Due to limitations in crystallization, these
RNP complexes are halfmer RNPs that are not active in methylation under normal 7z vitro
experimental conditions. However, these structures have provided valuable information on
protein—protein and protein—RNA interactions in an intact and functional box C/D RNP. Most
significantly, when the high-resolution halfmer structural data are combined with the large body
of biochemical data and an electron microscopy (EM) structure of the RNP containing full-
length box C/D RNA (Bleichert ez a/. 2009), an appealing working model of box C/D function
has emerged.

Each independent C/D RNP unit is organized around Nop56,/58. Nop56,/58 comprises an
N-terminal domain, a coiled-coil domain and a CTD. Fibrillarin is bound to its N-terminal
domain and this interaction is independent of RNA and L7Ae. The box C/D RNA-L7Ae
complex, which forms independently of Nop56,/58, is docked to the CTD of Nop56,/58. Finally,
the coiled-coil domain of Nop56/58 mediates self-dimerization of Nop56/58, leading to
a homodimer of Nop56/58-fibrillarin-1.7Ae-box C/D RNA complexes (Fig. 64). The dyad
symmetry of Nop56,/58 was the basis for the initial proposal that the intact box C/D RNP has a
bipartite architecture with the hairpin box C/D RNA placed along the Nop56,/58 dimer (Fig. 6 5)
(Aittaleb ez al. 2003 ; Oruganti et al. 2007).

The bipartite box C/D RNP model is met with several challenges. First, the length of an intact
box C/D RNA is estimated to be shorter than the length of the protein platform in the
complex, which is established by the long coiled-coil connector domains of Nop56,/58. Second,
it is expected to be topologically challenging for a large substrate RNA to form more than 10 bp
with the central internal loop whose size is restricted by flanking proteins (Fig. 64). The recent
EM structure of a box C/D RNP containing an intact guide RNA revealed a surprising dual
RNP model that changed the view on the traditional box C/D RNP assembly (Bleichert ez al.
2009) and provided the basis for construction of a substrate-bound atomic model of diRNP
(Xue ez al. 2010) (Fig. 7). In the diRNP model, the box C/D RNA is poised to bind across the
two RNPs instead of along a single RNP (Fig. 7). This model alleviates the constraint on the box
C/D RNA in the traditional single RNP model shown in Fig. 6 without disrupting the known
protein—protein and protein—RNA interactions. The diRNP model, though, has not yet been

confirmed 7z vivo.
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(@) ( fibrillarin (b)

' model of single RNP
fibrillarin
Fig. 6. Overview of the box C/D RNP MTases containing a halfmer box C/D RNA (yellow) and a bound
substrate RNA (red) in ribbon (@) and cartoon (b) representations. (PDB code: 3NMU) (a) Nop56,/58 is
colored in green, L7Ae is in pink and fibrillarin in light blue. SAM is colored in red. Three domains of
Nop56,/58 are labeled as N (N-terminal), C (C-terminal) and coiled-coli domains, respectively. The Nop56/
58 helix responsible for separating the two guide strands is colored in orange. The target nucleotide is
marked by a gray sphere. (b) The classic bipartite assembly model based on the halfmer RNP structure
indicates that the catalytic subunits will be too far apart (90 A) to match the potential locations of the target
nucleotides (40-50 A).

(@) (b) (c)

halfmer RNP1 halfmer RNP2

~140A

~130A

model of diRNP and cross-RNP catalysis

Fig. 7. The substrate-bound diRNP model of box C/D MTase (same color scheme as in Fig. 6). (#) The
atomic diRNP model built from the crystal structure of the halfmer RNP is consistent with the EM density
of the fully assembled diRNP (Bleichert ez a/. 2009) (EMD-1643). Fibrillatin and the N-terminal domain of
Nop56,/58 could not be fitted, reflecting their observed variable positioning. Single letters refer to protein
subunits. ‘N’ denotes Nop56,/58, ‘F’ denotes fibrillarin and ‘L’ denotes L7Ae. (b) The substrate-bound
diRNP model in surface representation. (/) Cartoon representation of the substrate-bound diRNP model.

