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Abstract

Pseudouridine (Ψ) is the most abundant posttranscriptional modification in noncoding RNAs. 

Pseudouridines are often clustered in important regions of rRNAs (ribosomal RNAs), snRNAs 

(small nuclear RNAs), and tRNAs (transfer RNAs), contributing to RNA function. 

Pseudouridylation is governed by two independent mechanisms. The first involves single protein 

enzymes called pseudouridine synthases (PUSs) that alone recognize the substrate and catalyze the 

isomerization of uridine to pseudouridine (RNA-independent pseudouridylation). The second is an 

RNA-guided pseudouridylation by a family of box H/ACA RNPs (ribonucleoproteins), each of 

which consists of a unique RNA (box H/ACA RNA) and four common core proteins (Cbf5/

NAP57/Dyskerin, Nhp2/L7Ae, Nop10, and Gar1). The RNA component serves as a guide that 

base pairs with the substrate RNA and directs the enzyme (Cbf5) to carry out the 

pseudouridylation reaction at a specific site. The crystal structures of many PUSs have been solved 

in numerous organisms including E. coli and human. Several partial and complete crystal 

structures of archaea and yeast box H/ACA RNPs are available, providing a rich source of 

information regarding the molecular interactions between protein components and box H/ACA 

RNA. Over the years, several experimental systems have been developed to study the mechanism 

and function of pseudouridylation. Apart from noncoding RNA pseudouridylation, recent 

experiments have provided evidence of mRNA pseudouridylation as well. Despite remarkable 

progress, there is a need to accelerate efforts in order to understand the detailed mechanisms and 

functions of RNA pseudouridylation.

1. INTRODUCTION

Ribonucleic acids (RNAs) undergo over 140 distinct types of posttranscriptional 

modifications [1]. Among them, pseudouridylation is the most abundant modification. 

Pseudouridine was initially found in total RNA hydrolysates of calf liver and considered as 

the fifth ribonucleoside due to its high abundance. Later it was renamed as pseudouridine, 

which is derived from the Greek letter psi (Ψ) [2,3]. In the formation of pseudouridine from 

uridine (pseudouridylation), the nitrogen–carbon (N1–C1′) bond, which links the uracil base 

to the ribose sugar, is first broken and the liberated uracil base is rotated 180 degree along 

the N3–C6 axis. The rotated base then establishes a new carbon–carbon (C5–C1′) bond 

between the base and the sugar (Fig. 1). Pseudouridine gains two new features that 

differentiate it from uridine. First, the canonical C–N glycosidic bond is changed to a more 

inert C–C bond [3]. Second, there is an extra hydrogen bond donor at the N1 of the 
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pseudouridine base. These distinctions cause efficient base stacking and water coordination 

of pseudouridine, thereby increasing the rigidity of the phosohodiester backbone and 

thermodynamic stability of the Ψ-A base pair compared to U-A base pair [4].

Pseudouridylation mainly occurs in noncoding RNAs, such as snRNAs (small nuclear 

RNAs), rRNAs (ribosomal RNAs), and tRNAs (transfer RNAs). For example, there are a 

total of 24 pseudouridines in the 5 vertebrate spliceosomal snRNAs (U1, U2, U4, U5, and 

U6), and 13 of them are concentrated in U2 snRNA [5]. In Saccharomyces cerevisiae 
(yeast), a total of six pseudouridines have been identified in snRNAs, including three in U2, 

two in U1, and one in U5 [6] (Fig. 2). Significantly, pseudouridine residues are concentrated 

in evolutionarily conserved and functionally important regions of snRNAs. For instance, the 

two pseudouridines in both vertebrate and yeast U1 snRNA are in the 5′ end region (Ψ5 and 

