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Abstract
charomyes pombe, two movel noncoding RNAs, termed Sp15-70 and Sp18-61, have been identified Bioinformatics analysis reveals that

Through constructing a specialized cDNA library based on small RNA's isolated from partial purified nuclei of Schizosac-

both the novel RNAs possess a typical secondary structure of box H/ACA snoRN A and antisense elements to rRN As. A ccording to the re-
lationship between the structure and function of box H/ ACA snoRNA, Spl5-70 was predicted to direct pseudouridylation in 25S rRNA at
U2401 and U2298; Sp18& 61 was predicted to direct pseudouridyhtion in 18S rRNA at U208 and 255 rRNA at U2341. The four predict-
ed pseudouridylation sites w ere all verified experimentally by the C M G-primer extension analysis. Both Spl5-70 and Spl8-61 were encoded
by single copies which were located in the intergenic regions betw een the CDS of two protein-coding genes on chromosome I and [l of
S. pombe respectively. Putative TATA-like elements can be found upstream from the 5" end of these snoRNA genes, suggesting that
they could be transcribed from their ow n promoters. Comparison of the two snoRNAs and their functional homobgues in diverse organisms
reveals that extensive recombinations among different snoRNAs have occurred during the evolution from their primitive progenitors.

Keywords: box H/ACA snoRNA, RNA pseudouridylation, gene evolution, Schizosaccharomyces pombe.

In eukaryotes, alarge number of small nucleolar
RNAs (snoRNAs) accumulated within the nucleolus
play important roles in precursor ribosomal RNA
(pre-RNA ) processing and maturation' . All snoR-
NAs with the exception of RNase MRP,
broadly divided into two expending groups, box C/D
and H/ACA snoRNAs, based on conserved sequence
elements 7. Box C/D snoRNAs contain two con-
served short sequence motifs, box C (UGAUGA) and
box D (CUGA), located only a few nucleotides aw ay
from the 5 and 3" ends, respectively, generally as

can be

part of a typical 5'-3" terminal stem-box structure.
Guiding of 2'-0 -methlation involves base-pairing of
10 to 21 nt-long sequence positioned upstream of box
D (or D) to the target RN A, with the nucleotide po-
sitioned 5 base pairs upstream of the D/ D’ box being
selected for methylation ™ . Box H/ACA snoRNAs
are characterized by the presence of a “hairpin-hinge-
hairpin-tail” secondary structure and two conserved
sequence motifs, the H (ANANNA) and ACA box-
es, located in the single-stranded hinge and tail re-
respectively. Most of known box H/ACA
snoRNAs are rRNA pseudouridylation guides and

gions,

possess bipartite guide sequences in the internal loop
of one or both of the two hairpin domains. The guide

sequences complementary to target RNAs can form a
9—13 bp duplex that defines the site of pseudouridy-

. 6
latlon[ >4

Recent studies showing the diversity and
complexity of two sno RN A guide families continue to
expand with the discovery of snoRNAs possessing
novel structure and function. A novel type of RNAs,
exhibiting structural features of both box C/D and H/
ACA snoRNAs, have been demonstrated in mammal
to function as a guide to RN As in site-specific sy nthe-
sis of 2,-0-ribosome-methylated nucleotides and pseu-
douridines in spliceosomal small nuclear RNAs (snR-
NAs) transcribed by the RNA polymerase Y,
However, these guide RNAs exclusively accumulate
within the cajal bodies rather than nucleolus and
hence are termed scaRNAs (small cajal body-specific
RNAs). Homologues of the two families of snoRNAs
have been recently identified in Archaed °'" and
even a box C/D snoRNA homolog from Archaea plays
a role in tRNA methylation'?. In addition, an in-
creasing number of novel members of “orphan snoR-
NAs”I ! B8 imprinted snoRNAs and tissue-spe-
cificE l3111(;QEZ{NAS have been identified and character-
ized 7.