6.2 Substrate recognition

The hallmark of the box C/D RNP MTases is the stringent specificity for the target nucleotide
paired with the fifth nucleotide upstream of the guide box D or D’ (#z+5 rule), suggesting an
importance of the first five base pairs between the guide and substrate RN As. The only available
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substrate-bound RNP structure is that of a halfmer box C/D RNP bound to a 13mer substrate
RNA (Xue ef al. 2010). In the substrate-bound structure, the guide-substrate duplex is sand-
wiched between a conserved Nop56,/58 helix, a9A and L7Ae (Fig. 64). The a9A helix is wedged
between the guiding and non-guiding strands, creating alternating layers of protein and RNA
elements. The unpaired 5" nucleotides of the substrate RNA rest on the C-terminal end of the
a9A, which further helps to direct the substrate RNA (Fig. 64).

Surprisingly, this structure reveals that the substrate RNA is bound far from the nearest
catalytic subunit fibrillarin (Fig. 64, 4) and can thus not be modified in the halfmer RNP. One
solution to this problem is formation of the diRNP similar to that observed by EM (Bleichert ez 4/.
2009) in which the substrate bound to one halfmer RNP may be easily placed into the active
site of the opposing halfmer RNP, thereby suggesting a cross-RNP catalysis strategy (Fig. 7¢).
Therefore, the diRNP model provides topological solutions not only to the discrepancy in length
between proteins and the guide RNA, but also to the problem of placing the substrate RNA
close to the catalytic subunit.

6.3 Induced fit in box C/D RNP assembly
6.3.1 Induced fit formation of RNA guiding fork

Box C/D RNP structures reveal extraordinary structural changes during assembly and substrate
binding. These changes imply the occurrence of dynamic processes in box C/D RNP function.
The a9A helix of Nop56,/58 important for substrate placement is the most conserved element in
the entire region of Nop56/58. This region contains the strictly conserved motif comprising
Gly-Ala-Glu-Lys tripeptide (GAEK motif). Interestingly, the structure of this ~20 amino acid
region had not previously been observed in either RNA-free or RNA-bound structures, because
it was disordered (Aittaleb ez a/. 2003; Oruganti ez al. 2007; Ye et al. 2009) until a proper guide
RNA was included (Xue ez a/. 2010). The mode of a9A folding explains the importance of the
guide RNA in its stabilization. a9A and its C-terminal extension are wedged between the guide
and the non-guide strands with nucleotides wrapping around the protein (RNA fork) (Fig. 64).
Conversely, the formation of a9A also leads to the separation of canonical RNA base pairs
(Fig. 6a).

In addition to its role in substrate placement, the induced fit formation of the RNA fork has
important implications in specific assembly of box C/D RNPs. Interesting comparisons have
been drawn between the eukaryotic box C/D RNP and the spliceosomal 15-5 kDa—U4 snRNA
complex. Mammalian U4 snRNA stem II loop binds 15-5 K protein similarly to box C/D RNA
binding to 15-5 K (Watkins ez a/ 2000). However, U4 snRNA-15-5 K complex recruits the
splicing protein Prp31, while box C/D RNA-15-5 K recruits Nop56 or Nop58 protein. Prp31
shares the same RNA binding domain, called NOP domain, with Nop56,/Nop58 but lacks the
GAEK motif. Furthermore, U4 snRNA stem II has a pentaloop in place of the open end in box
C/D RNA and is, therefore, unable to form the RNA fork. The observed differences in the RNA
secondary structure and in the GAEK motif explain the homologous but distinct assemblies of
box C/D RNP and U4 snRNP.

6.3.2 RNA kink-tum specifies the order of assembly

Another observed structural change takes place at the box C/D motif and this change is required
for sequential binding of box C/D proteins to the RNA. L7Ae or its eukaryotic homolog 15-5 K
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l Kink turn
formation

7

L7Ae-box C/D RNA L7Ae-HACA .‘R".NA 15.5K-U4 snRNA
(PDB code: 1RLG) (PDB code: 1SDS) (PDB code:1E7K)

(b)

A. fulgidus P, furiosus
(PDB code: 1NT2) (PDB code: 2NNW) (PDB code: 3ID5)

Fig. 8. Conformational changes in box C/D RNP assembly inferred from structural studies. (¢) L7Ae
induces formation of kink-turn by the conserved box C/D sequences. Similar kink-turns are also observed
in H/ACA RNA and U4 snRNA. (b)) Multiple conformations of fibrillarin are captured in crystal structures
of the RNA-free Nop56,/58-fibrillarin complexes indicate a hinge motion (indicated by arrows) in
Nop56,/58 that can place fibrillarin.

