Front. Biol. 2018, 13(1): 1-10
https://doi.org/10.1007/s11515-018-1480-8

REVIEW

RNA-dependent pseudouridylation catalyzed by box H/ACA RNPs

Meemanage D. De Zoysa, Yi-Tao Yu (BX)

University of Rochester Medical Center, Department of Biochemistry and Biophysics, Center for RNA Biology, 601 Elmwood Avenue,
Rochester, NY14642, USA

© Higher Education Press and Springer-Verlag GmbH, part of Springer Nature 2018

BACKGROUND: Pseudouridine (V) is the most abundant post-transcriptionally modified nucleotide found in RNA. V¥ is
clustered in functionally important and evolutionary conserved regions of RNAs in all three domains of life. Pseudouridylation
is catalyzed by two distinct mechanisms: an RNA-independent and an RNA-dependent mechanism. The former involves a
group of stand-alone protein enzymes, and the latter involves a family of complex enzymes called box H/ACA RNPs, each of
which consists of one RNA (box H/ACA RNA) and a set of four core proteins. Over the years, the mechanism of RNA-
dependent pseudouridylation has been extensively studied. The crystal structures of partial and complete box H/ACA RNP
have been solved. However, the detailed picture of RNA-dependent pseudouridylation is still not entirely clear.
OBJECTIVE: In this work, we review what is known about box H/ACA RNP and the mechanism by which box H/ACA RNP
catalyzes RNA-dependent pseudouridylation. We also discuss some examples of the dual nature and redundancy of box H/
ACA RNPs that deviate from the usual mechanism.

METHODS: A methodical literature search was performed using the Pubmed central search engine and International Digital
Publishing Forum (EPUB) using the following keywords: “pseudouridylation,” “pseudouridine,” and “box H/ACA RNP.” The
necessary information was extracted and cited.

RESULTS: A detailed introduction is made including the discovery, mechanism and crystal structure of box H/ACA RNP.
Three sequence/structural requirements for box H/ACA RNA-guided pseudouridylation are discussed and the exceptions to
those rules are explored.

CONCLUSION: Over the years, box H/ACA RNP-catalyzed pseudouridylation has been extensively studied, generating
fruitful results. However, a detailed picture regarding the mechanism of this reaction is still to be deciphered. More work is
needed to fully understand box H/ACA RNP-catalyzed pseudouridylation.

Introduction () with chemical properties that are distinct from those of
uridine and all other known nucleotides.

¥ was first discovered in 1951 by Cohn and Volkin in the Among the more than 140 post-transcriptionally modified

RNA hydrolysates of calf liver (Cohn, 1959). It is the 5-
ribosyl isomer of uridine, resulting from a trans-glycosylation
reaction of uridine (Fig. 1). ¥ Possesses a C-C bond rather
than the usual N-C bond, which links the base to the ribose
sugar. The enhanced rotational freedom in the C-C bond of ¥
gives it greater conformational flexibility. On the other hand,
the free N1-H in ¥ can act as an additional hydrogen bond
donor, providing extra rigidity to the phosphodiester back-
bone by participating in a water-mediated hydrogen bonding
network (Cohn, 1959; Charette and Gray, 2000). Thus, the U-
to-¥ isomerization reaction endows the modified nucleotide
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nucleotides, identified in RNAs from all three domains of life,
¥ is the most abundant found in virtually all cellular RNAs. It
is particularly concentrated in some major types of non-
coding RNAs, including tRNA (tRNA) (Hopper and
Phizicky, 2003; Grosjean, 2005; Sprinzl and Vassilenko,
2005), rRNA (rRNA) (Branlant et al., 1981; Ofengand and
Fournier, 1998; Schattner et al., 2006) and spliceosomal small
nuclear RNA (snRNA) (Reddy and Busch, 1988; Massenet et
al., 1998; Wu etal., 2011; Yu et al., 2005, 2011) . Recently, ¥
has also been found in mRNA by high throughput sequencing
methods (Carlile et al., 2014; Lovejoy et al., 2014; Schwartz
etal.,2014;Lietal., 2015;). ¥ is not only abundant in cellular
non-coding RNAs, it also almost always resides in regions
that are highly conserved across species from yeast to
humans. Due to its high abundance and conservation, WV is
believed to be functionally important, and indeed, experi-



