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ABSTRACT

Box H/ACA RNAs are a group of small RNAs found in abundance in eukaryotes (as well as in archaea). Although their sequences
differ, eukaryotic box H/ACA RNAs all share the same unique hairpin-hinge-hairpin-tail structure. Almost all of them function as
guides that primarily direct pseudouridylation of rRNAs and spliceosomal snRNAs at specific sites. Although box H/ACA RNA-
guided pseudouridylation has been extensively studied, the detailed rules governing this reaction, especially those concerning
the guide RNA-substrate RNA base-pairing interactions that determine the specificity and efficiency of pseudouridylation, are
still not exactly clear. This is particularly relevant given that the lengths of the guide sequences involved in base-pairing
vary from one box H/ACA RNA to another. Here, we carry out a detailed investigation into guide-substrate base-pairing
interactions, and identify the minimum number of base pairs (8), required for RNA-guided pseudouridylation. In addition, we
find that the pseudouridylation pocket, present in each hairpin of box H/ACA RNA, exhibits flexibility in fitting slightly
different substrate sequences. Our results are consistent across three independent pseudouridylation pockets tested, suggesting
that our findings are generally applicable to box H/ACA RNA-guided RNA pseudouridylation.
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INTRODUCTION

Pseudouridine (Ψ) is the most abundant post-transcription-
ally modified nucleotide and is found in a wide range of
RNAs, including mRNA and noncoding RNAs (such as
tRNA, rRNA, and snRNA) (Maden 1990; Bjork 1995; Gros-
jean et al. 1995; Auffinger and Westhof 1998; Massenet et al.
1998; Ofengand and Fournier 1998; Reddy and Busch 1988;
Sprinzl et al. 1998; Hopper and Phizicky 2003; Yu and Meier
2014). Ψ has chemical properties that are distinct from those
of uridine and any other known nucleotides (Cohn 1959;
Charette and Gray 2000). Thus, it is expected thatΨ provides
unique contributions to RNA function. Indeed, over the
years, a large amount of work has indicated thatΨs in rRNAs
and snRNAs play an important role in protein translation and
pre-mRNA splicing, respectively (King et al. 2003; Zhao and
Yu 2004; Yang et al. 2005; Liang et al. 2009; Jack et al. 2011;
Yu and Meier 2014; Wu et al. 2016).

Ψ is derived from uridine via an isomerization reaction
called pseudouridylation (Ge and Yu 2013). Pseudouridy-
lation can be catalyzed by stand-alone protein enzymes
(PseudoUridine Synthases) or by a family of RNA-protein
complexes termed box H/ACA RNPs (Fig. 1). The former
is an RNA-independent reaction; the latter involves RNA

(the box H/ACA RNA), and therefore is an RNA-dependent
reaction.
Box H/ACA RNPs, which are found in abundance in the

nucleoli and Cajal bodies of eukaryotic cells, mainly catalyze
pseudouridylation of rRNA and snRNA at specific sites
(Ganot et al. 1997a; Ni et al. 1997; Yu et al. 2005). Each
box H/ACA RNP consists of one unique box H/ACA RNA
(with a unique sequence) and four common core proteins,
including Nhp2, Nop10, Gar1, and Cbf5/NAP57/Dyskerin
(a pseudouridylase) (Fig. 1). Although they have different se-
quences, all eukaryotic box H/ACA RNAs fold into an iden-
tical hairpin-hinge-hairpin-tail structure (Fig. 1). The hinge
and tail regions of the RNA contain the evolutionarily con-
served Box H (ANANNA) and Box ACA, respectively
(Balakin et al. 1996; Ganot et al. 1997b). In each hairpin,
there is an internal loop (the pseudouridylation pocket),
which functions as a guide by base-pairing with the RNA sub-
strate. As a consequence of this base-pairing, the target uri-
dine, along with its 3′ immediately adjacent nucleotide, is
precisely positioned at the base of the upper stem of the hair-
pin, and pseudouridylated by Cbf5/NAP57/Dyskerin (Fig. 1).
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Over the years, box H/ACA RNA-guided RNA pseudour-
idylation has been extensively studied, and three sequence/
structure elements necessary for efficient pseudouridylation
have been identified (Bortolin et al. 1999; Xiao et al. 2009;
De Zoysa and Yu 2018). First, it is necessary to have two sta-
ble hairpins, each harboring a pseudouridylation pocket.
Second, it is important to have a fixed distance of ∼15 nucle-
otides (nt) between the target uridine (at the base of the up-
per stem) and the box H or box ACA (Bortolin et al. 1999;
Xiao et al. 2009). Third, sufficient base-pairing interactions
between the guide sequence in the pseudouridylation pocket
and the substrate sequence are also required for efficient
pseudouridylation (Ganot et al. 1997a; Ni et al. 1997; Xiao
et al. 2009). However, the exact natures of these three ele-
ments, especially the rules governing guide RNA-substrate
interactions, are still not exactly clear. This is particularly rel-
evant given that the number of nucleotides involved in base-
pairing with the substrate RNA varies from one box H/ACA
RNA to another. Specifically, while some of the box H/ACA
RNAs form extensive base-pairing interactions with their
substrates, some others form only a limited number of base
pairs with their substrates. The minimum number of base
pairs between guide and substrate required for pseudouridy-
lation has remained unclear.
Here, using the yeast system, we carried out a detailed anal-

ysis to clarify the rules for box H/ACA RNA-guided RNA
pseudouridylation. We found that a minimum of 8 base pairs
(bp) between the guide and the substrate are necessary for
RNA-guided pseudouridylation. Interestingly, we also found
that the pseudouridylation pocket, specifically the base of the

upper stem of the hairpin that normally harbors two un-
paired nucleotides, is rather flexible such that it can tolerate
as many as four (perhaps even more) unpaired nucleotides.

