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RNA pseudouridylation: new insights into an old modification
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Abstract

Pseudouridine is the most abundant posttranscriptionally modified nucleotide in various stable
RNAs of all organisms. Pseudouridine is derived from uridine via base-specific isomerization,
resulting in an extra hydrogen bond donor that distinguishes it from other nucleotides. In
eukaryotes, uridine-to-pseudouridine isomerization is catalyzed primarily by box H/ACA RNPs,
ribonucleoproteins that act as pseudouridylases. When introduced into RNA, pseudouridine
contributes significantly to RNA-mediated cellular processes. It was recently discovered that
pseudouridylation can be induced by stress, suggesting a regulatory role for pseudouridine. It has
also been reported that pseudouridine can be artificially introduced into mMRNA by box H/ACA
RNPs and that such introduction can mediate nonsense-to-sense codon conversion, thus
demonstrating a new means of generating coding/protein diversity.

Pseudouridine is an abundant and distinctly modified nucleotide

Among the ~100 different types of posttranscriptional modifications that have been
identified in various RNAs of all organisms [1-3], pseudouridine (W) was the first to be
discovered and is by far the most abundant [4-6]. ¥ is a uridine isomer (5-ribosyluracil)
formed via isomerization (Fig. 1). Initially, the nitrogen—carbon (N1-C1") bond linking the
uracil base (in uridine) to the sugar is broken. The liberated uracil base is then turned 180°
along the N3-C6 axis, establishing a new carbon carbon-(C5-C1") bond between the base
and the sugar (Fig. 1). As a result, the modification creates an extra hydrogen bond donor at
its non-Watson-Crick edge (Fig. 1), endowing ¥ with chemical properties distinct from
those of uridine and all other known nucleotides.

It has been known for many decades that ¥ is present in a wide range of cellular RNAs,
from tRNA [7-10] to rRNA [11-14] to a variety of small nuclear RNAs (SnRNAs) [15-19].
Based on its abundant, widespread, and highly conserved nature, ¥ is believed to be
functionally important. Still, for a long time the study of RNA pseudouridylation (and RNA
modifications in general) was hampered by a lack of appropriate pseudouridylation assays
and effective experimental systems. In the past ~15 years, however, several labs have made
substantial progress towards developing convenient, yet sensitive, modification assays and
experimental systems that have produced exciting results. It is now known that eukaryotic
RNA pseudouridylation (rRNA and snRNA pseudouridylation in particular) is catalyzed
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chiefly by ribonucleoproteins (RNPs) of the box H/ACA class, the most complex
pseudouridylases known to date [14, 20-25]; in some rare cases, pseudouridylation of
eukaryotic SNnRNA is catalyzed by stand-alone protein pseudouridylases [26, 27]. When
incorporated into RNA, ¥ can alter RNA structure [28, 29], increase base stacking [30],
improve base-pairing [31], and rigidify the sugar-phosphate backbone [28, 32, 33]. Studies
have also linked 'Y, either directly or indirectly, to human diseases. For instance, an
increased level of oxidized ¥ has been associated with neurodegenerative diseases, such as
Alzheimers and Parkinsons [34]. Mutations in a box H/ACA RNP have been linked to the
X-linked form of the bone marrow failure syndrome dyskeratosis congenita [35, 36].

Owing to its unique structural and chemical properties and its proven biological relevance,
¥ has increasingly attracted researchers’ attention, which has resulted in several recent
important discoveries. Here, we discuss the mechanisms and functions of box H/ACA RNA
guided—pseudouridylation, focusing on recent advances in this fascinating
posttranscriptional modification.

