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ABSTRACT

The branch point recognition region of spliceosomal snRNA U2 is heavily modified post-transcriptionally in most eukaryotic
species. We focused on this region to learn how nearby positions may interfere with each other when targeted for
modification. Using an in vivo yeast Saccharomyces cerevisiae cell system, we tested the modification activity of several guide
RNAs from human, mouse, the frog Xenopus tropicalis, the fruit fly Drosophila melanogaster, and the worm Caenorhabditis
elegans. We experimentally verified predictions for vertebrate U2 modification guide RNAs SCARNA4 and SCARNA15, and
identified a C. elegans ortholog of SCARNA15. We observed crosstalk between sites in the heavily modified regions, such that
modification at one site may inhibit modification at nearby sites. This is true for the branch point recognition region of U2
snRNA, the 5’ loop of U5 snRNA, and certain regions of rRNAs, when tested either in yeast or in Hela cells. The position
preceding a uridine targeted for isomerization by a box H/ACA guide RNA is the most sensitive for noncanonical base-pairing
and modification (either pseudouridylation or 2’-O-methylation). Based on these findings, we propose that modification must
occur stepwise starting with the most vulnerable positions and ending with the most inhibiting modifications. We discuss

possible strategies that cells use to reach complete modification in heavily modified regions.
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INTRODUCTION

The presence of post-transcriptionally modified nucleotides
in spliceosomal U snRNAs has been known since the 1970s
and the overall modification pattern of major and minor spli-
ceosomal snRNAs has been extensively characterized in dif-
ferent species (Reddy and Busch 1988; Gu et al. 1996;
Massenet et al. 1999; Patton and Padgett 2005; Deryusheva
and Gall 2009; Karijolich and Yu 2010; Deryusheva et al.
2012). Many modified positions are evolutionary conserved
and functionally significant (Yu et al. 1998; Dénmez et al.
2004; Zhao and Yu 2004, 2007; Yang et al. 2005; Wu et al.
2016). The most abundant modifications in snRNAs are
pseudouridylation and 2'-O-methylation. The positioning
of these modifications typically involves guide RNAs, the
so-called box H/ACA and box C/D snoRNAs, respectively.
At the same time, a guide RNA-independent mechanism is
also possible at certain positions (Massenet et al. 1999;
Zhao et al. 2002; Ma et al. 2003; Behm-Ansmant et al.
2006; Wu et al. 2011; Deryusheva and Gall 2017). Although
the corresponding guide RNAs and/or guide RNA-indepen-
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dent modification enzymes have been assigned to most mod-
ified positions (Karijolich and Yu 2010; Deryusheva and Gall
2017), little is known about how the modification pattern is
established as a whole. Do modifications occur at random, or
is there a series of sequential events that occur in a hierarchi-
cal order? A sequential order of post-transcriptional modifi-
cation has been demonstrated for certain positions in yeast
25S rRNA (Lapeyre and Purushothaman 2004), archaeal
tRNA™™ (Singh et al. 2004, 2008), and eukaryotic tRNA™"
(Nishikura and De Robertis 1981). As for spliceosomal
snRNAs, modifications mediated by stand-alone proteins
are slower than guide RNA-mediated modifications (Zhao
et al. 2002) and modification of the branch point recognition
region of U2 snRNA occurs at a higher rate than modification
of the 5" terminal region (Zhao and Yu 2004). However, no
systematic analysis has been done to test the coordinated
stepwise modification of snRNAs.

Although U2 snRNA pseudouridylation appears to be an
autonomous process—pseudouridine formation at one site
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Stepwise modification of U2 snRNA

does not require prior modification at another site or sites
(Patton et al. 1994; Deryusheva and Gall 2013)—in our pre-
vious studies we observed that pseudouridylation of U2
snRNA at certain positions can inhibit formation of pseu-
douridine at another nearby position (Deryusheva and Gall
2013, 2017). This made us think that within heavily modified
regions the positioning of modifications must occur in a step-
wise fashion. To test this hypothesis, we focus here on the
branch point recognition region of U2 snRNA. In higher eu-
karyotes and the fission yeast Schizosaccharomyces pombe this
region is heavily modified (Fig. 1). Conversely, in the bud-
ding yeast Saccharomyces cerevisiae U2 snRNA is modified
normally at three positions only; for each position, the mod-
ification mechanism is well characterized (Massenet et al.
1999; Ma et al. 2003, 2005). Using an in vivo yeast cell system,
we tested several guide RNAs from various species for their
ability to modify U2 and U5 snRNA. Based on these data,
we propose the existence of crosstalk between different mod-
ified positions. We discuss possible mechanisms that cells
utilize to reach the required post-transcriptional modifica-
tion patterns.

RESULTS

Guide activity of SCARNA15/ACA45 RNA from
different species

In our previous study of Drosophila guide RNAs (Deryusheva
and Gall 2013), we found a triple guide, scaRNA:YU2-
38.40.42, that in vitro and in a yeast cell system mediated
pseudouridylation of U2 snRNA at position 40 much less ef-
ficiently than expected, especially when position 35 was mod-
ified. In human and other vertebrate species, box H/ACA
SCARNA15 (also called ACA45) originally was annotated
as a guide RNA for position 37 (equivalent to position 38
in Drosophila) of U2 snRNA (Kiss et al. 2004; Lestrade
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FIGURE 1. Post-transcriptional modification at the branch point rec-
ognition region of U2 snRNA from different species. The recognition re-
gion is highlighted with a dashed line. Positions examined in this and
previous studies are shadowed. Proposed interactions between the tested
positions are indicated.