Ψ6), which forms base-pairing interactions with the 5′ splice site during spliceosome 

assembly. There are multiple pseudouridines in the branch site recognition region (BSRR) of 

yeast and vertebrate U2 snRNA that are involved in base pairing with the pre-mRNA branch 

site during splicing. There is a Ψ(Ψ43) in the conserved loop of vertebrateU5 snRNA that 

interacts with the 5′ and 3′ exon sequences. Ψ is also present in yeast U5 snRNA at the 

equivalent position (Ψ99) within the conserved loop (Fig. 2) [7]. Furthermore, there is 

experimental evidence available to show that pseudouridines contribute significantly to RNA 

function. For instance, the loss of pseudouridines at the BSRR of U2 impacts pre-mRNA 

splicing [8]. In a more detailed study, it has been demonstrated that yeast U2 lacking Ψ42 

and Ψ44 shows reduced binding affinity with Prp5, an ATPase required for spliceosome 

assembly, thus resulting in inefficient spliceosome assembly and splicing [9]. In an exciting 

observation, pseudouridylation of U6 snRNA at U28 (catalyzed by Pus1p) is important to 

initiate the filamentous growth in yeast, demonstrating the impact of Ψ on cell growth 

program and development [10].

In rRNA, there are a large number of pseudouridylation sites as well. For instance, there are 

approximately 97 pseudouridines in mammalian rRNAs and 46 in yeast rRNAs [11]. As in 

snRNAs, the pseudouridine sites are clustered in functionally important regions of rRNAs. 

For instance, multiple Ψs are present in the ribosome peptidyl transferase center and 

blocking pseudouridylation in this region results in defects in protein translation and cell 

growth [12]. Furthermore, pseudouridines are abundant in the ribosome decoding center of 

18S rRNA and A-site finger region of 25S rRNA; importantly, elimination of Ψs in these 

regions leads to functional defects [13]. Hypopseudouridylated rRNAs cause impaired 

ribosome–ligand interactions, resulting in decreased affinity for tRNAs and poor 

translational fidelity in yeast and mammalian cells [14]. Therefore, the presence of 

pseudouridine at strategic locations of snRNAs and rRNAs together with the relative high 

degree of conservation clearly suggests that pseudouridylation plays an important role in 

pre-mRNA splicing and protein synthesis.

2. MECHANISM OF PSEUDOURIDYLATION

The pseudouridylation of RNA substrates occurs via two main mechanisms. One is an RNA-

independent mechanism that involves only a single protein enzyme called pseudouridine 

synthase (PUS). The other mechanism is an RNA-dependent mechanism involving an RNA–
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protein complex known as box H/ACA RNP. In prokaryotes, the reaction of 

pseudouridylation is catalyzed solely by the protein-only mechanism, while both 

mechanisms appear to coexist in eukaryotic organisms.

2.1 RNA-Independent Mechanism

PUSs carry out both substrate recognition and catalysis of the isomerization reaction of 

uridine to pseudouridine without using any cofactors (Fig. 3A). Depending on the sequence 

and structure conservation, PUS enzymes are divided into six distinct families, TruA, RluA, 

RsuA, PUS10, TruB, and TruD, that are named after the founding protein member [15]. 

Despite the low conservation of structure and sequence, all of these PUS families catalyze 

the same reaction by using aspartate (Asp) as the nucleophile. The (crystal) structures of 

some PUS enzymes have been solved (see “The evolution of multi-substrate specificity by 

RNA modification enzymes” by Alfonzo). However, the exact mechanism of isomerization 

is poorly understood. It is known that pseudouridylation of tRNA in both eukaryotes and 

prokaryotes is catalyzed by PUS enzymes. Interestingly, pseudouridylation of some of the 

yeast snRNAs is catalyzed by both RNA-independent and RNA-dependent mechanisms 

[16,17]. For example, the Branlant group found that a pseudouridylase called Pus1p, which 

was earlier identified as a tRNA pseudouridylase, can also catalyze the pseudouridylation of 

yeast U2 snRNA at position 44 [18]. Later, using a GST-ORF fusion protein library, Ma et 
al. discovered that the position 35 (U35) of yeast U2 snRNA is also pseudouridylated by a 

PUS enzyme, Pus7p [19].