Mechanism of RNA-guided RNA pseudouridylation

Box H/ACA RNPs catalyze pseudouridylation of eukaryotic and archaeal rRNAs

In 1996, box H/ACA RNAs were identified as one of the major families of small RNAs in
the nucleolus [37]. One year later, the Kiss and Fournier groups further demonstrated that
box H/ACA RNAs function as guide RNAs that target specific uridines in rRNA for
pseudouridylation [20, 21]. Specifically, each box H/ACA RNA folds into a conserved
“hairpin-hinge-hairpin-tail” structure, exposing a conserved H box in the hinge region and a
conserved ACA box in the tail region (Fig. 2). Importantly, each hairpin contains a single-
stranded internal loop (often referred to as the pseudouridylation pocket) that is
complementary to a short specific sequence in substrate RNA. Upon base-pairing
interactions between the complementary sequences, the target uridine in the substrate RNA
is positioned precisely at the base of the upper stem of the hairpin and thus undergoes
pseudouridylation (Fig. 2).

Box H/ACA RNAs exist in eukaryaotic and archaeal cells as RNPs (ribonucleoproteins) [17].
Each box H/ACA RNP consists of one unique box H/ACA RNA and four common core
proteins—Nhp2 (L7Ae in archaea), Garl, Nop10, and Cbf5 (NAP57 or dyskerin in
mammals) (Fig. 2). Whereas the RNA component serves as a guide that specifies the target
uridine, Cbf5 is the pseudouridylase that catalyzes the chemical reaction of U-to-¥
isomerization. The unique base-pairing between the guide sequence and the substrate RNA
(Fig. 2) can therefore be used to predict the pseudouridylation site [14]. Interestingly,
however, recent work by Bernick et al. suggests the presence of novel small RNAs in some
archaeal species that show atypical ¥'-guiding features [38].

Box H/ACA RNPs also catalyze pseudouridylation of eukaryotic sSnRNAs

The discovery of the mechanism of box H/ACA RNA-guided rRNA pseudouridylation
sparked a wave of interest in searching for additional box H/ACA RNAs. Both computer-
based algorithms and experimental approaches were developed, resulting in the discovery of
hundreds of new box H/ACA RNAs in several different organisms [14, 39-42]. One specific
experimental approach, dubbed RNomics, proved very effective [41, 42]. Although
RNomics involves a series of steps, including small-RNA purification, end-tailing, PCR
amplification, cloning, and sequencing [41-43], it does not rely on predictions or known Y-
containing sequences and is therefore unbiased. Thus, unsurprisingly, many of the large
number of potential box H/ACA RNAs identified by this approach have no known rRNA
targets [42]. Interestingly, some of the non-rRNA guides exhibit complementarity with
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spliceosomal snRNAs [42], suggesting that the box H/ACA RNAs may also guide
pseudouridylation of SnRNAS, which also contain many ¥'s [15-19].

To experimentally verify that box H/ACA RNAs directs spliceosomal ShnRNA
pseudouridylation, several labs tested the guide activity of newly identified SnRNA-specific
box H/ACA RNAs using several independent systems. For instance, using Xenopus oocytes,
Zhao et al. demonstrated that a box H/ACA RNA containing two pseudouridylation pockets
could direct pseudouridylation of U2 sSnRNA (one of the five major spliceosomal SnRNAs)
at two different sites (positions 34 and 44) [44]. The Kiss lab showed that U85, a special
type of mammalian box H/ACA RNP, specifically guides U5 snRNA pseudouridylation at
position 46 in mammalian cells [45]. Using yeast, Ma at al. also demonstrated that snR81
RNP, a box H/ACA RNP, uses its 5" pseudouridylation pocket to catalyze ¥42 formation in
U2 [25] (The 3’ pseudouridylation pocket of snR81 is responsible for the formation of
V1051 in 25S rRNA [40]). Interestingly, it was also found that sSnRNA pseudouridylation
occurs in Cajal bodies rather than in the nucleoli where rRNA modification occurs, and that
the box H/ACA RNAs that are responsible for snRNA pseudouridylation are unique in that
they all contain a Cajal body-localization signal (the CAB box) [46]. It was subsequently
discovered that Wdr79 binds to the CAB box and targets the box H/ACA RNPs to Cajal
bodies where snRNAs transiently reside [47, 48]. It is thus clear that cells use box H/ACA
RNPs to modify both rRNAs and snRNAs.

