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Pseudouridine (W) residues were localized in the Saccharomyces cerevisiae spliceosomal U small nuclear
RNAs (UsnRNAs) by using the chemical mapping method. In contrast to vertebrate UsnRNAs, S. cerevisiae
UsnRNAs contain only a few W residues, which are located in segments involved in intermolecular RNA-RNA
or RNA-protein interactions. At these positions, UsnRNAs are universally modified. When yeast mutants
disrupted for one of the several pseudouridine synthase genes (PUS1, PUS2, PUS3, and PUS4) or depleted in
rRNA-pseudouridine synthase Cbf5p were tested for UsnRNA W content, only the loss of the Puslp activity was
found to affect ¥ formation in spliceosomal UsnRNAs. Indeed, W, formation in U2 snRNA was abolished. By
using purified Pus1lp enzyme and in vitro-produced U2 snRNA, Puslp is shown here to catalyze W ,, formation
in the S. cerevisiae U2 snRNA. Thus, Puslp is the first UsnRNA pseudouridine synthase characterized so far
which exhibits a dual substrate specificity, acting on both tRNAs and U2 snRNA. As depletion of rRNA-
pseudouridine synthase Cbf5p had no effect on UsnRNA W content, formation of W residues in S. cerevisiae
UsnRNAs is not dependent on the Cbf5p-snoRNA guided mechanism.

Introns are universally present in the nuclear genes tran-
scribed by RNA polymerase II. Introns with GU and AG
terminal dinucleotides and some introns with AU and AC
terminal dinucleotides are removed by spliceosomal complexes
containing the U1, U2, U4, US, and U6 small nuclear RNAs
(UsnRNAs) (for reviews, see references 54 and 59), the re-
maining part of introns with AU and AC terminal dinucleoti-
des being excised by complexes containing the Ull, Ul2,
Udatac, U5, and Ub6atac UsnRNAs (32, 79, 106, 105). In yeast
cells, only introns with GU and AG borders have been de-
tected, and their excision is catalyzed by ribonucleoprotein
complexes containing UsnRNAs homologous to the vertebrate
Ul, U2, U4, US, and U6 snRNAs (for a review, see reference
31). However, compared to their counterparts in other eu-
karyotes, the Saccharomyces cerevisiae spliceosomal UsnRNAs
differ by their larger size. For example, U2 snRNA is 1,175
nucleotides (nt) long in S. cerevisiae versus 187 nt in humans,
and U1l snRNA is 568 nt long in S. cerevisiae versus 164 nt in
humans (for a review, see reference 31).

In spite of this difference, the splicing machineries for the
elimination of the GU-AG type of introns, in both vertebrates
and S. cerevisiae, share several common properties. In partic-
ular, UsnRNPs are assembled in the same sequential order
(17, 27; for a review, see reference 59), and the same kinds of
bi- and multimolecular RNA-RNA interactions are implicated.
The picture that now emerges from a large body of experi-
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ments in several laboratories is rather complex. First, upon Ul
snRNP association, the 5’ extremity of Ul forms a base-pair
interaction with the intron 5’ extremity (62, 94, 95, 96, 123).
Then, the U2 snRNP is associated and a base-pair interaction
is formed between U2 and the intron branch-point sequence
(71, 72, 116, 124). A U4/U6 RNA duplex is present in the
U4/U6 snRNP (34, 86) and a tri-snRNP is generated by asso-
ciation of the U4/U6 snRNP with the U5 snRNP (11). When
this tri-snRNP particle joins the prespliceosomal complex, sev-
eral conformational changes take place and the Ul snRNA
interaction at the 5’ end of the intron is replaced by a U6
snRNA interaction (41, 52, 91). The U4/U6 RNA duplex is
disrupted and replaced by a U2/U6 RNA duplex (20, 35, 53,
102, 117), and the terminal loop I of U5 contacts the 3’ ex-
tremity of the upstream exon (19, 65, 66, 67, 99, 118). These
structural rearrangements are required for the first frans-ester-
ification step to occur. Following this first step, other structural
rearrangements take place that reveal the catalytic activity for
the second step of the reaction. In particular, the highly con-
served terminal loop I of U5 then interacts with the two exon
extremities for proper alignment and ligation (65-67, 99). Al-
though several proteins play an essential role in spliceosome
assembly and function (for reviews, see references 45, 109, and
114), the general idea is that some of the UsnRNAs, in par-
ticular U2 and U6, may be directly involved in catalysis (for
reviews, see references 18, 30, 40, 101).

The first determinations of UsnRNA sequences were made
at the RNA level, and several posttranscriptional modifications
were identified. This analysis was done on U1, U2, U4, US, and
U6 snRNAs from HeLa, chicken, mouse (13, 14, 33, 42, 47,
48), rat hepatoma (for a review, see reference 81), Drosophila
melanogaster (63), and plant (for a review, reference 98) cells.
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Then, for a long period of time, UsnRNA sequences were
deduced essentially from the corresponding gene sequences so
that posttranscriptional modifications were only investigated
for a limited number of UsnRNAs: the Physarum polycephalum
Ul and U5 snRNAs (63, 103) and, more recently, the Schizo-
saccharomyces pombe U1, U2, U4, US, and U6 snRNAs (28).

Except for the cap and cap-related modifications, the two
most frequently found posttranscriptional modifications at in-
ternal positions of UsnRNAs are methylation at the 2'-O po-
sition of ribose and isomerization of uridine to pseudouridine
(). Only a few base methylations (m>C, m°A, and m*G) were
detected (for a review, see reference 55). Since W residues and
2'-O-methylated residues stabilize RNA double helices (for
reviews, see references 2, 6, and 21), the functional importance
of these modified nucleotides in UsnRNAs may be, at least in
part, linked to the necessity to form base-pair interactions
between RNA molecules at one or the other steps of the
splicing process. Furthermore, in the case of W residues, the
presence of an additional free NH group at position 3 of the
ring, as compared to uridine, generates the possibility to form
an additional hydrogen bond with RNA or proteins. It is note-
worthy that the modified residues of spliceosomal UsnRNAs
are clustered in the segments involved in intermolecular inter-
actions, and several of these modifications are conserved in all
of the species that were studied so far (103; for a review, see
reference 55). This is the case for one of the two W residues
located in the U1 region that base pairs with the intron, for the
two W residues present in the U2 region, which interacts with
the branch site, and for the numerous posttranscriptional mod-
ifications of the US snRNA terminal loop I (28, 103).

