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Abstract

Pseudouridines (s) are the most abundant and highly conserved modified nucleotides found in various stable RNAs of all organisms. Most s are clustered in regions that are functionally important for pre-mRNA splicing.  has an extra hydrogen bond donor that endows RNA molecules with distinct properties that contribute significantly to RNA-mediated cellular processes. Experimental data indicate that spliceosomal snRNA pseudouridylation can be catalyzed by both RNA-dependent and RNA-independent mechanisms. Recent work has also demonstrated that pseudouridylation can be induced at novel positions under stress conditions, suggesting a regulatory role for .
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INTRODUCTION

Many eukaryotic genes consist of blocks of coding sequences (exons) separated by blocks of noncoding sequences, termed introns[1]. Introns are removed from a primary transcript (pre-mRNA) by a process called pre-mRNA splicing. This process is carried out by a huge complex called the spliceosome, which comprises about 300 proteins and 5 small RNAs[2]. The five small RNAs are uridine-rich, and are thus called U small nuclear RNAs (U1, U2, U4, U5 and U6 snRNAs) (Figure 1)[3,4]. In eukaryotic cells, U snRNAs exist as RNA-protein complexes called small nuclear ribonucleoproteins (snRNPs). During spliceosome assembly, snRNPs are sequentially recruited onto a pre-mRNA substrate, resulting in the formation of several short stretches of RNA-RNA duplexes that play key roles in recognizing, specifying and catalyzing the two successive chemical reactions (Figure 2)[5-9].
First, the 5’ splice site is recognized by the U1 snRNP through base pairing interactions[10-12], resulting in the formation of the commitment complex or the early (E) complex. Second, U2 snRNP binds, again via base-pairing interactions, to the branch site, and forms a pre-splicing complex, namely complex A[7,13,14]. Base-pairing between the U2 snRNA and the branch site bulges out the branch point nucleotide (typically an adenosine residue), which is thus made available for the first chemical reaction[15-17] (see below). Next, the U4/U6.U5 tri-snRNP particle, in which U4 and U6 are extensively base-paired with each other, joins the A complex, leading to the formation of complex B1[18-21]. Subsequently, a series of RNA-RNA interaction rearrangements occur, resulting in the release of U1 and U4 snRNPs and hence the formation of complex B2 or the spliceosome. In the newly formed spliceosome, U5 contacts the splice sites and U6 base-pairs with both the 5’ splice site and U2[22], thus forming the active site for the first chemical reaction, in which the 2’-OH group of the bulged out branch nucleotide adenosine attacks the 5’ splice site. This generates the 5’ exon and the 2/3 lariat intermediate. Immediately after the first chemical reaction, additional conformational changes occur, leading to the formation of complex C and the initiation of the second chemical reaction, where the liberated 3’-OH of the 5’ exon attacks the phosphate group of the 3’ splice site. The second chemical reaction results in the release of the lariat intron as well as the ligation of the exons (mRNA) (Figure 2)[2,23]. Finally, the mRNA product is released, and the U2, U5, and U6 snRNPs are disassembled and recycled for further rounds of pre-mRNA splicing[24,25].

It is notable that all five spliceosomal snRNAs are extensively posttranscriptionally modified[26-29]. Pseudouridine (Ψ), the C5-glycoside isomer of uridine, is the most abundant in these RNAs. For example, there are 14 Ψs out of 189 nucleotides of vertebrate U2 snRNA, accounting for approximately 60% of the total modifications and approximately 7% of the total nucleotides[30-32]. Strikingly, the majority of the s are present in regions that are functionally important for pre-mRNA splicing, including the regions involved in RNA-RNA interactions in the splicing complexes/spliceosome (Figure 1). 

Because of its unique structural and chemical properties and its proven biological importance,  has begun to receive increasing research attention. However, due to the difficulty of developing effective assays and experimental systems, there had been little progress in research on RNA pseudouridylation until fairly recently. In the past approximately 17 years, however, several laboratories have made several remarkable discoveries[33-38] underscoring the notion that s in U snRNAs are not just bystanders in the process of pre-mRNA splicing, but that they are active participants in spliceosome assembly and splicing. This review discusses the mechanisms and functions of spliceosomal snRNA pseudouridylation, focusing on the most extensively studied U2 snRNA. 