RNA-dependent pseudouridylation catalyzed by box H/ACA RNPs

2
a .a
e e
o) »d dy, /ﬁ\ vd
3. o 3 .
5 | NH a |-|Nk NH a
180° /K /J\
. - 6 \ -
/%'6 N1 O‘ Cs O‘
HO HO
Oo—Jy o "
OH OH OH OH
(V) (¥)
Figure 1 Pseudouridylation (U-to-¥ Isomerization). The

nucleotide pseudouridylation reaction is schematized. The N1-
C1' bond in uridine is broken. The uracil base is lifted up and
turned 180° around the C6-N3 axis. Upon reformation of the C5-
C1' bond, V¥ is generated. “a” and “d” represent hydrogen bond
acceptor and donor, respectively.

mental results indicate that Ws in rRNAs and spliceosomal
snRNAs play important roles in protein translation and pre-
mRNA splicing, respectively.

There are around 44 Ws discovered in S. cerevisiae IRNA
and about 97 W¥s in vertebrate rRNA (Ofengand and Fournier,
1998; Schattner et al., 2004; Torchet et al., 2005; Schattner et
al., 2006). It has been shown that deletion of the snoRNAs
(small nucleolar RNA) responsible for ¥ formation (and
hence the loss of Ws) at some important sites of rRNA can
have profound impact on rRNA processing, protein synthesis,
and subsequently cell growth (King et al., 2003; Piekna-
Przybylska et al., 2008; Liang et al., 2009b). It has also been
shown that hypo-pseudouridylated rRNA affects the ribo-
some-tRNA binding and translational fidelity (Jack et al.,
2011).

There are a total of 24 W¥s in the five vertebrate snRNAs,
including Ul, U2, U4, U5, and U6, and 13 of them are
clustered in U2 snRNA. In the S. cerevisiae spliceosomal
snRNA, six W¥s have been identified, three in U2, two in Ul
and one in U5 (Yu and Meier, 2014). Most (if not all) of these
Ws are in the evolutionary conserved regions and are shown
to be functionally important as well. For example, it has been
reported that the Ws in the 5’ end region and in the branch site
recognition region are important for pre-mRNA splicing (Yu
et al., 1998; Donmez, Hartmuth and LUHrmann, 2004; Zhao
and Yu, 2004; Yang et al., 2005). Recently, it has been
demonstrated that yeast U2 lacking W42 and Y44 in the
branch site recognition region is deficient in interacting with
Prp5 ATPase, thus resulting in inefficient spliceosome
assembly and splicing (Wu et al., 2016). Pseudouridylation
of U6 snRNA at position 28 has also been shown to be
important for the filamentous growth in yeast, demonstrating
the importance of ¥ in development (Basak and Query,
2014).

RNA pseudouridylation (U-to-¥ isomerization) is cata-
lyzed by pseudouridine synthases (PUSs), which are a group

of stand-alone protein enzymes, or by box H/ACA RNPs,
which are a family of RNA-protein complexes each contain-
ing one unique box H/ACA RNA and four common core
proteins (Cbf5, Nhp2, Nopl0, and Garl; Cbf5 is the
pseudouridylation enzyme catalyzing the chemical reaction).
While the former is an RNA-independent reaction in which
the PUSs are capable of both recognizing/specifying the
target uridine and catalyzing the chemical reaction, the latter
is an RNA-dependent mechanism, where the RNA compo-
nent (box H/ACA RNA) of the RNP serves as a guide that
base-pairs with the substrate RNA and specifies the uridine to
be subsequently pseudouridylated by Cbf5. In this review, we
focus on the RNA-dependent mechanism.

The discovery of box HHACA RNP
components

In 1996, the Fournier group first reported the existence of two
families of small RNAs in the nucleolus (snoRNAs). One is
the C/D family and the other they named the “ACA family”
because they identified a ACA triplet positioned 3 nucleotides
upstream of the 3’ terminus of each member of this family
(Balakin et al., 1996). Mutational analysis showed that the
ACA triplet together with an adjacent upstream helix is
required for snoRNA accumulation in yeast (Balakin et al.,
1996). They also reported that all members of the ACA
family are bound to Garl, an essential, glycine/arginine-rich
nucleolar protein (Girard et al., 1992). The ACA box might
serve as a binding site for some specific proteins, and Garl
probably serves as a key accessory protein.