binds to the box C/D motif and initiates box C/D RNP assembly (Omer e a/. 2002 ; Rashid ez al.
2003; Tran et al. 2003 ; Watkins e al. 2000). L7Ae-box C/D RNA complex structures revealed a
sharp kink in the RNA (K-turn) as a result of a tandem GA pairs and three bulged nucleotides
(Fig. 84). Biophysical studies clearly demonstrated L.7Ae’s ability to actively remodel the RNA
(Goody e al. 2004; Suryadi ez al. 2005). In contrast to RNA, L7Ae itself does not undergo
conformational change and rigidly docks its conserved afia fold onto the K-turn (Oruganti ez al.
2005) (Fig. 84).

L7Ae—K-turn interaction is not unique to box C/D RNP assembly. L'7Ae is itself a ribosomal
protein and has a significant sequence and structural homology to eukaryotic 15-5 K/Snul3p
(box C/D and spliceosomal protein), Nhp2p (box H/ACA protein), L.30 (ribosomal protein),
and SBP2 that are found to interact with similar RNA motifs (Allmang ez /. 2002). Comparison
with the available structures of L.7Ae and its homologs bound with their respective substrates did
not reveal obvious structural differences that explain their association with different complexes
(Chao & Williamson, 2004; Hamma & Ferre-D’Amare, 2004; Mootre ¢t al. 2004; Vidovic e/ al.
2000) (Fig. 8a). It is possible that differences in the dynamics of binding contribute to
their physiological specificity. In higher-order complexes, as illustrated in the box C/D and box
H/ACA RNP assemblies, specificity is further defined by subsequently interacting proteins.
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6.3.3 Multiple protein conformations imply a hinge motion that repositions fibrillarin

A wide range of fibrillarin positions are observed in both RNA-free and RNA-bound Nop56/
58-fibrillarin complexes from three archaeal species (Aittaleb ez /. 2003 ; Oruganti e al. 2007 ; Ye
et al. 2009) (Fig. 8 ). The difference in location is not a result of using different species because
the position of fibrillarin of the same species was also demonstrated to vary (Ye e/ al 2009).
Fibrillarin interacts exclusively with the N-terminal domain of Nop56,/58 that is tethered to its
coiled-coil domain by a peptide linker. All observed fibrillarin positions are a result of simple
hinge motions of the peptide linker (Fig. 84). Computational normal mode analysis of one
Nop56,/58—fibrillarin complex yielded low-frequency motions of the hinge consistent with its
experimentally observed conformations (Oruganti e/ a/. 2007). The flexibility of the peptide linker
in placing the catalytic subunit provides a means for fibrillarin to gain access to the target
nucleotide. Strikingly, the position occupied by the Archaeoglobus fulgidus fibrillarin (Fig. 85) is
nearly perfect for methylation in the diRNP model (Xue e7 @/ 2010). It is thus believed that
in order for substrates to bind and to be modified, fibrillarin, and possibly L7Ae, need to be
repositioned (Xue e a/. 2010).

7. Structures of box H/ACA RNPs
7.1 Overview

Studies on H/ACA RNP structures have also been carried out with archaeal homologs recon-
stituted from recombinant and synthetic components. These studies not only provide molecular
details for understanding the biochemical mechanisms of H/ACA RNPs, but also shed light on
the assembly architecture of hTR holoenzyme.

In vitro biochemical studies of box H/ACA RNPs reveal that three of the four proteins are
essential to pseudouridylation, while the fourth protein, Garl, significantly improves the enzyme
activity (Baker e al. 2005; Charpentier ez al. 2005). Both Cbf5 and L7Ae interact with box
H/ACA guide RNAs directly, while Nop10 and Garl interact with the guide RNAs indirectly
through their interactions with Cbf5 (Baker ez /. 2005; Charpentier ez al. 2005). Structures of the
box H/ACA RNP, especially those containing substrate RNA, provide the structural basis for
these biochemical observations.