RESULTS

It has widely been believed that proper, and sometimes ex-
tensive, base-pairing interactions between guide RNA and
substrate RNA are key to substrate recognition, and that dis-
ruption of base pairs, especially the one immediately 5′ to the
target uridine (Fig. 1), would result in a reduction or com-
plete loss of pseudouridylation at the target site. To experi-
mentally test this hypothesis and to understand the rules
for RNA-guided RNA pseudouridylation, we decided to dis-
sect in detail how guide-substrate base-pairing interactions
contribute to this reaction.

Mutations in the branch site recognition region of yeast
U2 snRNA have no significant effects on snR81-guided
U2 pseudouridylation at position 42

There are three naturally occurring Ψs in the branch site rec-
ognition region of yeast U2 snRNA. They are Ψ35, Ψ42,
andΨ44 (Fig. 2A).While the formation ofΨ35 andΨ44 is cat-
alyzed by stand-alone PUS enzymes (Pus7 and Pus1, respec-
tively), the formation of Ψ42 is catalyzed by the 5′

pseudouridylation pocket of snR81 box H/ACA RNP (Fig.
2A,B; Massenet et al. 1999; Ma et al. 2003, 2005; Yu and
Meier 2014). It is well documented that in order to recognize
and specify the target uridine (U42), the 5′ pocket guide
sequence of snR81 RNA has to form stable base-pairing inter-
actions with the U2 sequence flanking the dinucleotide
U42G43, thus positioning U42 (target nucleotide) and G43
at the base of the upper stem of the hairpin (Fig. 2B). There
are 7 perfect and uninterrupted bp on each side of the pocket
between thewild-type guide sequence andwild-type U2 (a to-
tal of 14 bp). Surprisingly, when the branch site recognition
region of yeast U2 snRNA was targeted for mutations, which
altered the base-pairing interactions between the 5′ guide
pocket of snR81 and U2 snRNA, pseudouridylation was not
significantly affected at position 42, as judged by the standard
pseudouridylation assay, CMC modification followed by
primer extension (Fig. 2C,D). Specifically, when C41 of U2
snRNA, located immediately 5′ adjacent to the unpaired tar-
get uridine (U42), was either mutated to G (C41G) (Fig. 2C,
b) or deleted (C41Δ) (Fig. 2C, c), virtually no change was ob-
served in Ψ42 formation (Fig. 2D, lanes 3 and 4; lanes 13 and
14) compared to the wild-type U2 (Fig. 2C, a; Fig. 2D, lanes 1
and 2). Consistently, deletion of bothC41 andA31 (Fig. 2C, c)
did not result in reduction ofΨ42 level either (Fig. 2D, lanes 7
and 8). Likewise, whenU44, located immediately 3′ of the un-
paired dinucleotide U42G43, was mutated to A44 (U44A)
(Fig. 2C, d), pseudouridylation at position 42 remained un-
changed, althoughΨ44 (modified by Pus1) was lost as expect-
ed (Fig. 2D, lanes 15 and 16). Although the Ψ42 level was

FIGURE 1. Box H/ACA RNP bound (base-paired) with its substrate
RNA. Box H/ACA RNA (thin line) folds into a hairpin-hinge (contain-
ing an H box)-hairpin-tail (containing an ACA box) structure. The
substrate RNA (thick line) is also shown. The internal loop (pseudour-
idylation pocket) of each hairpin base pairs with the substrate RNA, po-
sitioning the target U (arrow) and its immediate 3′ nucleotide (N) at the
base of the upper stem (the dinucleotide is left unpaired). The four core
box H/ACA RNP proteins, Nhp2, Nop10, Gar1, and Cbf5 (pseudouri-
dylase), are also shown. Further illustrated is the internal loop (pseu-
douridylation pocket) within the 5′ hairpin, where the 5′ side and 3′
side of the pseudouridylation pocket as well as the base pairs immediate-
ly 5′ and 3′ of the unpaired dinucleotide UN (substrate) are indicated.
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FIGURE 2. Effects of mutations of U2 snRNA onΨ42 formation within U2 snRNA. (A) Schematic representation of S. cerevisiaeU2. The sequence of
branch site recognition region, including the branch site recognitionmotif (underlined), is shown. The three pseudouridines,Ψ35,Ψ42, andΨ44, and
their respective enzymes, Pus7, snR81, and Pus1, are indicated. Pus7 and Pus1 are stand-alone proteins, and snR81 is a box H/ACARNP. (B) Sequence
and structure of snR81 box H/ACA RNA. The primary sequences of snR81 and its substrates, U42 (indicated by the arrow) of U2 (5′ pocket) and
U1051 (indicated by the arrow) of 25S rRNA (3′ pocket), are shown. The H and ACA boxes are shaded. (C) Base-pairing interactions between
the snR81 5′ pocket and U2. Depicted are base-pairing interactions between the guide sequence of the 5′ pocket and its U2 substrate sequences, either
wild-type (a) or mutants (b–i). Italicized letters represent mutated nucleotides. Crosses (Xs) indicate disrupted base-pairing interactions. In (g–i), the
original U42 is also indicated. (D) Detection of Ψs in yeast U2 using CMC-modification followed by primer-extension. Wild-type U2 (lanes 1 and 2)
and various mutant (lanes 3–20) U2 snRNAs (illustrated in C, a–i) were assayed for pseudouridylation. Signals corresponding to Ψ35, Ψ42, and Ψ44
are indicated. Shifted Ψ42 bands are indicated by asterisks (∗). The formation of Ψ42 was quantified using the formula Ψ42/(Ψ35 +Ψ42 +Ψ44). The
mutants (mutant lanes) were then normalized to the wild-type control. The final pseudouridylation efficiency numbers are shown at the top of each
lane. Note, in lane 12, although there is still some formation ofΨ42 at the original position, pseudouridylation is mostly shifted to the 5′-most uridine
site. (E) U42-to-Ψ42 conversion by snR81. Pseudouridylation of wild-type U2 (lanes 1–6) and C41U mutant U2 (lanes 7–12) was analyzed in wild-
type (lanes 1 and 2, and lanes 7 and 8), pus7-deletion (lanes 3 and 4, and lanes 9 and 10), and snr81-deletion (lanes 5 and 6, and lanes 11 and 12)
S. cerevisiae strains. Signals corresponding to Ψ35, Ψ42, and Ψ44 are indicated. Shifted Ψ42 bands are indicated by asterisks (∗).
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reduced when U40 was mutated to A40 (U40A) (Fig. 2C, e),
the formation of Ψ42 was still clearly detected (Fig. 2D, lanes
19 and 20). Only when U42 wasmutated to A42 (U42A) (Fig.
2C, f), was the Ψ42 signal completely lost (Fig. 2D, lanes 17
and 18).
More surprisingly, when C41 was mutated to U41 (C41U)