tion of sno RN As are far more abundant and complex

It is certain that the structure and func-

than what have been anticipated.
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Schizosacharomycs pombe is a single-celled
free-living organism. Although both S. pombe and
S. cerevisiae belong to Ascomycetes, many findings
show that S. pombe differs from S. cerevisiae but
resembles higher eukaryotes in some aspects such as
T

has been served as an excellent model organism for

pre-snRN A processing and modification

the study of pre-RN A processing and modification. 1-
dentification of S. pombe snoRNAs and study on
their structure, function and expression are signifi-
cant in revealing the mechanisms of modification and
maturation of RNAs in eukaryotes. To date, 21 box
H/ ACA snoRN As have been characterized in the bud-
ding yeast S. cerevisiad =", while only 3 box H/
ACA snoRNAs were identified in S. pombe and one
of them was verified to be served as a guide for pseu-
douridy lation in rRNA!*? | Obvioudy, the box H/AC
snoRNAs especially the guides for pseudouridy-
lation, have been underestimated in the fission yeast
genome. With the goal of finding and identifying
novel box H/ACA snoRNAs, we have constructed a
specialized ¢DNA library with small RNAs from
S. pombe nucleoli. Through screening of the ¢cDNA
library and DN A sequencing, six sequences exhibiting
the conserved motifs of box H/ACA snoRNA were
obtained and two of these were confirmed to be box
H/ACA snoRNAs which were expressed stably in
cells. The structures, functions and genomic organi-
zations of these two snoRNAs were further analyzed
and an evolutionary mechanism for the snoRNAs was
discussed.

1 Materials and methods

1.1 Strains and media

The S. pombe wild-type haploid strain sp972
was used for construction of the cDNA library and all
RNA analyses. This strain was grown in rich YPD
medium (1% yeast extract, 1% peptone, 2% glu-
cose) at 30 C.  Escherichia coli strain TGI | F'/
supE, hsd 25, thi NClacproAB )] grown on 2 X
YT(1.6% Bacto tryptone, 1% Bacto yeast extract,
0.5% NaCD liquid or solid medium was used for all

cloning procedures.

1.2 Nuclear RN As isolation and ¢cDNA library con-

struction

Preparation and purification of nuclei from S.
pombe were essentially performed as described previ-
ously. ?! . Briefly, after the digestion of the cell by ly-

wallzyme, spheroplasts were lysed using a homoge-
nizer in the F-buffer containing 18% Ficoll 400,
20 mmol/L.  PIPES, 0.5mmol/L. MgCl2 and
I mmol/L PMSF. The lysate was then transferred to
50 %, 40% and 30% Ficoll step gradients and cen-
trifuged at 58000 g for 60 min at 2 ‘C. The nuclei oc-
curred on the 40% —50% interface. Nuclear RNAs
were then isolated and purified from the nucleus pellet
by gﬂanidine thiocyanate/ phenol-chloroform ex trac-
tion

For ¢DNA library construction, 8#g of nuclear
RN As were tailed with ATP by using the poly (A)
polymerase (Takara). A-tailed RNA was subsequently
reversely transcribed into ¢cDNA by using the primer
poly (T) and 10 U of AMV reverse transcriplase
(Promega). The reaction mixture was size fractionat-
ed on 8% polyacrylamide-8 mol/ L. urea gels. Subse-
quently, ¢DNAs ranging in size from 50 to 500 nt
were excised and eluted from the gels. The ¢cDNA
was tailed at the 3" end with dGTP by using 7 U of
terminal  deoxynucleotidyl transferase ( TDT,
Takara). G-tailed cDNAs were then amplified by
PCR with a forward primer Hind [IF(T )16 having a
Hind Il restriction site and a reverse primer BamH
I -(C)16 carrying a BamH]1 restriction site. After
digestion with Hind Illand BamH [ , the amplified
fragment was cloned into the corresponding restric-

tion site of pTZ18 and transformed into the strain
TG1of E. coli.

1.3 ¢DNA library screen and DNA sequence analy-
ses

To exclude clones carrying rRNA fragments and
known small RNAs the library was screened by 5
2p-end labeled oligonucleotides antisense to known
small RNAs and random-priming probes derived from
18S and 28S rRN A genes. Duplicate membranes were
hybridized with the labeled probes and then exposed
to a phosphor screen and analyzed by Typhoon 8600
variable mode imager. Only the clones showing low
hy bridization signals were selected for DNA sequenc-
ing. Sequencing of the clones was performed with an
automatic DNA sequencer (ABI Prism 377) by using
the BigDye terminator cycle sequencing kit (PE Ap-
plied Biosystems) and the P47 and P48 universal

primers.