and Weber 2006); a more recent prediction for the same
scaRNA assigned position 39 (position 40 in Drosophila)
instead of position 37 as a potential target (Jorjani et al.
2016). As soon as we reanalyzed the alignment of human
SCARNA15 and U2 snRNA, we recognized a pseudouridyla-
tion pocket similar to one in Drosophila scaRNA:WYU2-
38.40.42. In this pocket, two alternative configurations target
two positions of U2 snRNA for pseudouridylation; the posi-
tioning of W37 requires a noncanonical configuration of the
pseudouridylation pocket with 3 nucleotides (nt) left un-
paired at the target position (Fig. 2A). We expressed human
SCARNAL1S5 in S. cerevisiae wild-type and mutant pus7A and
snr81A strains. Yeast U2 snRNA became pseudouridylated at
positions 40 and 38 (equivalent to positions 39 and 37 in hu-
man U2 snRNA), although, surprisingly, W38 was evident
only in the snr81A strain, which had no pseudouridine at po-
sition 42 (Fig. 2B, traces 2, 3, and 4). In contrast to Drosophila
scaRNA:WU2-38.40.42, neither presence nor absence of ¥35
had any effect on modification of positions 38 and 40 direct-
ed by human SCARNA15 in yeast cells. These data are sum-
marized in Figure 1.

In most vertebrate species, except eutherians, SCARNA15
contains a pseudouridylation pocket for position 41 of U2
snRNA (Fig. 3A), which makes this RNA a triple guide sim-
ilar to Drosophila scaRNA:¥U2-38.40.42. We chose Xenopus
SCARNAL1S5 to test in the yeast cell system. In the X. tropicalis
genome two genes encode SCARNALS: One is expressed
ubiquitously, whereas the other is detected only in oocytes.
We tested yeast expression constructs for both copies of
X. tropicalis SCARNALS5. Because these constructs behaved
similarly, we focus here mostly on the ubiquitously expressed
copy of SCARNAI15. We expected to see U2 snRNA pseu-
douridylation at positions 40 and 38 in addition to the rescue
of W42 in the snr81A yeast mutant strain. Intriguingly, we
could detect only W42 and W40, when Xenopus SCARNA15
was introduced into yeast cells (Fig. 3B, top two traces).
The first and most plausible explanation was that Y42 some-
how inhibited the formation of W38, as we observed when
human SCARNAI15 was expressed in snR81-positive yeast
strains (Fig. 2B, traces 2 and 3). To eliminate the U2-¥42
guide activity from Xenopus SCARNA15, we replaced the 5
terminal stem, which is associated with this modification,
with the corresponding human segment, which does not
show guide activity for positioning W42 in yeast U2.
However, the chimeric SCARNA15 did not induce the for-
mation of W38 (Fig. 3B, trace 3). Two other structural differ-
ences between human and Xenopus SCARNA15 were (i) the
distance from the ACA box to the base of the upper stem in
the configuration for positioning ¥38: the canonical 15 nt in
human (Fig. 2A) versus 16 nt in Xenopus (Fig. 3A) and (ii) the
stability of the upper stem: strong base-pairing in human
(Fig. 2A; Supplemental Fig. S1) versus noncanonical A—A
pairing and 1-nt bulge in Xenopus (Fig. 3A; Supplemental
Fig. S1). In fact, an extra nucleotide inserted in human
SCARNAL5 between the 3'-terminal antisense element and
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Xenopus SCARNA15, this RNA became
fully functional at all three predicted po-
sitions in yeast U2 snRNA (W42, V40,
and ¥38) with no interference between
W42 and W38 (Fig. 3B, trace 6).

From these experiments one might
conclude that a strong upper stem and
an exact 15-nt distance from box ACA
to the target position are necessary and
sufficient elements for fully functional
pseudouridylation pockets, especially
for those with a noncanonical “3-nt-un-
paired” configuration. However, the sit-
uation is not quite so simple. When we
deleted 1 nt adjacent to the box ACA in
Xenopus SCARNAL15 (Fig. 3A, mutation
3; Supplemental Fig. S1), the 3’ terminal
hairpin with the “exact-15-nt-distance”
and optimized upper stem no longer
formed a functional pseudouridylation
pocket for any position in U2 snRNA.
This mutated guide RNA was expressed
at an unusually low level in yeast cells
and supported pseudouridylation of U2
snRNA only at position 42, the target of

FIGURE 2. Pseudouridylation of yeast U2 snRNA induced by human SCARNA15. (A) Predicted
base-pairing of huSCARNA15 with human and yeast U2 snRNA. Point mutations introduced
into huSCARNA15 are shown in red. (B) Mapping of pseudouridines by fluorescent primer ex-
tension reactions. Top (gray) trace: Wild-type S. cerevisiae (BY4741) U2 snRNA is normally
modified at positions 44, 42, and 35. Traces 2 (red) and 3 (green): When huSCARNA15 was
expressed in the wild-type (red) or mutant pus7A strains (green), position 40 became pseudour-
idylated, as indicated by the star. Trace 4 (light blue): In the snr81A strain, huSCARNAL15 induc-
es pseudouridylation of positions 40 and 38 (stars). Traces 5 (magenta) and 6 (violet): 1-nt
insertions between the box ACA and the upper stem (+U@ACA, or +A@loop) eliminate mod-
ification at position 38. Trace 7 (blue): Control snr8IA strain without exogenous guide RNA.
Traces 8-10: When expressed in the snr81ApusIA mutant strain, the mutated RNAs produce

only W40 (star).