2.2 RNA-Dependent Mechanism

The RNA-dependent pseudouridylation is catalyzed by box H/ACA RNPs, each of which 

contains an RNA component called a box H/ACA RNA and a set of common core proteins 

(Fig. 3B). Box H/ACA RNAs are noncoding RNAs that fold into a hairpin–hinge–hairpin–

tail secondary structure. The hinge region and the tail region contain evolutionary conserved 

box H with the consensus sequence “ANANNA” and the trinucleotide Box “ACA,” 

respectively. The two hairpins each contain an internal loop called pseudouridylation guide 

pocket, which has a short specific sequence complementary to the substrate RNA. The 

guiding pockets recognize the sites of modifications through Watson–Crick base-pairing 

interactions with substrate RNAs, thereby positioning the uridine to be modified at the base 

of the upper stem and leaving it unpaired. This brings the target uridine 13–16 nucleotides 

upstream of either box H or box ACA [20]. Although the typical box H/ACA guide RNA 

consists of two hairpins, it can vary in some organisms. For example, in archaea, the number 

of hairpins can vary from one to three [21] while in humans there is a box H/ACA RNA that 

contains a structure of four hairpins [22].

All box H/ACA RNPs examined to date each also contain an evolutionarily conserved set of 

four core proteins [23]. These proteins are essential for the stability of each other and the 

stability of box H/ACA RNA. They are also essential for catalysis of pseudouridylation. In 

humans, the four core proteins are dyskerin (Cbf5p in S. cerevisiae, NAP57 in rats, and 

Nop60B in Drosophila), Gar1p, Nhp2p (L7Ae in archaea), and Nop10p. All of these core 

proteins are essential for cell viability and have been characterized in the context of box 

H/ACA RNA-guided pseudouridylation [24–28]. Among the four proteins, dyskerin (Cbf5p, 
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NAP57, or Nop60B) is the pseudouridylation enzyme that catalyzes the reaction. The 

pseudouridylase activity of S. cerevisiae Cbf5p was initially identified by mutational 

analysis [29], and it was later realized that the rat NAP57 and the yeast Cbf5p were 

homologs with 71% sequence identity [30,31]. Interestingly, Cbf5p is also homologous to 

the bacterial PUS TruB [29]. Detailed analysis of Cbf5p revealed that it contained a catalytic 

domain, which is common to all known PUSs, as well as a carboxyl-terminal PUA domain 

(PUS and archaeosine transglycosylase). Both domains show a high degree of structural 

conservation among bacterial, archaeal, and yeast pseudouridylases [32,33].

While Cbf5p is the most well-studied protein component, the other three proteins are also 

important for RNA-guided pseudouridylation. Gar1p is a small protein consisting of two 

glycine–arginine-rich (GAR) domains that flank either side of the central core domain [34]. 

Structural analysis shows that Gar1p does not directly interact with box H/ACA RNA but is 

essential for substrate turnover in the reaction of pseudouridylation [32]. Nhp2p (nonhistone 

protein) is a small basic protein [23]. Recent fluorescent data on the archaeal homologue of 

Nhp2p, L7Ae, suggests that it might be involved in the correct positioning of the substrate 

uridine at the active site of the box H/ACA RNA-guiding pocket [35]. The smallest protein 

component, Nop10p consists of only 64 amino acids. To date, no recognizable or known 

motifs have been reported in Nop10p, but it has been shown that only Nop10p and Cbf5p 

proteins alone display a very low level of pseudouridylation activity when incubated with a 

box H/ACA guide RNA and a complementary substrate RNA. This low level of 

pseudouridylation was significantly increased when L7Ae protein was present [36].

Box H/ACA RNPs that are involved in the pseudouridylation of rRNAs are localized to the 

nucleolus (snoRNPs; small nucleolar RNP), whereas the box H/ACA RNPs that guide the 

pseudouridylation of spliceosomal snRNAs are localized to the Cajal bodies (scaRNPs; 

small Cajal body-specific RNP) [37]. The nucleolar targeting of box H/ACA snoRNPs 

requires an intact box H and box ACA together called the box H/ACA motif [38]. The 

localization of scaRNPs into Cajal bodies involves an additional element, called the CAB 

box, in the 5′ and 3′ apical loops of box H/ACA RNA, and a CAB-binding protein [39,40].