Although box H/ACA RNPs are believed to be the only pseudouridylases that modify
snRNAs in higher eukaryotes, S. cerevisiae also uses stand-alone protein pseudouridylases
[26, 27]. For instance, there are three ¥ sites in S. cerevisiae U2 snRNA (V35, Y42, Y44);
V42 formation is catalyzed by snR81 RNP (RNA-dependent mechanism) [25], whereas
formation of W44 and V'35 is catalyzed by the stand-alone pseudouridylases Pusl [26] and
Pus7 [27], respectively (RNA-independent mechanism). Interestingly, both Pusl and Pus7
catalyze tRNA pseudouridylation as well [26, 49].

The molecular mechanisms of pseudouridylation by box H/ACA RNPs

Until recently, the detailed molecular mechanism(s) underlying box H/ACA RNPs-
mediated catalysis of U-to-'¥" conversion remained elusive. To address the mechanism,
biochemical, genetic and structural approaches have been used to good effect. Early work
mutating, deleting and/or depleting individual components from cells indicated that each
box H/ACA RNP component (RNA core proteins) is absolutely required for
pseudouridylation and RNP stability [50-54]. Subsequently, a great deal of effort went into
dissecting the box H/ACA RNA in detail. Initial work, which was carried out at the cellular
level, indicated that the conserved boxes H (hinge region) and ACA (tail region) are
important for nucleolar localization as well as for proper pseudouridylation [55-57]. Further
work led to the development of several pseudouridylation reconstitution systems where
functional box H/ACA RNP could be assembled and the function of box H/ACA RNA
assayed [22-25]. These systems allowed identification of three important sequence and
structural elements: the stability of the hairpin structure harboring the guide sequence (the
pseudouridylation pocket), the stability of base-pairing between the guide sequence and
target RNA, and the distance (obligatory 14-16 nt) between the target uridine and box H or
ACA [22].

Although biochemical and genetic approaches are effective when defining essential protein
components and specific RNA structural elements required for function, a complete
understanding of the mechanism of box H/ACA RNP-catalyzed pseudouridylation requires
structural analyses. In this regard, NMR was used to study the interactions between guide
sequences and their substrate RNAs. Interestingly, the NMR solution structure indicated an
unusual base-pairing topology: the substrate RNA base-pairs with the guide sequence of box
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H/ACA RNA from one side only (one face of the box H/ACA) instead of threading through
the pseudouridylation pocket (guide), thereby resulting in a U- or Q-shaped substrate
structure [58, 59]. Such a mode of interaction seems to be advantageous in allowing
successive loading of substrate RNAs onto and release of modified substrate RNAs from the
box H/ACA RNP [59].

In recent years, remarkable progress has also been made in crystallizing box H/ACA RNPs.
A number of different archaeal box H/ACA RNP crystal structures are currently available,
including several partial complexes [60-62], a complete complex [63], and even some
substrate-bound complexes (functional and non-functional)[64—66]. These structures have
provided a detailed picture of H/ACA RNP function. Three of the four protein components,
Cbf5, Nop10, and L7Ae (equivalent to eukaryotic Nhp2), interact directly with the upper
stem of the box H/ACA RNA hairpin. Cbf5 also interacts with the lower stem of the hairpin
and the ACA (or H) box, positioning its catalytic domain close to the pseudouridylation
pocket. Cbf5 and Nop10 also exhibit extensive interactions amongst each other. Garl, by
contrast, binds only to Cbf5, making no contact with the RNA or other proteins.