box ACA made the pocket nonfunctional for positioning
W38 in yeast U2 snRNA (Fig. 2B, traces 5 and 6). The posi-
tions of inserted nucleotides are depicted in Figure 2A. We
also expressed the mutated human SCARNAI15 in the
snr81ApuslA strain. In this strain, no preceding stop signals
disguise the detection of the test pseudouridines; still Y40
but not ¥38 was detected (Fig. 2B, three bottom traces).
Intriguingly, a 1-nt deletion in Xenopus SCARNALS5 that
mimics the human SCARNAL1S5 loop structure (Fig. 3A, mu-
tation 1; Supplemental Fig. S1) failed to create a functional
pseudouridylation pocket for positioning W38 (Fig. 3B, trace
4). Two additional mutations that generate strong canonical
base-pairing in the upper stem (Fig. 3A, mutation 2;
Supplemental Fig. S1) were required for the guide activity
at position 38 of U2 snRNA in yeast cells (Fig. 3B, trace 5);
these mutations alone were not sufficient to gain the activity.
Remarkably, when the distance from the ACA box to the base
of the upper stem and the upper stem structure were fixed in
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ACG : . .
the 5'-terminal pseudouridylation pocket

(Fig. 3B, trace 7). The most intriguing
observation came when we tested the ho-
mologous guide RNA from the worm
Caenorhabditis elegans. We identified C.
elegans snoRNA C50C3.14 as an ortholog
of SCARNA15. The actual 5’ terminus of
this RNA, as verified by 5 RACE, is 5-nt
longer than the annotated sequence. The
extended 5 terminus forms a pseudour-
idylation pocket for position 43 in C. ele-
gans U2 snRNA (equivalent to position
41 in vertebrates or position 42 in yeast). The 3’ terminal
pocket in two alternative configurations base-pairs with U2
to positions ¥41 and W39 (equivalent to W39 and W37 in ver-
tebrates). The C. elegans RNA has an imperfect upper stem
and a 16-nt distance from box ACA to the target position
(Fig. 3C). However, when expressed in yeast cells, this
RNA was fully functional at all three predicted positions in
yeast U2 snRNA: 42, 40, and 38 (Fig. 3D, top trace). Then
we compared software-predicted secondary structures of all
tested wild-type and mutated variants of the guide RNAs
for positioning ¥38 and W40 in yeast U2 snRNA
(Supplemental Fig. S1). Based on this analysis, we hypothe-
sized that the formation of a prominent bulge between the
lower and upper stems might be critical for efficient base-
pairing of guide RNA with its substrate and the positioning
of pseudouridine. However, mutations in C. elegans
C50C3.14 RNA that generated a stiff hairpin without obvious
loop formation (Fig. 3C; Supplemental Fig. S1) did not affect
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FIGURE 3. Pseudouridylation of yeast U2 snRNA induced by Xenopus SCARNALS5 and by the C. elegans ortholog, snoRNA C50C3.14. (A,C)
Predicted base-pairing between SCARNA15 and Xenopus U2 snRNA (A) or C. elegans U2 snRNA (C). The equivalent yeast U2 snRNA sequences
are shown below. Mutated nucleotides are highlighted in red. (B,D) Fluorescent primer extension reactions. (B) Traces 1 (green) and 2 (blue):
Wild-type Xenopus SCARNA15 modifies yeast U2 snRNA at positions 42 and 40 when expressed in the snr81A mutant yeast strain. Trace 3 (red):
Chimeric SCARNA15 (human 5’ terminal hairpin and Xenopus 3’ terminal hairpin) modifies only position 40 of yeast U2 snRNA. Trace 4 (violet):
Mutation 1 alone did not change pseudouridylation of position 38. Traces 5 (light blue) and 6 (magenta): A combination of mutations 1 and 2 is
required to make the Xenopus 3’ terminal pseudouridylation pocket functional at position 38 in U2 snRNA. Trace 7 (dark violet): Mutation 3 makes
the 3’-terminal domain of Xenopus SCARNA15 nonfunctional on yeast U2 snRNA; only the 5’ terminal pocket functions to position W42. Stars in-
dicate induced modifications. (D) Traces 1 (red) and 2 (blue): Both wild-type (red) and mutant C. elegans SCARNA15 (blue) are fully functional at all

three predicted positions in yeast U2 snRNA: W42, W40, and VW38 (stars).

guide RNA modification activity on yeast U2 snRNA (Fig.
3D, bottom trace).

Human and Xenopus SCARNA4/ACA26 guide
RNA activity in the yeast cell system

Human SCARNAA4 (also known as ACA26) was also annotat-
ed as a guide for U2 snRNA pseudouridylation at positions 39
and 41 (Kiss et al. 2004). However, both human and Xenopus
SCARNA4, when tested in the yeast cell system, modified
only position 42 in yeast U2 snRNA (equivalent to position
41 in vertebrates) (Fig. 4B, top three traces). In fact, we con-
sider the configuration of the U2-¥39 pseudouridylation
pocket too weak. It contains several noncanonical features:

three unpaired nucleotides at the target position, four U-G
base pairs, and an A—G mismatch adjacent to the target U
at the 3’ side of the loop (Fig. 4A). A single G-to-U mutation
in human SCARNA4, which allows A-U base-pairing to sub-
stitute for A—G, permitted this guide RNA to modify position
40 in yeast U2 snRNA (Fig. 4B, trace 4). Contrariwise, a single
U-to-G mutation in Xenopus SCARNA15, which converted
the canonical A-U pairing into an A-G mismatch (Fig.
4A), made the resultant pseudouridylation pocket nonfunc-
tional (Fig. 4B, trace 5). This was true even if the remaining
base-pairing at the 3’ side of the mutated pocket was addi-
tionally extended (Fig. 4A). These data allow us to postulate
that efficient base-pairing at the position adjacent to the tar-
geted uridine is one of the most essential elements of
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FIGURE 4. Pseudouridylation of yeast U2 snRNA induced by Xenopus and human SCARNA4. (A) Predicted base-pairing of SCARNA4 with ver-
tebrate and yeast U2 snRNA. A point mutation in human SCARNAA4 that converts the A-G mismatch into a canonical A-U base pair is shown in
red. A mutated Xenopus SCARNA15 that mimics base-pairing of human SCARNA4 with U2 snRNA is also shown; mutated positions are highlighted
in red. (B) Fluorescent primer extension reactions. Traces 1 (green), 2 (blue), and 3 (pale brown): Xenopus and human SCARNA4 rescue yeast U2
snRNA pseudouridylation at position 42 (star) in the snr81A and snr81Apusl A mutant strains. Trace 4 (red): Human SCARNA4 shows no activity on
position 40 unless G in the 3'-terminal pocket is mutated to U. Trace 5 (dark green): A-G base-pairing within the 3’ terminal pseudouridylation pocket
of the mutated Xenopus SCARNA15 makes the 3'-terminal domain nonfunctional on yeast U2 snRNA. Note absence of W¥40. Traces 6 (dark blue)