The number of posttranscriptionally modified nucleotides
present in the interacting regions of U6 and U2 snRNAs,
supposed to form at least a part of the spliceosome active site,
is rather impressive in vertebrate species. All of these obser-
vations strongly suggest an important role of UsnRNA post-
transcriptional modifications in spliceosome assembly and
function. An experimental evidence for a role of posttranscrip-
tional modifications in splicing was obtained for the human U2
snRNA (93, 120). Indeed, whereas fully active U2 snRNPs
were obtained upon in vitro reconstitution with HeLa cell U2
snRNP proteins and the authentic human U2 snRNA, the in
vitro-produced human U2 snRNA lacking all of the posttran-
scriptional modifications failed to form functional splicing
complexes (93). Replacement of the authentic Xenopus laevis
U2 snRNA by chimeric U2 snRNAs, in which some sequences
are from cellular-derived U2 and others are from in vitro-
transcribed U2, demonstrated that the essential posttranscrip-
tional modifications of the vertebrate U2 snRNA are restricted
to the 27-nt 5’ terminus (120).

The biogenesis of ¥ in Ul, U2, U4, US, and U6 snRNAs
from HeLa cells have been the subject of several reports (121;
reference 122 and references therein; for a review, see refer-
ence 76). Using in vitro-transcribed snRNAs and nuclear or
S100 extracts from HeLa cells, the existence of multiple RNA-
pseudouridine synthase activities that specifically recognize
Ul, U2, and U5 snRNAs was demonstrated (73-75, 77). How-
ever, to date, none of the implicated RNA-pseudouridine syn-
thases has been identified, nor was their precise specificity
elucidated.

The splicing machineries of HeLa cells and S. cerevisiae are
the two most extensively studied, with respect to understanding
how the spliceosome is assembled and how it functions. How-
ever, in the case of S. cerevisiae snRNAs, due to the low
amounts of spliceosomal UsnRNAs and their unusual lengths,
no internal nucleotide modifications have been identified so
far. We started such a study by investigating the presence of ¥
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residues in the S. cerevisiae full-length U4, US, and U6 snRNAs
and in the regions of the S. cerevisiae U1 and U2 snRNAs that
have a counterpart with modified residues in the vertebrate Ul
and U2 snRNAs. We also looked for the pseudouridine syn-
thases that may catalyze the formation of the identified resi-
dues. Based on in vitro experiments, a case of dual-specificity
was already described for an E. coli RNA-pseudouridine syn-
thase (the RluAp enzyme that catalyzes the site-specific for-
mation of V¥ at position 32 of tRNA anticodon and at position
746 of 23 S TRNA) (115). We therefore asked whether some of
the already characterized yeast pseudouridine synthases, which
act on tRNAs or rRNAs, can also modify UsnRNAs. To this
end, we performed the mapping of the W residues in UsnRNAs
extracted from yeast strains carrying separate disruptions of
the genes coding for the already-characterized RNA-pseudouri-
dine synthases Puslp, Pus3p, and Pus4p acting on tRNAs (10,
51, 60, 97); the putative Pus2p enzyme, whose substrate has not
been identified so far (97); and CbfSp acting on rRNA com-
plexed with snoRNA guides (50).

In this study, we report the mapping of ¥ residues in the S.
cerevisiae spliceosomal UsnRNAs and demonstrate that one of
the previously identified tRNA-pseudouridine synthases
(Puslp) is directly implicated in the pseudouridylation of U2
snRNA in vivo.

MATERIALS AND METHODS

Yeast strains and growth conditions. The following S. cerevisiae strains were
used in this study: S. cerevisiae FL100 (ATCC 28383) (49); S. cerevisiae strains
carrying disruptions in the PUSI, PUS2, and PUS3 genes that were described
previously (51, 97); an S. cerevisiae strain with a disrupted PUS4 gene that was
kindly provided by R. Planta (University of Amsterdam) (10); and an S. cerevisiae
strain carrying a deletion in the PUSI gene transformed with a plasmid express-
ing an active recombinant protein ProtA-Puslp (pUN100-PUSI) (97). All of
these S. cerevisiae strains were grown at 30°C on YPD liquid medium (1%
[wt/vol] yeast extract, 1% [wt/vol] Bacto Peptone, and 2% [wt/vol] glucose). The
essential gene CBF5 was fused on the chromosome to a GAL-repressible pro-
moter (50). Transcription driven from GAL-regulated promoters is strongly
repressed when strains are grown on glucose medium, allowing the effects of
depletion of essential proteins to be monitored. For depletion of Cbf5p, cells
growing exponentially in permissive conditions (2% galactose, 2% sucrose, and
2% raffinose minimal medium) at 30°C were harvested by centrifugation,
washed, and resuspended in 2% glucose minimal medium. During growth, cells
were diluted with prewarmed medium and constantly maintained in exponential
phase. For the experiment described in Fig. 4, two independently isolated
GAL::cbf5 strains (YDL521-1 and YDL521-3) (50) were used. RNA was ex-
tracted from these strains after transfer to nonpermissive conditions for up to
70 h. At this time point of transfer, ¥ formation in rRNA is strongly inhibited
and no H+ACA snoRNA were detected (50).

Preparation of RNA from S. cerevisiae. The soluble RNA fraction (containing
mainly tRNAs and snRNAs) from wild-type, disrupted yeast strains and the
GAL::cbf5 strain was prepared as follow. Cells grown on YPD liquid medium
until the late stationary phase were harvested by centrifugation and resuspended
in twice their volume of lysis buffer containing 50 mM Tris-HCI (pH 7.5), 10 mM
MgCl,, 100 mM KCl, 0.1 mM EDTA, 10% glycerol, and 10 mM B-mercapto-
ethanol. The suspension was frozen in dry ice and passed through a French Press
at about 3,000 Ib/in>. The homogenate obtained was centrifuged for 10 min at
10,000 X g at 4°C. The supernatant was further centrifuged in a high-speed
centrifuge TL100 (Beckman) for 2 h at 80,000 rpm and 4°C. The resulting S100
extract was successively treated by equal volumes of phenol, phenol-chloroform
(1:1), and chloroform-isoamyl alcohol (24:1). The extracted RNA was ethanol
precipitated and used for further analysis by reverse transcription or Northern
hybridization.