Genomic locations of the sequences from the ¢D-
NA library were analyzed by using BLAST program
from, GenBank .Chitp: //www. ncbi. nlm. nih. gov/
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BLAST/). The secondary structures of the novel box
H/ACA snoRNAs were analyzed by the mfold pro-

gram Chttp: //www . bioinfo. 1pi. edu/applications/
mfold/ old/ rna/form1. cgi).

1.4 RNA analyses

Total cellular RNA was extracted from exponen-
tially growing cultures of S. pombe using ahot phe-
nol method as described previously!*? . For Northern
analysis, 15g total cellular RNA was separated by
electrophoresis on 8% acrylamide-8 mol/ L urea gels
and then electrotransferred onto nylon membrane
(Hybond-N +, Amersham), followed by UV light
irradiation for 4 min. Subsequently, hybridization
with 5" end labeled probes was performed[ ' The
membranes were exposed to a phosphor screen and
analy zed by the Typhoon 8600 variable mode imager.
Reverse transcription was carried out in 20#L reac-
tion mixture containing 15%g of total cellular RNA,
8 ng 5" end labeled primer and 500 #mol/ L. dNTPs.
After being denatured at 65 'C for 5 min and then
cooled to 42 ' 200 units of M-MLV reverse tran-
scriptase (Promega) were added and the extension
was carried out at 42 'C for 50 min. The ¢DNAs
were separated on 8% acrylamide-8 mol/ L urea gels,
and then analyzed by the imager.

1.5 rRNA pseudouridylated site mapping

The mapping of rRNA pseudouridylated sites
was performed essentially according to the CMC (N-
cyclohexyl—N/—B—(4—methyl morpholinium ) ethylcar-
bodiimide p-tosylate )-primer extension method ¥ .
50tg of total cellular RNA was treated with 100#L
of 0.17mmol/L CMC at 37 C for 20 min. Subse-
quently, the CMC-treated RNA was subjected to al-
kali hydrolysis in the presence of 50 mmol/L Na;CO3
(pH 10.4) at 37 C for 4h. As a control, another
50#g of total RNA, untreated with CM C, was sub-
jected to alkali hydrolysis under the same conditions.
Reverse transcriptions were carried out in the pres-
ence of 3—5"g CMC-treated or -untreated RN A and
an appropriate primer labeled at the 5"-end with **P.
The rDNA fragments of S. pombe 18S and 255
rRNAs were amplified by PCR with the primer pairs
Sp-18F/Sp-18R and Sp-25F/Sp-25-R, respectively,
and then cloned into the pMD18-T vector. The plas-
mid DN A insert was directly sequenced with the same
primer as used for rRNA pseudouridy lation mapping
and run in parallel with the reverse transcription reac-
tions on 8 % poly acrylamide denaturing gels. In the

reaction of RNA with CMC, although CMC links to
U, G and pseudouridine,
adduct from U and G but not from the N3 of pseu-
douridine. The CMC group at the N3 position of
pseudouridine efficiently blocks reverse transcription,

alkali can remove the

. . . !/
resulting in a stop band one residue 3 to the pseu-

douridine on sequencing gels ™ . So the pseu-
douridines in RNA molecules can be mapped
precisely .

1.6 Oligonucleotides

The oligonucleotides listed below were synthe-
sized and purified by Sangon Co. (Shanghai, Chi-
na). They were 5" 32P-end labeled according to a
standard protocol and directly used as probes for
Northern hybridization or submitted to a prior purifi-
cation by electrophoresis on 8 %) acrylamide-8 mol/ L
urea gels before utilization as primer for reverse tran-
scription and rDN A sequencing.