and 7 (brown): Controls without exogenous RNAs.

functional pseudouridylation pockets. Accordingly, we could
not identify position 39 of U2 snRNA as a target for human
SCARNA4. Table 1 summarizes previously known and newly
verified mechanisms of post-transcriptional modification
within the branch point recognition region of U2 snRNA
in different species.

U2-¥43 and W44 interference

In our previous study, we observed that in an S. cerevisiae
yeast cell system W44 in U2 snRNA interfered with the posi-
tioning of W45 mediated by the Drosophila guide RNA,
scaRNA:WU2-35.45 (Deryusheva and Gall 2013). Positions
44 and 45 in Drosophila and S. cerevisiae U2 snRNA corre-
spond to positions 43 and 44 in vertebrates and S. pombe
(Fig. 1). Furthermore, a preexisting Y44 completely inhibited
pseudouridylation at position 45 when Drosophila scaRNA:
WYU2-35.45 was expressed in yeast cells stepwise from an in-
ducible Gal promoter (Fig. 5B). One could argue that this in-
terference resulted from a suboptimal antisense element in
the Drosophila pugU2-35/45 RNA (Fig. 5A). We made a
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new construct that expresses Drosophila scaRNA:WU2-
35.45 optimized for positioning ¥45 in yeast U2 snRNA
(Fig. 5A). We could now reproduce in S. cerevisiae the
W44W¥45 modification pattern found in higher eukaryotes,
but only when the guide RNA was overexpressed (Fig. 5C,
top trace). The same optimized guide RNA did not efficiently
mediate pseudouridylation at position 45 in Puslp-positive
strains, when it was expressed stepwise from an inducible
Gal promoter or when expressed constitutively, but at lower
levels, from a plasmid with a weak CYCI promoter (Fig. 5C,
traces 2 and 3). That s, a prior W44 formation and A-V¥ base-
pairing between the guide and substrate RNAs hinders mod-
ification. We saw the same phenomenon (Fig. 6A) in similar
experiments using mouse SCARNAS, an established guide
RNA for positions 44, 43, and 34 in vertebrate U2 snRNA
(Deryusheva and Gall 2017).

To test further how base-pairing at the 3'-side of a pseu-
douridylation pocket regulates the efficiency of guide RNA
function, we generated four mutant variants of the yeast-
optimized guide RNA with noncanonical U-G, U-U, U-C
base-pairing and a 1-nt bulge at the 3'-side of the pocket
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TABLE 1. Branch point recognition region of U2 snRNA: modified positions and corresponding modification mechanisms

S. cerevisiae S. pombe Mammals Xenopus Drosophila C. elegans
Y35 Pus7p® W34 Pus7p W34  Pus7p and W34  Pus7p and W35  Pus7p and scaRNA:
scaRNAg ¢ scaRNA8 8 YU2-35.45°"
w37 2 W37  scaRNA15°¢ w37 scaRNA15°¢ w38  scaRNA:WU2- w39 C50C3.14
38.40.42" RNA®
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(Fig. 5A). These mutated guide RNAs were fully functional
only in the absence of U2-¥44 in the pusIA strain, even if
they were overexpressed (Fig. 5D-G, compare traces 1 and
2). It is worth noting that in the pusIA mutant strain, two
of four mutated guide RNAs were partially active at position
44 in addition to position 45 (Fig. 5F,G, traces 2). Alternative
base-pairing within the corresponding pseudouridylation
pocket is shown (Fig. 5A), as this is most likely associated
with the positioning of W44. Importantly, Northern blot
analysis showed that all mutated variants of the guide RNA
were expressed at the same level in the wild-type and mutant
strains. Thus, we observed that imperfect base-pairing at the
position preceding the target uridine hindered guide RNA
modification activity, especially when the preceding position
was also pseudouridylated.

The interference between positions 44 and 45 of U2
snRNA during their pseudouridylation was also observed
when we tested a recently identified S. pombe guide RNA
pugU2-43/44 (now annotated as SPNCRNA.1709 in the S.
pombe genome assembly) in an S. cerevisiae system (positions
43 and 44 in S. pombe U2 snRNA correspond to positions 44
and 45 in S. cerevisiae). In this case, modification activity on
position 45 was lost when the yeast-specific double-guide
RNA was mutated to make the configuration for positioning
W44 more favorable (Deryusheva and Gall 2017). However,
in all these experiments, the evidence of interference between
the two adjacent pseudouridylated positions in U2 snRNA
was limited to observations made using S. cerevisiae cells,
where U2 snRNA is normally modified at position 44 but
not at position 45. To assess this phenomenon in a species

where U2 snRNA is endogenously modified at the two cor-
responding positions, we expressed a mutated sppugU2-43/
44 RNA (sppugU2-43/44AUmut) in the wild-type S. pombe
strain; this construct is active only on position 44 in S. cerevi-
siae cells (Deryusheva and Gall 2017). Overexpression of
wild-type sppugU2-43/44 RNA served as a control. Although
the effect of the mutant guide RNA expression in S. pombe
was not very dramatic, the modification of U2 snRNA at po-
sition 44 was reduced relative to modification of nearby po-
sitions (Fig. 6B). This result suggests that in S. pombe, prior
pseudouridylation of position 43 by overexpression of the
mutant guide RNA inhibited positioning of W44 by the en-
dogenous guide RNA.