The following year, the Kiss group characterized nine
novel, intron—-encoded human ACA snoRNAs with high-
order nucleolar structures. Importantly, by cleaving snoRNA
with single- and double-strand-specific nucleases under non-
denaturing conditions, they deduced the secondary structure
of U64. According to that model the ACA snoRNA consists
of two major hairpin domains connected by a single-stranded
hinge region, and the 3’ hairpin is followed by the consensus
ACA motif (Fig. 2). For the first time with a systematic
computer-aided modeling of all known ACA snoRNAs, they
found that the majority of mammalian ACA snoRNAs share a
common hairpin-hinge-hairpin-tail secondary structure (Fig.
2). Notably, there is an internal loop in each hairpin. Apart
from the conserved ACA motif in the snoRNA, they
identified another purine rich consensus sequence of
ANANNA in the single-stranded hinge region, and because
it is positioned in the hinge region, the ANANNA motif was
named “Box H.” Due to its conserved nature, box H was also
considered to be a protein binding site, presumably playing an
important role in processing, accumulation and function of
ACA snoRNAs (Ganot et al., 1997).

Soon after, both the Fournier group and the Kiss group
experimentally showed that the ACA family of snoRNAs was
required for site-specific ¥ formation in rRNA. Specifically,
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Figure 2 Box H/ACA RNP, a highly complex pseudouridylase that catalyzes RNA-dependent RNA pseudouridylation. The
components of the RNP, including a box H/ACA RNA and four core proteins (Cbf5, Nhp2, Nopl0 and Garl), are shown. The two
hairpins, the hinge region and the 3" ACA tail of the box H/ACA RNA are indicated. The upper and lower stems, as well as the internal
loop (or pseudouridylation pocket) of each hairpin are also indicated. Also depicted are the substrate RNA, which forms base-pairing
interactions with the pseudouridylation pocket sequences, and the target uridines, which are to be pseudouridylated (W's, the arrows).

the Fournier laboratory discovered ten ACA snoRNAs that
were required for site-specific pseudouridylation at 11
positions in rRNA. Using a computer folding algorithm,
they also predicted that ACA snoRNAs can be folded into a
common core structure that includes two stem-loop domains
at the 5" and 3’ ends and a single-stranded hinge region in the
middle of the two stem-loops (Fig. 2). They made two major
predictions: (1) Base-pairing is necessary between the
snoRNA and the complementary rRNA that flanks the site
of pseudouridylation. (2) A near constant distance is required
between the target uridine and the ACA sequence element.
The complementarity between snoRNA and rRNA was
confirmed by mutational analysis. The distance between the
target uridine and the ACA box was determined to be
approximately 15 nucleotides, and this constant distance
appears to be a key determinant of site selection (Ni et al.,
1997) . The Kiss group, based on their structural mapping
results, coined the name box H/ACA snoRNA and experi-
mentally proved that these snoRNAs function as guide RNAs
in yeast rRNA pseudouridylation. More specifically, they
showed that the internal loop, located in each hairpin, serves
as a guide that base-pairs with the rRNA sequences preceding
and following a pseudouridylation site, specifically position-
ing the target uridine and its 3" adjacent nucleotide at the base
of the upper stem of the hairpin and leaving them unpaired
(Fig. 2). Clearly, this base-pairing interaction between the
internal loop of the snoRNA hairpin and rRNA determines
the target (substrate) specificity. Because of its function, the

internal loop is also referred to as pseudouridylation pocket
(Ganot et al., 1997).

Each box H/ACA guide RNA is complexed with a set of
four common core proteins (Fig. 2). Besides Garl, which was
identified earlier by the Fournier group, three additional
proteins were identified. Cbf5 (dyskerin in humans, NAP57
in rats, and Nop60B in Drosophila) is the key protein
component that acts as the pseudouridylase and is the most
well studied protein component in the box H/ACA RNP
complex. It was first identified as low affinity centromere
binding protein and was essential for cell viability (Jiang et
al., 1993). The function of Cbf5 protein was elucidated by its
homology to the E. coli pseudouridine synthase TruB (Nurse
et al., 1995; Becker et al., 1997) and its association with box
H/ACA RNA (Zebarjadian et al., 1999). Later, a detailed
analysis of Cbf5 was conducted by various groups and they
showed that Cbf5 contains a catalytic domain, which is
common to all known pseudouridine synthases, as well as a
PUA (pseudouridine synthase and archacosine transglycosy-
lase) domain, which is common to most of the TruB family
PUSs. Importantly, there is a strictly conserved and essential
aspartic acid residue positioned within the active site of Cbf5
(Zebarjadian et al., 1999; Hamma et al., 2005; Terns and
Terns, 2006; Reichow et al., 2007).