The structure of a substrate-free archaeal box H/ACA RNP containing all four proteins,
Cbf5, Nop10, Garl and L7Ae and a single-hairpin H/ACA RNA revealed the first complete
view of box H/ACA RNP architecture (Fig. 9) (Li & Ye, 2006). Cbf5 is the master organizer that
interacts extensively with the guide RNA, Nop10 and Garl. Nop10 is a small protein, containing
an N-terminal zinc binding domain of four packed f-sheets, a C-terminal single helix domain
and a linker loop. Nop10 is anchored against the catalytic domain of Cbf5. This interaction is
required for its stabilization because Nop10 is significantly unfolded when in isolation (Hamma
et al. 2005). Garl adopts a six -strand batrel fold that is similar to that found in some RNA-
binding proteins such as the translation elongation factor EF-Tu (Rashid ez /. 2006). One study
has found that Garl interacts with snoRNA directly 7z vitro (Bagni & Lapeyre, 1998) and a cross-
link study placed mammalian Garl close to the substrate RNA (Wang & Meier, 2004). In the
crystal structure of the box H/ACA RNP, it, however, binds to one side of Cbf5 that is away
from the RNA. The guide RNA lies linearly along the protein surface comprised of Cbf5, Nop10
and L7Ae without contacting Garl. The two ends of the box H/ACA RNA are secured by
two specific RNA—protein interactions. The conserved ACA sequence of the guide RNA at the
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Fig. 9. Overall view of the substrate-bound atchaeal box H/ACA RNP (PDB code: 2HVY). Each subunit
is labeled. The specific interaction between the trinucleotide ACA and the PUA domain of Cbf5 is high-
lighted.

3’-end are recognized specifically by the PUA domain of Cbf5 (Fig. 9) and the apical K-loop is
recognized in the same manner as the box C/D motif by L7Ae (Fig. 8 4). L7Ae also interacts with
Cbf5-bound Nop10, which brings the upper stem of the guide RNA in close contact with Cbf5
and Nop10. Comparison of crystal structures of cither binary or ternary protein complexes
reveals no gross conformational changes in protein upon association with the guide RNA
(Rashid e al. 20006), suggesting that proteins are rigidly docked to the guide RNA.

7.2 Substrate recognition

Significant details are revealed by substrate-bound RNP structures containing different H/ACA
proteins (Duan e# a/ 2009; Liang ef al. 2007a, 20092a). Comparing these with the stand-alone
pseudouridine synthase—RNA complexes (Alian e a/. 2009; Hoang e al. 2006; Hoang &
Ferre-D’Amare, 2001 ; Hur & Stroud, 2007 ; Pan ez a/. 2003) provides even greater insight. In all
these studies, the target uridine is substituted by 5-fluorouridine, which the enzyme converts to
5-fluoro, 6-hydroxypseudoutidine (SFhW). It is believed that extraction of the fluorine atom
(ot proton in uridine) and the C6 hydroxyl from 5Fh'W would lead to the final isometized
product. The gross features of enzyme—substrate interactions observed in this reaction inter-
mediate complex are expected to remain throughout the reaction. However, detailed interactions
between the substrate and the active site residues are expected to vary at different stages of the
reaction.

Box H/ACA RNPs recruit substrates through base pair interactions between the guide and
the substrate RNA. By pairing with both strands of the internal loop, the substrate RNA forms
a three-way junction (Q-like motf) with the guide RNA (Fig. 104). This Q-like motif is un-
constrained in the absence of proteins (Jin ¢ a/. 2007; Wu & Feigon, 2007) but significantly
remodeled when bound to proteins such that the target uridine and two adjacent nucleotides
are sharply kinked (Duan ef a/. 2009; Liang e al. 2007a; Liang ef al. 2009a) (Fig. 104). The
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Fig. 10. Substrate binding to box H/ACA RNP. (4) Overview of the substrate-bound box H/ACA RNP
(PDB code: 3HJW or 3HAX). The asterisk indicates that Garl is modeled for the substrate-bound complex
according its position in substrate-free RNP complex (PDB code: 2HVY) or that of the low-resolution
structure of the fully assembly complex (PDB code: 3HAY). Interactions between the target nucleotide
(5FhW) and the two flanking nucleotides are highlighted in the right upper panel. Protein residues are
labeled according to Pyrococcus firiosus Cbf5 numbering. The right lower panel indicates the open and closed
conformations of the $7_10 loop (thumb loop) of Cbf5 that accompany docking of the substrate RNA.
() Comparison of guide-target RNA duplexes in protein-free (PDB code: 2PCW and 2P89), all protein-
(+L7A¢) (PDB code: 3HJW), or those without LL.7Ae (—L7Ae)-bound (PDB code: 2RFK) states.