The oligonucleotides used for construction of the
cDNA library were as follows: Hind IIF(T) 16 (5"
CCCCAAAAGCTTTTTTTTTTTTTTTT-3"),
BamH 1-(C) 16 (5-GGAATTCGGATCCC-
CCCCCCCCCCCCC-3"). Those used for Northem
blotting and reverse transcription were as follows:
Pspl5-70 (5 "“CAGGCAACGAAAAATCAAACTAA-
3", Pspl8-61 (5'-GACACATAGAGGG TTTTCCA-
TAGA-3"). The oligonucleotides used for mapping of
ribose pseudouridines were; 18S-251 (5-ATTC-
GAAAAGTTATTATGAC3), 2552371 (5-CAC-
TAGTTAGATGACGAGG-3"), and 2552425 (5'-
TCGCTAGATAGTAGATAGG-3). The oligonu-
cleotides used for PC R amplification of S'. pombe 18S
and 25S rRNA gene fragments were: Sp-18F 5'-
TACCTGGTTGATCCTGCCAG-3"), Sp18R (5'-
TGATCCTTCCGCAGGTTCACC-3), Sp-25F (5'-
CCTCAAATCAGGTAGGACTAC-3"), and Sp-25R
(5 -GGCTTAATCTCAGCAGATCG-3).

2 Results

2.1 Identification of two novel box H/ ACA snoR-
NAs from S. pombe

A ¢DNA library was generated with small RNAs
isolated from purified nuclei of S. pombe. By screen-
ing of the cDNA library and DNA sequencing, we ob-
tained 6 sequences exhibiting the conserved motifs
ANANNA and ACA in the single-stranded hinge and
tail regions, respectively, and sized from 140 to 210
nto (Table 101 These melecules were further arialyzed
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Table 1. The sequences of six box H/ ACA snoRNA candidates deter-
mined from the S. pombe ¢cDNA library

snoRNA )

Sequence®
Sp15-70  TTTGCACTATTAATCAGAAATAGTTCACAGTTTA-
TGAGCGTATT TCCTTCATGCAGTGCAT AGAATAA -

TGTTTTCATACTCACTTTACCCTCAGGTGCTTCA-
AACTAACTTAGTTTGAT TTTTCG TTGCCTGCGGG-

CCATACATGTATGAT ATA TTTC

Sp18-61 ttattgcaaccttctaataactttacatcticttat ccanagaagaagggttagaatg-
taccgtgttttacggaagttccattcccgtagggttacaat gtgttget agaata -
aaccgtaagt catagtacatatagaggccaattetgtaaacttt TTTA AA G-
TCTATGGAAAACCCTCTATGTGTCTCCAATAGA-
GAACGG ACA TCTC

Sp12-35 AATTTGAAGGTATTGAGAAACTCAGCTATGTTGA-
ATTAATGCAATCGTATACGAAATTACTTCAATGT-
GTATATTATTTTGCCATC ACAAAT ACTCCTTT-
GCAATTCATGTTAAAAAATAGCACTACGT TCA-
TGTGAAAAATTATAACAGAATTATAA ACA TAT

Sp17-2  GGAATGTCTCCCTTGCCAGTACTGCTAGGGTTTTT-
CTTTCAAACTATGGAAGCCCATTCAAGCTGC AT -

ATTACGATTTTGTTTTTCGCTTT TAGAAAGTGG-
TTTAGATGAGATAATAGAAAAATTCTTGATCTCCG-
ACA GAT

Sp17-10 ATGAATCTGAAGTTACATTGTTCAGATTCTT TCG-
AGAATCTTGCGTGTAACATGGT TGGCGTG TAGAG-
GTTG ACAAGAGTACAGACAGGGCGGCGATTGT-
CCTTGCAGTTTCGACTGCAGGTTGAGAGTTGGCG-
TCTTGCCATGAAAAT TGACTAAAGGATGCTGCGT-
AGCCTAGCCA ACA GATT

Sp17-17 ACACAACTAAAATCAAATGATGAACGAGTTT TTAA-
ATTGAGT TTGAGCGCCCTAATCAAGTGCTCTAACT-
CGCTCCATGGAGTCTTTGGATTTTATGGATG TGGG-
GCATTG AGAAGA CGACCTCGCTCTTTCACCACC-