Nhp2 (non-histone protein) and Nopl0 are the other two
protein components of box H/ACA RNP. Both Nhp2 and
Nop10 are small basic proteins that were initially identified in
1998 by affinity chromatography with epitope-tagged Garl
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protein (Henras et al., 1998). The same group showed that
cells lacking Nhp2 and Nop10 are impaired in global rRNA
pseudouridylation (Henras et al., 1998; Watkins et al., 1998) .
Detailed analysis indicated that all four core proteins play
important roles in RNP biogenesis, stability and catalyzing
pseudouridylation reaction (Li and Ye, 2006a; Li et al., 2011)

Crystal structures and reconstitution of box
H/ACA RNP

Several structures of partial and complete archaea and yeast
box H/ACA RNP, with or without substrate RNA, have been
solved (Hamma et al., 2005; Li and Ye, 2006b;Manival et al.,
2006; Rashid et al., 2006; Liang et al., 2007; Ye, 2007; Liang
et al., 2009a; Duan et al., 2009;Li et al., 2011). Li and Ye in
2006 reported the first crystal structure of an entire archaeal
Pyrococcus furiosus H/ACA RNP, including the four core
proteins, L7Ae (Nhp2 in eukaryotes), Cbf5, Nopl0, and
Garl, as well as a 65-nucleotide long single-hairpin H/ACA
RNA. In this structure (without substrate RNA), the
pseudouridylation pocket is either disordered or stabilized
by crystal packing interactions. Importantly, this structure
also revealed that the PUA domain of Cbf5 recognizes the
lower stem and the ACA box, placing the internal
pseudouridylation pocket near the active site of Cbf5 (Li
and Ye, 2006a) . Subsequently, the Li group solved the crystal
structure of substrate-bound partial archaeal box H/ACA
RNP complex (lacking protein L7Ae). They reported that,
upon interaction with the substrate RNA, the pseudouridyla-
tion pocket of box H/ACA guide RNA became ordered by
making specific contacts with the protein Cbf5 (Liang et al.,
2007; Li, 2008) .

The crystal structure of substrate-bound complete archaeal
box H/ACA RNP was reported in 2009 by the Ye group
(Duan et al., 2009). Interestingly, the structure revealed some
features that were absent in the previously solved structure of
substrate-bound partial box H/ACA RNP lacking L7Ae
(Liang et al., 2007). In particular, the structure of substrate-
bound complete RNP revealed how the substrate RNA was
recognized and how the target uridine was positioned at the
active site of Cbf5 (such a detailed picture was not clearly
revealed in the structure of substrate-bound partial box H/
ACA RNP lacking L7Ae) (Duan et al., 2009).

Even though we can deduce the structure of eukaryotic box
H/ACA RNP from the structural information of archaeal box
H/ACA RNP, there are several differences between the two
systems. Eukaryotic box H/ACA RNP almost exclusively
consists of two hairpins and lacks the K-turn (kink turn)
motif, a major structural feature of archaeal box H/ACA RNA
that is recognized by L7Ae (Nhp2 in eukaryotes) (Rozhdest-
vensky et al., 2003). Nhp2 in eukaryotes associates with
Cbf5-Nop10 protein complex (Meier, 2005) whereas L7Ae
contacts only Nopl0 in the archaeal complex (Li and Ye,

2006a). Another difference is that eukaryotic Nop10 lacks the
cysteine residues that help coordinate a zinc ion in archaeal
Nop10 (Hamma et al., 2005; Khanna et al., 2006). Therefore,
it was important to solve the crystal structure of eukaryotic
box H/ACA RNP complex.