When the RNA substrate is recruited, in addition to the guide-substrate base-pairing
interaction, multiple new interactions occur between the proteins (especially Cbf5) and the
substrate RNA, further locking the substrate RNA in place [64, 65]. It appears that substrate
binding also induces additional conformational changes. Specifically, the upper stem of the
box H/ACA RNA, along with Nop10 and L7Ae (both of which bind the upper stem), is
brought even closer to the Cbf5 catalytic domain, resulting in further anchoring of the guide
RNA [65]. Concurrently, the Cbf5-bound lower stem undergoes a noticeable rotation,
apparently creating more room for substrate RNA binding [64]. These structural changes
presumably ensure that the substrate is securely docked at the pseudouridylation pocket and
that the target nucleotide is positioned precisely at the Cbf5 catalytic site for modification.
Indeed, crystal structures show that the target nucleotide is effectively modified in the active
site of Cbf5 [64, 65]. Although Garl is not involved in anchoring the substrate or guide
RNA, it probably plays an important role in regulating the release of the modified RNA
product [64].

Ws are important for RNA function

Given that ¥ displays chemical properties distinct from those of other naturally occurring
nucleotides, it is expected that this modified nucleotide would affect the function of the
RNA in which it resides. Studies carried out over the past 15 years demonstrate that ¥ is
indeed functionally important.

Characteristics of W

Soon after its discovery many decades ago, ¥ modified nucleotide. So far, ¥ has been
found in tRNAs [7-10] and is abundant in rRNAs [11-14] and spliceosomal sSnRNAs [15-
19]. For example, there are ~50 ¥'s (representing ~1.2% of total nucleotides) in S. cerevisiae
rRNAs and twice as many in mammalian rRNAs (~1.4% of total nucleotides) [12, 14, 40].

In vertebrate U2 snRNA, ¥ accounts for ~7% of total nucleotides [15, 18].

Besides being abundant, many pseudouridylation sites are conserved as well. In fact, many
Vs are identified at identical or near-identical sites in rRNAs or snRNAs from various
species; this is especially true among vertebrate SnRNAs [15, 18]. Although S. cerevisiae
snRNAs contain a relatively small number of '¥'s, each ¥ has a counterpart in higher
eukaryotic (e.g. vertebrate) SnRNAs [16, 18, 25].
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Careful inspection of the location of modified nucleotides in rRNAs and snRNAs further
indicates that '¥'s are almost always clustered in functionally important regions. For instance,
¥s are not distributed randomly in rRNAs at the secondary structural level [12, 67] (Fig. 3).
At the three-dimensional level, ¥'s remain, according to a ribosome structural model, highly
concentrated in functionally important sites. Specifically, ¥'s are clustered in the peptidyl
transferase center (PTC), the decoding center, the A-site finger (ASF) region (directly above
the A-site of the ribosome), and the sites where ribosomal subunits interact [68-72].
Likewise, ¥'s are located mostly in the functionally important regions of spliceosomal
snRNAs [15-18]. For instance ¥'s are clustered in the 5"-end region of U1, the branch-site
recognition sequence of U2, and the loop sequence of U5, all of which play important roles
in spliceosome assembly and pre-mRNA splicing (Fig. 3).

Taken together, the abundance, conservation, and strategic locations of ¥'s strongly suggest
that they contribute to rRNA and snRNA functions.

Functional roles of Ws in rRNA and snRNA

¥'s were shown to have a functional role in rRNA processing and protein synthesis. The
Fournier lab deleted, either individually or in combination, five box H/ACA RNAs
responsible for ¥ formation in the peptidyl transferase center of the ribosome [68].
Although single deletions caused only a modest growth defect, combined deletion of all five
box H/ACA RNAs had a profound impact on rRNA processing, protein synthesis, and cell
growth, suggesting that these ¥'s contribute to ribosome function in a synergistic manner
[68]. Using similar approaches, the functional importance of the '¥'s located in the decoding
center of 18S rRNA [70], the ¥'s in the ASF region of 25S rRNA [72], and the ¥'s in Helix
69 of 25S rRNA that interacts with both A- and P-site tRNAs during translation was also
shown [71][73]. Recently, Dinman and colleagues further reported that ribosomes
containing un-pseudouridylated (or hypo-pseudouridylated) rRNAs show decreased affinity
for tRNA compared to wild-type ribosomes, resulting in decreased translational fidelity. The
effects of rRNA pseudouridylation defects on ribosome-tRNA binding and translational
fidelity appear to be evolutionally conserved from yeast to human [74].