TTTTTGGGGTCGAATGTTGTTCTG AGA TTT

a) All the sequences determined from ¢cDNA are in uppercase let-

ters. Spl8-61 has partial cDNA sequence but its intact sequence has
been derived from genomic sequence (in low ercase letters) according to
our Northem blot and reverse transcription analyses. Box H and ACA
motifs in the sequences are shaded

by Northem blot hybridization with antisense probes
that were synthesized according to the ¢cDNA se-
quences. Sp15-70 and Spl8-61 were positively de-
tected (Fig. 1(a)), suggesting that they are snoR-
NAs expressed stably in cells of S. pombe. The size
of Sp15-70 revealed by Northem blot is 158 nt, a-
greeing well with that of the cDNA sequence, while
the size of Sp18-61 revealed is larger than its ¢cDNA
size. Reverse transcription was employed to deter-
mine the 5 terminal of Sp18-61 (Fig. 1(h)) and its
full sequence was obtained from genomic sequence
database of S. pombe according to the results of
Northern blot and reverse transcription (Table 1).
As compared with known snoRNAs, these two snoR-
NAs were identified for the first time experimentally

from S. pombe. The remaining four snoRNA candi-
dates have no hybridization signals in the Northem
analysis. It is not clear if the transcriptions of these
candidates were too low to be detected by the North-
ern blot or the sequences were not accumulated stably
in the cells.

M Spl5-70 M Spl&6l M Spis-ol
267 Nl w— st _3,(‘? nt -
2340l - —— ;34 nt -
Ton = oo TR
2 nt 2n
oy 183n .
-
124 nt - - 1241 ==
104 nt s —_— 104 nt -
(a) (b)

Fig. 1.  Positive detection of the box H/ ACA smoRNAs. (a)
Northem hybridization; (b) reverse transcription. Lane M, molec-
ular weight markers (pBR322 digested with Hae 111 and 5"end la-

beled with [Y-32P] ATP).

2.2  Structure and function of the two novel snoR-
NAs

Analysis of the secondary structures of Spl5-70
and Spl18-61 showed that both of them share the
canonical structural features of box H/ACA snoRNA
family, i. e. “hairpin-hinge-hairpin-tail” secondary
structure and two conserved sequence motifs, the H
(ANANNA) and ACA boxes, located in the single-
stranded hinge and tail regions, respectively (Fig. 2
(a)). All of the “pseudouridylation pockets” (first
loop) on every hairpin-like domain of these two snoR-
NA's contain two short (8 —12 nt) single-stranded se-
quences. Comparison of these single sequences with
any portion of the S. pombe 18S and 255 rRN As re-
vealed that every pseudouridine pocket possesses a re-
gion complementary to rRNAs and the bipartite anti-
sense sequences are 3—9 nt in length (Fig. 2(bh)).
According to the relationship between the structure
and function of box H/ACA snoRNA, Spl5-70 was
predicted to direct the pseudouridylation of U2401
and U2298 in 25S rRNA, and Sp18-61 was predicted
to direct the pseudouridylation of U208 in 18S rRN A
and U2341 in 25S rRNA. Notably, the spacing be-
tween the selected pseudouridine and the H or ACA
box of the snoRNAs was remarkably conserved in
about 14—16 nt, which is a critical determinant of
pseudouridylation site.
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Sp15-70 uuzlmucl: chzmec (v),[AGARTA] AG UA| Spls-70 UCACOUT CAU(N)y
i
258 rRNA ARUUAGG ‘I-'AP.GUACG 258 rRNA AGUGARACYGUA
2401 2298
zz—ﬁ-m ﬂzﬁ-tas
C-G C-G
A-U H-box A-0U
Spl8-61 UCUARUA' ~UACR(N)y[RGAAUR SPIS-61 AGUCAUAGU  COCC (1) p[Aca]
11 [
185 rRNA AGAUUAUU ¥ AUGU 255 rRNA UCAGUJ\GCAR‘FGAGG
208 234

Fig. 2. Secondary structural and functional analyses of snoRNAs. (a) Secondary structures of snoRNAs Box H and ACA motifs are
boxed. (b) Potential base-pairing interactions betw een snoRN As and rRNAs. The snoRNA sequences in a 53" orientation are shown in
the upper strands, and hairpin domains are schematized by a solid ne. rRNA sequences in a 3"-5' orientation are shown in the lower

strands, in which predicted pseudouridylation sites are denoted by “¥”.