In vitro transcription of snRNA genes. Plasmids containing the S. cerevisiae
Ul, U2, U4, U5, and U6 snRNA coding sequences under the control of a T7
promoter were kindly provided by P. Fabrizio. Synthetic U1, U2, U4, U5, and U6
snRNAs were prepared by in vitro transcription of Pvull-linearized pT7U1
plasmid, Xhol-linearized pT7U2 plasmid, Styl-linearized pT7U4 plasmid, Dral-
linearized pT7US plasmid, and Dral-linearized pT7U6 plasmid, respectively (23,
57).

Synthesis of transcripts was carried out in 30 pl of buffer containing 40 mM
Tris-HCI (pH 8.1), 20 mM MgCl,, 5 mM dithiothreitol (DTT), 1 mM spermidine,
0.01% Triton X-100, 80 mg of polyethylene glycol 8000 per ml, 2 pg of the
linearized plasmid, 4 mM concentrations of each ribonucleoside triphosphate, 19
U of RNase Guard (Pharmacia), and 138 U of T7 RNA polymerase (Pharmacia).
After 1 h of incubation at 37°C, the template DNA was digested by using 7.5 U
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of RNase-free DNase I (Pharmacia) for 30 min at 37°C. After phenol extraction
and ethanol precipitation, the RNA was dissolved in 100 pl of sterile water.

Localization of W residues in S. cerevisiae UsnRNAs and 26S rRNA by primer
extension analysis. Total RNA (10 pg) from the wild-type or mutant S. cerevisiae
strains was used for reverse transcription. The CMCT [N-cyclohexyl-N'-(2-mor-
pholinoethyl)-carbodiimid metho-p-toluolsulfonate] modification protocol was
adapted from Bakin and Ofengand (8) with the following modifications: the
CMCT treatment was performed for 2, 10, or 20 min; the treatment in bicar-
bonate buffer at pH 10.4 was done for 3 h; and all precipitations were done by
using 0.3 M sodium acetate buffer (pH 5.3). The hydrazine reaction was per-
formed essentially as described by Peattie (78).

Positions of CMCT and hydrazine modifications were identified by primer
extension analysis with AMV reverse transcriptase (RT; Life Sciences) as de-
scribed by Mougin et al. (61). The oligonucleotides complementary to the fol-
lowing regions of UsnRNAs and 26S rRNA were used as primers for reverse
transcription: U1 (nt 57 to 72), U2 (nt 104 to 126), U4 (nt 68 to 90 and nt 134
to 160), U5 (nt 159 to 182), U6 (nt 93 to 112), and 26S rRNA (nt 1144 to 1163).
Oligonucleotides were 5’ end labeled with [y-**P]JATP (3,000 Ci/mmol) and T4
polynucleotide kinase (90).

In vivo analysis of rp51A pre-mRNA and pre-U3 snoRNA splicing. The yield
of rp51A pre-mRNA in the absence of an active PUSI gene was evaluated by
primer extension analysis. Primer extension analysis on the U1l snRNA was used
as a control. The oligonucleotide primer complementary to the rp51A pre-
mRNA and its two splicing products were described by Teem and Rosbash (107).
The oligonucleotide primer used for Ul snRNA was that described above for ¥
residue identification. Primer extension analysis was done in the conditions
described by Mougin et al. (61). For quantitative cDNA synthesis, the labeled
primers were always added in excess, 8 ng per assay. At the end of the incubation
period, the elongation mixtures were treated with 20 wg of RNase A per ml for
30 min at 37°C and analyzed by electrophoresis on a 5% sequencing gel. To verify
that the amount of synthesized cDNAs was proportional to the amount of rp51A
mRNAs in the total RNA extract, the experiments on the pus/~ strain were
made in triplicate by using 10, 20, and 50 pg of total RNA. The linearity of the
32P amount in cDNA bands versus the total RNA amount used as the template
was verified by PhosphorImager measurement. For the wild-type strain, 10 and
50 pg of total RNA were used for rpS1A mRNA quantification, and for the U1
snRNA control assays, 5 and 15 pg of total RNA were used. The amounts of
synthesized Ul and rp51A cDNAs, in each assay, were estimated by Phosphor-
Imager measurement. Based on the values obtained, the relative yields of rp5S1A
mRNAs versus Ul snRNA were established for the wild-type and pus ™~ strains.

The efficiency of pre-U3 snoRNA splicing in the absence or the presence of an
active PUSI gene was analyzed by Northern blot analysis. A 5’-end 3?P-labeled
oligonucleotide complementary to the S. cerevisiae U3 snoRNA (nt 1 to 16) was
used as the probe. Total RNA (10 pg) from the wild-type and the pus/™ dis-
rupted strains (prepared as described above) was fractionated on a 5% poly-
acrylamide gel. In vitro transcripts (10 ng) corresponding to the spliced and
unspliced pre-U3 snoRNAs were used as controls. The plasmid pVs51:snR17A
(92) was used to produce the U3A snoRNA transcript, while the pre-U3
snoRNA transcript was obtained by using the construct described by Mougin et
al. (61). Total RNA (10 pg) from the JH84 S. cerevisiae strain (37) transformed
by the pU3U14ds5’ plasmid (61) was also applied on the gel. The total RNA
fractions from the JH84 strain were prepared as described by Méreau et al. (58).
Plasmid pU3U14ds5’ contains a U3 snoRNA gene carrying mutations that lead
to an accumulation of unspliced pre-U3 snoRNA and of a degraded form of the
pre-U3 snoRNA in vivo (24).

In vitro pseudouridine formation in yeast U2 snRNA transcripts. Two micro-
grams of S. cerevisiae U2 transcript dissolved in 9 wl of buffer (100 mM Tris-HCI
buffer [pH 8.0] containing 100 mM ammonium acetate, 5 mM MgCl,, 2 mM
DTT, and 0.1 mM EDTA) was heated for 3 min at 80°C and cooled down to
37°C. The purified Puslp enzyme (2.5 pg), prepared from the recombinant E.
coli strain (97) as described by Motorin et al. (60), was added, and the reaction
was performed for 30 min at 37°C. After incubation, the modified transcript was
phenol extracted and ethanol precipitated. The presence of pseudouridine res-
idues was analyzed by the CMCT-RT technique as described above.