C,,40¥41 interference

In fission yeast and higher eukaryotes, there is a 2’-O-meth-
ylated cytosine adjacent to a pseudouridine in the branch
point recognition region of U2 snRNA—dinucleotide
C40¥41 (C,41¥42 in Drosophila) depicted in Figure 1.
In S. cerevisiae, 2'-O-methylated residues have not been de-
tected in any spliceosomal snRNAs and in this species, the
corresponding dinucleotide in U2 snRNA is unmethylated
C41¥42. To test whether induction of 2’-O-methylation of
C41 could affect the positioning of W42 mediated by endog-
enous snR81 guide RNA, we overexpressed Drosophila
scaRNA:MeU2-C41 in the wild-type yeast strain. We previ-
ously confirmed that this RNA is a genuine guide RNA for
U2 snRNA modification (Deryusheva and Gall 2009); no
orthologs have been identified so far in any other species.
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FIGURE 5. Pseudouridylation of U2 snRNA at position 44 interferes with pseudouridylation at
position 45 in the yeast cell system. (A) Base-pairing of wild-type and mutated variants of
Drosophila scaRNA:WU2-35.45 with yeast U2 snRNA. Mutated nucleotides are shown in red.
(B-G) Fluorescent primer extension reactions. (B) Traces 1 (green) and 2 (light brown):
Drosophila scaRNA:WU2-35.45 cannot induce pseudouridylation at position 45 when expressed
stepwise from an inducible Gal promoter in the pus7A yeast strain. Rescue of pseudouridylation at
position 35 (star) serves as an internal positive control. Traces 3 (blue) and 4 (dark blue): In the
same experimental setup, Drosophila scaRNA:WU2-35.45 is active at position 45 (star) in the
puslA strain, which has no ¥44 in U2 snRNA. (C) Trace 1 (magenta): scaBRNA:¥U2-35.45 op-
timized for positioning W45 in yeast U2 snRNA efficiently modifies position 45 in wild-type yeast
strain only when overexpressed. Trace 2 (green): The same yeast-optimized RNA modifies posi-
tion 45 inefficiently in Puslp-positive strains, such as pus7A. Trace 3 (blue): This RNA is fully
functional at position 45 in the pusIA strain. (D-G) Traces 1 (magenta): Point mutations in
the 3’ side of the yeast-optimized U2-¥45 pseudouridylation pocket affect the corresponding
modification activity, especially in the presence of U2-¥44 in a “wild-type” yeast strain. Traces
2 (blue): The U2-¥45 modification activity is evident in the absence of U2-¥44 in the pusIA yeast
strain. Stars indicate guide RNA-induced pseudouridines.
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In the wild-type yeast strain transformed
with a plasmid for overexpression of
Drosophila scaRNA:MeU2-C41, the in-
duced 2’-O-methylation of C41 led to a
dramatic reduction of the pseudouridyla-
tion level at position 42 (Fig. 7A). A sim-
ilar effect was observed when human
SCARNA4 substituted for snR81 RNA
in the snr81A yeast strain. Furthermore,
in HeLa cells, overexpression of an artifi-
cial guide RNA for 2’-O-methylation of
U2 snRNA at position 40 resulted in a
slight but highly reproducible reduction
of U2 snRNA pseudouridylation at posi-
tion 41 (Fig. 7B).

Positioning of C,,45¥46 in U5 snRNA

A modified dinucleotide (C,¥) has been
found in the 5 loop of U5 snRNA in
many eukaryotes (Szkukalek et al.
1995), except for S. cerevisiae (Massenet
et al. 1999). The corresponding modifi-
cation guide RNA is a compound box
C/D and box H/ACA RNA U85 (current-
ly annotated as SCARNA10). It was one
of the first guide RNAs discovered and
its modification activity at the predicted
target positions was experimentally veri-
fied (Jady and Kiss 2001). As expected,
human and Xenopus U85 RNAs could
modify a CU dinucleotide in a fragment
of human U5 snRNA, when these guide
RNAs and their substrate RNA U87-U5
[37-57] were expressed in yeast cells
(Fig. 8). However, of the two annotated
copies of Xenopus U85 RNAs we tested,
only one supported modification of
both positions, generating C,,45¥46
(Fig. 8B-D, trace 2; 8E, trace 1); the other
induced only 2'-O-methylation at posi-
tion 45 (Fig. 8B-D, trace 4; 8E, trace 3).
Importantly, pseudouridylation of posi-
tion 46 became evident when an anti-
sense element for 2’-O-methylation of
U5-C45 was mutated in the latter copy
of Xenopus U85 RNA (Fig. 8B-D, trace
3; 8E, trace 2). Thus, in the case of mod-
ification of the 5" loop in U5 snRNA, we
see again that prior 2’-O-methylation of
position 45 might inhibit pseudouridyla-
tion of adjacent position 46. Surprisingly,
the two copies of Xenopus U85 RNAs
have similar sequences; the domains con-
taining U5-¥Y46  pseudouridylation
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FIGURE 6. Prior pseudouridylation of U2 snRNA at position 43 inhib-
its positioning of W44 by mouse SCARNAS and S. pombe pugU2-43/44,
SPNCRNA.1709. Fluorescent primer extension reactions. (A) Mouse
SCARNAS was expressed in the S. cerevisiae strains pusIA (top magenta
trace) and pus7A (bottom green trace) from a plasmid with a weak CYCI
promoter that allowed prior modification of position 44 in yeast U2
snRNA by endogenous Puslp. In the pus7A strain, modification of po-
sition 45 was reduced relative to that in the pusIA strain (arrow shows
reduction in peak height). Stars indicate SCARNA8-induced pseudour-
idylation. Modification of position 35 in the pus7A strain served as an
internal positive control. (B) Top trace (red): Pseudouridylation pattern
of U2 snRNA in wild-type S. pombe (strain ED666). Bottom trace (blue):
Overexpression of pugU2-43/44AUmut RNA caused reduction of pseu-
douridylation at position 44 (arrow shows reduction in peak height).