(Fig. 2C, g), we observed a shift in target uridine: U41, instead
of U42, became pseudouridylated (Fig. 2D, lanes 5 and 6). To
further confirm this observation, we inserted one (Fig. 2C, h)
or two (Fig. 2C, i) uridines in between C41 and U42 in U2
snRNA and left them unpaired; in each test, the 5′-most un-
paired uridine, instead of the original targeted uridine,
became modified (Fig. 2D, lanes 9 and 10, and lanes 11 and
12). This shifting of modification can be clearly identified in
denaturing urea-PAGE, as the original pseudouridine signal
(the original Ψ42 band) disappeared or greatly diminished
while a new pseudouridine signal, corresponding to the 5′-
most inserted uridine, appeared (Fig. 2D, lanes 6, 10, and 12).
To ensure that snR81 box H/ACA RNP was responsible for

the above altered pseudouridylation at position 42 (and the
5′-most uridine), we performed the same U2 mutational
analysis in the snR81-deletion strain. As shown in Figure
2E, no un-shifted or shifted Ψ42 bands were observed
when snR81 was deleted (lanes 11 and 12), suggesting that
the Ψ formation observed above (at position U42 or the 5′-
most unpaired uridine) was indeed catalyzed by snR81 box
H/ACA RNP. These unexpected but interesting results
prompted us to investigate, in more detail, the base-pairing
interactions between the guide RNA and substrate RNA.

There exists a minimum guide-substrate base-pairing
requirement for RNA-guided pseudouridylation

Given the fact that pseudouridylation activity tolerated one
mismatch immediately 5′ or 3′ of the unpaired dinucleotide
(U42G43), we reasoned that perhaps stability between the
guide and substrate RNA could be maintained even with
one less base pair compared to wild-type U2. If true, we spec-
ulated that there might be a minimum number of base pairs
(between a guide and substrate RNA) needed to maintain
pseudouridylation activity. At the minimum number of
base pairs, the mismatch immediately 5′ or 3′ of the unpaired
dinucleotide U42G43 would become intolerable (or in other
words, the minimum number of base pairs would create the
need for base-pairing involving the nucleotide immediately
5′ or 3′ of the unpaired dinucleotide U42G43).
We first tested the same 5′ guide pocket of yeast snR81 that

targets U42 in U2 snRNA. Rather thanmutating U2 (which is
not easy to do given that most mutations introduced into this
region of U2 are lethal), we mutated the snR81 guide se-
quence (involved in guide-substrate base-pairing) from distal
to proximal relative to the base of the upper stem where the
dinucleotide U42G43 is positioned, thus disrupting the base-
pairing interactions between guide and substrate one at a
time (Fig. 3A, and also refer to Fig. 2B). After transforming

the snR81-deletion strain with various snR81 mutant plas-
mids, we assayed U2 snRNA pseudouridylation at position
42. As shown in Figure 3A,B, when the number of base pairs
was cut down to 5 (Fig. 3A, Mut1; b) or 4 (Fig. 3A, Mut2; c)
on both sides of the pocket (a total of 10 or 8, respectively),
Ψ42 formation was still well detected (Fig. 3B, lanes 3 and 4,
and lanes 5 and 6, respectively). However, when an additional
mismatch was introduced (Fig. 3A, Mut3; d), making a total
of 7 bp (3 on the 5′ side [left side] of the pocket and 4 on the
3′ side [right side]), the Ψ42 signal almost completely disap-
peared (only a background level was detected) (Fig. 3B, lanes
7 and 8). When 1 bp was restored on the 3′ side (Fig. 3A,
Mut4; e), thus restoring the total number of 8 bp (3 on the
5′ side of the pocket and 5 on the 3′ side), the formation of
Ψ42 was rescued (Fig. 3B, lanes 9 and 10).
At the minimum number of base pairs (total of 8), the base

pair immediately 5′ or 3′ of the unpaired dinucleotide
U42G43 became necessary. Disruption of the base pair either
5′ (Fig. 3A, Mut5, f) or 3′ (Fig. 3A, Mut6, g) of the unpaired
dinucleotide U42G43, thus leaving a total of only 7 bp, result-
ed in complete loss ofΨ42 (Fig. 3B, lanes 11 and 12, and lanes
17 and 18, respectively). This result suggests that although
neither of these 2 bp is absolutely required when there is a
large number of base pairs between the guide and the sub-
strate (see Fig. 2D, lanes 3, 4, 13–16), they become necessary
when the number of base pairs between the guide and the
substrate approaches 8, the minimum number required for
pseudouridylation. Perhaps more interestingly, disruption
of the base pair immediately 5′ (Fig. 3A, Mut7, h) or 3′