S ARE IMPORTANT FOR RNA FUNCTION

s are abundant, conserved, and reside in important regions of snRNAs

Ψ was first detected as an unknown nucleotide more than 60 years ago[39] and soon afterward it was identified as 5-ribosyluracil, an isomer of uridine (1-ribosyluracil)[40]. Since its discovery, Ψ has been found in various stable RNAs (including rRNAs[41-45], tRNAs[46-49], and snRNAs[26-31,50]) of all organisms, and now it has been known as the most abundant modified nucleotide. Besides being abundant, s are highly conserved across species especially in functionally important regions of snRNAs. For example, both vertebrate and yeast U1 snRNAs contain two Ψs at the 5’ end region (5 and 6) known to recognize and base-pair with the 5’ splice site during spliceosome assembly (Figure 1 and Table 1). Three of the six s (34, 41 and 43) in the vertebrate U2 branch site recognition region (BSRR), which is involved in base-pairing with the pre-mRNA branch site, have their counterparts in yeast U2 (corresponding to 35, 42, and 44, respectively). Likewise, one of the s (43) in the conserved loop of vertebrate U5, which participates in interacting with the 5’ and 3’ exon sequences, is also present in yeast U5 snRNA at the equivalent site (99). s are also found in the U4-U6 duplex regions as well as in other regions of U6 that are important for function. In other instances, some of these s are conserved in plant snRNAs[51] and in minor-class snRNAs (U4atac and U12)[52]. The phylogenetic conservation as well as the strategic location of s clearly suggests that they play functionally important roles in pre-mRNA spllicing.
Characteristics of 
Ψ is converted from its isomer, uridine (U) (Figure 3). First, the glycosidic bond of U (N1-C1’) is broken. The uracil base then rotates 180° along the N3-C6 axis, allowing the formation of a new carbon-carbon (C5-C1’) bond between the base and the sugar[53,54]. As a result, the modified uridine, or , has an extra hydrogen bond donor at its non Watson-Crick edge, which can interact with its own phosphate backbone to form a rigid RNA structure[55-61].  can also contribute to stabilization of an RNA chain or an RNA-RNA interaction through alteration of RNA local structure or through enhancement of base stacking[62]. In this regard, it is reported that the -A pair is more stable than the U-A pair[63,64]. Thus, U-to- conversion endows the modified uridine () with chemical properties that are distinct from those of uridine and all other known nucleotides. 

Given that they are phylogenetically conserved, that they are clustered in functional regions, and that they have distinct chemical properties, s are expected to affect the function of the RNA in which they reside. Extensive researches carried out over the past 15 years have indeed demonstrated that s have the potential to impact numerous aspects of RNA biology, including structure, thermal stability, and biochemical interactions. Below, we discuss the function of U2 snRNA pseudouridylation.

FUNCTIONS OF U2 SNRNA PSEUDOURIDYLATION

U2 snRNA contains the most Ψs among all known snRNAs (e.g., human U2 snRNA contains 13 s), and for this reason, U2 snRNA pseudouridylation has been the most extensively studied. Three experimental systems have been fairly extensively used to study the function of U2 pseudouridylation, and they are discussed below.

The mammalian cell-free system

Over 20 years ago, Jeffery Patton carried out the first functional analysis of U2 snRNA modification[65,66]. He found that in vitro synthesized U2 snRNA could be efficiently pseudouridylated in HeLa cell S100 extracts[66]. He also demonstrated that the incorporation of 5-fluorouridine (5FU) into U2 snRNA site-specifically blocked U2 snRNA pseudouridylation and that the 5FU-containing U2 snRNP (free of s) is more prone to salt-induced dissociation when compared with U2 snRNP containing regular nucleotides (pseudouridylated)[66]. These results suggested that U2 snRNA lacking s was disadvantaged in snRNP assembly, implying that s contribute to snRNP biogenesis.
A decade later (in 2004), the Lührmann group provided direct experimental evidence for the functional importance of U2 snRNA pseudouridylation in pre-mRNA splicing[67]. In this study, they depleted endogenous U2 snRNP from splicing extracts derived from HeLa cells using affinity selection with oligonucleotides complementary to U2 snRNA. Then they reconstituted the U2 snRNP in vitro using synthesized U2 snRNA. The reconstituted U2 snRNP was added to the U2-depleted extracts, and its ability to support pre-mRNA splicing was then assayed. Their results indicated that the three s located within the 5’ end region (6, 7 and 15) exhibited cumulative effects on U2 function. Specifically, they are required for the E complex formation. Together, the data obtained from mammalian in vitro systems have clearly suggested that s in U2 snRNA play important roles in snRNP biogenesis and pre-mRNA splicing.