2.3 Determination of the rRNA pseudouridylation GACT I 2 GACTI 2
sites by the novel snoRN As ar _* * =2
- e & =

The four pseudouridylation sites predicted by a® =8, 9201/258 g =8 —wnesi2ss
Spl1570 and Spl8-61 were verified by CM C-primer : » z -
extension analysis. As shown in Fig. 3, when reverse == - o . ;
transcription analyses were carried out using the z ] - E
CMC-treated total cellular RNA as templates, the S -
pauses related to pseudouridylated nucleotide on 18S S i o 2 S e
rRNA at U208 and 25S rRNA at U2298, U2341 and 5a 1§ B _T®  W¥2341/25
U2401 were precisely determined, suggesting that _—— g . PR/ 188 T | Y8454
they are all indeed pseudouridylated nucleotides. In - = e —y3s|/25s
addition, in the assay to determine the 2341 in 255 *2 4 y - ; ®  —¥2353/258
rRNA, three closely clustered pseudouridylation ' a : - :
sites, ¥2345, W2351 and W2353, were also mapped ' —
precisely (Flg 3). Compan'son of rRNA pseu- Fig. 3. Detemination of the rRNA pseudouridylation sites hy
doulidylation sites among yeast, plant and animal CM C-primer extension method. Lane 1, reverse transcription with

CMC-treated total RNA; lane2, reveme transcription reaction with
CM C-untreated total RNA; lanes A, C, G and T, the MDNA se-

. quence ladder; positions of pseudouridine residues are indicated by
nate snoRNAs in S. pombe have not been found. armws.

shows these clustered pseudouridylation sites are most

[27. 28]

highly conserved in evolution » while their cog-
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2.4 Genomic organization of the novel snoRNA
genes

The genomic locations of these two box H/ ACA
snoRNAs were confirmed by searching genomic se-
quence of S. pombe with BLAST program. Both
Sp17-70 and Sp18-61 were encoded by a single copy

SPACIB3.05 ORF

S ——

Spls-70

=

gene and located in the intergenic regions, sized 1247
and 720 nt, between the CDS of two protein-coding
genes in S. pombe chromosomes I and III, respec-
tively (Fig. 4). Putative TAT A-like elements can be
found upstream of the 5" end of these snoRN A genes
suggesting that they could be transcribed indepen-
dently from their own promoters.

SPACIB3.06¢c ORF

48T m

<

602t

(a)

SPCC24B10.13 ORF Spl8-61 SPCC24B10.14¢ ORF

385t 125 nt
(b)

Fig. 4.

SnoRN A genes are shown by black arrows and protein-coding genes by gray arrows (not drawn to scale). Numbers under the lines indicate

Locations of the two novel snoRNA genes. (a) and (b) represent the locations of Sp15-70 and Sp18-61 genes respectively.

the szes of the intergenic regions between snoRNA genes and p oteinrcoding genes.

3 Discussion

To date, two main methods have been developed
for finding and identifying novel non-coding RNA
genes. Computational RNomics is largely based on
the search of conserved sequences and structure ele-
ments of novel noncoding RNAs
databasd 2% %
pends on the construction and sequencing of special-
ized cDNA  libraries enriched with  small
RNA'"" B9 The presence of hallmark boxes and
long complementarity to the site of ribose methylation
in box C/D snoRNAs allowed many of them to be i-

dentified by computational researches of completely

in  gemonic

; whereas experimental RNomics de-

sequenced genomes. A large number of novel box C/
D snoRN As have been identified so far through com-
putational RNomics from §. cerivisera”", A.

thaliand ™ and 0. sativa®?. In contrast, no ef-
fective computational genomic search of box H/ ACA
snoRNAs has been reported yets mainly due to short-
er box motif sequences and shorter bipartite guide se-
quences. Recently, a new algorithm taking the fold-
ing parameters in RNA molecule into account has
been developed to screen yeast genome for novel box

H/ACA snoRNAg 3.

method is insufficient for identifying novel box H/

However, the computational

ACA snoRNAs with diverse sequence motifs and
structure, especially for the orphan snoRNAs. In
fact, to date box H/ACA snoRNAs have been exclu-
sively discovered by experimental approaches. In this
study, we obtained six sequences with the property of
conserved motifs of box H/ACA snoRNAs through
generating a specialized ¢cDNA library based on small
nuclear RNA of §. pombe and ¢cDNA sequencing,

and two of these, Sp15-70 and Sp18-61, were con-
firmed to be novel snoRNAs and expressed stably in
cells. The four pseudouridylation sites directed by
Sp15-70 and Sp18-61 are phylogenetically conserved.
However, it is unlikely to identify the homologues of
Sp15-70 and Sp18-61 in other organisms by BLASTN
search in GenBank database. This once more empha-
sizes the importance of experimental RNomics for

finding novel box H/ACA snoRN As.