pockets are 80.9% identical. The binding affinity with the
substrate for W46 positioning is even stronger in the least
functional copy of Xenopus U85 (Fig. 8A). What might
make this pocket weaker are alterations in secondary struc-
ture: slightly weaker base-pairing in the upper stem com-
pared to human U85 and impaired H box-containing hinge
compared to human and the other copy of Xenopus U85
(Supplemental Fig. S2).

It is worth describing here another observation made in
these experiments. The U87 RNA (SCARNA5) that we use
to make stable artificial substrates for expression in yeast cells
is itself a guide RNA for 2’-O-methylation of U5 snRNA at
position 41; in the yeast cell system it also inefficiently mod-
ifies U5—C45 (Fig. 8B, traces 3 and 5). Intriguingly, when
these modification activities were removed from U87-U5
[37-57] substrate RNA by point mutations (Fig. 8A),
Xenopus U85 RNA became a methylation guide for an addi-
tional position in a U5 snRNA fragment (Fig. 8D); potential

base-pairing is shown in Figure 8A. In this case, 2’-O-meth-
ylation at a nearby position might impede 2’-O-methylation
mediated by a guide RNA with a weak antisense element.
Notably, the absence of U,;,41 did not improve pseudouridy-
lation activity of the intact inactive copy of Xenopus U85 (Fig.
8E, trace 3), but likely facilitated pseudouridylation by its
mutated active variant (Fig. 8E, trace 2).

DISCUSSION

Since the first discovery of modification guide RNAs for splice-
osomal U snRNAs (Tycowski et al. 1998), most known
modifications in snRNAs have been matched with the corre-
sponding guide RNAs (https://www-snorna.biotoul.fr/index.
php, Lestrade and Weber 2006; Karijolich and Yu 2010). In
higher eukaryotes, the guide RNA assignment is generally
based on a computational search for sequence complementar-
ity between guide and substrate RNAs, but only a few of these
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FIGURE 7. Prior 2’-O-methylation of a position in the branch point
recognition region inhibits pseudouridylation of the following position.
Fluorescent primer extension reactions. (A) Trace 3 (black): Expression
of Drosophila scaRNA:MeU2-C41 in the wild-type S. cerevisiae strain
BY4741 results in 2'-O-methylation of yeast U2 snRNA at position 41.
Traces 1 (red) and 2 (blue): Methylation at position 41 results in dra-
matic reduction of pseudouridylation at position 42 (trace 2) relative
to control (trace 1). (B) Traces 1 (red) and 2 (blue): In HeLa cells, over-
expression of the methylation guide RNA for position C40 of U2 snRNA
(trace 2) leads to a lower level of U2 snRNA pseudouridylation at posi-
tion 41 than in control cells transfected with an empty vector (trace 1).
The arrow in trace 2 shows reduction in peak height.
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predictions have been experimentally
verified (Jady and Kiss 2001; Zhao et al.
2002; Deryusheva and Gall 2009, 2013,
2017). Even in these cases, the guide RNA
assays are usually limited to certain pre-
dicted target positions, excluding nonca-
nonical interactions from the analysis. For
example, two positions are targeted by al-
ternative configurations of the 3'-terminal
pseudouridylation pocket in vertebrate
SCARNAS, but only one was originally
tested (Zhao et al. 2002; Deryusheva and
Gall 2017). At the same time, software-
based predictions often cannot be verified
experimentally (Deryusheva and Gall
2009; Xiao et al. 2009). Thus, experimen-
tal verification of each guide RNA assign-
ment is necessary.

In this study, we used an in vivo yeast
cell system to analyze six different guide
RNAs from human, mouse, Xenopus,
Drosophila, and C. elegans. Our data and
previous studies have demonstrated that
extended stretches of complementarity
with substrate RNA do not necessarily
predict guide RNA functionality. In fact,
minor alterations in RNA secondary
structure may turn a “perfect” guide
RNA into a nonfunctional one. Thus,
the stability of the upper and lower stems
and the correct distance (15 + 1 nt) be-
tween the target position and the box
ACA (or H) play important roles in the
formation of a functional pseudouridyla-
tion pocket (Ni et al. 1997; Bortolin et al.
1999; Xiao et al. 2009; Deryusheva and
Gall 2017, this study). However, these
structural requirements are neither abso-
lutely essential nor sufficient to create a
functional pseudouridylation pocket, as
seen in the case of wild-type and mutant
SCARNALS tested in this study (Fig. 3).
We also learned from our analysis that
noncanonical base-pairing and post-
transcriptional  modifications  placed
within the region of interaction between
guide and substrate RNAs may signifi-
cantly impair modification activity. For
instance, we found base-pairing at the po-
sition preceding the uridine targeted for
isomerization especially sensitive to mis-
matches and modifications. It is not clear
how modified substrate RNA mechanisti-
cally affects box H/ACA pseudouridyla-
tion guide RNP function. While being
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capable of pairing with any of the four major bases, pseudour-
idine may increase the backbone rigidity and stabilize base
stacking (Spenkuch et al. 2014). Ribose methylation is also
known to cause conformational changes and increased stabil-
ity of RNA (Helm 2006). Does it change interaction with a
guide RNA and/or cause incorrect positioning of the target
uridine at the active site? To our knowledge no structural stud-
ies on RNA-guided pseudouridine synthases have been done
using premodified substrate or guide RNAs.