The Xenopus oocyte reconstitution system

A more detailed and systematic analysis of the effects of U2 snRNA pseudouridylation on pre-mRNA splicing was conducted in Xenopus oocytes[35,68,69]. In this experimental system, an endogenous snRNA can be specifically and nearly completely depleted upon injection of an antisense DNA oligonucleotide. Specifically, the DNA oligonucleotide, once injected, forms a duplex with its target snRNA, thus triggering an endogenous RNase H activity, which degrades the snRNA (the RNA strand of the RNA-DNA hybrid). Four hours later, the injected DNA oligonucleotide itself is degraded by an endogenous DNase activity. Following the depletion of the endogenous snRNA, exogenously-derived snRNAs can then be injected, allowing an accurate measurement of capabilities of these injected snRNAs in restoring functional snRNP and pre-mRNA splicing activity.

To examine U2 pseudouridylation, an antisense U2 DNA oligonucleotide is injected.  After the endogenous U2 snRNA is depleted, in vitro transcribed U2 (unmodified), cellular U2 (completely modified), or chimeric U2 snRNAs (partially modified) are injected into the U2 snRNA-depeleted Xenopus oocytes. After a short period of reconstitution (approximately 3.5 h), snRNP biogenesis and pre-mRNA splicing activity are analyzed.

Using this system, Yu et al[35] demonstrated that while unmodified in vitro transcribed U2 snRNA was unable to rescue splicing in U2 snRNA-depleted oocytes, cellularly-derived (modified) U2 effectively restored splicing activity, suggesting that U2 modifications, including many pseudouridines, are functionally important for splicing. Using chimeric U2 snRNAs derived from the combination of cellular (modified) and in vitro transcribed U2 (unmodified), Yu et al[35] further dissected U2 modifications and identified the s that reside within the 5’ end region of U2 to be important for splicing. Using anti-snRNP immunoprecipitation and glycerol gradient sedimentation, they also demonstrated that unmodified U2 snRNA was unable to form functional 17S snRNP, and that, consequently, U2 snRNA lacking  was unable to participate in spliceosome assembly.

Surprisingly, however, while modifications in the 5’ end region of U2 snRNA were shown to be required for both snRNP biogenesis and pre-mRNA splicing, the six Ψs in the BSRR (nucleotides 33-46) were not identified as functionally significant under these conditions[35]. Zhao et al[68] later found that  formation occurred much faster in the BSRR than in the 5’ region of U2 snRNA. Indeed, soon after it was injected into the nuclei of Xenopus oocytes, in vitro transcribed U2 became pseudouridylated in the BSRR although pseudouridylation had not yet occurred in the 5’ end region, thus suggesting that the functionality of the s in the U2 BSRR cannot be analyzed under these conditions. To overcome this problem, Zhao et al[69] employed 5FU-containing U2 to site-specifically inhibit  formation in the U2 BSRR. Somewhat expectedly, U2 snRNAs lacking s only in the BSRR failed to support pre-mRNA splicing. Taken together, these results indicate that virtually all Ψs tested in the Xenopus oocyte system are required for snRNP biogenesis and pre-mRNA splicing. 

The yeast genetic system

The yeast system has also been used to study U2 pseudouridylation. There are a total of three Ψs (Ψ35, Ψ42 and Ψ44) in Saccharomyces cerevisiae (S. cerevisiae) U2, all of which are located in the BSRR (Figure 1). About a decade ago, all three pseudouridylases responsible for the formation of the three Ψs in yeast U2 were identified (see below), making it possible to carry out genetic experiments to analyze the function of yeast U2 pseudouridylation.