¥'s have also been shown to have important functional roles in ShRNP biogenesis and
function. Virtually all ¥'s tested in a Xenopus oocyte reconstitution system were found to be
functionally important for sSnRNP biogenesis and splicing, and ¥'s in spliceosomal SnRNAs
also appear to function synergistically [75, 76], as was found for '¥'s in rRNAs [68].
Consistently, modified nucleotides (including ¥'s) in the 5-end region of U2 snRNA were
also found to contribute to splicing in a HeLa /n vitro reconstitution system [77]. Further,
Yang et al. found that '¥'35 in U2 snRNA, together with the U2 position 40 nucleotide, is
required for pre-mRNA splicing in budding yeast [78]. This result is consistent with a
solution structure showing that ¥"35 is favored over uridine for maintaining the bulge of the
branch-point nucleotide adenosine, a structure that is important for splicing [29]. Further
crystal structures of the RNA duplex formed between a pre-mRNA branch site and ¥ 35-
containing U2 indicate that the bulged branch-point nucleotide (or its 5"-adjacent
nucleotide) adopts an extrahelical conformation, exposing its 2"-OH group for nucleophilic
attack in the first step of splicing [79]. The importance of W35 in splicing was further
supported by the work of Valadkhan and Manley who showed that pseudouridylation at this
position greatly enhances the production of X-RNA, a product generated by a splicing-
related reaction in a cell- and protein-free system [80].

Pseudouridylation can be induced by stress

Until recently, RNA pseudouridylation, and RNA modifications in general, have been
described only as constitutive processes; that is, soon after transcription an RNA becomes
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modified and remains modified thereafter. This presumed permanence of RNA
modifications implies that they, unlike most DNA and protein modifications that are
inducible and reversible, do not represent biochemically regulatable steps. This assumption
also raises a long-standing question of why cells would not take advantage of post-
transcriptional modifications to offer an inducible regulatory mechanism for RNA function.
Despite huge efforts to address this question, no fruitful results were generated.

Recently, Wu et al. presented evidence for the first time that in S. cerevisiae U2 sSnRNA, in
addition to the three apparently constitutive ¥'s (¥35, V42, '¥44), there are at least two
novel ¥'s (¥'56, ¥93) that can be conditionally induced [81, 82]. In that study, yeast cells
were exposed to two widely used stresses: heat-shock and nutrient deprivation [81]. Cells
were collected before and after stress, and RNAs were isolated for pseudouridylation assays.
Remarkably, two clear ¥ signals were detected at positions 56 and 93 in U2 snRNA isolated
from confluent (or nutrient-deprived), but not control cells [81]. Additionally, when the cells
were heat shocked W56 (but not ¥93) was detected [81]. These two positions had
previously been identified as “unmodified” uridines in yeast U2 snRNA. Further detailed
analyses indicated that while the stand-alone pseudouridylase Pus7 catalyzes ¥'56
formation, the snR81 RNP catalyzes ¥'93 formation (using the 3’-pocket of snR81) (Fig. 4).
Pus7 and the 3" pocket of snR81 had previously been shown to be responsible for
constitutive ¥ formation of ¥35 in U2 [27] and '¥'1051 in 25S rRNA, respectively [40].
Remarkably, the inducibility of U2 pseudouridylation at positions 56 and 93 can be
attributed to their imperfect substrate sequences [81]. Specifically, the sequences
surrounding positions 56 and 93 in U2 are similar but not identical to the sequences
surrounding the constitutively pseudouridylated targets of Pus7 and snR81, respectively
(Fig. 4), thus leading to less favorable interactions between the pseudouridylases and the
substrate sequences. For instance, when guiding U2 pseudouridylation at position 93 during
nutrient deprivation, the 3”-pocket of snR81 pairs imperfectly (two mismatches) with the
substrate sequence. The imperfect base-pairing appears to be necessary for induced
pseudouridylation [81].