3" guide—substrate duplex mimics the TWC stem of tRNA recognized by TruB. Like TruB, the
thumb loop (87_10 loop) interacts with the major groove of the stem and the motif I1I loop
catches the approaching substrate kink (Fig. 104). The substituted target nucleotide is converted
to S5SFhW and secured deep inside the active site pocket by a network of interactions with the
catalytic residues (Fig. 104) (Duan ez al. 2009 ; Liang ef al. 2009a). In both TruB and box H/ACA
RNP, the thumb loop is open in the absence of substrate RNA but is closed in its presence
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(Duan ez al. 2009; Hoang e al. 2005; Liang ez al. 2009a). The short thumb loop of Cbf5 interacts
only with one nucleobase, that of the +1 nucleotide, and two phosphate groups, those of the
+1 and —4 nucleotides (the target nucleotide is assumed to be position 0) (Fig. 104).

Owing to its dependence on the guide RNA, the RNA substrate of a box H/ACA RNP is
therefore also influenced by proteins beyond the catalytic subunit. This is best illustrated by
comparing the substrate-bound RNP structures and substrate fluorescence intensities in the
presence and absence of L7Ae or Garl (Duan ef a/. 2009; Liang ez al. 2009a). 1.7 Ae interacts with
the upper stem of the guide RNA adjacent to Nop10. In the absence of L7Ae, the upper stem is
released from its anchored position, which leads to the departure of the substrate RNA from the
active site (Liang ez a/. 2007a) (Fig. 105).

The structural effect of Garl on substrate binding is not only more subtle, but also complex.
The absence of Garl only slightly shifts the upper stem of the guide RNA (Liang ef 4/ 2009a).
Fluorescence studies on substrate docking showed that addition of Garl to the otherwise fully
assembled RNP caused an initial undocking followed by redocking of the substrate RNA
(Liang et al. 2008). These observations are consistent with the non-essential but accelerating
role of Garl in pseudouridylation reactions (Baker ez a/. 2005; Charpentier ¢ a/. 2005; Muller
et al. 2007). The fact that Garl does not directly contact either the guide or the substrate
RNA indicates that Garl functions through its interaction with Cbf5, especially the Cbf5 thumb
loop.

The flexibility of the guide RNA in directing substrate binding and modification has also been
investigated. Comparing secondary structures of the available H/ACA guide RNAs indicates that
the distance between the target uridine and the ACA trinucleotide may vary as a result of
different numbers of paired bases in the 3" substrate-guide helix (SH1) or in the guide RNA lower
stem (P1) (Figs 1 and 104). Comparing structutes having two different distances (14 and 15 bp) in
the P1 and SH1 revealed virtually no difference around the target uridine (Duan e 2/ 2009 ; Liang
et al. 20094). This indicates that the guide RNA is able to adjust its two junctions (J1 and ]2,
Fig. 104) in order to correctly place the substrate RNA. Furthermore, mutational studies
with altered guide RNA in its pseudouridine pocket, thus different SH1, and its lower stem P1
suggests an even wider range of guide flexibility in these regions (Liang ez a/ 2009a).

7.3 Pre-reactive, intermediate and post-reactive structures

In searching for the active site geometries at other stages of the isomerization reaction,
crystal structures of the box H/ACA RNPs bound with substrate RNA containing various
uridine analogs were obtained (Zhou e/ al. 20104, b). These include two pre-reactive complexes
containing 5-bromouridine (5BrU) and 3-methyluridine (3MU) and two product complexes
containing 2-deoxyuridine (2dU) and 4-thiouridine (4SU) in place of the target uridine. The two
product nucleotides, 2dU and 4SU, are not found in the active site, while the flanking nucleotides
are, suggesting their low affinities for the enzyme. The two pre-reactive complex structures
show that the substituted uridine residues are well ordered in the active site and that they bind
less deep within the active site than 5FhW (Fig. 11, 5BtU, 3MU and 5FhW). Interestingly, in
these complexes of different reaction status, the catalytic aspartate is oriented in a similar fashion
with respect to the anomeric catbon C1' but not to ting catbon C6. This result supports the
possible role of C6 in catalysis as previously proposed (Gu ef al. 1999).