Pus7 catalyzes the formation of Ψ35, which interacts with the nucleotide next to the pre-mRNA branch point adenosine during pre-mRNA splicing. Interestingly, the pus7 deletion strain, although still viable, displayed reduced growth rates under conditions of high salt or when grown in competition with wild-type yeast strains[70] (unpublished data). To examine the functional role of Ψ35 in more detail, Yang et al[37] used a synthetic lethal screen, and found that, interestingly, a combination of pus7 deletion (loss of 35) and a U2 point mutation at position 40 (U40G or U40∆) resulted in a temperature-sensitive growth defect phenotype. They further demonstrated that pre-mRNA accumulated in the mutant strain under restrictive conditions, indicating that 35 in the U2 BSRR contributes to pre-mRNA splicing in S. cerevisiae.
Recently, Pus1 and snR81 (pseudouridylases responsible for the formation of 44 and 42, respectively) were also deleted, either individually or in combination, from the yeast genome. The resulting strains were tested for their ability to support pre-mRNA splicing. These mutant strains exhibited splicing-deficient phenotype (Wu and Yu, unpublished data). Taken together, the data generated thus far strongly suggest that all three Ψs within yeast U2 snRNA play a role in pre-mRNA splicing. These results are consistent with the results obtained from the Xenopus oocyte microinjection system (see above).

Structural analyses

In recent years, various biophysical techniques have been used to investigate the structural aspects of U2 snRNA pseudouridylation. Specifically, in 2001, Berglund et al[71] solved, at 2.18-Å resolution, a crystal structure of a self-complementary RNA modeled after the yeast U2 snRNA-branch site duplex in the absence of Ψ. Surprisingly, the adenosine adjacent to the expected branch point adenosine was bulged out, despite the fact that, in mammalian cell extracts, either of these adenosines was able to serve as the nucleophile that attacks the 5’ splice site during pre-mRNA splicing. Subsequently, Newby and Greenbaum determined solution NMR structures of the yeast U2 snRNA-branch site duplex with or without Ψ35 in the U2 strand[60,62]. They showed that the presence of the Ψ35 in the U2 strand induced a structural change where the branch point adenine base bulged out of the duplex and the nucleophile (the 2’-OH of the adenosine) was placed in an accessible position for the first step of splicing[60].

More recently, Lin et al[72] reported the 1.57-Å resolution crystal structure of the U2 snRNA-branch site duplex in the presence of 35 in the U2 strand. They observed an extra-helical branch point adenosine in which its 2’-OH was prominently exposed and available for attack on the 5’ splice site. Thus, biophysical data have provided detailed structural information indicating that 35 is somehow capable of altering the structure of the duplex, thereby making the 2’-OH group of the branch-point adenosine available for the first step of splicing.

MECHANISMS OF SPLICEOSOMAL SNRNA PSEUROURIDYLATION 

Box H/ACA RNP-catalyzed (RNA-dependent) mechanism

In 1997, the Ni et al[73] and Ganot et al[74] demonstrated that box H/ACA RNAs, one of the two major families of small nucleolar RNAs, function as guide RNAs that direct site-specific synthesis of  in rRNA. Box H/ACA RNAs exist in the cell as RNA-protein complexes (box H/ACA snRNPs). Each of the complexes consists of one unique box H/ACA RNA and four common core proteins, Cbf5 (NAP57 or Dyskerin in mammals/humans), Nhp2, Gar1, and Nop10. Each box H/ACA RNA forms a conserved hairpin-hinge-hairpin-tail structure, including a conserved H box in the hinge region and a conserved ACA box in the tail region (Figure 4). Each of the two hairpins in the box H/ACA RNA contains an internal loop (pseudouridylation pocket), which serves as a guide that base pairs with the target RNA to place the target uridine precisely at the base of the upper stem where Cbf5, a catalytic component of box H/ACA RNP, catalyzes the U-to- conversion[75,76] (Figure 4). 
The discovery of the mechanism of box H/ACA RNA-guided rRNA pseudouridylation generated great interest in searching for additional box H/ACA RNAs. Both computational methods and experimental approaches were developed, resulting in the discovery of hundreds of new box H/ACA RNAs in several different organisms[43,77-79]. Interestingly, a number of guide sequences exhibited complementarity with spliceosomal snRNAs, suggesting that the box H/ACA RNAs may also guide pseudouridylation of snRNAs[80,81]. To experimentally verify this hypothesis, several laboratories tested the guide activity of newly identified snRNA-specific box H/ACA RNAs using several independent systems. For example, Zhao et al[82] demonstrated that a Xenopus box H/ACA RNA containing two putative pseudouridylation pockets was indeed able to direct U2 snRNA pseudouridylation at two different sites (positions 34 and 44 by the 5’ pocket and the 3’ pocket, respectively) in Xenopus oocytes. Jády et al[80] showed that U85, a special type of mammalian box H/ACA small nucleolar RNP, specifically directed pseudouridylation of U5 snRNA at position 46. Ma et al[83] reported that one of the yeast box H/ACA RNAs, snR81 RNA, guided Ψ42 formation in yeast U2 snRNA.