How can Pus7 and snR81 RNP, which under normal conditions do not recognize positions
56 and 93, respectively, relax their specificities to include these inducible sites upon stress?
One possibility, for which there currently is no evidence, is that each enzyme becomes
covalently modified (or a co-factor that is capable of facilitating substrate binding is
expressed and recruited) when the cellular environment changes, thereby altering the
substrate specificity. In this regard, SUMO-modified box H/ACA RNP proteins have been
identified [83].

Induction of ¥56 and W93 also negatively impacts U2 function [81]. This observation is
consistent with the well-established notion that, to survive harsh conditions such as
starvation or heat shock, cells downregulate gene expression in general. It is conceivable
that induction of ¥'56 and Y93 in U2, an important spliceosomal component, may
contribute to this general downregulation by negatively impacting pre-mRNA splicing. In
addition, it is also possible that induced pseudouridylation of snRNAs under stress
conditions may significantly alter the landscape of alternatively spliced mRNAs in higher
eukaryotes.

MRNA pseudouridylation directed by box H/ACA RNA
Box H/ACA RNA can guide mRNA pseudouridylation

The fact that box H/ACA RNPs are capable of introducing pseudouridylation into two
different types of RNAs (rRNA in nucleoli and ShRNA in Cajal bodies) raises an interesting
question: can this RNA-guided pseudouridylation mechanism be used to modify other RNA
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types, in particular mRNA? Despite a great deal of effort, the low abundance of mMRNAs has
made it extremely difficult to analyze their modification.

The abundance problem was overcome through co-expression of a reporter mMRNA and an
artificial box H/ACA RNA (derived from snR81) that targeted the stop codon (UAA, UAG,
or UGA) within the reporter mRNA [84]. Because the reporter was highly expressed, it
became possible to measure site-specific U-to-'¥ conversion in the mRNA. The reporter
mMRNA was pseudouridylated at the expected site only upon co-expression of the box H/
ACA RNA containing the correct guide sequence. Although the pseudouridylation
efficiency was relatively low (~7-10%), the result leaves no doubt that mRNA can be
pseudouridylated at specific sites by box H/ACA RNPs [84]. In an independent Xenopus
oocyte study, Chen and Yu injected artificial box H/ACA RNAs targeting a pre-mRNA and
found that the pre-mRNA was pseudouridylated at the target sites [85].

Given that the artificial box H/ACA RNA was constructed based on naturally occurring box
H/ACA RNAs and that only the short guide sequences were changed [84], it is conceivable
that naturally occurring box H/ACA RNAs will naturally pseudouridylate their MRNA
substrates if the guide sequences match their respective substrate sequences. In this regard,
given that there are a large number of known box H/ACA RNAs, it is quite possible that
some of the guide sequences will find their matches (or potential naturally occurring
pseudouridylation sites) in mMRNAs. Along this line, taking into account that there are a large
number of novel box H/ACA RNAs that are recently identified in cells [38, 86], and that
induced pseudouridylation requires imperfect pairing between the guide sequences and their
substrate sequences [81], naturally occurring mRNA pseudouridylation is likely to be
widespread.

Pseudouridylation of mMRNA alters codon specificity

Encouraged by the fact that box H/ACA RNAs can guide mRNA pseudouridylation and that
the chemical properties of ¥ differ distinctly from those of known nucleotides, Karijolich
and Yu tested whether U-to-'¥ conversion in an mRNA affects its coding potential [84].
Given that uridine appears in all three stop/nonsense codons (UAA, UAG, UGA) and that
each uridine contacts the release factor during translation termination [87], it seemed
probable that the uridine in stop codons is crucial for translation termination. Thus,
Karijolich and Yu focused on the pseudouridylation of stop codons in mMRNA, speculating
that pseudouridylation would alter their translation termination function.