The structures of different reaction stages also reveal remodeling of the thumb loop of Cbf5.
The thumb loop is disordered in the pre-reactive and product complexes but stabilized in the
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Fig. 11. Toward understanding of the catalytic steps of pseudouridylation. Substitution of C5 hydrogen by
bromide (5BrU) or N3 hydrogen by methyl group (3MU) inhibited uridine isometization while substitution
of C5 hydrogen by fluoride did not inhibit the ring cleavage step, leading to 5,6-hydroxy-pseudouridine
(5FhW) intermediate. Superimposed crystal structutes of the Cbf5 active site with bound SFhW-, 5BrU- and
3MU-substituted substrates (PDB codes: 3HJW, 3LWO and 3LWQ, respectively) indicate that the catalytic
aspartate is positioned similatly to the anomeric carbon C1’ but dissimilatly to ring carbon C6, suggesting an
important role of C6 in catalysis. Protein residues are labeled according to Pyrococcus furiosus Cbf5 numbering
and colored in grey, blue and red. The target nucleotide is colored in red.

%,

Gar1 Naf1 (Gar1 domain)  Shq1 (N-terminal CS domain)
(PDB code: 2EV4) (PDB code: 2V3M) (PDB codes: 2K8Q and 3EUD)

Fig. 12. Biogenesis factors of box H/ACA RNPs share structural homologies with Garl.

5FhW complex, suggesting its distinct role in binding the reaction intermediate. The thumb loop
of TruB is already known to take different positions in structures containing either catalytically
deficient TruB complex or containing 5SFhW (Hoang e# a/ 2005).

7.4 Structures of box H/ACA sno/scaRNP assembly factors

Shql and Nafl are two conserved #rans-acting factors involved in assembly of box H/ACA sca/
snoRNPs. They bind early to Cbf5 during co-transcriptional H/ACA RNP assembly and are
released from the mature RNPs. Structures of the N-terminal domain of Shql (PDB codes:
3EUD and 2K8Q)) and the GAR1 domain of Nafl (PDB code: 2V3M) have been solved (Godin
et al. 2009 ; Leulliot ef al. 2007 ; Singh ez al. 2009). Superimposing Shql and Nafl to Garl reveals a
strikingly similar four S-strand sheet among these three proteins (Fig. 12). Garl uses this motif to
interact with Cbf5. This structural comparison supports the proposed model of competition
between Garl and Shql/Nafl for binding to Cbf5 in the late stages of box H/ACA RNP
assembly (Darzacq e/ al. 2006; Godin ef al. 2009; Grozdanov ef al. 2009).
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8. Concluding remarks

Since the identification of RNA-guided modification enzymes neatly a decade ago, we have seen
significant advancement in their structure and function studies. Two different types of modifi-
cation RNPs share some striking similarities in their organization and the method of substrate
binding. Composite protein—protein and protein—RNA surfaces are used by RNPs to facilitate
orderly assembly. Non-catalytic subunits play essential roles in placement of the substrate RNA
through their conformational effects on the guide RNA or the catalytic subunit itself. On the
other hand, the two RNPs differ dramatically in their specificities for assembly and the level of
complexity. The key specificity determinant of the box H/ACA RNP assembly involves recog-
nition of the ACA trinucleotide by the PUA domain of Cbf5, while that of the box C/D RNP
assembly is the recognition of the box C/D motif (K-turn) by the L.7Ae/15-5 kDa protein. The
box H/ACA RNP is fully functional as a single RNP unit, while the box C/D RNP likely
requires dual RNP units to function.

Sno/scaRNPs represent the most abundant and complex RNA modification enzymes. Their
complexity is reflected in multiple processes that include their biogenesis, assembly and catalysis.
Such complexity is paid off by their ability to locate and modify a large number of target sites
efficiently. The enzymes make full use of proteins’ ability to catalyze chemical reactions and to
form structural support. As well, they fully exploit RNAs’ ability to both base pair and offer
plasticity. Questions regarding how the core components assemble are now nearly answered.
However, many other questions regarding how these enzymes are regulated, how they are

localized and how they catalyze these remarkable reactions have just begun to be addressed.
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