The fact that box H/ACA RNAs are able to direct spliceosomal snRNA pseudoruidylation in various organisms strongly suggests that RNA-dependent pseudouridylation is a major (if not the only) mechanism for  formation in spliceosomal snRNAs. In this regard, a large number of box H/ACA RNAs have been identified, and upon inspection of their guide sequences, many of them are predicted to be specific for spliceosomal snRNAs. 

Stand-alone protein-catalyzed (RNA-independent) mechanism

At a time when it was widely believed that box H/ACA RNA-dependent mechanism was responsible for  formation in spliceosomal snRNAs, the Branlant lab reported that Pus1, a stand-alone protein pseudouridylase known to catalyze tRNA pseudouridylation, was also responsible for the formation of 44 in S. cerevisiae U2 snRNA[52]. By using purified Pus1 and in vitro synthesized U2 snRNA, they showed that Pus1 catalyzed Ψ44 formation in yeast U2 snRNA. They also showed that deletion of PUS1 resulted in the loss of 44 in yeast U2 snRNA.

This was the first report demonstrating that spliceosomal snRNA pseudorudylation is catalyzed by an RNA-independent mechanism. Here, a stand-alone protein enzyme is responsible for both substrate recognition and catalysis. This mechanism is remarkably different from the RNA-dependent mechanism, in which a guide RNA is used to recognize the substrate and a catalytic protein component Cbf5 catalyzes the isomerization reaction.

Using a singly radiolabled U2 snRNA substrate to screen a yeast GST-ORF fusion library[84], Ma et al[70] subsequently identified YOR243c, a previously uncharacterized ORF, as a stand-alone pseudouridylase responsible for Ψ35 formation in yeast U2 snRNA. YOR243c was subsequently renamed Pseudouridine Synthase 7, PUS7. A BLAST search identified the Pus7 homologs in many organisms, including Schizosaccharomyces pombe, Caenorhabditis elegans, Drosophila melanogaster, and humans. Surprisingly, however, these homologs have no significant sequence or domain similarities to any known members of  synthase families (TruA, TruB, RluA and RsuA families)[70]. Thus, Pus7 represented a novel family of Ψ synthases present in many different organisms. Shortly after the identification of Pus7, its Escherichia coli homolog, TruD, was identified[85]. Thus, yeast Pus7 and its homologs in other organisms have been classified as members of the TruD  synthase family.

From an evolutionary point of view, it is interesting that yeast U2 pseudouridylation is catalyzed by both RNA-dependent (snR81 box H/ACA RNA for 42) and RNA-independent (Pus7 for 35 and Pus1 for 44) mechanisms, whereas pseudouridylation of higher eukaryotic snRNAs is (or at least is widely believed to be) catalyzed exclusively by RNA-dependent mechanism. If it is true that the RNA-dependent mechanism evolved from the RNA-independent mechanism[86], the co-existence of the two mechanisms in yeast would suggest that snR81 box H/ACA RNP responsible for Ψ42 formation has evolved. However, Pus7 and Pus1 responsible for Ψ35 and Ψ44, respectively, might never have evolved (or evolved but were subsequently lost from the genome) in yeast. All box H/ACA RNPs responsible for spliceosomal snRNA pseudouridylation have evolved in higher eukaryotes.

Inducible snRNA pseudouridylation

Until recently all Ψs identified in RNAs have been considered constitutive modifications. In 2011, Wu et al[87] demonstrated for the first time that changes in growth conditions induce U2 pseudouridylation at novel sites, which, in turn, influences splicing. In this study, they exposed yeast cells to a widely used stress-nutrient deprivation (growing cells to saturation or using nutrient-depleted media), and subsequently isolated RNAs from stressed cells for pseudouridylation assays. Remarkably, they detected two novel s (at positions 56 and 93) in U2 snRNA isolated from stressed cells. When the cells were exposed to another widely used stress-heat shock, they also detected 56 (but not 93). These two positions, 56 and 93, had previously been identified as unmodified uridines in yeast U2 snRNA.