Thus, prior modification at certain positions may inhibit
modification of nearby nucleotides. Nevertheless, in some
guide RNAs, “suboptimal” configurations are well preserved
during evolution. Furthermore, most noncanonical base
pairs and bulges within guide-substrate base-paired regions
coincide with positions of known post-transcriptionally
modified nucleotides in rRNAs and snRNAs. We postulate
that these “suboptimal” guide RNAs must have been “opti-
mized” for desired post-transcriptional modification in
heavily modified regions. We argue that these minor alter-
ations in primary and secondary structure of guide RNAs
may help generate heterogeneous populations of modified
RNA molecules. A region within the unstructured loop in
the central domain of human 18S rRNA is an example of
this interplay. Based on the binding affinity of guide RNAs
SNORA24, SNORA28, and SNORD98 for positioning
V863, W866, and G,,867 in human 18S rRNA (Fig. 9A), we
predict that prior modification of position 866 and/or posi-
tion 867 would inhibit pseudouridylation of position 863;
at the same time W863, if positioned first, would interfere
with positioning of Gm867, but not ¥866 (Fig. 9B, top
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FIGURE 9. Interactions within a heavily modified region of human 18S
rRNA. (A) Base-pairing between human 18S rRNA and guide RNAs
SNORA24, SNORA28, and SNORD98 assigned for modification of po-
sitions 863, 866, and 867, respectively. (B) Predicted interference be-
tween ¥863, W866, and Gm867 (fop row) and differentially modified
fragments (second and third rows) experimentally detected by classical
biochemical techniques (Maden and Wakeman 1988). Modified posi-
tions are colored in blue.

line). Thus, one would expect to find two differentially mod-
ified rRNA molecules: those having Y863 and W866, or ¥866
and G,867, but none having all three positions modified in
the same molecule (Fig. 9B, bottom two lines). Precisely
this pattern was demonstrated in early biochemical studies
of mammalian 18S rRNA modification (Maden and
Wakeman 1988). The existence of differentially modified
rRNA molecules has been well established (Buchhaupt
et al. 2014; Taoka et al. 2016). The same is presumably true
for all post-transcriptionally modified RNA species, includ-
ing spliceosomal snRNAs. However, the functional signifi-
cance of this heterogeneity is still an open question.

At the same time, modification levels often reach >95%,
even in regions where modification of certain positions inhib-
its subsequent modification of nearby positions (Taoka et al.
2016). How do cells regulate this uniform modification pro-
cess? Very probably these modifications occur in a strictly co-
ordinated manner, starting from the positions most
compromised by their neighbors. One possibility is that cells
express multiple guide RNAs at different levels. The guide
RNAs for modification of U2-Cm41¥42 in Drosophila pro-
vide one of many examples. Another way to achieve coordi-
nated modification is to combine two machineries with
different kinetics: fast and efficient guide RNA-mediated
modification and slower modification by stand-alone en-
zymes; the trinucleotide U,;,2921G,2922¥2923 in the A-
loop of yeast 255 rRNA (Lapeyre and Purushothaman 2004)
and ¥43¥44 in U2 snRNA (Deryusheva and Gall 2017) are
typical examples. Still a third possibility is to combine multi-
ple modification activities in one guide RNA and to vary the
efficiency of each guide domain according to the required or-
der for stepwise positioning of these modifications.
SCARNAL15 and SCARNA10/U85 tested in this study repre-
sent such multitarget guide RNAs. Combinations of these
mechanisms are also exploited. For example, Puslp and a
double guide RNA are both used to modify U2-¥43¥44 in
vertebrates and S. pombe (Deryusheva and Gall 2017).
Another example involves the double guide RNA U85 to
modify U5-C,45¥46 and an independent guide RNA, U89/
SCARNA12, to modify the more vulnerable position U5-¥46.

Because the modification machinery is highly conserved
for evolutionary conserved sites, the two must have co-
evolved in each species. Comparison of the modifications
in human (Deryusheva et al. 2012) and Drosophila U2
snRNA (Deryusheva and Gall 2013) provide an example.
Coincident with the difference in 2’-O-methylation upstream
of the branch point recognition region, predominant and in-
hibited positioning of pseudouridines within the branch
point recognition region differs between human and
Drosophila (Fig. 1).

Perspectives
Our data strongly suggest that interconnections between

structure and function of modification guide RNAs are

www.rnajournal.org 39



Deryusheva and Gall

more complex than generally anticipated. The substrate RNA
and its overall modification pattern also contribute to guide
RNA functionality. RNA modification occurs in a highly co-
ordinated manner, especially in heavily modified regions.
Diversified activities of modification guide RNAs serve as
key regulators in generating the pool of properly modified
RNA molecules in the cell; either uniformly or differentially
modified pools can be considered as the properly modified
RNAs. The presence or absence of certain modifications
may trigger (i) a degradation of correspondingly modified
RNA or (ii) extra stability of innate RNA/RNP, as well as
(iii) an assembly of RNP with new protein counterparts,
which is essential for (iv) a new function/configuration. All
these scenarios are equally plausible and exploitable. Use of
innovative techniques that allow RNA modification mapping
at single molecule level will give us new insights into RNA
modification diversity and function.