In catalyzing pseudouridylation, all pseudouridylation enzymes, including RNA dependent 

(box H/ACA RNPs) and independent (PUS), use a universally conserved aspartic acid at the 

active site to nucleophilically attack the target uridine. The site of attack, whether at the base 

(C6) or at the ribose (C1′), was under debate [41]. However, the structural analysis of 

archaeal box H/ACA RNP revealed a closer proximity of attacking aspartate to the C6 of the 

uridine base [42,43]. On the other hand, how the separation happens between the base and 

the sugar and how the rotation of the base occurs remain known. A thumb-loop element in 

the catalytic domain appears to play an important role in both substrate RNA binding and 

turnover [44,45].

3. STRUCTURE OF BOX H/ACA RNP

The crystal structure of many PUSs, derived from bacteria, archaea, and yeast, has been 

solved. The bacterial TruB, complexed with a part of tRNA, was the first to be crystallized 

[46]. Then, several partial and complete structures of archaea and yeast box H/ACA RNP 
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with or without substrate RNA were solved [32,35,44,47–51]. For instance, the crystal 

structure of Pyrococcus furiosus (Pf) H/ACA RNP, assembled with a single-hairpin H/ACA 

RNA, was solved. The upper stem of guide RNA binds to Cbf5p, Nop10p, and L7Ae 

(Nhp2p) while the lower stem and ACA motif are bound to the PUA domain of Cbf5p. 

Gar1p directly contacts Cbf5p and is important for substrate turnover (loading and release) 

through controlling the confirmation of thumb-loop of Cbf5p. These interactions between 

the protein components and the lower stem, upper stem, or the H/ACA motif, specifically 

position the catalytic domain of Cbf5p over the pseudouridylation guide pocket, forming a 

molecular bracket [32,44,50,51].

The structure of eukaryotic box H/ACA RNP was poorly understood. However, recently the 

crystal structure of yeast box H/ACA RNPs with two-hairpin H/ACA RNA and recombinant 

proteins Cbf5p, Nop10p, Gar1p, and Nhp2p has been reconstituted, displaying a general 

similarity to that of archaea [33]. However, there are some major differences between the 

two structures, specifically in the region around the upper stem of the box H/ACA RNA. In 

archaea, there is a K-turn motif bound by L7Ae, which contacts Nop10p, but does not stably 

associate with Cbf5p–Nop10p in the absence ofRNA[21,32,36,52]. In contrast, no K-turn is 

present in the upper stem of H/ACA RNA in eukaryotic complex and Nhp2p stably interacts 

with Cbf5p–Nop10p protein complex [53]. Removal of archaeal L7Ae affects the basic 

catalytic activity and the substrate turnover, but Nhp2p in yeast seems less important 

compared to L7Ae because yeast box H/ACA RNP can assemble without Nhp2p and the 

complex lacking Nhp2 displayed noticeable but reduced activity in multiple-turnover 

reactions [33].

Even though the mammalian box H/ACA RNP structure is not yet available, a lot of 

information can be deduced from the available structures of other species, due to high degree 

of evolutional similarity. Based on the information, the structure of mammalian box H/ACA 

RNP has been modeled. Accordingly, NAP57 (or Dyskerin) forms the core of the RNP 

particle with NOP10 and GAR1 binding independently to the catalytic domain of NAP57. 

NHP2 appears to dock on NOP10 without contacting NAP57. The guide RNA is draped 

over the core trimer, which consists of NAP57, NOP10, and NHP2 and does not seem to 

contact GAR1 [6].