In 2011, Ye and colleagues succeeded in reconstituting a
functional yeast (S. cerevisiae) box H/ACA RNP using
bacteria-expressed recombinant proteins, and solved the
crystal structure of a partial complex consisting of Cbf5,
Nop10, Garl and snR5, a two-hairpin H/ACA RNA (Li et al.,
2011). Based on functional analysis, yeast Nhp2 did not
appear to be as important as L7Ae in archaeal box H/ACA
RNPs, as omission of Nhp2 virtually did not impact
pseudouridylation activity. This result indicates that Nhp2
and L7Ae play a different role in facilitating box H/ACA
RNP assembly and pseudouridylation in yeast and archaea,
respectively (Li et al., 2011). On the other hand, even though
Garl is important for substrate turnover, the omission of Garl
from yeast RNP complex abolished most of the activity even
under single turnover conditions. This is in contrast to the
archaeal box H/ACA RNP, which is still functionally active in
the absence of Garl, suggesting a more important role of
Garl in pseudouridylation in eukaryotes (Baker et al., 2005;
Charpentier et al., 2005). It is also worth noting that the
eukaryotic Cbf5 has both an N-terminal and C-terminal
extensions compared to its archaeal counterpart, and the N-
terminal extension appeared to form an additional important
structural layer in the PUA domain (Li et al., 2011).

Sequence and structural elements of box H/
ACA RNA required for pseudouridylation

To date many laboratories have predicted and experimentally
tested the ability of various box H/ACA RNAs (wild-type and
mutants) to direct RNA pseudouridylation, yet, despite the
large amount of data and information generated over the
years, the picture regarding box H/ACA RNA sequence and
structural requirements for pseudouridylation remains frag-
mentary and incomplete. Sometimes it is still difficult to
determine the correct target pseudouridylation site based on
prediction algorithms currently available. Even though all
box H/ACA RNAs fold into a conserved secondary structure
(hairpin-hinge-hairpin-tail) and bound to the same set of core
proteins, not all of them have assigned substrates (Hiittenho-
fer et al., 2001; Vitali et al., 2003). Therefore, substantial
efforts have been made to understand how a box H/ACA
guide RNA recognizes and specifies a particular uridine to be
modified.

Based on computational alignments and experimental
results, three sequence/structural elements within a box H/
ACA RNA were identified to be important for guiding
pseudouridylation (Ge and Yu, 2013b; Xiao et al., 2009). The
first element is the distance between the ACA or H box and
substrate uridine (Bortolin et al., 1999). It was first
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demonstrated that there was a constant distance of 15
nucleotides between the ACA box and substrate uridine
(Fig. 2). Insertion or deletion of nucleotides between the ACA
box and the target uridine led to either alteration in site
specificity or reduction in pseudouridylation at the original
site (Ni et al., 1997). By examining the increased number of
experimentally verified box H/ACA RNAs, Xiao et al. were
able to confirm a consensus optimal distance of 14-16
nucleotides between the substrate uridine and the ACA or H
box (Xiao et al., 2009). It turns out that this spatial distance is
important for the binding of the Cbf5 PUA domain to the
ACA/H box and positioning of the substrate/target uridine in
the catalytic center of Cbf5 (Duan et al., 2009; Xiao et al.,
2009; Ge and Yu, 2013a).

The second element is the stability of the hairpin structure
harboring the pseudouridylation pocket (internal loop) (Fig.
2). The formation of the hairpin depends on the stability of the
upper and lower stems flanking the pseudouridylation pocket.
In this regard, it was experimentally verified when an
imperfect upper stem (with mismatches) of a non-functional
box H/ACA RNA was converted to a perfect upper stem by
point mutations (Watson-Crick base-pairing was re-estab-
lished), the box H/ACA RNA became functional (Xiao et al.,
2009).

The third element is the sufficient and proper Watson-Crick
base pairing interactions between the guide sequence of box
H/ACA RNA and substrate RNA (Fig. 2). In 1996, upon
checking 10 ACA snoRNAs, the Fournier group identified
complementarities between the snoRNAs and the rRNA
sequences at the pseudouridylation sites, eventually leading
to the current model of box H/ACA RNA-guided RNA
pseudouridylation (Ni et al., 1997). In 2009, the Yu group
tested this third element experimentally and systematically by
making mutations in the pseudouridylation pocket to alter the
base pairing interactions with the substrate RNA. By
increasing the complementarity, thereby strengthening the
interaction of box H/ACA RNA with substrate RNA, they
again demonstrated, both in vitro and in yeast cells, that
sufficient base-pairing between the guide sequence and the
substrate sequence is required for box H/ACA RNA-guided
RNA pseudouridylation (Xiao et al., 2009).