To examine whether pseudouridylation could alter translation termination, Karijolich and
Yu modified the well-established yeast CUPI reporter system [88] by changing the second
codon (TTC) to a stop codon (TAA). Consequently, this reporter gene could not produce the
functional translation product, Cupl, and hence cells were copper sensitive. An artificial box
H/ACA RNA was then co-expressed to target the pre-mature termination codon (PTC) of
the reporter CUP1-PTC mRNA for pseudouridylation. Remarkably, the expression of the
PTC-specific box H/ACA RNA rescued the growth phenotype in copper-containing
medium, a measure of production of read-through Cuplp [84]. Although the rescue was not
robust owing primarily to the low level of pseudouridylation (~7-10%), the nonsense
suppression by targeted stop codon pseudouridylation is clear. Consistently, this result could
be reproduced in a mammalian /n vitro system [84]. These results thus indicate that during
translation pseudouridylated stop codons are no longer recognized by release factors (RFs).
Instead, they are recognized by specific aminoacylated tRNAs (Fig. 5). Using mass
spectrometry sequencing, Karijolich and Yu indeed identified the amino acids (and
presumably their cognate tRNAS) encoded by the pseudouridylated nonsense codons.
Specifically, Y AA and ¥ AG each code for both serine and threonine, whereas ¥ GA codes
for tyrosine and phenylalanine [84]. Using the currently available ribosome crystal
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structures as well as other relevant techniques and analyses, the Pan group has recently
offered an elegant rationalization for selective decoding of these pseudouridylated stop
codons [89].

The fact that pseudouridylation of honsense codons results in nonsense suppression prompts
speculation about the possible effect of pseudouridylation on coding specificity of U-
containing sense codons. Such speculation is also consistent with early reports indicating
that pseudouridylated anticodons in tRNA read alternate codons that would otherwise not
have been recognized if the anticodons were not modified [90]. Given the large number of
U-containing sense codons (34 of the 61 sense codons contain one or more uridines),
targeted mRNA pseudouridylation portends an expansion of the genetic code (Fig. 6).
Interestingly, recent work by the Kariko group indicated that the presence of ¥ in mMRNA
increased translation efficiency [91-93]. Although neither the detailed mechanism of this
effect nor the effect of ¥-mediated codon specificity change (e.g., nonsense suppression)
has been clearly defined, Yappears to profoundly impact mRNA function during translation.

Concluding remarks

It has been more than six decades since the birth of the field of RNA modification and more
than 15 years since the discovery of the box H/ACA RNA family. Over this long period,
RNA pseudouridylation has been extensively studied, and we now know that a large number
of box H/ACA RNPs function as sophisticated and complex enzymes that catalyze U-to-¥
conversion in RNAs and that ¥ contributes significantly to RNA functions. Clearly we have
come a long way in our understanding of the mechanisms underlying RNA-guided RNA
pseudouridylation and its function.

Although we have accumulated a wealth of knowledge on the mechanisms and functions of
¥, recent efforts to address inducible pseudouridylation and mRNA pseudouridylation have
generated exciting results and have thus formed the basis for two new areas of study: (1)
regulated pseudouridylation, and (2) ¥-mediated alternative coding and protein diversity. A
number of new questions arise. For instance, how exactly is pseudouridylation induced
under stress? Is induced pseudouridylation reversible? How are pseudouridylated codons
recognized in the ribosome decoding center? How many new viable codons can be
generated by targeted mRNA pseudouridylation? Do cells use this strategy to modulate
protein diversity (see Fig. 6)? There is no doubt that addressing these questions will require
a great deal of work and a combination of experimental techniques. However, the results
generated from these experimental efforts will significantly advance our knowledge of the
breadth of ¥ function.
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Schematic representation of U-to-¥ isomerization. The structures of uridine (U) and ¥ are
shown. ¥ is derived from U through the isomerization reaction where the base is rotated
180° along the N3-C6 axis and the C5-C1” bond forms. The nitrogen at position 1 in U and
the extra hydrogen bond donor in ¥ are indicated (red). Hydrogen bond acceptor (a) and
hydrogen bond donor (d) are also indicated.
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Fig. 2.

Schematic depiction of eukaryotic box H/ACA RNP-catalyzed pseudouridylation. Box H/
ACA RNP, consisting of one guide RNA with a hairpin-hinge-hairpin-tail-structure (black
line) and four core proteins, Cbf5, Nhp2, Nop10 and Garl (color-coded ovals), is shown.
The substrate RNA (red line), which is paired with the guide sequences in the
pseudouridylation pockets of box H/ACA RNA, is also shown. ¥ (red) is the target
nucleotide converted from uridine, and N (red) represents any nucleotide. Boxes H and ACA
of the guide RNA are indicated. Although box H/ACA RNA is usually a double-hairpin
molecule in eukaryotic cells, it appears that the two hairpins function independently (each is
an independent functional unit).
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Fig. 3.

¥s are clustered in functionally important regions of rRNAs and snRNAs. The secondary
structures of yeast 18S and 255-5.8S rRNAs (A) and the primary sequences and secondary
structures of vertebrate sSnRNAs (B) are depicted. The red squares represent ¥'s. The
peptidyl transferase center (PTC), the A-site finger (ASF), and Helix 69 of 25S rRNA are
indicated. Some important regions of snRNAs, including the 5" end of U1, the branch site-
recognition region of U2, and the loop sequence of U5, are indicated by thick lines. The red
arrows mark the '¥'s (in U1 and U2) that are conserved across species (including yeast). The
blue arrows indicate the ¥'s (in U2) that can be induced by stress. The 5’-cap structures of
snRNAs are also shown.
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Fig. 4.

Pseudouridylation can be induced by stress. As indicated, snR81, a yeast box H/ACA RNA,
normally uses its 5" pseudouridylation pocket to direct the formation of ¥42 (red arrow) in
U2, and its 3" pseudouridylation pocket to guide the formation of ¥1051 (red arrow) in 25S
rRNA. Under normal conditions, the 3" pseudouridylation pocket cannot direct the
conversion of U93 (black arrow) into ¥93 in U2 snRNA. However, under stress conditions,
the 3’ pseudouridylation pocket becomes capable of directing the formation of W93 (green
arrow), despite the fact that there are two U-U mismatches (indicated) between the 3’
pseudouridylation pocket and the U2 sequence flanking position 93. The sequence of snR81
and partial sequences of U2 and 25S rRNA are shown. Boxes H and ACA within snR81 are
indicated.
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Schematic depiction of ¥-mediated nonsense suppression. When the invariant uridine of a
stop codon is converted into ¥, the modified stop codon 'Y AA in the ribosomal A-site is no
longer recognized by release factors (RF). Instead, W AA is recognized by a specific
aminoacylated tRNA (depicted as EF-Tu/GTP/aa-tRNA ternary complex), allowing the
incorporation of a specific amino acid into the elongating peptide and resulting in nonsense
suppression. The ribosome and the ribosomal A-, P- and E-sites are indicated. tRNAs,
mRNA and elongating peptide are also depicted. The small solid blue circles represent
amino acids.
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Fig. 6.

MRNA pseudouridylation as a novel means to produce protein diversity. The pathway of
gene expression from DNA (blue) to mature mRNA (red) to protein is depicted. Each codon
consists of three nucleotides and is indicated by an underline. When mRNA is
pseudouridylated, the modified mRNA (purple) may encode a protein different from that
encoded by the un-modified mMRNA (red). The question mark indicates the possible
differences between the two proteins.
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