4. THREE ELEMENTS REQUIRED FOR BOX H/ACA RNP ACTIVITY

In order to understand the mechanism of uridine-to-pseudouridine conversion, a great deal of 

effort has been made to dissect the box H/ACA RNP system in detail. Based on the initial 

work, the conserved box H (in the hinge region) and box ACA (at the tail) appear to be 

important for proper nucleolar localization as well as for pseudouridylation [38,54]. Later, 

several reconstitution systems were developed to dissect the minute details in the function of 

box H/ACA RNP [36,52,55,56]. All these studies identified three important sequence and 

structural elements that are critical for RNA-guided pseudouridylation by box H/ACA RNA 

(Fig. 3B). The first required element is the stability of the hairpin structure harboring the 

pseudouridylation pocket. This includes the upper and lower stems in between the guide 

pocket (pseudouridylation pocket). The stable base-pairing interactions of these stems are 

important to maintain a proper guide pocket. The second element is the stability of base-
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pairing between the guide sequence and the substrate RNA. Stable interactions are necessary 

to position the target uridine at the catalytic center of pseudouridylase Cbf5p (Dyskerin/

NAP57). The third element is the distance between the target uridine and box H or box 

ACA. Usually this distance is approximately 13–16 nucleotides [57]. This distance not only 

allows the upper stem of box H/ACA RNA to bind with Cbf5p, Nop10p and Nhp2, and the 

lower stem and box H or ACA to bind with the PUA domain of Cbf5p, but also establishes 

direct contact between the catalytic center of Cbf5p and the target uridine [44,55,58].

5. EXPERIMENTAL SYSTEMS TO STUDY PSEUDOURIDYLATION

Owing to the importance and abundance of the spliceosomal snRNA pseudouridylation, a 

great effort has also been made to elucidate the function of snRNA pseudouridylation. As a 

result, several reconstitution systems have been developed, including the mammalian in vitro 

system, the Xenopus oocyte microinjection system, and the yeast system.

5.1 The Mammalian in vitro System

In the early 1990s, Jeffery Patton carried out the first functional analysis of U2 snRNA 

modification using nuclear extracts prepared from HeLa cells. In these experiments, he 

showed that in vitro synthesized spliceosomal snRNA, when incubated with nuclear extracts 

under appropriate conditions, could be efficiently pseudouridylated. Interestingly, he 

demonstrated that 5-fluorouridine can block pseudouridylation when it is incorporated into 

U2 snRNA at the sites of pseudouridylation. Using this knowledge, he carried out a series of 

in vitro experiments and showed that the inhibition of pseudouridylation of spliceosomal 

snRNA impaired snRNP assembly, suggesting an important role of pseudouridylation in 

snRNP biogenesis and pre-mRNA splicing [59,60]. Later, in 2004, using functional 

reconstitution, the Luhrmann group provided experimental evidence suggesting that U2 

snRNA pseudouridylation might indeed be important for pre-mRNA splicing. In this study, 

the endogenous U2 snRNP was depleted from HeLa cell nuclear extracts using antisense 

oligonucleotides and reconstituted using in vitro synthesized or cellularly derived U2 

snRNA [61]. Using this strategy, they later identified Ψ6, Ψ7, and Ψ15 as important 

pseudouridines for pre-mRNA splicing [62].

5.2 The Xenopus Oocyte Microinjection System

The Xenopus oocyte microinjection system specifically relies on the fact that an endogenous 

spliceosomal snRNA can be depleted from oocytes upon injection of an antisense 

oligonucleotide that is complementary to the target snRNA, thereby directing an endogenous 

RNase H to degrade the RNA strand (snRNA) of the RNA–DNA hybrids. The antisense 

oligonucleotide itself is later degraded by an endogenous DNase activity. The depleted 

snRNA can be restored by injecting the respective in vitro synthesized snRNA. After a short 

reconstitution period pre-mRNA splicing can be assayed. Using this system, Yu et al. 
demonstrated that in vitro transcribed (and thus unmodified) U2 snRNA did not rescue pre-

mRNA splicing in U2-depleted Xenopus oocytes, while the cellularly derived (and therefore 

modified) U2 effectively restored the splicing activity in the same oocytes [63]. 

Furthermore, using a series of chimeric U2 snRNAs that have both modified and unmodified 
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parts, they identified many pseudouridines in the 5′ end region and in the BSRR of U2 

snRNA to be important for splicing [63,64].