RESULTS

Identification of W residues in S. cerevisiae UsnRNAs. Two
independent approaches were used for mapping WV residues in
the S. cerevisiae spliceosomal UsnRNAs. The first approach
was based on the CMCT-RT technique developed by Bakin
and Ofengand (8). This method depends on the efficient chem-
ical reaction of U and W residues in RNA with CMCT (very
strong for U residues, less strong for ¥ residues). Upon alka-
line treatment with bicarbonate buffer at pH 10.4, the bulky
CMC group linked to the U residues can be selectively hydro-
lyzed, while it remains bound to the W residues. Stops of
reverse transcription at CMCT-modified ¥ allow localization
of ¥ residues by primer extension analysis. Guanosine residues
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also react with CMCT but less efficiently than do U and V.
Moreover, the CMC groups bound to G residues are easily
removed by the alkaline treatment.

The second complementary approach was based on the ob-
servation that ¥ (and also m°U) residues are resistant to hy-
drazine treatment under conditions developed for chemical
sequencing of RNA (15, 78). Thus, with this analysis, the ab-
sence of reactivity indicates the presence of one of these two
posttranscriptional modifications. The absence of hydrazine
reactivity can be detected directly by observing the cleavage
pattern of purified 3’-end-labeled RNA after aniline treatment
or indirectly, as described above, by primer extension analysis
with RT.

In both methods, primer extension was performed on total,
unfractionated yeast RNA prepared as described in Materials
and Methods. Oligonucleotide primers allowed to explore dif-
ferent regions of the yeast UsnRNA molecules. For the long
Ul (568 nt in length) and U2 snRNAs (1,175 nt), only the
5’-terminal regions (positions 1 to 50 of Ul and positions 1 to
100 of U2) were analyzed. These regions were chosen taking
into account the already localized modified nucleotides in the
Ul and U2 snRNAs of vertebrates, plants (reviewed in refer-
ences 81 and 98), and S. pombe (28) (Fig. 1A and 2A). Indeed,
vertebrate Ul snRNA contains five modified nucleotides, four
of which are found, respectively, at positions 1 (Am), 2 (Um),
5 (W), and 6 (), and the fifth one, located at position 70, is a
2'-O-methylated adenosine residue (for a review, see reference
81). Likewise, the 5'-terminal 100-nt region of rat hepatoma
U2 snRNA contains all of the posttranscriptional modifica-
tions that were found in this snRNA (12 ¥, 9 2'-O-methylated,
and 1 m°Am residues) (84). For the shorter U4 (160 nt), U5S
(179 nt), USL (214 nt), and U6 (112 nt) snRNAs, only a short
3’-terminal region was not explored due to the constraint of
primer extension analysis: the 30 nt at the 3’ end of the U4
snRNA, the 61 and 26 nt at the 3’ extremity of the USL and
USS, respectively, and the 23 nt at the 3’ end of the U6
snRNA.

Only a few W residues are found in the S. cerevisine UsnRNAs.
The primer extension analysis of Ul, U2, U4, US, and U6
snRNAs modified by CMCT was used to map the pseudouri-
dine residues. Incubation of the RNAs with CMCT was per-
formed in each case for 2, 10, or 20 min, followed or not
(control experiment) by alkaline treatment at pH 10.4. The
cleavage patterns upon hydrazine treatment were also ana-
lyzed in each case. Both approaches gave essentially the same
conclusions. Representative examples of primer extension pat-
terns are shown.

Figure 1B illustrates the analysis of the S. cerevisiae Ul
snRNA modified by hydrazine or CMCT. As described for
vertebrate UsnRNAs (Fig. 1A and 3B) (12, 83), two W residues
are found at positions 5 and 6 (Fig. 1B and C and 3A). Only
one of these two W residues was detected in S. pombe (28).
Analysis of the 5'-terminal region of S. cerevisiae U2 snRNA by
CMCT (Fig. 2B) and hydrazine modification (data not shown)
revealed the presence of three W residues, respectively, at
positions 35, 42, and 44 (Fig. 2C and 3A). Three W residues
were found at the same positions in the rat hepatoma (Fig. 2A
and 3B) and the S. pombe U2 snRNAs, but additional ¥
residues were also detected in these two RNAs (Fig. 3B) (28,
84). Only one ¥ residue was detected in the S. cerevisiae US
snRNAs (Fig. 4C). It corresponds to one of the two phyloge-
netically highly conserved ¥ residue found in the U5 snRNA
terminal loop I (Fig. 3B) (103). At the other conserved
pseudouridylation site of this terminal loop, the uridine resi-
due is replaced by a cytidine residue in S. cerevisiae (Fig. 3A).
The same situation was found for S. pombe (28). As found for
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FIG. 1. Localization of W residues in S. cerevisiae U1 snRNA. (A) Schematic representation of the secondary structure of vertebrate Ul snRNA (12, 62). The ¥
residues are boxed, and the 2'-O-methylated residues are also indicated (for a review, see reference 55). The thick line shows the region of rat hepatoma Ul snRNA
that corresponds to the analyzed region of S. cerevisiae Ul snRNA. The V¥ residues that were conserved in S. cerevisiae U1 snRNA are indicated by stars. (B) Primer
extension analysis of the S. cerevisiae Ul snRNA modified by CMCT in a total RNA fraction for 2, 10, and 20 min (lanes 2, 3, and 4, respectively). Experimental
conditions were as described in Materials and Methods. In lanes 3 and 4, the CMCT-modified RNA was subjected to an alkaline treatment at pH 10.4 as described
in Materials and Methods. A control extension experiment was made without CMCT treatment (lane 1). The two reverse-transcription stops, corresponding to residues
W5 and W, are indicated by arrows on the left of panel B. U1 snRNA in a total RNA mixture was also treated by hydrazine under the conditions described in Materials
and Methods (lane 6). A control extension experiment was made in absence of hydrazine (lane 5). The absence of hydrazine reactivity at positions 5 and 6 indicates
the presence of a W residue at these positions. Lanes U, G, C, and A correspond to the RNA sequencing ladder. Nucleotide positions, starting from the 5'-terminal
nucleotide bound to the cap structure, are indicated on the right. (C) Nucleotide sequence of the analyzed region of the S. cerevisiae U1 snRNA. The oligonucleotide
used as the primer for reverse transcription is indicated by a horizontal arrow. The two detected W residues are boxed. The secondary structure was taken from Kretzner

et al. (46).