MATERIALS AND METHODS

Guide RNA sequence and structure analysis

We retrieved guide-substrate base-pairing annotations available for
human and other vertebrate species (https:/www-snorna.biotoul.fr,
http://www.bioinf.uni-leipzig.de/publications/supplements/15-065).
We also reanalyzed guide RNA secondary structures using the Mfold
and Vienna RNAfold web servers for RNA folding prediction (http:/
mfold.rna.albany.edu, http:/rna.tbi.univie.ac.at) followed by visual
analysis for some adjustments. Standard RACE-PCR was used to ver-
ify 5" and 3’ ends of C. elegans snoRNA C50C3.14.

Expression in yeast cells

To express exogenous guide RNAs in yeast cells, we amplified the
coding sequences from genomic DNA and cloned them into
YEplac181 [LEU2 2] or YEplac195 [URA3 2] vectors containing
a GPD promoter, an RNT1 cleavage site, and an snR13 terminator
(Huang et al. 2011). These constructs were made for all known cop-
ies of SCARNA4/ACA26, SCARNAI15/ACA45, SCARNA10/U85
from human and X. tropicalis genomes, C. elegans C50C3.14 RNA
and Drosophila scaRNA:MeU2-C41. Drosophila scaRNA:U2-
¥35.45 and mouse SCARNAS expression constructs were previously
generated (Deryusheva and Gall 2013, 2017). Fragments containing
the listed guide RNA sequences with the flanking regulatory ele-
ments, RNT1 cleavage site, and snR13 terminator, were additionally
cloned into p415CYCI and p415GAL-S vectors. Other constructs
were made in which Drosophila scaRNA:MeU2-C41 replaced a
box C/D snoRNA (snR18) in the S. cerevisiae EFBI gene; and
sppugU2-43/44/ SPNCRNA.1709, wild-type or mutated, replaced
a box H/ACA snoRNA (snR191) in the NOG2 gene. These chimeric
fragments were also cloned into S. pombe expression vectors pJB114
[LEU2 ARS] or pJB115 [URA4 ARS] containing an ADH-promoter
and an ACTI terminator. To express an artificial substrate RNA
that contains a sequence of the highly conserved 5 loop of U5
snRNA (nucleotides 37-57 of human U5 snRNA), a new U87
scaRNA-based construct was generated as previously described
(Deryusheva and Gall 2013, 2017). To make various mutant and
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chimeric guide RNA constructs we used PCR-based mutagenesis
and overlap-extension PCR.

Yeast cells were transformed using standard lithium acetate meth-
ods. The following yeast strains were used in this study: S. pombe
ED666 strain, S. cerevisiae “wild-type” BY4741 strain, and mutant
strains snr81A, pus7A, puslA, and snr81ApusiA.

Transfection of Hela cells

First, the chimeric fragment of yeast EFBI gene expressing
Drosophila scaRNA:MeU2-C41 (made for yeast expression) was
subcloned into the pCS2-CMV vector. Unexpectedly, this construct
did not produce a stable guide RNA in HeLa cells. A highly abundant
artificial guide RNA for 2’-O-methylation of C40 in U2 snRNA was
generated from the U87 scaRNA construct described elsewhere
(Deryusheva and Gall 2013) by antisense element replacement
and subcloning the resultant fragment into pCS2-CMV vector.
Hela cells were transfected with these constructs using ViaFect
transfection reagent (Promega). After 48—-96 h cultivation the tran-
siently transfected cells were collected for RNA extraction.

RNA extraction

RNA from yeast cells was isolated by hot acid phenol extraction.
TRIzol reagent was used to isolate RNA from HeLa cells, X. tropicalis
oocytes and liver, and whole C. elegans worms. Direct-zol RNA
MiniPrep Kit (Zymo Research) was used for RNA purification.

Northern blot

Total RNA was separated on 8% polyacrylamide—8M urea gels and
transferred onto a nylon membrane (Zeta Probe, Bio-Rad).
Hybridization and detection of digoxigenin-labeled probes were
performed according to standard protocols (Deryusheva and Gall
2017).

RNA modification assays

Primer extension-based methods of RNA modification mapping
were used to analyze pseudouridylation and 2'-O-methylation of
yeast and human snRNAs (Kiss and Jady 2004; Deryusheva and
Gall 2009). Fluorescently labeled oligonucleotides specific for hu-
man and yeast U2 snRNA and artificial substrate RNA were previ-
ously described (Deryusheva et al. 2012; Deryusheva and Gall
2013,2017). To detect pseudouridines, test RNA samples were treat-
ed first with CMC, N-cyclohexyl-N'-(2-morpholinoethyl) carbodii-
mide metho-p-toluene sulfonate (Sigma-Aldrich) for 20-30 min
and then with mild alkali buffer (50 mM Na,CO;, pH 10.4) for
3—4 h at 37°C. Primer extension was performed using AMV reverse
transcriptase (New England Biolabs) at 0.5 mM dNTP concentra-
tion. 2’-O-methylated nucleotides were detected in primer exten-
sion reactions with a low concentration of ANTP (0.004 mM).
Reaction products were separated on an ABI3730xl capillary electro-
phoresis instrument (Applied Biosystems); the Gene Scan-500 LIZ
Size Standard was added to each sample. RNA sequencing reactions
were performed as previously described (Deryusheva and Gall
2009). The data were analyzed using GeneMapper software
(Applied Biosystems). Reverse transcription-based methods of
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Stepwise modification of U2 snRNA

modification mapping are not truly quantitative. Hence, to compare
modification levels in different RNA samples, we always perform
RNA treatment and enzymatic reactions on control and experimen-
tal RNAs simultaneously, perform several replicates of each experi-
ment, and run serial dilutions of each sample.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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