Many box H/ ACA sno RN As have two functional
elements that guide respectively two pseudouridy-
lation sites phylogenetically conserved. Comparison of
the bipartite sequence complementarities to rRNA and
the corresponding pseudouridylation target sites a-
mong different organisms reveals some homologous
sno RN As in distant organisms are partially homolo-
gous. As shown in Fig. 5(a), S. pombe Spl5-70
shares the guide sequence in pseudouridylation pocket
1 with pocket 1 of Arabidopsis snoR83 and pocket 2
of Drosophila melanogaster Dm-3, and shares the
other guide sequence with Arabidopsis snoR99.
While guide sequence in pocket 1 of Dm-3 is equiva-
lent to those in pocket 2 of S'. pombe Sp18-61, Ara-
bidopsis snoR92 and MBI-1 and so on. This compli-
cated pattern of snoRNA homologues suggests that
extensive recombinations (two guide sequence corre-
spond to different snoRNAs, respectively, in differ-
ent organism ) and transposition (equivalent guide se-
quences in counterparts located in different hairpin
domains) between different snoRNAs have occurred
during the evolution from their primitive progenitors.
Thus this large snoRN A gene family is an ideal model
forinvestigating the mechanisms of gene evolution.
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P1 ("W 2562 / 288)

l
| P2(¥2244/255)

P2 (*V 2341 / 258)

P2 (\F 3413/ 288)

[ P1er20s/18s)

I PL(¥ 220/ 185) |

Q 111 ﬁ_?
At snoR83  5'-GUUUCGCUG UAGUA-3'
Hs EZ 5'- UUUCGCUA UAGUA-3'

25S/28s rRNA 3'-CAARGCGACCYAUCAU-5'

7

5p Spli-6l 5'-UCUAAUA' ™ 'UACA -3'
Sp 1BS rRNA 3'-AGAUUAUUYAUGU -5'
Mm 18S rRNA 3'- GACUAUUYACGUG-5
Mm MBI-161 5'- CUGAUA, UGCAC-3'

Fig. 5. Analysis of box H/ ACA snoRNA homologues among distant organisms. (a) Schematic diagrams of correlation of some box H/ ACA snoR-

NAs among diverse organisms. SnoRNAs are represented by ovals. Pseudouridylation pockets of each box H/ACA snoRNA are boxed by rectan-

gks. P1 and P2 represent pseudouridylation pockets 1 and 2, respectively. The pockets in brokemrline boxes possess homologous guide sequences

that direct a phylogenetically conserved site of RN A pseudouridylation in different organisms (b) -V show the sequences of each s;oRNA— rRNA

duplkexes, respectively.

Genomic organization and expression of snoRNA

genes exhibit a striking diversity in different organ-

[ 35]

isms "7 . Almost all guide snoRNAsin vertebrates are

nested within introns of host gened **

and at most
one snoRNA is encoded in any particular intron,
which is processed from the premRNA by exonucle-

olytic digestion of the debranched lariat " .

In con-
trast, most plant sno RNAs are transcribed from gene
clusters as polycistronic transcripts which are pro-
cessed by endo- and exonucleases to release mature
snoRNAJ?* #3711y g,

snoRNA genes are transcribed independently and only

cerevisiae, a majority of

a few of them have been found in gene clusters or en-
coded in the intron of protein genes *"'  Both the two

novel box H/ ACA snoRN As identified in this study
are located in intergenic regions of protein-coding
genes, and express as monocistronic RNA tran-
scripts. The other three box H/ACA snoRNAs iden-
tified so far in S. pombe are also encoded by genes

. [ 2] : _
expressed independently ~, suggesting that mono

cistron is likely to be a predominant gemonic organi-

zation of box H/ ACA snoRNA genes in S. pombe.
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