Inducible pseudouridylation catalyzed by
box H/ACA RNP

In a study of dynamic pseudouridylation in yeast cells, the Yu
group found that a box H/ACA RNP was also able to catalyze
inducible RNA pseudouridylation under stress conditions
(Wu et al., 2010). Specifically, upon starvation or nutrient
deprivation, the yeast box H/ACA RNP snR81 became
capable of pseudouridylating yeast U2 snRNA at position 93,
which is not modified under normal conditions. Interestingly,
while the 5' pseudouridylation pocket of snR81 remained
specific for the uridine at position 42 of U2, the 3" pocket,

which is normally specific for the uridine at position 1051 of
25S rRNA, loosened its specificity to also include U93 of U2.
Sequence alignment revealed two mismatches in the base-
pairing interactions between the guide sequence and the U2
sequence surrounding U93 (Fig. 3). When one (or both) of the
mismatches was converted to perfect Watson-Crick base-
pairing, U93-to-¥93 conversion became constitutive.
Detailed analysis indicated that the two mismatches are
necessary but not sufficient for induced pseudouridylation
mediated by snR81. This work suggests the multifaceted role
of box H/ACA RNP in pseudouridylation (Wu et al., 2010).

Redundancy and dual functionality of box
H/ACA RNA

With the advancement of knowledge in box H/ACA RNA,
several groups identified, using computational and experi-
mental (RNomics) methodologies, a large number of putative
box H/ACA RNAs in eukaryotic cells, although only a few
were experimentally verified (Hiittenhofer et al., 2001;
Schattner et al., 2004; Torchet et al., 2005;Schattner et al.,
2006). For example, in yeast, a complete set of 28 snoRNAs
were identified that guide the U-to-¥ conversion at 44 sites in
18S and 28S rRNA (Torchet et al., 2005). In humans,
experimental and computational approaches have identified
82 putative box H/ACA RNAs for the 97 pseudouridylation
sites in rRNA (Schattner et al., 2004; Schattner et al., 2006).
Even though in most cases, a single box H/ACA RNA has
been assigned to a particular pseudouridylation site, it is quite
possible that some other box H/ACA RNAs exhibit similar
(or identical) guide sequences to target the same site
(Schattner et al., 2004; Schattner et al., 2006). Conversely,
it has also been proposed that a single box H/ACA RNA can
fold into more than one slightly different structures and can
thus adjust their guide pocket sequences to target more than
one substrates, thereby directing U-to-¥ conversion at
multiple sites (Schattner et al., 2004).

To gain a better understanding of these phenomena, the Yu
group experimentally tested a number of predicted box H/
ACA RNAs using both in vitro and in vivo systems. While
some of these predicted guide RNAs shared similar guide
sequences and therefore could target the same sites, the others
were each predicted to fold into alternate structures exhibiting
different guide sequences that could target different sites
(Xiao et al., 2009). For instance, the 5’ guide pocket of human
ACA19 box H/ACA RNA was predicted to fold into three
alternate pockets with three guide sequences directing the
pseudouridylation of 18S rRNA at positions U863 and U866
and 28S rRNA at position U3709, respectively (Fig. 4). The
same sites (U863 and U866) were also predicted to be
targeted by the 5’ pocket of ACA24 box H/ACA RNA and the
3’ pocket of ACA28 box H/ACA RNA, respectively. Target
redundancies were also predicted for ACA67 box H/ACA
RNA and ACA42 box H/ACA RNA in targeting U109 and
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Figure 3 Box H/ACA RNA-guided RNA pseudouridylation under normal and stress conditions. Shown is the S. cerevisiae snR81 box
H/ACA RNA, which guides the pseudouridylation of U2 snRNA at position 42 (the 5’ pocket) and 25 S rRNA at position 1051 (the 3’
pocket) under normal and starvation conditions. Under starvation conditions, the 3’ pocket of snR81 loosens its specificity to also guide
U2 pseudouridylation at a novel site, position 93. The substrate RNAs (U2 snRNA and 25S rRNA), which form base-pairing interactions
with the sequences of the pseudouridylation pockets, and the target nucleotides to be pseudouridylated (s, the arrows) are also shown.

The H and ACA boxes of snR81 are indicated (gray boxes) as well.