U4 and U6 snRNAs from S. pombe (28), no ¥ residues were
detected in the examined regions of U4 and U6 snRNAs (data
not shown), while in the vertebrates, three ¥ residues were
detected in both U4 (47, 82) and U6 snRNAs (Fig. 3B) (33).
Hence, altogether only 6 W residues were detected in the S.
cerevisiae spliceosomal UsnRNAs (Fig. 3A), compared to 9 in
the UsnRNAs from S. pombe (28) and 23 in the UsnRNAs
from rat hepatoma (for a review, see reference 81).

Disruption of the PUS1 gene results in the absence of ¥, in
U2 snRNA. Based on sequence homology with known E. coli
tRNA-pseudouridine synthases, several potential RNA-
pseudouridine synthases were identified in the S. cerevisiae
genome (44). Three genes (PUSI, PUS3, and PUS4) were
shown to code for tRNA-pseudouridine synthases (respective-
ly, Puslp, Pus3p, and Pusdp [10, 51, 60, 97]), and a fourth one
(CBFS5) was shown to be involved in pseudouridine formation
in rRNA (protein Cbf5p [50]). The target RNA for a putative
pseudouridine synthase Pus2p has not yet been determined
97).

Total RNA was extracted from S. cerevisiae strains disrupted
for one of the nonessential PUS1, PUS2, PUS3, or PUS4 genes.
Depletion of the CbfSp enzyme was achieved in a GAL::cbf5
conditional strain after transfer to nonpermissive conditions
for 70 h (50; see Materials and Methods). The pseudouridine
residues in UsnRNAs were mapped by the CMCT-RT method.
Since the previous results showed that only Ul, U2, and U5
snRNAs contain W residues in S. cerevisiae, the analysis was
limited to these three snRNAs.

The results of the mapping analysis indicate that only the
disruption of the PUSI gene affects ¥ formation in the spli-
ceosomal UsnRNAs (Fig. 4). Conversion of U into ¥ residues
in U1, U2, and U5 UsnRNAs was unaffected by Cbf5p deple-
tion under conditions where ¥ formation in pre-rRNA was
strongly inhibited. This is illustrated by the analysis of the 26S
rRNA segment (positions 1010 to 1140) that we performed
together with the UsnRNA analysis (Fig. 4D) (50). Compared
to a wild-type strain (WT), the pus!/~ strain differed by the
disappearance of ¥, in U2 snRNA (Fig. 4A, compare lanes 3



2146 MASSENET ET AL.

B 1234uGcCA

A

X x X
5
O " v 1620 =fVHPHT} O [P TPt
@n

b |
S  [rat U2 snRNA

. -
‘l’35-' -
- —
- - -40
\|’42—. - e
Y~ o &

ady i s
C G & . -
U-A ad
C C-G—g0 . -60
c-G,
g i
wGA -
S i vy ol . »
Ua c

MoL. CELL. BIOL.

10— -70
50— U"A — 90 -
[ & 5 | 2
c:gJ P g ¥ -
C-G—20 GC_ uaalU P -
U u A-U . -
uu y&-2-U - -
‘ C~G—100 . —
S. cerevisiae U2 snRNA AU 1}03“ site & -80
Phoondgmmmce -y . -
b < -
- _‘ -
: o
. -
-9
-100

FIG. 2. Localization of W residues in S. cerevisiae U2 snRNA. (A) Rat hepatoma U2 snRNA, folded according to the U2 snRNA secondary structure model of Ares
and Igel (4). The W residues are boxed, the 2'-O-methylated residues and base-methylated residues are indicated (for a review, see reference 81). The thick line shows
the region of rat hepatoma U2 snRNA that corresponds to the analyzed region of S. cerevisiae U2 snRNA. The W residues that are conserved in the S. cerevisiae U2
snRNA are marked by stars. (B) Primer extension analysis of the S. cerevisiae U2 snRNA modified by CMCT (lanes 2, 3, 4, and 1 [for the control]). The conditions
are the same as those for Fig. 1. The alkaline-resistant RT stops in lanes 3 and 4 revealed the presence of W residues at positions 35, 42, and 44. The nucleotide sequence
(3) and the secondary structure (4, 38) of the analyzed region of S. cerevisiae U2 snRNA are shown in panel C. The position of the primer oligonucleotide is shown

by the horizontal arrow. The identified ¥ residues are boxed.

and 4 [WT] to lanes 3 and 4 [pusl]). No apparent change at
the other positions (35 and 42) in U2 snRNA (Fig. 4A), as well
as at positions 5 and 6 of Ul snRNA (Fig. 4B) and position 99
in U5 snRNA (Fig. 4C), was detected.

Puslp catalyzes the pseudouridylation of U,, in U2 snRNA
in vivo and in vitro. To verify that Puslp directly catalyzes ¥
formation at position 44 of U2 snRNA, the pus/~ disrupted
strain was transformed with plasmid pUN100-PUSI (97) con-
taining a wild-type PUSI gene. As shown in Fig. 4A (lanes 2
and 3 pus!/~ + pUN100-PUS1), ¥ formation at position 44 of
U2 snRNA was completely restored in the transformed yeast
cells.

The capacity of the yeast Puslp enzyme to catalyze U to ¥
conversion at position 44 in U2 snRNA was also tested in vitro.

To this end, we used a recombinant Puslp enzyme purified
from E. coli (60) and an in vitro-produced T7 transcript of the
S. cerevisiae U2 snRNA. The results of CMCT mapping dem-
onstrate the efficient formation of ¥, in the U2 snRNA tran-
script and show that only this residue is modified in vitro (Fig.
5).