Further analyses showed that the stand-alone protein Pus7, which is responsible for Ψ35 formation in U2, catalyzes 56 formation, and that the box H/ACA RNA snR81, which directs pseudouridylation of U2 at position 42 and of 25S rRNA at position 1051[77], guides Ψ93 formation; in the latter case, position 1051 (constitutive) of 25S rRNA and position 93 (inducible) of U2 share a common pseudouridylation guide-the 3’ pseudouridylation pocket of snR81 (the 5’ pocket of snR81 is responsible for 42 formation) (Figure 5). Interestingly, the sequences surrounding U56 and U93 are similar but not identical to the sequences surrounding the constitutively pseudouridylated target sites, Ψ35 of yeast U2 and 1051 of 25S rRNA, respectively[87], suggesting that the inducibility of U2 pseudouridylation at positions 56 and 93 can be attributed to their imperfect substrate sequences or imperfect enzyme-substrate interactions. Indeed, Wu et al[87] subsequently showed that imperfect base-pairing interactions (two mismatches) between the guide sequence of snR81 and the target sequence of U2 (at position 93) were necessary for induced pseudouridylation.

CONCLUSION 

It has been more than 60 years since  was reported, and more than 15 years since the box H/ACA RNA family was discovered. Over the years (the last 15-20 years in particular), remarkable progress has been made towards elucidating the mechanism and function of spliceosomal snRNA pseudouridylation. However, the detailed molecular mechanisms of how s affect pre-mRNA splicing remain unclear. With regard to the mechanisms of spliceosomal snRNA pseudouridylation, especially induced  formation, there are still a number of unanswered questions. The concept that  formation can be induced challenges the current paradigm that snRNA modifications are constitutive, and therefore further demonstration of the regulatability of spliceosomal snRNA pseudouridylation will significantly advance our understanding of spliceosomal snRNA modification and function. It is anticipated that the pace of snRNA pseudouridylation research (and RNA modification research in general) will quicken.
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Figure Legends

[image: image1.png]Yeast U2 BSRR

uu
. pod
HumanUl cC%Ac G[acuaucHeMy. Ay
v % E e .
&<
i | A
u ﬂ“ ‘Erl Human U2 up ¢
(5] & ey
& s
& | & e
us’ e
&
5 ucscmAucAAGuG@As@AEcmeicuuAc & -
GganualAEuAAALGGAYUUULGEAGCAS &, A
% Gqayeeiaqyas i
o Lo0agl ddRdc
LOUCERSOASS
A < co o'
ARGE w0 oA, ST c3
¢ UReYYYYSE eaAyyyess A e
A ACEAAEAdE  EEUARAEEE | A
c, u Uz c ve GC
uac G-C 160
i s
‘s g sucy
S-AUACHIPACCUGG-CAUAAUUUGUGEUAGU GG 3 SRR
f o
s-auachshccy!
Yeast U1 5" end cAAy
P — e A
G ey Y
[f Yeast US loop 3
i
UyaC g A
&5 ¢ %
Human U4 ‘g fia
u-A C-G1eo
6, UA
g 1=
U= x5
. “heanarcuuibeceaniiecccdeanivuvucats-y
)