U572 in 18S rRNA, and for ACA50 box H/ACA RNA and
ACA62 box H/ACA RNA in targeting U34 and U105 in 18S
rRNA. While many of the predictions tested were correct,
some were not. Remarkably, for those that were incorrect,
minor changes made to box H/ACA RNAs (only a few
nucleotide changes in the three elements discussed above) can
turn the incorrect predictions to correct ones. For example, the
5" pocket of ACA42, which did not modify U572 in 18S
rRNA, became perfectly functional when the imperfect upper
stem of the hairpin was changed to a perfect stem, and the
complementarity between the guide sequence and the
substrate RNA was enhanced. Among the three predicted
alternate structures of the ACA19 5’ guide pocket, only one
was correct that guides 28S rRNA pseudouridylation at
position U3709. By improving the base-pairing interactions
between the guide pocket and the substrate RNA, they were
able to turn the ACA19 5’ guide pocket to direct 18S rRNA
pseudouridylation at position U863. Along this line, it has
been reported that several Drosophila box H/ACA RNAs can

probably also fold into alternative structures with distinct
pseudouridylation pockets targeting different sites (Deryush-
eva and Gall, 2013). In addition, the Gall group also showed
that the 5" pocket of U2-34/44 (a box H/ACA RNA, also
known as U92) was responsible for U2 pseudouridylation at
position 34, whereas the 3’ pocket was able to guide U2
pseudouridylation at two adjacent positions 43 and 44. From
these data, it is clear that one guide RNA pocket can act on
different substrates depending on the structure of the guide
RNA and the binding affinity between the guide RNA and its
substrates (Xiao et al., 2009). On the other hand, there can be
multiple guide RNAs targeting a single site as long as they
share similar (or same) guide sequences (Xiao et al., 2009).

Several lines of evidence also suggest that there can co-
exist, in cells, an RNA-dependent and RNA-independent
pseudouridylation activities targeting the same site of an
RNA for modification (Fig. 5). For instance, the Yu group
observed that when Xenopus pugU2-34/44, (a box H/ACA
RNA responsible for U2 pseudouridylation at positions 34



Meemanage D. De Zoysa and Yi-Tao Yu

ACA28 box H/ACA RNP ACA24 box H/ACA RNP

3’ Hairpin 5’ Hairpin
ACA19 ACA19 ACA19 ;*SQJp?n
5’ Hairpin 5’ Hairpin 5’ Hairpin
A C
V] A uw
b u u WEyU U U\\U ¢ A
\ \ A’ : A
A : -G
Y-a Ay ALy 3700 AV | U-A 3618 C
U-A <«>c-6 8 <> -G -uiA-U A-U
: u "
g A7 A ~C
A 5
188 ?RNA _ 5 28S rRNA
............................... creen = FELleew = L ach =
ACA42 N HeAGY N
5’ Hairpin 3’ Hairpin 5' Hairpin 3’ Hairpin
C
y
U A A U A A é /U
WOl 6 e G A U G P
Uy c 09 C- U 109 €~
U—A 572 A-U C€-G U-A U-A % U-A
C-G A" 5 A- 5
a-Y A C G-
; 4 18S rRNA G- 18S rRNA
3 3G 3
18SrRNA \— = — 18SrRNA \\—
— Loweewm “Loaca = —L Boxn ACA —

Figure 4 Intricate box H/ACA RNA-substrate network. Several mammalian box H/ACA RNAs, including ACA19, ACA42 and
ACAG67, are schematized. According to computational predictions, the 5" hairpin of ACA19 folds into three alternative structures, forming
three distinct pseudouridylation pockets that target three different sites, U866 and U863 of 18S rRNA and U3709 of 28S rRNA. However,
experimental results indicate that the 5’ pocket of ACA19 only targets U3709 of 28S rRNA (Xiao et al., 2009). U866 and U863 of 18S
rRNA are the targets of ACA28 (its 3’ pocket) and ACA24 (its 5' pocket), respectively (indicated) (Xiao et al., 2009). Based on
computational predictions, ACA42 and ACA67 possess almost identical pseudouridylation pockets, targeting the same sites: the 5’ pocket
of ACA42 and the 5’ pocket of ACA67 both target U572 of 18S rRNA, and the ACA42 3’ pocket and the ACA67 3’ pocket both target
U109 of 18S rRNA. But, in reality, the 5' pocket of ACA42 fails to guide U572-to-'¥'572 conversion (Xiao et al., 2009). Interestingly,
small nucleotide changes can turn a non-functional pseudouridylation pocket into a functional pocket.