(Fig. 3A, Mut8, i) of the unpaired dinucleotide U42G43,
while maintaining the total number of base pairs at 9 (4 on
the 5′ side of the pocket and 5 on the 3′ side, or 5 on the 5′

side of the pocket and 4 on the 3′ side), also led to almost total
loss of Ψ42 (Fig. 3B, lanes 13–16). Finally, simultaneous dis-
ruption of the base pairs 5′ and 3′ of the unpaired dinucleo-
tide U42G43, while keeping other nucleotides unchanged
(thus maintaining a total of 12 bp) (Fig. 3A, Mut9, j), again
led to almost total loss of Ψ42 (Fig. 3B, lanes 19 and 20).
These results suggest that these base pairs do not just contrib-
ute to guide-substrate interactions. Rather, they appear to
play some additional role(s) in guiding pseudouridylation;
they appear to be more important than the base pairs at the
distal ends of the duplex.
To ensure that all snR81 RNAs, including the wild-type

and all mutants, were equally expressed, we carried out prim-
er-extension analysis to measure the snR81 level in each
strain. As shown in Figure 3C, the wild-type and various
mutant snR81 RNAs were expressed at the same level. In
addition, we also found that the two pseudouridylation pock-
ets in the same box H/ACA RNA were functionally indepen-
dent, as the same snR81 mutants whose 5′ pockets failed to
guide Ψ42 formation were fully functional in catalyzing, us-
ing their 3′ pseudouridylation pockets, the formation of
Ψ1051 of 25S rRNA (the natural target of snR81’s 3′ pocket)
(Fig. 3D).

Box H/ACA RNA-substrate base-pairing requirement
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FIGURE 3. Effects of mutations of snR81 (within the 5′ pocket) on Ψ42 formation within U2 snRNA. (A) Schematic representation of base-pairing
interactions between the 5′ pocket of snR81 and U2. Depicted are base-pairing interactions between the wild-type (a) or various mutant (b–j) 5′ pock-
ets of snR81 and the wild-type U2 substrate sequence. Italicized letters represent mutated nucleotides. Crosses (Xs) indicate disrupted base-pairing
interactions. (B) Detection ofΨs in yeast U2 using CMC-modification followed by primer-extension. U2 pseudouridylation was assayed in the context
of wild-type (lanes 1 and 2) and various mutant (lanes 3–20) snR81 (illustrated in A, a–j). Signals corresponding to Ψ35, Ψ42, and Ψ44 are indicated.
The formation ofΨ42 was quantified using the formulaΨ42/(Ψ35 +Ψ42 +Ψ44). The mutants (mutant lanes) were then normalized to the wild-type
control. The final pseudouridylation efficiency numbers (Ψ42%) are shown at the top of each lane. Note, in the Mut3 lane (lane 8), the small amount
of “Ψ42” band is probably due to RNA degradation in this specific sample (as hinted by the CMC-minus lane––lane 7). (C) The levels of wild-type and
mutant snR81 box H/ACA RNAs in the cell. Total RNA was recovered and primer-extension was used to measure the levels of wild-type (lane 1) and
various mutant (lanes 2–12) snR81 RNAs. The U6 level was also measured as an internal control. The snR81 and U6 primer-extension products are
indicated. The band below the snR81 band is a nonspecific primer-extension product. Lane M is a size marker. (D) Independent pseudouridylation
pockets. The wild-type snR81 (lanes 1 and 2) and the 5′ pocket-mutated snR81 RNAs (lanes 3–8), which failed to guide U2 pseudouridylation at
position 42 (see A and B), were tested for their ability (using their 3′ pocket) to guide 25S rRNA pseudouridylation at position 1051. Ψ1051, and
its neighboring pseudouridines, Ψ1041 and Ψ1059, are indicated.
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The pseudouridylation pocket is flexible enough
to fit more than two unpaired nucleotides
(U42G43) at the base of upper stem

Our initial results also indicated that even though pseudour-
idylation activity was not affected when C41 was changed to
U41, or when one or two uridines were inserted between C41
and U42, in both of these scenarios, the specificity of the tar-
get uridine changed: Pseudouridylation shifted to the 5′-most
uridine (Fig. 2C, g, h, i; Fig. 2D, lanes 6, 10, and 12). These
results prompted us to hypothesize that the guide pocket is

flexible, allowing it to fit different lengths of unpaired nucle-
otides at the base of the upper stem. In this scenario, if the 5′-
most uridine is forced to pair with the guide sequence, it may
no longer be the target for pseudouridylation. To test this hy-
pothesis, we changed G65 to A65 in snR81 to restore base-
pairing with U41 in the C41U U2 mutant (Fig. 4A, a and
b). When C41U U2 was tested, we observed that U41 was
no longer the pseudouridylation target (it was not pseudour-
idylated) and that the modification shifted back to position
42 (U42 was converted to Ψ42) (Fig. 4B, compare lane 6
with lane 4). Similarly, we created snR81 mutants where

A

B

FIGURE 4. Flexibility of the pseudouridylation pocket. (A) Schematic representations of the 5′ pocket of snR81 base-paired with its substrate. Shown
are base-pairing between C41U-U2 and wild-type snR81 (a), between C41U-U2 and G65A-snR81 (compensatory mutant) (b), between 41(U)42-U2
and wild-type snR81 (c), between 41(U)42-U2 and 64(A)65-snR81 (compensatory mutant) (d), between 41(UU)42-U2 and wild-type snR81 (e),
between 41(UU)42-U2 and 64(AA)65-snR81 (compensatory mutant) (f), between 41(UUU)42-U2 and wild-type snR81 (g), and between mutant
41(UUUU)42-U2 and wild-type snR81 (h). (B) Pseudouridylation assay in the context of snR81 and U2 RNAs shown in (A). Lanes 3 and 4 aremutant
U2 (C41U) and wild-type snR81; lanes 5 and 6 are mutant U2 (C41U) and compensatory mutant snR81 (G65A); lanes 7 and 8 and lanes 17 and 18 are
mutant U2 [41(U)42] and wild-type snR81; lanes 9 and 10 are mutant U2 [41(U)42] and compensatory mutant snR81 [64(A)65]; lanes 11 and 12 and
lanes 19 and 20 are mutant U2 [41(UU)42] and wild-type snR81; lanes 13 and 14 are mutant U2 [41(UU)42] and compensatory mutant snR81 [64
(AA)65]; lanes 21 and 22 are mutant U2 [41(UUU)42] and wild-type snR81; lanes 23 and 24 are mutant U2 [41(UUUU)42] and wild-type snR81;
lanes 1 and 2 and lanes 15 and 16 are wild-type U2 and wild-type snR81 (controls). Ψ35, Ψ42, and Ψ44 are indicated. The asterisks mark the shifted
Ψ42 bands.

Box H/ACA RNA-substrate base-pairing requirement
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one (Fig. 4A, c and d) or two (Fig. 4A, e and f) adenosines
were inserted between C64 and G65 to base pair with the uri-
dine(s) inserted in the C41(U)U42 and C41(UU)U42 U2
mutants. Again, we observed that these now paired uridines
were no longer the targets, and pseudouridylation specificity
shifted back to the original target uridine (Fig. 4B, compare
lane 10 with lane 8, and lane 14 with lane 12).

Next, we assessed the extent of the flexibility of the guide
pocket. To this end, we inserted both three and four uridines
between the C41 and U42 in the U2 snRNA, creating C41
(UUU)U42 (Fig. 4A, g) and C41(UUUU)U42 (Fig. 4A, h)
two new mutants, respectively. While replacement of wild-
type U2 with C41(UUU)U42 U2 did not have a significant ef-
fect on cell growth, substitution of wild-type U2 with the four-
uridine insertion U2, C41(UUUU)U42, resulted in a very slow
growth phenotype. To facilitate cell growth and hence the anal-
ysis of pseudouridylation, thewild-typeU2was retained in cells
expressing the four-uridine insertion U2 (two copies of U2,
wild-type and mutant, were coexpressed). As shown in Figure
4B, when the three-uridine insertion U2 was tested, pseudour-
idylation was again shifted to the 5′-most uridine (lanes 21 and
22).When the four-uridine insertionU2was expressed,we also
observed a shift of target to the 5′-most uridine (lanes 23 and
24). Because the wild-type U2was coexpressed, we also detect-
ed the formation ofΨ35 andΨ42 in thewild-type U2 (lanes 23
and 24). These results suggest that the pseudouridylation
pocket is indeed flexible and it can fit more than two unpaired
nucleotides at the base of the upper stem.

The guide-substrate base-pairing requirement can be
generalized to other pseudouridylation pockets

To determine whether the guide-substrate base-pairing re-
quirement and the flexibility of the pseudouridylation pocket
discussed above can be generally applied to box H/ACA
RNA-guided pseudouridylation, we tested two additional
box H/ACA RNA pseudouridylation pockets. Since there
are two pseudouridylation pockets (5′ and 3′) in snR81,
and only the 5′ pocket (guiding Ψ42 formation in U2) had
been tested (Fig. 4), we turned our focus to the 3′ pocket,
which guides 25S rRNA pseudouridylation at position 1051
(Ψ1051) (Fig. 2B). There are a total of 12 bp between the
wild-type 3′ pocket and the wild-type 25S rRNA (9 on the
5′ side of the pocket, and 3 on the 3′ side), a number far great-
er than the previously determined minimum number of 8 bp.
Mutations were introduced into the 3′ pocket of snR81 to dis-
rupt/alter base pairs between the guide sequence (in the 3′

pocket) and the substrate sequence (in 25S rRNA) (Fig.
5A). As expected, disruption of 1 bp in the middle of the du-
plex (Fig. 5A, Mut1, b) did not affect pseudouridylation at
position 1051 (Ψ1051) (Fig. 5B, lanes 3 and 4). When the
number of base pairs was cut down to 9 (6 on the 5′ side
and 3 on the 3′ side) (Fig. 5A, Mut2, c) or 8 (5 on the 5′

side and 3 on the 3′ side) (Fig. 5A, Mut3, d), no obvious
changes in Ψ1051 formation was observed (Fig. 5B, lanes 5

and 6, and lanes 7 and 8). However, when the number of
base pairs was cut down further to 7 (4 on the 5′ side and 3
on the 3′ side) (Fig. 5A, Mut4, e), pseudouridylation at posi-
tion 1051 was completely abolished (Fig. 5B, lanes 9 and 10).
Introduction of an appropriate point mutation into snR81 at
position 167 (A167-to-U167 change), which formed a new
base pair interaction with A147 of 25S rRNA and restored
the total number of base pairs to 8 (4 on each side) (Fig.
5A, Mut5, f), resulted in the rescue of Ψ1051 formation
(Fig. 5B, lanes 11 and 12). We created another 3′ pocket mu-
tant in which the guide-substrate base pairs were completely
disrupted on one side (the 3′ side) while the base pairs on the
other side (5′ side) were expanded, keeping a total of 11 base-
pairs (Fig. 5A, Mut6, g). This mutant failed to guide Ψ1051
formation (Fig. 5B, lanes 14 and 15), suggesting that one-sid-
ed anchoring/recognition (base pair interactions) is not suf-
ficient for RNA-guided pseudouridylation.
To assess the importance of the base pair immediately next

to the unpaired dinucleotide at the base of the upper stem, we
introduced a point mutation into the 3′ pocket at position
108. Although this mutation resulted in the disruption of
the base pair 3′ of the unpaired dinucleotide (Fig. 5A,
Mut7, h), the formation of Ψ1051 was not affected (Fig.
5B, lanes 16 and 17). However, when more mutations were
introduced into the 3′ pocket to allow a total of 7 (one less
than the minimum number) base pairs between the guide
and the substrate (Fig. 5A, Mut8, i), we observed a total
loss of Ψ1051 (Fig. 5B, lanes 20 and 21).
We also tested whether the changing target uridine phe-

nomenon would also occur in the context of the 3′ pocket
of snR81 and the 25S RNA substrate. Because the nucleotide
immediately 5′ of U1051 is also a uridine (U1050), we simply
introduced a point mutation into snR81 at position 164 (A-
to-U change) such that U1050 of the substrate was left un-
paired (Fig. 5A, Mut9, j). Upon expression of this snR81 mu-
tant, a shift of target uridine was detected: The Ψ1051 signal
was reduced close to the background level, and concurrently
a new signal corresponding toΨ1050 appeared (Fig. 5B, lanes
24 and 25).
We next tested another experimentally verified pseudour-

idylation pocket: the 5′ pocket of snR85, which guides the
formation of Ψ1181 of 18S rRNA. There are a total of
12 bp between wild-type snR85 and wild-type 18S rRNA (8
on the 5′ side, and 4 on the 3′ side) (Fig. 6A, a). We again ma-
nipulated the number of base pairs by introducing mutations
into the 5′ pocket of snR85. As shown in Figure 6, disruption
of a base pair in the middle of the 5′ duplex (Fig. 6A, Mut4, e)
had no impact on the formation of Ψ1181 (Fig. 6B, lanes 9
and 10). Likewise, disruption of the base pair 5′ (Fig. 6A,
Mut1, b) or 3′ (Fig. 6A, Mut2, c) of the unpaired dinucleotide
(U1181U1182) at the base of the upper stem did not have any
effect onΨ1181 formation (Fig. 6B, lanes 3 and 4, and lanes 5
and 6, respectively). However, simultaneous disruption of
both of these base pairs (Fig. 6A, Mut3, d) resulted in the
loss of Ψ1181 (Fig. 6B, lanes 7 and 8). When the number
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of base pairs was cut down to 8 (4 on each side) (Fig. 6A,
Mut5, f), the Ψ1181 signal was still detected (Fig. 6B, lanes
11 and 12, and lanes 19 and 20). However, when the number
of base pairs was cut down further to 7 (3 on the 5′ side and 4
on the 3′ side) (Fig. 6A, Mut8, i), Ψ1181 was completely lost
(Fig. 6B, lanes 21 and 22). Likewise, at the minimum number
of 8 bp, disruption of the base pair 5′ (Fig. 6A, Mut6, g) or 3′

(Fig. 6A, Mut7, h) of the unpaired dinucleotide at the base of
the upper stem resulted in complete loss of Ψ1181 (Fig. 6B,
lanes 13 and 14, and lanes 15 and 16, respectively). Taken

together, our results indicate that the rules for governing
RNA-guided pseudouridylation, such as the guide-substrate
base-pairing requirement as well as the flexibility of the pseu-
douridylation pocket, are generally applicable to different
pseudouridylation pockets.

DISCUSSION

Although box H/ACA RNA-guided RNA pseudouridylation
has been widely discussed and extensively studied, the rules

B

A

FIGURE 5. Effects of mutations of snR81 (within the 3′ pocket) on Ψ1051 formation within the 25S rRNA. (A) Schematic representations of the 3′
pocket of snR81 base-paired with 25S rRNA. Depicted are base-pairing interactions between the wild-type (a) or various mutant (b–j) 3′ pockets of
snR81 and the wild-type 25S rRNA substrate sequence. Italicized letters represent mutated nucleotides. Crosses (Xs) indicate disrupted base-pairing
interactions. (B) Detection of Ψs in yeast 25S rRNA using CMC-modification followed by primer-extension. Pseudouridylation of 25S rRNA was
carried out in the context of wild-type (lanes 1 and 2, lane 13, lanes 18 and 19, and lanes 22 and 23) and various mutant (lanes 3–12,14–
17,20,21,24,25) snR81 (illustrated in A, a–j). Signals corresponding to Ψ1041, Ψ1051 and Ψ1059 are indicated. The asterisk marks the shifted pseu-
douridylation band (Ψ1050). Ψ1051 formation was quantified using the formula Ψ1051/(Ψ1041 +Ψ1051 +Ψ1059). The mutants (mutant lanes)
were then normalized to the wild-type control. The final pseudouridylation efficiency numbers (Ψ1051%) are shown at the top of each lane. The
number shown at the top of lanes 24 and 25 reflects the efficiency of Ψ1050 formation (shifted band).
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that govern this reaction are not exactly clear. In the current
work, we have investigated the base-pairing interactions be-
tween the guide sequence in the pseudouridylation pocket
and the substrate sequence. By performing mutational anal-
ysis on three different pseudouridylation pockets and their
substrates, we have demonstrated that there is a minimal
guide-substrate base-pairing requirement (8 bp) for RNA-
guided pseudouridylation. We also show that the pseudour-
idylation pockets are flexible in accommodating different
substrate sequences at the base of the upper stem. It appears
that the rules identified here can be generalized to box H/
ACA RNA-guided pseudouridylation. Of note is that we
only introduce mutations into the guide-substrate duplex re-
gion. It is therefore unlikely that these mutations affect the
binding of box H/ACA RNP proteins. Thus, we believe that
each box H/ACA RNA construct assembles into functional
box H/ACA RNP.

In order to catalyze a reaction, an enzyme must first recog-
nize its substrate. In box H/ACA RNP-catalyzed pseudouri-
dylation, box H/ACA RNA serves as a guide that recognizes
its substrate RNA, and binds to it via base-pairing interac-
tions. It is therefore conceivable that there is a minimum
binding affinity or minimum base-pairing requirement for
the reaction. Here, we show that this minimum base-pairing
requirement is 8 bp, which can be either equally or unevenly
distributed to both sides (5′ and 3′) of the pseudouridylation
pocket. This number of base pairs are perhaps required for
keeping the substrate bound. Although it is desirable to fur-
ther dissect base-pairing requirements in the context of C-G
and A-U pairs, which are known to contribute differently
to base-pairing interactions, substrate mutation intolerance
(in the case of U2) or difficulty in changing substrate se-
quences (in the case of rRNA) precludes us from carrying out
further mutational analysis. Nonetheless, our data (generated

A

B

FIGURE 6. Effects of mutations of snR85 (within the 5′ pocket) on Ψ1181 formation within the 18S rRNA. (A) Schematic representations of the 5′
pocket of snR81 base-paired with 18S rRNA. Depicted are base-pairing interactions between the wild-type (a) or various mutant (b–i) 5′ pockets of
snR85 and the wild-type 18S rRNA substrate sequence. Italicized letters represent mutated nucleotides. Crosses (Xs) indicate disrupted base-pairing
interactions. (B) Detection of Ψs in yeast 18S rRNA using CMC-modification followed by primer-extension. Pseudouridylation of 18S rRNA was
carried out in the context of wild-type (lanes 1 and 2, and lanes 17 and 18) and various mutant (lanes 3–16, and lanes 19–22) snR85 (illustrated
in A, b–i). Signal corresponding to Ψ1181 is indicated. Ψ1181 formation was quantified using the formula Ψ1181/(Ψ1181 + primer). The mutants
(mutant lanes) were then normalized to the wild-type control. The final pseudouridylation efficiency numbers (Ψ1181%) are shown at the top of
each lane.
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primarily through mutations of guide sequences of three in-
dependent pseudouridylation pockets provide consistent ev-
idence that 8 bp are necessary for box H/ACA RNA-guided
pseudouridylation.
We also note that interactions between the guide and sub-

strate are not regular Watson–Crick A-form helix. Instead,
when pairing, the substrate comes in from one side to contact
the guide without threading through the guide pocket to
form an A-form helix (Jin et al. 2007; Wu and Feigon
2007). This kind of base-pairing is therefore unusual and
may be suboptimal. We attempted to calculate the free energy
(ΔG values) of base-pairing interactions between guides and
substrates, but failed to find an appropriate calculation algo-
rithm (currently available algorithms are only suited for stan-
dard Watson–Crick base-pairing). To generate meaningful
free energy (ΔG) values for such unusual base-pairing inter-
actions, further algorithm development is necessary.
Interestingly, the base pair immediately 5′ or 3′ of the un-

paired dinucleotide at the base of the upper stem of each hair-
pin does not seem to be important if there is an extensive
guide-substrate base-pairing (Fig. 2D, lanes 3 and 4, lanes
15 and 16; Fig. 5B, lanes 16 and 17; Fig. 6B, lanes 3 and 4, lanes
5 and 6). However, it becomes necessary when the number of
guide-substrate base pairs approaches the minimum number
of 8. That said, we note that the base pair 5′ or 3′ of the un-
paired dinucleotide at the base of the upper stem is not an or-
dinary base pair (e.g., the base pairs at the 5′ or 3′ end of the
duplex). Our results show that the base pair is still necessary
for pseudouridylation even when the number of guide-sub-
strate base pairs is above theminimumnumber (Fig. 3B, lanes
13–16). Even at an extensive number of base pairs, simultane-
ous disruption of both base pairs 5′ and 3′ of the unpaired
dinucleotide consistently resulted in ablation of Ψ formation
(Fig. 3B, lanes 19 and 20; Fig. 6B, lanes 7 and 8). Taken togeth-
er, these results suggest that the base pairs 5′ and 3′ of the
unpaired dinucleotide play a special role in substrate recogni-
tion: Not only do they contribute to the stability of guide-sub-
strate binding, but they also play some other role(s), perhaps
helping orient the target uridine at the catalytic center. Our re-
sults are consistentwith themost recent report by theGall lab-
oratory, in which they show that the base pair 5′ of the
unpaired dinucleotide plays an important role in directing
pseudouridylation (Deryusheva and Gall 2018).
To better understand guide-substrate interactions, we have

inspected base-pairing interactions between all known yeast
box H/ACA RNAs and their natural substrates. In most cases,
there are extensive base pairs (>10), although the exact num-
ber of base pairs varies. This raises a question: Why are there
extensive base-pairing interactions, if only 8 bp seem suffi-
cient for pseudouridylation? One possibility is that less
extensive base pairs may result in less efficient pseudouridy-
lation, which was not precisely reflected in our data given that
the pseudouridylation assay we used, CMC-modification fol-
lowed by primer-extension, is not fully quantitative. Another
possibility is that different numbers of base pairs (and hence

different binding affinities) may have different tolerances
to stress. For instance, extensive base-pairing may allow pseu-
douridylation to occur at both normal and higher tempera-
tures. In contrast, the minimum or close to minimum
number of base pairs may allow pseudouridylation only at
normal temperature; at higher temperature (stress), binding
between the guide and substrate may not be sufficient,
leading to loss of pseudouridylation. It may therefore be de-
sirable to have extensive base pairs to ensure proper pseu-
douridylation even at high temperatures or under other
stress conditions.
Having identified the minimum number of base pairs, the

natural question is: Is there also a base pair ceiling beyond
which pseudouridylation activity is restricted? We speculate
that this hypothetical ceiling may in fact exist. It can be envi-
sioned that although excessively high affinity between guide
and substrate may not affect pseudouridylation activity, it
will likely impact the release of the modified substrate, with
potentially deleterious consequences. Along these lines, our
results also show that individual mismatches in the middle
of the guide-substrate duplex are tolerated, as long as the
guide-substrate duplex as awhole is sufficiently stable. In con-
trast, two mismatches abolish pseudouridylation activity un-
der normal conditions, as previously reported (Wu et al. 2011).
Interestingly, however, twomismatches do allow pseudouridy-
lation under certain stress conditions (Wu et al. 2011). Togeth-
er, these results suggest that this low-specificity relationship
between the guide pocket and the substrate may serve to allow
different substrates access to the same guide pocket.
It is unexpected that the pseudouridylation pocket can fit

substrates with a stretch of unpaired nucleotides at the base
of the upper stem of the hairpin (Fig. 4). We have shown
that as many as four (and perhaps more) unpaired nucleo-
tides can be positioned at the base of the upper stem without
compromising pseudouridylation activity. However, pseu-
douridylation always occurs at the 5′-most unpaired uridine.
While it is not exactly clear as to how the 5′-most uridine is
preferred, crystal structure data from archaea shows that
there is some extra space in the pseudouridylation pocket
and catalytic center of pseudouridylase Cbf5 (Duan et al.
2009). This extra space would allow a long stretch of unpaired
nucleotides to loop out without altering the structure or ge-
ometry of the pseudouridylation pocket and the catalytic cen-
ter of Cbf5, thus keeping the enzyme active. With this
flexibility, any given pseudouridylation pocket might have
more than one substrate. Thus, for each known box H/
ACA RNA, there are perhaps additional substrates that are
yet to be identified.

MATERIALS AND METHODS

S. cerevisiae strains

46GB - MATa ade2, his3, trp1, leu2, met15, GAL+, cup1:: ura3,
snR81::KAN, U2::loxP, [pCAU2 URA]

Box H/ACA RNA-substrate base-pairing requirement

www.rnajournal.org 1115



42GB - MATa ade2, his3, trp1, leu2, met15, GAL+, cup1:: ura3, U2::
loxP, [pCAU2 URA]

DD-4741-1 - MATa his3, leu2, met15, ura3, snR85::KAN

Construction of mutant box H/ACA RNA
and mutant U2 plasmids

Box H/ACA RNA genes (wild-type and mutant snR81 and snR85)
were generated through four piece overlapping PCR with Sal1 and
Pst1 restriction sites at the 5′ end and 3′ end, respectively (Wu
et al. 2015). After PCR (30 cycles), the DNA products were purified
using PCA [phenol/chloroform/isoamyl alcohol (25:24:1)] extrac-
tion and ethanol precipitation. The purified PCR products were di-
gested with restriction enzymes and subsequently gel purified. The
digested and purified PCR products were inserted into the Sal1
and Pst1 sites of the high-copy vector with a GPD promoter
(YEPlac181, LEU 2 µm). Mutant yeast U2 plasmids were generated
by site-directed mutagenesis using a plasmid containing the wild-
type U2 snRNA (CEN4, HIS) as the template. The plasmids were
transformed into E. coli (XL-10 Gold) and multiplied. After being
isolated from E. coli, the plasmids were subsequently transformed
into yeast cells.

Yeast cell transformation

The E. coli plasmids containing mutant snR81and snR85 box H/
ACA RNAs were transformed into 46GB (ΔsnR81) and DD-4741-
1 (ΔsnR85) yeast strains, respectively. Transformants were selected
on synthetic solid media lacking leucine. The plasmids containing
mutant U2 were transformed into yeast strains (42GB) where the
SNR20 gene is deleted (lacking U2 snRNA) and wild-type U2
snRNA is supplied by a plasmid (pCAU2-URA). The wild-type
U2 snRNA plasmid was shuffled out from each transformant con-
taining a mutant U2 plasmid by 5-FOA selection.

RNA isolation

Ten milliliters of yeast cells growing in YPD (yeast extract, peptone,
dextrose) or synthetic dextrose (SD) media lacking the corre-
sponding amino acid were harvested at OD 2 for RNA isolation.
RNA was isolated using TRIzol (Invitrogen). Briefly, 100 µL worth
0.5-mm acid washed glass beads from BioSpec products (cat. no.
11079105) were added to yeast cell pellets in 2 mL screw cap tubes.
One milliliter of TRIzol was added, and the tubes were vigorously
vortexed using beadbeater (30 sec, four times on ice). The lysates
were spun at 15,600g for 5 min and the supernatants were added
to 0.2 volume of chloroform. After vigorous vortexing (>1 min)
and phase separation, the upper phase was extracted using 200 µL
of PCA twice. RNA in the aqueous phase was then precipitated
with 100% ethanol. After washing the RNA pellet with 75% ethanol,
the pellet was air dried and dissolved in appropriate volume of dou-
ble distilled H2O.

Pseudouridylation assay

For pseudouridylation assay, CMCmodification followed by primer
extension method was used. Briefly, 8–12 µg of total cellular RNA
extracted above was dissolved in 20 µL of double distilled H2O,

and then mixed with 20 µL of a 2× CMC (Sigma, cat. no.
C106402) solution containing 0.34 M CMC, 7 M urea, 4 mM
EDTA (pH 8.0–8.5), and 50 mM Bicine. The mixture was incubated
at 37°C for 30 min. RNA was precipitated and washed with ethanol.
The CMC-treated RNA pellet was resuspended in 50 µL of 50 mM
sodium carbonate, pH 10.4, and incubated at 37°C for 1.5 h. RNA
was again extracted by PCA and precipitated and washed by ethanol.
The above RNA pellet was used for primer extension analysis.
Briefly, the CMC-modified RNA pellet was resuspended in 4 µL
of water, and mixed with 3 µL of annealing buffer (250 mM Tris-
HCl, pH 8.3, 300 mM NaCl, 50 mM DTT) and 1 µL (100 nM) of
5′ 32P-labeled primer (5′ GAGTTTCCCCGTGTTGAG 3′, com-
plementary to nucleotides 1190–1207 of 18S rRNA, for mapping
Ψs within 18S rRNA; 5′ GTATTGTAACAAATTAAAAGG 3′, com-
plementary to nucleotides 89–109 of U2 snRNA, for mapping Ψs
within U2; 5′ GCCCACTAAAAGCTCTTC 3′, complementary to
nucleotides 1201–1218 of 25S rRNA, for mapping Ψs within 25S
rRNA). The mixture was heated at 90°C for 3 min, and immediately
placed at room temperature for 15 min to allow annealing of the
primer to RNA. The mixture was then chilled on ice, and 12 μL of
reverse transcription (RT) mixture containing 18 mM Tris-HCl,
pH 8.3, 21 mM NaCl, 3.6 mM DTT, 11 mM Mg(OAc)2, 0.72 mM
dNTPs, and 0.25 unit of AMV reverse transcriptase (Promega),
were added. The RT reaction was carried out at 37°C for 10 min fol-
lowed by another 20 min at 42°C. The reaction was stopped by add-
ing G50 buffer (20 mM Tris·Cl, pH 7.5, 300 mM sodium acetate,
2 mM EDTA, and 0.25% sodium dodecyl sulfate) followed by
PCA extraction and ethanol precipitation. The pellet was resuspend-
ed in double distilled water and analyzed by denaturing gel electro-
phoresis and autoradiography.
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