5.3 The Yeast System

In S. cerevisiae U2 snRNA, there are three pseudouridines at the BSRR. Ψ35 and Ψ44 are 

modified by the standalone protein enzymes Pus7p and Pus1p, respectively. The third site, 

Ψ42, is modified by snR81, a box H/ACA RNP; Ψ42 is the only RNA-guided modification 

site in the yeast U2 snRNA [18,19,56]. The identification of three enzymes responsible for 

pseudouridylation at three sites in U2 snRNA made it possible to carry out a genetic analysis 

to dissect the function of U2 pseudouridylation in yeast pre-mRNA splicing. The 

experiments showed that removal of pseudouridines, either individually or in combination, 

resulted in splicing defects (to various extents), which, in turn, led to growth defects [9,65].

6. INDUCIBLE PSEUDOURIDYLATION

Apart from the constitutive pseudouridylation discussed earlier, it has been shown that 

pseudouridylation can be induced as well. The first line of evidence on inducible 

pseudouridylation came from Wu et al., who showed that U2 snRNA in yeast can be 

pseudouridylated at novel sites upon changes in growth conditions [66]. In this study, they 

subjected yeast cells to nutrient deprivation stress by growing cells to saturation or using 

nutrient-depleted media. Total RNA was isolated from stressed cells and U2 

pseudouridylation was assayed, and they detected novel modification sites, positions 56 and 

93, which were previously identified as unmodified uridines. Further analysis showed that 

position 56 was pseudouridylated by the standalone protein enzyme Pus7p, which was 

previously known to constitutively pseudouridylate position 35 (Ψ35) in U2 snRNA. 

Position 93 was found to be pseudouridylated by the 3′ guide pocket of box H/ACA RNA 

snR81, which is normally responsible for the constitutive pseudouridylation of U1051 in 

25S rRNA [Note: The 5′ guide pocket of snR81 is responsible for the constitutive 

pseudouridylation of U2 at position 42 (Ψ42)]. Interestingly, the sequences surrounding 

positions 56 and 93 were not identical but similar to the sequences surrounding the 

constitutively pseudouridylated sites, positions 35 of U2 and 1051 of 25S rRNA, 

respectively. Wu et al. further showed that the imperfect base pairing between the guide 

pocket of snR81 and substrate was necessary for induction of pseudouridylation at position 

93 in U2 snRNA under stress conditions [66]. Interestingly, the Pus1p-catalyzed U6 snRNA 

pseudouridylation at position 28 (U28-to-Ψ28 conversion), which plays an important role in 

regulating the yeast filamentous growth program, appears to be developmentally induced as 

well [10].

7. mRNA PSEUDOURIDYLATION

Even though pseudouridylation was previously considered as a posttranscriptional 

modification that occurs exclusively in noncoding RNAs, Karijolich et al. demonstrated that 

mRNA can also be pseudouridylated by designer box H/ACA RNPs [67]. They inserted a 

premature termination codon (PTC) into CUP1 gene in the ACT1–CUP1 reporter mRNA 

[68] and engineered the yeast snR81 box H/ACA RNA (by changing its guide sequence) to 

base pair with the ACT1–CUP1 mRNA, thereby specifically targeting the uridine in the PTC 
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for pseudouridylation. They showed that the PTC within the ACT1–CUP1 mRNA (and other 

mRNAs) can indeed be pseudouridylated [67]. Remarkably, pseudouridylation of PTC 

resulted in stop codon read through or nonsense suppression.

It had been reported that there are numerous putative box H/ACA RNAs with typical 

hairpin–hinge–hairpin–tail structure that fail to match any known pseudouridine sites in 

stable noncoding RNAs. These RNAs have thus been dubbed as “orphan” box H/ACA guide 

RNAs. However, the fact that designer box H/ACA RNAs can guide mRNA 

pseudouridylation at specific sites [67] raises a possibility that some of the naturally 

occurring “orphan” box H/ACA might target mRNA for pseudouridylation [69–71].