and 44), was depleted, pseudouridylation was initially
abolished at positions 34 and 44, but was soon recovered at
position 34 suggesting that there is another (or more than one)
independent pseudouridylation activity that targets position
34 (Zhao et al., 2002). Indeed, it was later reported that an
artholog of yeast Pus7, which pseudouridylates S. cerevisiae
U2 at position 35 (equivalent to position 34 of vertebrate U2),
was also identified in Xenopus laevis (Ma et al., 2003) and
unpublished work). Likewise, the Gall group showed that
depletion of Drosophila pugU2-35/45, an ortholog of
Xenopus pugU2-34/44, did not block U2 pseudouridylation
at position 35 in Drosophila cells (positions 35 and 45 of
Drosophila U2 are equivalent to positions 34 and 44,
respectively, of vertebrate U2). They suggested that ‘35

formation in the absence of pugU2-35/45 could be due to an
endogenous pseudouridine synthase enzyme (an artholog of
yeast Pus7) that also pseudouridylates U2 at position 35
(Deryusheva and Gall, 2013). The Gall group also showed
that pugU2-34/44 (also known as SCARNAS or U92
scaRNA) and Pusl (stand-alone protein enzyme) were
redundant in targeting U2 pseudouridylation at position 43
in vertebrates. While Pusl specifically catalyzes U2 pseu-
douridylation at position 43, pugU2-34/44 (SCARNAR)
targets three different positions, 34, 43 and 44. In pombe,
U2 pseudouridylation at position 43 is also targeted by two
different enzymatic activities, Pusl, a stand-alone protein
enzyme, and sppugU2-43/44, a box H/ACA RNP (Deryush-
eva and Gall, 2017) (Fig. 5).
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Figure 5 Redundancy between stand-alone pseudouridine
synthases and box H/ACA RNP pseudouridylases. Vertebrate
U2 RNA is schematized and its branch site recognition region
sequence is shown. Pus7 (stand-alone protein enzyme) and the 5’
pocket of pugU2-34/44 (a box H/ACA RNP also known as
SCARNAS or U92 scaRNP) both target U34 (equivalent to U35 in
Drosophila) of U2. Pusl (stand-alone protein enzyme) and
pugU2-34/44 (or pugU2-43/44 in pombe) both target U43
(equivalent to U44 in Drosophila) of U2 (Deryusheva and Gall,
2017).

Concluding remarks

Since their discovery in 1996, box H/ACA RNPs have been
extensively studied. Particular attention has been paid to the
molecular mechanism by which box H/ACA RNPs recognize
and convert specific uridines into ¥'s within RNAs. While a
great deal of progress has been made, there are still a number
of questions that remain unanswered. For instance, we now
know that there are a large number of box H/ACA RNPs
(either computer predicted or experimentally identified) in the
cell that target various types of RNA for pseudouridylation.
However, only a small fraction of these RNPs have been
experimentally tested and their function verified. With
regards to the details of box H/ACA RNA-guided pseudour-
idylation, our knowledge of the rules of this modification
remains incomplete and fragmentary, despite the fact that the
structures of the RNP complexes have been solved, and that
the three key elements (a constant distance between the target
uridine and box H or between the target uridine and box
ACA, a stable hairpin that harbors the pseudouridylation
pocket, and a stable interaction of the pseudouridylation
pocket with its substrate) have been experimentally identified.
In addition, it remains puzzling that in order to target multiple
sites, some box H/ACAs fold into alternative hairpin
structures, some of which are apparently unstable. Even less
is understood as to the roles that the protein components of
box H/ACA RNPs play during pseudouridylation. What is
known, however, is the fact that some diseases are associated
with mutations in box H/ACA RNP proteins. One example is
the disease X-linked Dyskeratosis Congenita (X-DC). X-DC
is a rare inherited syndrome caused by mutations in the DKCI
gene encoding the box H/ACA RNP protein dyskerin

(NAPS57 in rats and Cbf5 in yeast) (Mitchell et al., 1999),
thus linking a human disease to box H/ACA RNPs and
pseudouridylation.

It is clear that the experimental data accumulated thus far
only scratch the surface of the complexity of box H/ACA
RNA-guided RNA pseudouridylation. More attention is
needed to understand this complex modification.
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