The absence of W, in U2 snRNA does not influence pre-
mRNA and pre-U3 snoRNA splicing. Although no apparent
growth defect was found for the PUSI gene deletion (97), it
was interesting to test whether the absence of a W at position
44 in U2 snRNA could affect the efficiency of pre-mRNA
splicing. We tested this possibility on the rpS1A pre-mRNA,
the precursor for the mRNA of the S. cerevisiae rpS1A ribo-
somal protein (87). To this end, using primer-extension anal-
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FIG. 3. RNA-RNA interactions in the S. cerevisiae spliceosomes (A) and in the GU-AG spliceosomes of higher eukaryotes (B). The interaction between the 5’ and
3’ splice sites and branch-site (BS) consensus sequences with Ul and U2 snRNAs are shown in scheme I of panels A and B. UsnRNA-UsnRNA and UsnRNA-pre-
mRNA interactions at the catalytic center of the spliceosome are shown in scheme II of panels A and B. Helices Ia, Ib, II, and III between U2 and U6 snRNAs are
represented, as well as the base-pairing interaction between U2 snRNA and the branch-site sequence. The interaction between U6 snRNA and the UGU trinucleotide,
close to the 5’ splice site, is indicated by overlined residues joined by an arrow; the interaction between the terminal loop I of U5 snRNA and the exon extremities is
also shown (for a review of all of these interactions, see reference 54). The W residues are boxed, and the base and ribose methylations are indicated in boldface (this

study; for a review, see reference 55). Nucleotide positions, starting from the 5" extremity of each UsnRNA, are indicated.
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FIG. 4. UsnRNA and rRNA pseudouridylation pattern in yeast mutant strains. Mapping of ¥ residues in U2 (A), U1 (B), and U5 (C) snRNAs by the CMCT-RT
method, was performed as indicated in Fig. 1. The total RNAs used were extracted from the wild-type S. cerevisiae (WT) and from strains carrying a disruption in one
of the PUS1, PUS2, PUS3, or PUS4 genes or from GAL::cbf5 strain (cbf5 ) grown as described in Materials and Methods. In the case of U2 snRNA (last row of panel
A), an additional analysis was performed with total RNA extracted from the pus/~ strain transformed with plasmid pUN100-PUS1 containing a wild-type PUSI gene.
Lanes 1, 2, 3, and 4 correspond to the CMCT analysis according to the legend of Fig. 1. U, G, C, and A is the sequencing ladder. To minimize the figure size, only
lanes 2 and 3 are shown for strains that show no variation as compared to wild type. The detected W residues are indicated by arrows. The control experiment showing
the absence of W residues in the 26S rRNA domain II (positions 1010 to 1140) from the GAL::cbf5 strain is shown in panel D. For the wild-type and the GAL::cbf5
(cbf5™) strains, W residues in this 26S region were mapped by CMCT as described in Materials and Methods. To minimize the figure size, only the portion of 26S rRNA
containing the two W residues 1109 and 1123 in the wild-type strain are shown.
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FIG. 5. In vitro pseudouridylation of U2 snRNA transcript by using recom-
binant Pus1p pseudouridine synthase. After incubation of the transcript with the
purified Puslp enzyme (as described in Materials and Methods), the phenol-
extracted RNA was analyzed by the CMCT-RT method (lanes 1, 2, 3, and 4) as
described in the legend to Fig. 1. The strong alkaline-resistant RT stop at
position 44 is indicated by an arrow. Lanes U, G, C, and A correspond to the
sequencing ladder.

ysis in conditions allowing quantification of the RNA template,
we compared the relative yields of rp5S1A mRNAs and pre-
mRNA in total RNA extracted from the wild-type and the
pusl™ strains grown until mid-exponential phase. Ul snRNA,
which was not spliced in S. cerevisiae, was used as an internal
control. In both strains, no rp51A pre-mRNA was accumulated
(not shown). Only the two cDNA products corresponding to
the two rpS1A mRNAs previously described (1, 107) were
detected (Fig. 6A). As shown in Fig. 6, only a very slight
decrease of the rpSIA mRNA concentrations in total RNA
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was observed in the absence of residue ¥,, in U2 snRNA.
Based on the rp51A mRNA/U1 snRNA ratio, estimated by
PhosphorImager measurement, the rpS1A mRNA concentra-
tion in total RNA was only reduced by 10% in the absence of
residue W,, in U2 snRNA. The observed difference is at the
limit of the accuracy of mRNA quantification by primer exten-
sion analysis.

Since the S. cerevisiae U3 snoRNA is produced from a pre-
cursor RNA that is spliced in a spliceosome and since the
branch-point sequence of the U3 snRNA intron shows a sub-
stitution at the 5" extremity compared to the consensus branch-
site sequence (64), we tested whether splicing of this substrate
may be more dramatically alterated by the absence of a ¥
residue at position 44 of U2 snRNA. For this purpose, North-
ern blot analysis was performed with total RNA extracted from
the wild-type and the pus! ™~ strains (Fig. 6B). An S. cerevisiae
strain carrying a mutant U3 snoRNA gene that produces a
pre-U3 snoRNA with a splicing defect (plasmid pU3U14ds5")
(61) was used as a control. In this strain, the pre-U3 snoRNA
and its main degradation product accumulate (24). As shown
in Fig. 6B, the level of mature U3 snoRNA was very slightly
decreased in the absence of ¥, in U2 snRNA. However, here
again it was at the limit of the accuracy of this kind of exper-
iment. Furthermore, no accumulation of the U3 snoRNA pre-
cursor was detected. Hence, at least for the two pre-RNAs
tested, the presence of a V¥ residue at position 44 of U2 snRNA
did not show a strong effect on splicing efficiency. As no pre-
cursor accumulation was detected, the slight differences ob-
served were perhaps not due to a splicing defect but to differ-
ences in RNA stability in the pus! ™ strain.

DISCUSSION

S. cerevisiae spliceosomal UsnRNAs contain a few W resi-
dues located at sites of RNA-RNA or RNA-protein interac-
tions. We detected only six ¥ residues in the studied regions of
S. cerevisiae UsnRNAs. This is significantly lower than the 23
and 20 residues found in the corresponding parts of rat hepa-
toma and plant UsnRNAs, respectively (for a review, see ref-
erence 55). A low number of ¥ residues in RNAs seems to be
a general feature of yeasts, as only nine V¥ residues were de-
tected in the S. pombe spliceosomal UsnRNAs (28), and a low
level of W residues was also observed for rRNAs and tRNAs in
yeasts (7, 9, 16, 100).

Despite the absence of phenotype when there was a lack of
W formation at position 44 of the S. cerevisiae U2 snRNA and
the very low effect that we detected on the level of rpS1A
mRNAs and U3 snoRNA, which are among the very few S.
cerevisiae RNAs processed in a spliceosome, it is noteworthy that
the six W residues that we detected in S. cerevisiae UsnRNAs are
evolutionarilly conserved. Furthermore, they are all located in
or very close to the UsnRNA segments involved in intermo-
lecular RNA-RNA interactions within the spliceosomes (Fig.
3A). Altogether, this suggests that at least some of them may
have a functional importance. In Ul snRNA, the two V¥ resi-
dues detected are located in the segment that base pairs with
the 5’ extremity of introns. Posttranscriptional modifications at
position 5 and 6 of the Ul snRNA are nearly universal. Two ¥
residues are found at these positions in vertebrates and insects
(Fig. 3B), in plants a ¥m residue is present at position 5 and a
Um residue is found at position 6. Surprisingly, only position 5
shows a posttranscriptional modification in S. pombe (28). In
the S. cerevisiae Ul snRNA-intron interaction, residue Wy of
Ul snRNA faces residue U, of the intron (Fig. 3A). The
presence of a U residue at position 4 of yeast introns is re-
quired for the interaction with U6 snRNA in the active con-
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FIG. 6. No marked effect of the PUS! gene deletion on rp51A pre-mRNA and pre-U3 snoRNA splicing. In panel A, total RNA extracted from wild-type (WT) and
the pusl~ strains were analyzed by primer extension analysis under the conditions described in Materials and Methods that allow rpS1A pre-mRNA and mRNA
quantification. The pusI ~ strain primer extension analyses with the rp51A primer were performed on 10 pg (lane 5), 20 g (lane 6), or 50 pg (lane 7) of total RNA,
and for the wild-type strain the experiments were performed with 10 (lane 8) or 50 wg (lane 9) of total RNA, respectively. Control extension experiments with the Ul
primer were performed with 5 pg (lanes 1 and 3) or 15 pg (lanes 2 and 4) of total RNA. The cDNA fractionation was performed on a 5% sequencing gel; only the
portions of the gel corresponding to the two expected rp5S1IA mRNA extension products are shown. The cDNA amounts in the Ul and rp51A bands of gel were
estimated by PhosphorImager measurement. In panel B, total RNA extracted from the wild-type and the disrupted pusl~ strains was analyzed by Southern blot
hybridization by using a labeled oligonucleotide complementary to the yeast U3 snoRNA from position 1 to 16 (92). In vitro transcripts corresponding to the pre-U3
snoRNA and the U3 snoRNA, respectively, were used as controls (the two lanes on the left), as well as the total RNA extracted from a pU3U16ds5’ strain that shows
the accumulation of unspliced and degraded pre-U3 snoRNA (24). The 3?P amounts in the U3 signals obtained for the wild-type and pusI ~ strains were compared by

PhosphorImager analysis.

formation of the spliceosome (Fig. 3A) (41, 52, 91), and the
conversion of the Ws-U, pair into a canonical Watson-Crick
pair in the Ul snRNA-intron interaction results in a 50%
increase of the cell doubling time (96). In this context, ¥
formation at position 5 of Ul snRNA may be of functional
importance.

Among the 12 V¥ residues detected in the rat hepatoma U2
snRNA (Fig. 2A and 3B), only 3 are conserved in the S.
cerevisiae U2 snRNA (Fig. 2C and 3A). None are found in the
27-nt 5'-terminal segment, whose modification at the posttran-
scriptional level was found to be essential for vertebrate U2
snRNA function (120). However, residue W55 may be of high
functional importance, since it is involved in one of the two
canonical base pairs that bulge out the A residue responsible
for the nucleophilic attack in the first step of the splicing
reaction. Helix stabilization by the presence of a W-A pair
(reviewed in references 2, 6, and 21) may be the reason for the
universal conservation of a W residue at this position. In ad-
dition, since it was shown for vertebrates that the branch-point
bulged structure is recognized by proteins (26, 80; for a review,
see reference 85), residue W55 may also be involved in this
recognition. The presence of a second W-A pair in the verte-
brate U2 snRNA-branch site interaction (Fig. 3B) may be
needed to compensate for the high degree of degeneracy of the
vertebrate branch-site sequence (for reviews, see references 39
and 89).

Using in vitro splicing assays, the effect of base substitutions
on splicing efficiency was tested for almost all residues of the
5’-terminal region of the S. cerevisiae U2 snRNA (56). Muta-
tions at position 35 resulted in a strong decrease in the splicing
efficiency. Pascolo and Séraphin (72) tested the effect of com-
pensatory mutations in the branch-site sequence and its U2
snRNA recognition element in vivo. However, the data ob-

tained for the U2 W;s-branch site As pair are not sufficient to
determine whether the presence of a W residue at position 35
is required for high splicing efficiency.

The S. cerevisiae Prp5, Prp9, Prpll, Prp21, and Cusl pro-
teins, which are homologous to proteins from the human splic-
ing factors SF3a and SF3b, associate with the S. cerevisiae U2
snRNA region from position 40 to 87 (36, 88, 110, 111, 119).
This region contains the ¥ residues 42 and 44. In addition, the
segments from positions 42 to 46 in the S. cerevisiae U2 snRNA
and from positions 42 to 49 in the vertebrate U2 snRNA were
found to form a base-pair interaction with U6 snRNA (Fig. 3).
Such interaction delineates helix I1I, which is needed for active
spliceosome formation in HeLa cells (102). In S. cerevisiae, no
growth defect was detected for base substitution at positions 42
of U2 snRNA (119). This argues against an essential role of the
U-to-¥ conversion at position 42. Mutations at position 44
strongly affected growth (119). However, based on the absence
of phenotype after deletion of the PUS! gene (reference 97 and
this study), the defect was not related to the absence of a
U-to-¥ conversion at this position. Indeed, a proposed expla-
nation of the defect was that the replacement of U,, (in fact,
W,,) by an A or a G residue favors an alternative conformation
of U2 snRNA which impairs active spliceosome formation
(119).

The ¥ residue at position 99 in the 5’-terminal loop of US
snRNA is at the border of the segment that interacts with the
exon extremities. Crystallographic and nuclear magnetic reso-
nance studies of the yeast tRNA”P and tRNAS™ showed an
essential role for W5, and W44 residues in the anticodon loop
for maintaining the conformation required for proper antico-
don recognition (5, 21, 22, 112, 113). As referred to this model,
it may be that the U5 snRNA W, favors a conformation of the
US snRNA 5'-terminal loop, which facilitates the correct align-
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ment of exons. In connection with this hypothesis, it should be
noticed that mutations affecting the 5'-terminal loop of S.
cerevisiae U5 snRNA block splicing after the first step of the
reaction (68).

In conclusion, based upon available genetic data and the
present work, four of the six W residues detected in the S.
cerevisiae spliceosomal UsnRNAs belong to RNA segments
involved in intermolecular interactions and may be of high
functional importance. The other two are not essential taken
individually. However, their conservation from yeasts to hu-
mans suggests that they may provide some selective advantage,
which is difficult to test in laboratory conditions.

Among several characterized yeast pseudouridine syn-
thases, only the Puslp tRNA-pseudouridine synthase acts on
spliceosomal UsnRNAs. In yeast tRNAs, W residues are found
at 15 different locations, and at least five or six distinct enzymes
are required for complete pseudouridylation of tRNAs. Only
three of them, Puslp (60), Pus3p (51), and Pus4p (10) have
been characterized. The S. cerevisiae 17S and 26S rRNAs con-
tain, respectively, 13 and 30 W residues (16, 69, 70). The recent
discovery of the snoRNA-guided mechanism of eukaryotic
rRNA pseudouridylation has allowed to assign the Cbf5p (in
yeast) and NAPS7 (in higher eukaryotic) enzymes as the ones
which act on the rRNA-snoRNP complex (25, 50). The S.
cerevisiae pseudouridine synthases responsible for U isomer-
ization in UsnRNAs have not been investigated so far. Studies
of UsnRNA-specific pseudouridine synthases have been re-
stricted to human cells. The results obtained revealed the pres-
ence of several distinct pseudouridine synthases; however,
none of them was identified or cloned (73-75, 77, 121, 122).

Since no decrease of the level of W residues was observed in
UsnRNAs upon Cbf5p protein depletion, whereas W synthesis
in rRNA was strongly affected, our results strongly suggest that
the Cbf5p enzyme is not involved in the pseudouridylation of
UsnRNAs in S. cerevisiae. This implies that the U-to-¥ con-
version in the S. cerevisiae spliceosomal UsnRNAs is not based
on the snoRNA guide mechanism involving the Cbf5p enzyme
(50). This is in contrast to the recently reported mechanism of
2'-O-methylation of the vertebrate U6 snRNA (43, 108). Our
results, obtained for yeasts, do not rule out the possibility that
some pseudouridylation in the vertebrate U6 snRNA is gen-
erated by the snoRNA-guided mechanism. The nonimplication
of CbfSp in S. cerevisiae spliceosomal UsnRNA pseudouridy-
lation may simply be due to the absence in S. cerevisiae U6
snRNA of an appropriate U residue that can be modified by
the Cbf5p-snoRNA system. A larger number of V¥ residues are
present in the vertebrate U6 snRNA (33), and some of them
may be generated by a snoRNA-guided mechanism.

Two of the characterized S. cerevisiae pseudouridine syn-
thases were found to act on tRNAs: Pus3p catalyzes the U
isomerization at positions 38 and 39 in tRNAs (51), and Pus4p
catalyzes the isomerization at position 55 (10). Our data show
that these enzymes are not involved in the modification of
UsnRNAs. Both of them are highly dependent on the global
tRNA three-dimensional structure (10, 51), which probably ex-
plains their absence of reactivity on UsnRNAs. In contrast, Puslp
catalyzes W formation at eight different sites in various tRNAs
(positions 26 to 28, 34 to 36, 65, and 67) (60). Pseudouridine
formation at the anticodon positions 34, 35, and 36 depends on
the presence of an intron in tRNA, but it does not require the
intact three-dimensional tRNA architecture (97, 104). These re-
sults obtained with tRNA substrates allowed the authors of these
studies to conclude that Pus1p recognizes only a limited structural
domain in RNA. The results presented here demonstrate that
Puslp is also capable of modifying, both in vivo and in vitro, one
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of the uridine residues (U,,) in U2 snRNA. Evidently, this en-
zyme shows a dual specificity for both tRNA and snRNA.

The only well-documented case of a pseudouridine synthase
with substrate dual specificity concerns the E. coli pseudouri-
dine synthase RluAp. This enzyme catalyzes U-to-¥ conver-
sion at position 32 in several tRNAs and at position 746 in 23S
rRNA (115). This dual specificity towards tRNA and rRNA
was observed in vitro with synthetic RNA transcripts. In this
case, the dual specificity was attributed to the recognition of a
consensus sequence (UUNAAAA, where N is any of the four
nucleotides) that is present in both the tRNA anticodon loop
and in the loop of 23S rRNA bearing residue U,,¢. Similarly,
the E. coli tRNA-Us,-methyltransferase catalyzes the in vitro
formation of m°Us, in tRNA and m°U,g in a 16S rRNA
fragment produced by in vitro transcription (29). However, no
m°U residue has been found in naturally occurring E. coli
rRNA, attesting that in vitro assays do not necessarily reflect
the in vivo situation.

How does Puslp act on substrates with different architec-
tures? From the present results, we can conclude that Puslp
does not require an external guide RNA for the formation of
V,, in U2 snRNA, since we obtained V¥,, formation in vitro by
using an RNA transcript and the purified enzyme. Previous
results on tRNA modification suggest that Puslp requires a
double-stranded RNA portion for binding, while the target
uridine should be present in a rather flexible RNA structure
(internal loop or even single-strand) (60). The target nucleo-
tide in U2 snRNA is in a single-stranded region, which was
confirmed by secondary-structure probing on the U2 snRNA
transcript (data not shown), and no common sequence element
was found for Puslp target sites in tRNAs and in U2 snRNA.
To identify the determinants required for U-to-W¥ conversion
at position 44 by the Puslp enzyme, a mutational analysis of
the U2 snRNA target site is underway.

The presence of numerous ¥ and 2'-O-methylated residues
in eukaryotic tRNAs, rRNAs, and UsnRNAs raises the impor-
tant question of how many enzymes are required to account for
all of these posttranscriptional modifications. To minimize the
number of required enzymes, the cell seems to use two main
strategies: (i) the involvement of guide RNAs conferring dif-
ferent specificities to a unique enzymatic machinery and (ii)
the utilization of a unique multisite-specific enzyme that allows
the formation of posttranscriptional modifications at different
locations in a given type of RNA, as well as in different RNA
substrates, and this is exemplified by our observation with the
Puslp enzyme.

However, the observation that Puslp catalyzes only one of
the W residues detected in the S. cerevisiae UsnRNAs is in agree-
ment with the previous observation for vertebrate UsnRNAs
showing the involvement of several pseudouridine synthases
(73-75). Other putative pseudouridine synthase genes are
present in the S. cerevisiae genome, and we have initiated
systematic gene disruption experiments in order to identify the
enzymes responsible for the formation of the five other ¥
residues that were detected in this study.
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