Excitingly, several groups recently presented evidence of naturally occurring mRNA 

pseudouridylation in S. cerevisiae and mammalian cells [72–75]. They developed 

pseudouridine-seq methods by coupling the conventional CMCT (N-cyclohexyl-N′-(2-

morpholinoethyl)-carbodiimide metho-p-toluenesulfonate) modification–primer-extension, 

which is often used to detect pseudouridines in noncoding RNA, with deep sequencing and 

bioinformatics analysis. Using these methods, a large number of pseudouridines, ranging 

from 50–100 in yeast to 100–400 in human mRNAs, were identified. There is no positional 

bias of mRNA pseudouridylation and the pseudouridine residues were detected within the 5′ 
and 3′ untranslated regions (UTRs) and coding sequences. Interestingly, however, all the 

studies were in agreement with the fact that most of the mRNA pseudouridylation is 

catalyzed by the standalone PUS enzymes and only a few were catalyzed by box H/ACA 

RNPs. In addition, mRNA pseudouridylation was found to be highly inducible, as evidenced 

by the fact that the number of pseudouridines in yeast and human mRNAs increases upon 

nutritional stress and serum starvation, respectively.

8. CONCLUDING REMARKS

In this chapter, we have discussed one of the most abundant posttranscriptional RNA 

modifications, pseudouridylation. Since the discovery of the box H/ACA RNA family, RNA 

pseudouridylation has attracted much attention and has been studied extensively. However, 

even though we have come a long way in the field of RNA pseudouridylation, much still 

needs to be done to fully understand the mechanism and function of this modification. For 

instance, it is completely unclear as to whether mRNA pseudouridylation plays a role in 

mRNA processing and/or protein coding. At the same time, it has been reported that 

pseudouridylation (or pseudouridylation enzymes) can be linked to a range of diseases such 

as mitochondrial myopathy and sideroblastic anemia [76], and yet, the detailed roles of 

pseudouridylation in human diseases remain elusive. However, with recent rapid advances in 

the field of RNA modification, we are hopeful that some of the major questions related to 

RNA pseudouridylation will soon be addressed.
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Fig. 1. 
The isomerization reaction of uridine to pseudouridine. The bond between the N1 of uridine 

base (marked with red) and the C1 of ribose sugar, is first broken. The liberated uridine base 

rotates 180 degree around the N3–C6 axis and attaches to the ribose sugar via a new bond 

between the C5 of the base and C1 of the ribose sugar. “a” and “d” stand for H-bonds 

acceptors and donors, respectively.
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Fig. 2. 
snRNA sequences of vertebrate and yeast counterparts. The vertebrate U1, U2, U4, U5, and 

U6 partial sequences with sites of pseudouridylation (red) shown. The important regions of 

vertebrate snRNAs and their yeast snRNAs counterparts, including the 5′ end region of U1, 

the BSRR of U2, and the conserved loop sequence of U5, are shown in green, and Ψs in 

these regions are also indicated in red along with the vertebrate sequences.
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Fig. 3. 
Schematic of uridine-to-pseudouridine conversion catalyzed by two mechanisms in 

Saccharomyces cerevisiae. (A). The pseudouridylation catalyzed by a standalone protein 

pseudouridine synthase 1 (Pus1p) and pseudouridine synthase 7 (Pus7p) in conversion of 

U44 to Ψ44 and U35 to Ψ35, respectively, in U2 snRNA. Pseudouridylation at position 42 

by snR81 box H/ACA RNP is also indicated. (For the structure of a pseudouridine synthase, 

refer to chapter “The evolution of multi-substrate specificity by RNA modification enzymes” 

by Alfonzo) (B). The box H/ACA RNP, consisting of a small noncoding box H/ACA guide 

RNA that folds into a typical hairpin–hinge–hairpin–tail secondary structure forming two 

hairpins and four common core proteins. The core proteins are centromere-binding factor 5 

(Cbf5; known as dyskerin/NAP57 in mammals), glycine–arginine-rich protein 1 (Gar1), 

nonhistone protein 2 (Nhp2), and nucleolar protein 10 (Nop10). The substrate RNA 

(indicated in red lines) drapes around the box H/ACA RNP complex via complementary 

base-pairing interactions with the guiding pockets of box H/ACA RNA, positioning the 

target uridine, and its 3′ adjacent nucleotide (N) at the base of the upper stem and leaving 

them unpaired. The apical loops of box H/ACA RNA that hold the CAB boxes are indicated 

in yellow.
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