AAGACAAGCAAGGUTRAAAUCAUAUACS -5
w Eey

Human U6

fexwyen's

Human US

FocoPpcccoco

>

CUUAACCCAAUUUUUUGA-UA-3




Figure 1  Primary sequences and secondary structures of human spliceosomal snRNAs (U1, U2, U4, U5 and U6). Pseudouridines () are boxed. The sequences of yeast snRNAs where the s have their counterparts in human snRNAs (the 5’ end region of U1, branch site recognition region (BSRR) of U2, and loop region of U5) are also shown. The structures are predicted by the “multifold” program and are consistent with the genetic/biochemical mapping data.
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Figure 2  The splicing reaction. A: Steps of the spliceosome-mediated splicing reaction. The thick lines represent the intron and the boxes are exons. The short lines between RNA strands represent watson-crick base-pairing interactions. The 2'-OH groups of branch point adenosine and the cut-off 5' exon are pictured in the activated spliceosomes. The lightning symbols depict a nucleophilic attack that causes a transesterification reaction; B: Putative RNA-RNA hybrids formed during the splicing reaction.
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Figure 3  Schematic representation of uridine-to- pseudouridine isomerization. Pseudouridine is a rotational isomer of uridine, in which the N-C glycosidic bond is broken to form the C-C bond. This results in the creation of an extra hydrogen bond donor (d), while the number of hydrogen bond acceptors (a) is unchanged.
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Figure 4  Schematic depiction of box H/ACA RNA. The core components of a box H/ACA RNP, a box H/ACA RNA and four proteins (Nhp2, Nop 10, Gar1 and Cbf5), are shown. An RNA substrate paired with the two internal loops of the box H/ACA RNA is also shown. The arrows indicate the target nucleotides for pseudouridylation. The H box (5'-ANANNA-3') and ACA box (5'-ACA-3') are indicated.
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Figure 5  Constitutive and induced pseudouridylation by snR81 box H/ACA ribonucleoprotein. The sequence and structure of snR81 box H/ACA RNA is shown. As arrows indicate, the internal loop (pseudouridylation pocket) within the 5’ hairpin is specific for Ψ42 (constitutive) of U2 snRNA, and the internal loop within the 3’ hairpin is specific for Ψ1051 (constitutive) of 25S rRNA. Under stress coditions, the 3’ pseudouridylation pocket becomes capable of directing the formation of Ψ93 (inducible) of U2 snRNA. As shown by “x”, there are two U-U mismatches between the 3’ pocket and the U2 sequence flanking position 93.
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Table 1 Pseudouridylation sites within yeast and human spliceosomal snRNAs


  Organism


�
snRNA


�
Position


�
Catalyst


�
Ref.


�
�
  Yeast


�
U1


�
5


�
Cbf5


�
[52], Unpublished data Yu Lab


�
�
�
�
6


�
Cbf5


�
[52], Unpublished data Yu Lab


�
�
�
U2


�
35


�
Pus7


�
[52,70]


�
�
�
�
42


�
H/ACA RNP (snR81)


�
[52,83]


�
�
�
�
44


�
Pus1


�
[52]


�
�
�
�
(56; induced)


�
Pus7


�
[87]


�
�
�
�
(93; induced)


�
H/ACA RNP (snR81)


�
[87]


�
�
�
U5


�
99


�
NR


�
[52]


�
�
  Human


�
U1


�
5


�
H/ACA RNP (ACA47)


�
[81, 88]


�
�
�
�
6


�
H/ACA RNP (U109)


�
[88,89]


�
�
�
U2


�
6


�
NR


�
�
�
�
�
7


�
H/ACA RNP (U100)


�
[43,79]


�
�
�
�
15


�
NR


�
�
�
�
�
34


�
H/ACA RNP (U92)


�
[90, 91]


�
�
�
�
37


�
H/ACA RNP (ACA45)


�
[81,91]


�
�
�
�
39


�
H/ACA RNP (ACA26)


�
[81,91]


�
�
�
�
41


�
H/ACA RNP (ACA45)


�
[81,91]


�
�
�
�
43


�
NR


�
�
�
�
�
44


�
H/ACA RNP (U92)


�
[90,91]


�
�
�
�
54


�
H/ACA RNP (U93)


�
[30,43,91,92]


�
�
�
�
58


�
NR


�
�
�
�
�
60


�
NR


�
[93]


�
�
�
�
89


�
H/ACA RNP (ACA35)


�
[81,91]


�
�
�
�
91


�
NR


�
�
�
�
U4


�
4


�
NR


�
�
�
�
�
72


�
NR


�
�
�
�
�
79


�
NR


�
�
�
�
U5


�
43


�
H/ACA RNP (ACA57)


�
[81,94]


�
�
�
�
46


�
H/ACA RNP (U85)


�
[80,94]


�
�
�
�
53


�
H/ACA RNP (U93)


�
[30,91,92]


�
�
�
U6


�
31


�
H/ACA RNP (ACA65)


�
[43]


�
�
�
�
40


�
H/ACA RNP (ACA12)


�
[79,81,95]


�
�
�
�
86


�
H/ACA RNP (ACA65)


�
[79]


�
�
�
U12


�
19


�
H/ACA RNP (ACA68)


�
[43,96]


�
�
�
�
28


�
H/ACA RNP (ACA66)


�
[43,96]


�
�
�
U4atac


�
12


�
NR


�
[96]


�
�
�
U6atac


�
83


�
NR


�
[96]


�
�









