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The high degree of rRNA pseudouridylation in Drosophila melanogaster
provides a good model for studying the genomic organization, structural
and functional diversity of box H/ACA small nucleolar RNAs
(snoRNAs). Accounting for both conserved sequence motifs and second-
ary structures, we have developed a computer-assisted method for box
H/ACA snoRNA searching. Ten snoRNA clusters containing 42 box
H/ACA snoRNAs were identified from D. melanogaster. Strikingly, they
are located in the introns of eight protein-coding genes. In contrast to the
mode of one snoRNA per intron so far observed in all animals, our results
demonstrate for the first time a novel polycistronic organization that
implies a different expression strategy for a box H/ACA snoRNA gene
when compared to box C/D snoRNAs in D. melanogaster. Mutiple iso-
forms of the box H/ACA snoRNAs, from which most clusters are
made up, were observed in D. melanogaster. The degree of sequence simi-
larity between the isoforms varies from 99% to 70%, implying duplication
events in different periods and a trend of enlarging the intronic snoRNA
clusters. The variation in the functional elements of the isoforms could
lead to partial alternation of snoRNA’s function in loss or gain of rRNA
complementary sequences and probably contributes to the great diversity
of rRNA pseudouridylation in D. melanogaster.

© 2004 Elsevier Ltd. All rights reserved.

Keywords: box H/ ACA snoRNA; intronic snoRNA gene cluster; rRNA
pseudouridylation; Drosophila melanogaster

Introduction

In eukaryotes, a myriad of small nucleolar RNAs

in the hinge region and an ACA triplet that is
always three nucleotides from the 3’ end of the
molecule.* Several snoRNAs, such as U3, snR30

(snoRNAs) are enriched in the nucleoli in the form
of small nucleolar ribonucleoprotein particles
(snoRNPs)."? Except for RNase MRP, all snoRNAs
fall into two major families, i.e. box C/D and box
H/ACA snoRNAs, on the basis of common
sequence motifs and structural features.®> A large
number of snoRNAs characterized so far are box
C/D snoRNAs that share two conserved motifs,
the 5 end box C (RUGAUGA) and the 3’ end box
D (CUGA); whereas the box H/ACA snoRNAs
exhibit a common hairpin-hinge-hairpin-tail
secondary structure with the H (ANANNA) motif

Abbreviations used: snoRNA, small nucleolar RNA;
snoRNPs, small nucleolar ribonucleoprotein particles.

E-mail address of the corresponding author:
Isbrc04@zsu.edu.cn

and RNase MRP, are required for specific cleavage
of pre-rRNAs.! However, the majority of box C/D
snoRNAs function as guides for site-specific 2'-O-
ribose methylation and most box H/ACA snoRNAs
as guides for pseudouridylation in the post-
transcriptional processing of diverse RNAs, such
as rRNAs,>® snRNAs!” and even tRNA.2

During the last decade, research on snoRNAs
has provided new, often quite unexpected, infor-
mation about their genomic locations that has
challenged some established principles on eukary-
otic gene organization and expression. So far as
we know, the genomic organization of snoRNAs
has shown greatest diversity among eukaryotes.
In the budding yeast Sacharomyces -cerevisiae,
most snoRNAs are independently transcribed as a
monocistronic unit from their own promoters.’

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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Table 1. The 47 box H/ ACA snoRNAs in the introns of eight host genes from D. melanogaster

rRNA target .

snoRNA Len (nt) Chr Location Host gene

5 Hairpin 3’ Hairpin
W28S-1135a 148 X 28 S ¥1135 2nd Intron snoRNA host gene I
W285-1135b 145 28 S V1135 (ribosomal protein S5 gene)
W285-1135¢ 143 28 S w1135
W28S-1135d 142 28'S V483 28 S V1135
W28S-1135e 151 28 S 1135
W285-1135f 151 28 S V1135
W185-1854a 139 18 S w1854 18 S w1937
¥185-1854b 139 18 S w1854 18 S w1937
W185-1854c 140 18 S w1854 18 S w1937
W28S-2876(snoR825) 140 28 S U2876 3rd Intron
W285-1192a 140 28 S w1192 28 S w2533 4th Intron
W285-1192b 138 28 S V1192
W285-1192¢ 134 28 S V1192
W285-1192d 135 28 S w1192
W285-2626 142 3R 28 S W2626 3rd Intron snoRNA host gene II
W185-1377a(snoR328) 139 18 S w1279 18 S w1377 (ribosomal protein S7 gene)
W185-1377b 138 18 S w1279 18 S w1377
W185-1377¢ 137 18 S w1279 18 S w1377
W185-1377d 136 18 S w1279 18 S w1377
W185-1377¢ 137 18 S w1279 18 S w1377
W285-2149(snoR143) 144 28 S U2149
W28S-3316a 132 2R 28 S w3316 4th Intron snoRNA host gene III
W285-3316b 141 28 S W3316 (Dom gene)
V185-841a(snoR66) 144 18 S w841
W285-3378 150 28 S w3378 6th Intron
W285-3316¢ 133 28 S 3316 7th Intron
W285-3316d 132 28 S W3316 28 S U584
W285-3316e 132 28 S w3316 28 S U584
W185-841b 138 18 S w841
W18S-841c 133 18 S w841
W185-841d 138 18 S w841
W285-1232 141 X 28 S U1232 1st Intron snoRNA host gene IV
W28S-1060 150 28 S w1060 2nd Intron (ribosomal protein L17 gene)
W285-3436a(snoR708) 141 28 S 3436
W285-3436b(snoR75) 143 28 S V3436
W285-1837a(snoR14) 137 3L 28 S w1837 28 S 3801 4th Intron snoRNA host gene V
W285-1837b 137 28 S w1837 28 S w2938 (proliferation-associated protein gene)
W28S-1837¢ 139 28 S V1837 28 S 2938
W185-1397 141 18 S w1397 6th Intron
W185-1347a 137 2R 18 S w1347 28 S W1313 2nd Intron snoRNA host gene VI
W185-1347b 143 18 S w1347 (poly(A)-binding protein gene)
W185-1347c(snoR203) 146 18 S w1347 28 S W1313
W285-3327a 140 3L 28 S ¥3327 18 S U1920 4th Intron snoRNA host gene VII
W285-3327b 140 28 S w3327 18 S U1920 (ribosomal protein S4 gene)
W285-3327c(snoR586) 140 28 S ¥3327 18 S U1920 5th Intron
W285-2719(snoR734) 145 X 28 S w2719 2nd Intron snoRNA host gene VIII
W185-531 152 18 S w531 28 S 1850 (ribosomal protein L22 gene)

All snoRNAs are named after the coordination of their rRNA pseudouridylation sites, and the isoforms of each snoRNA are
denoted by a, b, ¢, etc. snoRNAs previously identified by Yuan et al.* are indicated by their names in parentheses. W represents
rRNA pseudouridine sites that are conserved in S. cerevisize and/or mammals,” and the known rRNA pseudouridine bases deter-
mined previously' or mapped here. U denotes a predicted pseudouridine site that has not been confirmed experimentally.

However, the vast majority of animal snoRNAs, as
well as a small fraction of yeast snoRNAs, are
nested within introns of protein-coding genes,'"
demonstrating an alternative pathway of matu-
ration of snoRNAs and showing the important
role of the introns in the expression of genetic
information. This observation has been further
emphasized by the characterization of some non-
coding RNA genes that are exclusively transcribed
for the expression of intronic snoRNAs.''?

Another genomic organization is the snoRNA
gene cluster that was first discovered in plants''*
and then, intronic snoRNA clusters were found
in prevalence in the rice genome."'® Although
the snoRNA cluster has also been found in
yeasts”” and protozoa,'® this polycistronic
organization of snoRNA has never been reported
in metazoa.

The degree of rRNA pseudouridylation in
Drosophila melanogaster is the highest among all
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snoRNA host gene [

TGATGGCCTG CCGCATCGTC AAGCACTCGT TCGAGATCAT TCATCTGCTC ACCGGGGAGA Exon2
ACCCTCTGCA Ggtaaacatg cccatcccgt ccaaatgttc ccaattcca

w288
~1135a

aacttaaaac clcaltta
caa aaccattata aagcatatgc ggtaccttgg tttaaactga 300
tttaaaggga atcttcactg att
to w285
~1135h

gt attataga
] w28S
=1135¢

aagacaata gcatattagt ggatctttca caa
w288
-1135d

gaaag aaagcattca ttacagagat cagtgtec

w185
-1854a

tcct attctcagaa accgcegtg

w28S
-1135e

a 1200
agttaagcat tattcaccaa gggtatcatt atc
w188
~1854h

acctattc 1380

tcagaaaccyg cgtg

w28S
-1135f

aagtt aagcattatt 1500

caccaagggt atcattatc

u18S
-1854¢

a aaattctact ttggtgcttce 1680
gagtggatca agtgatagct tactcatttc gatttttttt tgtgacctet ttgecagATCC Exon3
TGGTCAGCGC CATCATCAAC TCGGGACCCC GTGAGGACTC CACCCGTATT GGARCGTGCCG
GTACCGTCCG TCGCCAGGCC GTCGATGTGT CGCCCCTGCG TCGCGTCAAC CAGgtgggtt 1860
tcttctgaag atttgccttc cagatgcatg tgctcacg

g w288
-2876

tc 2040

aattgcataa cacactttca ( 70nt ) tttttccgta tatttccttt agGCTATCTG Exond
GCTGCTGTGC ACTGGAGCTC GTGAGGCTGC CTTCAGGAAC ATCAAGACCA TCGCCGAGTG
CCTGGCTGAT GAGCTGATCA ACGCTGCTAA GGtgggtaaa ttgggcttgt ggcgagatca 2280
aagtgggaat gggg

E £ LA iR gU et w288
cgettgtaga cdags g aaccacgttc ac -1192a
ctagte atttcaac
288
Ge =1192b
ttat gaattagcat ttaggaactg attcgattag gatagcgg
ur 285
-1192¢
&
gcaaacta tttaagagtt ggtatataga gcttaataat
w28S
-1192d

gettt 2940
aaataagtta ( 130nt ) tttaaatgta tttccagGGA TCTTCCAACT CGTACGCCAT Exon5
CAAGBAGAAG GATGAGTTGG AGCGTGTCGC CAAGTCCAAC CGTTAAGGAG ACATCATCAC

Figure 1 (gene I) (legend on p.675)
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snoRNA host gene [I

ARGCGCATCC GCGTCAAGCT GGACGGCTCC CAGCTGGTCA AGGTGCACCT GGACAAGAAC

Exon3

CAGCAGACCA CCATTGRACA CRAARgtaagc ataagcatcc tccacctcaa agaagagtge

atcgtgtgtg ttagcag

gcg cgtacccteg atatttggge cttcegtgec atggagetca w285

atcttegeca ggggacgtcagg gccaattact cgttattgca ggcattagaa -2626
gccattgegg tcctgcatct ccaaatattg gctt

g gtcttttgat aca

cegttet W 18S
tgtgtttttc gotggotgtc cttocaaage cagtgattgt caaacagaac gtlacattalat -1377a
ggcagcttat cactccacaa tgttgagccg agttttcacg gttactgcat tactttccgg
ctcgc ca
ttacacac tcaaatcgat acttgaaacc atttaaacag tagaatgaaa 480

agtcaaataa gggggataac agatggatag aaagattata tgtttaaatg tacatagaac 540

tttcta

tcgt ttttgtgtta tttgctggaa gttacatcca aagccagtga ttgtcaaaca W8S

gaacgtfaat taatgcgget atcactccac aatgttgage cggetttcca gggetactge

attactttte ggctcgcc@ctc

=1377h

tegtag aatcttttaa ataccttggt ttctacca

ce
gttcttgtgt tattcgctag atcttttcat ggcctagcga gegtcaaaca gaacgdgaad

w18S
~1377c

[Egalagecaacg aatcactcca caatggtggg tctactttac caggactgeca tcattactaa

aggattge gtt

gaata tccacgagaa tgctaattgt gaact

tcgetaageg attacctaag ctcagegatt gtcaaacaga acgtlagattal actgccgeta

cegtt cttgtgttat w188
-1377d

atcactccac aatgttgagc cgactctcaa cggctactge attactatat gegedacatt

e

atgtcaatc aacacttagc ccttgaatac tttggtttcc atca

ttctggacgt tgttcaagtc cagcgatcegt caaacagaac gclaagtdat gcaacgaatc

ccgtte ttgtgttatt w1858
-1377e

actccacaat gttgggtcta ctttgccagg acagcatcat tacttaagga ttgcaaealge

a

ccttacatt tagagttact catctgaaaa cacacacgat gcactttgag

tgeccgectat w28S

ttgccteteg agegeegttt agtttectgg ggecteggga cttectatat aageggalga -2149
tccaqc ctacegtacg atatcttcge tgcggtattt tctgccgecag cggaggttge

ggtgctgtlac detg

caataa ataagttaat tcctctgatc gtgtaaacta atacgttctc 1440

tatttatctc tccagGTCGA CACCTTCACC TCGGTCTACA AGAAGCTGAC TGGTCGCGAT

Exond

GTTACCTTCG AATTCCCCGA CAACTACCTG AATGTCTAGA GCGGCGGGTT CTCGTTCGAG

Figure 1 (genell) (legend on p.675)

organisms,"” which provides a good model for
studying the diversity of box H/ACA snoRNAs
and their genomic organization. A recent study
of experimental RNomics in D. melanogaster has
identified 20 box H/ACA snoRNAs that were
predicted for about 30 pseudouridylation sites in
rRNAs and snRNAs.2 However, it seems that
about 100 pseudouridylation sites are located in
D. melanogaster rRNAs, and more than half of the
box H/ACA snoRNAs remain to be found in this
organism. Here, we searched for box H/ACA
snoRNAs in D. melanogaster with a computer-
assisted method, and subsequently identified ten
novel box H/ACA snoRNAs with their numerous
isoforms. Interestingly, a novel polycistronic
organization of the box H/ACA snoRNAs was
discovered. The results demonstrate the utilization
of different strategies for the expression of two
classes of snoRNA genes in D. melanogaster.

Results

Identification of ten intronic box H/ACA
snoRNA gene clusters from D. melanogaster

Accounting for the conserved secondary struc-

tures, we have developed a computer-assisted
method for box H/ACA snoRNA searching. The
program searches for the candidates, ranging
in size from 120 to 160 nt, that exhibit the
hairpin-hinge-hairpin-tail structure with a box H
(ANANNA) in the hinge region and box ACA
(ACA or AUA) in the tail, and display an rRNA
complementarity of at least 9nt in the internal
loop of the hairpin domain. The analytical
approach was applied to all the intron sequences
of eight protein-coding genes of D. melanogaster,
from which ten box H/ACA snoRNA genes had
been identified.*® To our surprise, in addition to
known snoRNAs, many new box H/ACA snoRNA
candidates were also discovered in these introns.
After sequence analyses, a total of 47 snoRNA
coding regions corresponding to 19 different
box H/ACA snoRNAs were identified from 15
introns of the host genes, respectively (Table 1 and
Figure 1). Among the 19 snoRNAs, ten novel
snoRNAs with 24 isoforms were first identified
here. Notably, ten intronic clusters containing 42
snoRNA variants were characteristic of the genomic
organization of the box H/ACA snoRNAs in
D. melanogaster. The clusters are mainly formed by
isoforms of the same snoRNA species, while the
gene content of the clusters varies largely from
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snoRNA host gene III

TCCACCARAGC TTCCCGCTGC CGTCGTCCAG CTAACGCAAC AAGgtaaact catcttgttc Exond
ccagtcgacc cctttgacct ( 1030nt ) cattagtact agactagttt tatg
tcgeac 288
ctaaaagegt tttctcgteg getcgttaaa tgctcttgaa aatcgtagat gtgtgedagal  —3316a
@aagctca gttgcaagtg atacggecat tttttgtgge agatatccat aacgctgact
Bcaagt
gatc teggegg
acg cacctaaaag cgttttcttg ccagcccgtt aagtgetcte w285
gaaaategta gatgtgtgce Egagedateg tegeagttge aagtgatcta gatcegtgac — —3316b
agaatcagat ccaattasag ctgggotcat ttatatat
ta gtatctaaac ttacaaatcg 1440
gcecggtacac g
ggcaagcgc actctgtgtc acatcgatat atccagcectc atgtgatgac w188
aatttgtaag cttgctfgaa talgggggag cttcgettat ccatgcggea actatcttca  -84la
gcccagatge cgcattgaat tqgggcctc@tta
agact aagtttgcat gcatttcecca 1620
cctctttegt ttagcaaccg attcgcaaat gattcttatt ( 130nt ) tccctttttg 1800
acttatttte taagGTGGCA CCCCTTTATT GCCCTGCAAT ( 2170nt ) TTTAAGTCCC ExonS5-¢€
AGCGCTGGCA GTTGCTACTT AACTTTTCCA CAGAGAGgtg agtaatgatt gcatatgctg

ctaagcttge cag

tcagcac caaaaatcag taatcatgeg attgctaaac tagcatggeg ur 285
actacgcttg ggtgctalgaa gtaalattcge tataatgocg catactaaac cagagcatge 3378
taatctagce ctagaatgct tgtggecttg tttcg'ag@ aat

aacaaat acgcctttta 4260

cacgaatgaa tttataaagt actcttaact ttctacagGC GTCTGTTATT AACTGGAACC Exon7
CCACTACAGA ( 130nt ) GACTTTAATT ACTCGTCTGC ACRAGgtaag catatcatta

agatataaat gtttattttt tt

cagcacct aaaagcgttt tettatcage ttgataaatg W8S
ctcttgaaaa tcgtagatgt gtgcaptage ajatatctaca atagettggg attcagttte -3316¢

tatataactt caatccgttc agattgtasf catec
attat aagtcttaca a

tgcaaatge u18S

actctgtgte acattgaatt tacctacatg tgaagacaat ttgttagttt getfatatgala -841b
agagatgtga cttatccatg caattagtgc cgtaaaaggt tgattgecatt gaaatcgeat

t

cgaaaattaa ttatgacag

g tgcacctaaa agecgtttcet tgcaagcccg w28S
ttaactgete ttggaaatcg tagatgtgtg calgaatcalat cctcacaata geaagtgatt -3316d
ttagttccte taactcaaat ccatttacat tgtgafcata c

gtcctcagg aattctta
w18S

99
caaatgcact ctgtgtcaca ttgaattgaa tgtgaagaca atttgttagt ttgeaEatt  -84lc
Eﬁgagttgc gtattatcca tgtatttaaa gccgtatcag ggtgattaca ttgaaatcge

atttteaet a

ttattaatc aattattttc a

ttgcaccta aaa'chttft cttgtcagee w285
tgataaatgc tcttgaaaat cgtagatgtg tgc' atcctcacaa tagcaagtga -3316e
ttttagttee cttaactcta atcegtttac attgtgalca gte

ttcatgtttt gttcctactt ¢

gatccat aagtaaaatg 5280

tgcaaatgc actctgtgtc acattaaaac tagettcgtg ¥ 18s
tgatgacaat ttgttagttt gccagatcak ggagatgcgt cttatccatg tggctgagtt -841d
cttaccaatt tattcacatt gaaaacgcce ctafcaltga

c cctcttattt aagttatcct 5460

tattttcaaa ataaatgcge agtaattaga atttggettt tgtttctecg tacagGTGAT — ExonS8
TCGTCCGTTC CTACTTCGAC GCCTCAAAAA GGAGGTGGAA AAACAGATGC CCARGAAGTA

Figure 1 (gene III) (legend on p.675)

two to nine snoRNAs. Probably because of modest
intron sizes in the fly, the clusters appear very com-
pact. Intergenic spacers between the snoRNA
genes are usually 20-40 nt but in some cases the
short ones are less than ten nucleotides and a long
spacer of 700 nt is also observed in host gene VIIL
Among the eight host genes, five are ribosomal
protein genes. All introns of snoRNA hosts possess
standard boundary signals, i.e. GU at the 5 end
and AG at the 3’ end. The distance from the last
snoRNA genes in the clusters to the 3’ end of the
introns is at least 55 nt, slightly different from the
71-80nt that is important for the processing of
intronic snoRNAs in mammals.*® On the other
hand, the sequences between the first snoRNA

gene in the cluster and the 5 end of the intron are
relatively short, many are less than 50 nt.

Positive detection of the ten novel H/
ACA snoRNAs

Ten oligonucleotides were designed and synthe-
sized according to the coding regions of ten
corresponding snoRNAs, ie. W285-2626, W28S-
3316, ¥285-1060, ¥285-1135, ¥185-531, W185-1854,
W285-1192, ¥185-1397, W285-3378 and W285-1232,
which were newly identified in this analysis. As
shown in Figure 2A, all the target snoRNAs were
positively detected by Northern blotting with the
labeled probes. In each case, a unique and strong
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snoRNA host gene [V

TGATTTCCAG CACTAGAACT GCCATTTCCT TTCTTTTITCG TTCCACGTTT CCGgtgagtg Exonl
catgtgecta gaaagttatt ttccgaaaat ( 310nt ) catgtggtgt tgtcattgtg
tctgtgtgty tgt
gtgtgecc tatgcgcgaa cattgtttct caaaagtatt taaactatcc w285
aaataaagtg gt-aactcéat .g-aaatgtagaca gttttcaatg gatttcgact -1232
cggaateccgt geagaatttt tgttgtttec ahga
gcacac acatgcgcac tcccttacge 600
acgcacacac acacatagga ( 460nt ) attgcccatg tttcttgcag ATATTGAAAA Exon2
ATGGGCCGTT ACTCACGCGA GTCAGACAAC GTGGCCAAGT CGTGCARGGC GCGCGGGCCC
AATCTACGTG TGCACTTCAA Ggtgagaatc ctgcccagaa atccgaggaa cctgggectt 1230
cttgggcatc aaccagt
ccg cagcttaaat cagtgaatge cagcegattg tgcageatct 288
cgcttttgea ttgctgethg aagaatcete caatttggac gagttecatca getgagtgee  -1060
aagtcccaaa actctggacg ccctcttcta aaatctcgec afacaace
aat tatcccaatg 1410
aatccagtat tt
cggcatge caactaaaaa ggcggttget ccattctgga caactgetga w288
cgatacgtgt gccdigageg aatccaaage cttgctasaa cageggectg ctgetttcaa — -34d36a
tgagctagtc tctacctgta gectggclacd gat

ctaacta

aacccaaatg aaatccatca 1580

cggaatccac tagatcaagc ( 130nt ) atttatgtte ccecctge
atg ggcacagttt w288
taaactaggt ggttatcctc catggaagat caccgatcga aagetgtgec caaagoapac  -3436b
cecagecatt gtaaaacage ggegtgttgg cectecagtge tegegtetet acctgaacct
tagcacalag
taatatagta ctttccaatc actatgattt acgatcgcgc cgcatttatg 1950
tatcagcagc aactgatgaa cgatcattta ctcgttttgc agAACACACA TGAGACCGCC Exon3
CAGGCCATCA AGCGCATGCC CCTGCGCCGT GCCCAGCGTT ACCTGAAGGC CGTCATCGAC
snoRNA host gene V
GAAGATCAGT GGTCGCCAGG CCGATGTCAT CCTCGCCGCC TACTGGGCTG TCCAGGCTGC Exond
CTTACGTCTG CTCAAGTCCG GCGCCAATgt gagtcctcce ttacttctag gtaatcctece
gttaate
cect gecaagaaacg gattgtctge cgecgattcte cagcgactga acatctcaac w288
acttgcal:tgtg gcagctggta attgecectgg cctattatte aggactggag ~1837a
gcttettgte agttgtcdac aagg
ttattt ct
tctgeagg caacggattg actgcgetea y 288
aactctgaca cagatcaget caacacctgc ggatagaslac tgtgtcaatt tcgtgaactg — -1837b
aacaagttea ttccatagaa gtgttoggtc tttaaatttg tecacaftet
¢ cagtttatag 420
atatgtcgga attgtaa
tct geaggcaacg gattgtcectge tgecttaact cgtggctcag ur 285
cacagctcaa cgtetgcad gatoahoagt gtcgattteg tgaactgaac aagtttagat — -1837c
acttgaaatg ttcggtcttt aaagttgtec fcdate
gcaa tgataatgcc gatcagttat 600
tgttattttg ( 130nt ) tacagAACTA CTCCCTCACC GATGCAGTGC AACAARTCAG Exonb5-6
CGAGTCGTAT RAGTGCARGC ( 610nt ) GGAGTTGTTG AGTGCGTCGG CCACBAGATG
ATTGAGCCCT TCCAAGTGCT GTACGAGAAG CCATgtaagt gtgatgcata ttattattaa 1500
tcctattece tattatgega g

ttggeagaa cttaattceg gacctggtac accttegggt w18S
gctaagtgeg gocagacatt ttg‘:i:att_cc'ag_'g cattgtcgte ttcagcagtt -1397
gecteagtgt ggcctetgte tgaacatgge actgtdacaa te
gtatccaa tctattaacc 1680
tgttttctta tacttattaa agttaattta gagactaaac tagtttgagc aacctttata 1740
aagttcgaat tttagccgga agtaatagca aagttaaaca atccttttcc ttatcttgea 1800
ttacagCCGA GATTGTGGCG CAGTTTAAGC ACACGGTTCT GCTCATGCCT AACGGCGTCA Exon7

Figure

band was revealed under stringent conditions of
hybridization and the size of each snoRNA was
satisfactorily detected as expected. The 5 end of
the snoRNAs was further mapped by reverse
transcription assays with the same labeled oligo-
nucleotide. In most cases, a major cDNA product
was obtained for each snoRNA (Figure 2B). The 5
end of each snoRNA is essentially homogenous
and is at the position predicted. Particularly in the
case of W285-1135, the mapping assay revealed
two bands that correspond in fact to two isoforms
varying in length as expected for 151 nt and
142 nt, respectively.

1 (genes IV and V) (legend opposite)

To investigate the expression of different iso-
forms in the same intron, four oligonucleotides
specific to W285-1192a, W¥285-1192b, W¥285-1192¢
and W285-1192d were designed and used to
identify each isoform in total cellular RNA. The
results of reverse transcription demonstrated
that the polycistronic precursor from host gene IV
was correctly processed to release four
individual snoRNAs as expected (Figure 2C). In
some cases, higher molecular mass bands corre-
sponding to the polycistronic precursor were
observed in the reverse transcription of snoRNAs
(Figure 2D).
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snoRNA host gene VI

TTCTCGTCTG CTGGTCCAGT GCTGTCCATT CGTGTCTGCC GCGATGTGAT TACCCGTCGC

Exon2

TCGTTGGGCT ATGCCTACGT CAACTTCCAG CAGCCAGCCG ATGgtgagta atccccgcaa

aagtagtgta ( 1090nt ) cgattcatat ct

cgcaacte ctaccecattg gttggtcaga w185

tttatctctt tttgacacga ctaagattca atgttchcaat gcaacttace

atgtagatgg ctgatctatg ccatccacag aagtagaagc ataEEﬂaac

=1347a

a ctaaataata 1380

catcatatga ttagactcga aggattatgc cctttcttat ctaagettct

agecaacttet w18S

acccattggt tggtcagatt taacccattt tgacacgact aagattcata gttgccfgag)

-1347b

Eaagcaatgc gacttaccat gctgatgggt tttgcatacc atctgcataa caaacactca

atgtatdacal tga
ttagact gataagattg tccttgtatt tagacatct

a gcaactcecta w18S

cccattggtt ggtcagattc aacccttttt gacacgacta agattcatag ttgccgata)

~1347c

[Elaagatcaga cttgacttac catgeactgc gotgetttty ctcatggcca gtgcagaagt

tgaagagtda cattyg

ttatt taagcccctt caacttataa tgatcttgat atacccaaat 1800

cgtgtcggta gtaaccaaat gttttcccga ttttcatcaa cagCTGAGCG TGCTTTGGAC

Exon3

ACCATGAACT TTGACCTGGT TCGCRACRAG CCCATTCGCA TTATGTGGTC TCAGCGTGAT

snoRNA host gene VI

CGTCTGGTCT ACGACGTGAA GGGACGCTTC GTCATCCACC GCATCTCCGC CGAGGAGGCC

AAGgtgagtt atctagtctg ( 190nt ) taattaactt aaatatcgaa

Exond

agggctttgt WESS

cgaagaccgt tttgcgtgta gaatagtgeg ccgattggtt caaaacgaag ccdaaageal

-3327a

tttttgatac gacggtctet gattcgacaa atcccagttg attcagtaac ttttacgtge

aattfacalaas

gaaaccaagg agtataaagc attatattgt aattctg

tgg gctacgtcga w288

agaccgattt ccgettgttg ccatgtgtcet attggttcaa atcgaagcce [aagcalattt

-3327h

ttgatacgac ggtctctgat tcggeattee acagtcgtet gagtaacttt tacgtgeaat

thcalatg

caa ttaaatgaaa gtggtagtge aattgtgtag aaataaaacg tcttaaaatt 660

aacccacatt ttctttgett cttttgecagT ACAAGTTGTG CRAGGTCAAG AAGACCCAGC

Exon5

TGGGAGCCAA GGGAGTTCCT TTCCTGGTTA CACACGACGG TCGCACCATC CGCTACCCGG
ATCCCCTGAT CCACGCCAAC GATTCCGTGC AGGTGGACAT TGCCTCTGGC AAGATCACCG 840

ACTACATTAR GTTCGATTCT Ggtaagcatc cgctatcgta gatcatcgtg ttca

ttgget w28S

ggttcgaaga ccacaaaacg ctcctcgaaa gttgogtggt tcaaaaacaa taagccalaas)

-3327c

geaktttttg tcacgacggt cteotgatgeg geattccaaa gtcgcottcag taacttttac

atgeantofs date

gcccaa tattattaac caagtcgtat gattccaact aactggtata 1080

tttctecgte tccacagGCA ACCTCTGCAT GATCACCGGA GGCAGGAATT TGGGACGTGT

snoRNA host gene VI

CGACTGCACC AACATTGCTG AGGATAGCAT CATGGATGTG GCCGACTTCg taagtacatg

gggtacacag { 190nt ) gtct

Exoné

ExonZ

taccgc accaagettt ccactgccct ccaagttaac W8S
caggggctet ggataaaaag ttgtggttBE agtgagttca ctccattttg cgataaactg — -2719

ccageggact ttoccgtgec ‘gecggeggtt aacaacttct ggafcahcg

c taaatgtaga 420

tgatagtcat ( 670nt ) ataaatctat tttaca

ggce acgcegattt gecegteagag w18S
agtgagcttt atgegteget ctgatggeag tgtactcagt ggchgagcal aasattggte  -53l
actcttettt atttggogctc totgttctac cecactcgact cttagectta acaaagaaag

adpedeet

ag cccagcttac cgctagcagg agctgcccca aagatccage ccagtccaag 1320
ctgaactaac ccggaatacc ctctctattc cgcccgecagG AGAAGTACAT CAAGGCCCGC
CTTAAGGTCA ACGGCAAGGT GAACAACCTG GGCAACAACG TCACCTTCGA GCGCTCCAAG

Analysis of pseudouridylation sites predicted
by the novel box H/ACA snoRNAs

In addition to nine snoRNAs whose functions
have been described,® ten novel box H/ACA
snoRNAs were predicted to guide 15 pseudo-
uridylation sites (Figure 3) according to the
relationship between the structure and function of
this snoRNA gene family.* Among the 15 pseudo-
uridylation sites, seven, i.e. ¥1060, ¥1135, ¥1192,

Figure 1. The sequences of ten
intronic box H/ACA snoRNA gene
clusters from D. melanogaster. Exons
are in capital letters; introns are
in lower case. The coding regions
for snoRNAs are shaded, and box
H/ACA are boxed.

Exon3

w2533, w2626, ¥3316 and ¥3378 in 28 S rRNA
have been experimentally verified by Ofengand
et al.’” In addition, two pseudouridylation sites,
W¥531 and w1397 in 18S rRNA, are conserved
in the yeast Saccharomyces cerevisine and/or
mammals.?? Furthermore, the isoforms of nine
known snoRNAs were further analyzed and pre-
dicted to guide four novel pseudouridylation sites
based on their functional elements that are absent
from other isoforms (Figure 3B).
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Figure 2. Positive detection and mapping of 5 end of novel snoRNAs. A, Northern blot analyses. Aliquots of 30 pg
of total cellular RNA were separated in each lane and hybridized with the labeled oligonucleotide probes described
in Materials and Methods. Lane M, molecular mass markers (pBR322 digested with Haelll and 5'-end-labeled with
[y-*P]ATP). B, Reverse transcription analyses of ten novel snoRNAs with the same primers as Northern blots.
C, Reverse transcription analyses of the expression of four isoforms ¥285-1192 in the intron 4 of snoRNA host gene I
by primers specific to each isoform. These primers are complementary to the divergent regions of 3’ end of each
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CMC-alkali-treated D. menalogaster RNA was
applied to determine the new rRNA pseudouridyl-
ation sites. Six sites, W1854, ¥1937 in 18 S rRNA
and w483, w1837, ¥1850, W2938 in 28 S rRNA,
were precisely mapped (Figure 4). However,
U1232 in 28 S rRNA, a pseudouridylation site pre-
dicted by ¥285-1232, was found to be unmodified
while two known pseudouridylation sites, ¥1227,
W1240, were clearly shown in the same assay
(Figure 4E). In addition, two pseudouridylations,
W1347 in 18 S rRNA and ¥3801 in 28 S rRNA, pre-
dicted by Yuan et al.*® were also determined in the
primer extension. For some unknown reason, the
extension of primer Dm285584, which was applied
to analyze ¥584 in 28 S rRNA, failed to show any
results (data not shown).

Large number of box H/ACA snoRNA isoforms
in D. menalogaster

Multiple isoforms of the box H/ACA snoRNA
genes were identified from the D. menalogaster
genome. Of the 19 different box H/ACA snoRNA
genes, ten have at least one variant (Table 1). For
example, W18S-1377 has five isoforms in the same
intron, while five isoforms of W285-3316 are distri-
buted in the two introns of host gene III. Evidently,
multiple isoforms of one snoRNA gene are fre-
quently found within one intron, suggesting the
important role of local duplications for the cluster
formation. The sequence alignment of six W28S-
1135 isoforms and three W185-1854 isoforms clearly
demonstrates the duplication of the two snoRNA
genes, especially in the three regions. They all
consist of different isoforms of W285-1135 and
P185-1854, in the second intron of host gene I
(Figure 5). The degree of sequence similarity
between the isoforms varies from 99% to 70%,
implying the duplication events in different
periods and a trend of enlarging the intronic
snoRNA clusters.

In many cases, although mutations including
insertions or deletions had occurred frequently,
the secondary structures of the isoforms remained
unchanged and the isoforms kept in common at
least one functional element. Interestingly, the
accumulation of mutation in the isoforms would
lead to partial alternation of snoRNA’s function in
loss or gain of rRNA complementary sequences.
For example, the variations in the 5-hairpin of
28 S¥1135d and 3'-hairpin of 28 S¥1192a result in
novel complementary sequences for 28 S rRNA at
U483 and U2533 pseudouridylation, respectively.
On the other hand, the sequence variation among

the isoforms can also cause the loss or change of
the guide sequence for rRNA pseudouridylation,
such as the 3-hairpin of 18SW¥1347b and
28 SW1837a (see Table 1).

Discussion

Ten intronic snoRNA gene clusters were identi-
fied from D. melanogaster in this study, demon-
strating for the first time a novel polycistronic
organization of snoRNA genes in animals. In fact,
all intronic snoRNA gene clusters identified so far
from plants consist of homogeneous box C/D
snoRNA genes with few exceptions, such as the
rice hsp70 gene where two box H/ACA snoRNA
genes are mixed with four other box C/D snoRNA
genes in the first intron of the host.'”” Here, we
show homogeneous box H/ACA snoRNA gene
clusters without any intervening box C/D
snoRNA. Therefore, the intronic box H/ACA
snoRNA gene clusters are first demonstrated not
only in D. melanogaster but also in eukaryotes.

Up to now, more than 30 box C/D snoRNA gene
variants including three methylation guides for
snRNA and five orphan guides with unknown
target have been identified from D. melanogaster
(GenBank accession number U40615 for Z1 and
AJ010684 for Z5 sno(RNA)).>** Similar to
mammals, all the methylation guide snoRNAs
characterized so far in D. melanogaster are intron-
encoded and arranged strictly in the mode of one
snoRNA per intron. For example, DUHGI, a
human UHG-like non-coding RNA gene in
D. melanogaster, encodes 16 box C/D snoRNAs
in their 16 introns, respectively (Figure 6),
representing an outstanding gene organization
and expression strategy for the C/D snoRNA gene
family in D. melanogaster** Interestingly, we
have shown that box H/ACA snoRNAs in
D. melanogaster possess a different genomic organ-
ization, that is, intronic gene clusters. A typical
case is snoRNA host gene I, in which 14 box
H/ACA snoRNA genes are nested within three
introns of a ribosomal protein gene RpS5. Among
47 snoRNAs analyzed here, 42 were found in
the intronic clusters. The high proportion of box
H/ACA snoRNAs in the intronic clusters suggests
that this kind of gene organization may be preva-
lent in the D. melanogaster genome. The polycistronic
snoRNAs in an intron imply a processing mecha-
nism that involves both endonucleolytic and
exonucleolytic cleavages, substantially different
from processing a singleton of intronic snoRNA

isoform, respectively. The sequence of the primer for ¥285-1192a is completely different from the three others, and
there are at least six nucleotide differences among the primers for ¥28S-1192b, ¥28S-1192c and ¥285-1192d. D, Detec-
tion of a polycistronic snoRNA precursor in the reverse transcription of total RNA. Lane P, reverse transcription with
primer PW28S-1837b, which is specific antisense to the 3 end of W285-1837b. Lane M, molecular mass markers. I,
and I, indicate cDNA bands from mature ¥28S-1837b and the precursor containing two box H/ACA snoRNAs,

respectively, as illustrated below.
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Figure 3. Predicted pseudouridylation guide duplex between snoRNAs and rRNAs. The snoRNA sequences in a 5’
to 3 orientation are shown in the upper strands, while rRNA sequences in a 3’ to 5 orientation are shown in the
lower strands. The two sequence motifs are boxed and the upper parts of the hairpins are represented by continuous
lines. The positions of pseudouridine bases are indicated by numbers. ¥ represents rRNA pseudouridine sites that
are conserved in S. cerevisine and/or mammals,” and the known rRNA pseudouridine bases determined previously'
or mapped here. U denotes a predicted pseudouridine site that has not been confirmed experimentally. Only one iso-
form is shown if the snoRNA has more isoforms. A, Pseudouridylation sites predicted by novel snoRNAs. B, Four
novel sites predicted from isoforms of snoRNAs identified previously.
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Figure 4. Mapping of rRNA pseudouridylation sites predicted by the novel snoRNAs. Lane 1, reverse transcription
with CMC-treated total RNA; lane 2, reverse transcription reaction with CMC-untreated total RNA. Lanes A, C, G
and T, the rDNA sequence ladder; positions of pseudouridine residues are indicated by arrows. Pseudouridylation
sites boxed are predicted in this work, and those without boxes were previously identified by Ofengand and Bakin."

(Figure 6)."*" The adoption of different organiz-
ations and expression strategies for the snoRNA
genes may reflect intrinsic differences in gene regu-
lation and functional evolution between the two
classes of snoRNAs in D. melanogaster. It is worth
noting that most intronic snoRNAs are produced by
a splicing-dependent processing pathway involving
exonucleolytic trimming of the debranched lariat.”
However, another minor, splicing-independent
mode for intron-encoded box C/D snoRNAs has
been found in yeast and mammals,**~** suggesting
the complexity of intronic snoRNA biogenesis in
eukaryotes. In Figure 6, we describe a splicing-

dependent pathway for snoRNA release from host
introns, but the possibility that the pre-mRNA is a
substrate of endonucleolytic cleavage, particularly,
when the splicing efficiency is reduced in the
organism, cannot be ruled out.

Although endonucleolytic activity is absolutely
necessary for processing the polycistronic tran-
script of snoRNAs, diverse endonuclease(s) may
be involved in the maturation of the snoRNA.
Endonuclease RNase IIl that recognizes a strong
potential secondary structure has been proved to
play a key role for processing the polycistronic
transcript of snoRNAs in the budding yeast."”*
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Figure 5. Duplication of snoRNA-coding region in the second intron of snoRNA host gene I. A, snoRNA genes are
represented by boxes. Three duplication regions for two snoRNA genes are indicated. B, Sequence alignment of the
duplication regions. snoRNA genes are in upper-case letters and indicated by arrowheads. Nucleotide identities are
denoted by hyphens and those absent from either sequence by asterisks.

Recently, dicistronic tsnoRNA, a heterogeneous  III cleavage. Furthermore, the analysis of

cluster consisting of a box C/D snoRNA and
tRNA, was found in plants.* Dicistronic precur-
sors transcribed from the cluster were processed
by endonuclease RNase Z that specifically recog-
nizes 3’ ends of tRNAs, instead of intergenic
sequences which were less than ten nucleotides
between the two RNAs.* Intergenic spacers
between the box H/ACA snoRNA genes in
D. melanogaster are remarkably short and rich in A
and T, so they can hardly form secondary struc-
tures similar to those that are involved in RNase

sequences reveals no conserved element among 33
intergenic spacers from the snoRNA genes. It is
very likely that the processing signals recognized
by endonuclease are not in the intergenic spacer
regions but in box H/ACA snoRNAs, especially
in the high structure of the snoRNAs. Endo-
nuclease that is involved in the processing of
polycistronic transcripts of box H/ACA snoRNAs
may contribute to the amplification of intronic
clusters of this snoRNA family and the high diver-
sity of rRNA pseudouridylation in D. melanogaster.
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Figure 6. Different gene organizations and expression strategies for the two classes of snoRNAs in D. melanogaster.

Materials and Methods

Computational search for box H/ACA in the
D. melanogaster genomic database

Complete sequences of eight D.melanogaster genes,
CG8922, CG1883, CGY696, CG3203, CG10576, CG5119,
CG11276 and CG7434, were obtained from the
Flybase.** All the intron sequences in the genes were
analyzed by using our computer program that takes
into account both the sequence motifs and secondary
structures in box H/ACA snoRNAs. The search for
isoforms of the snoRNAs in the D. melanogaster gen-
ome was performed by using BLAST** and FASTA®
programs. Sequence alignments and comparison of
snoRNAs were performed by using Clustal X 1.8
and DNAstar packages.

RNA extraction and analyses

Fresh wild-type D. melanogaster larva were cultured
and collected for the RNA extraction. Total cellular
RNA was isolated and purified according to the method

of guanidine thiocyanate/phenol/chloroform.>* An
aliquot of 30 pg of total RNAs was analyzed by electro-
phoresis on 8% (w/v) acrylamide/7 M urea gels.
Electrotransfer onto nylon membrane (Hybond-N + ;
Amersham) was followed by UV irradiation for five
minutes. Hybridization with 5'-labeled probes was per-
formed as described.” Reverse transcription was carried
out in a 20 pl reaction mixture containing 20 ug of
D. melanogaster total RNA and 20 ng of 5'-labeled primer
in the presence of 500 pM dNTPs. After denaturation at
65 °C for five minutes, the mixture was cooled to 42 °C
for ten minutes, and then 200 units of MMLV reverse
transcriptase (Promega) was added and incubated at
42 °C for 60 minutes. The cDNA synthesized by reverse
transcription was analyzed by electrophoresis on 8%
acrylamide/7 M urea gels.

Mapping of ribose pseudouridylation by CMC-primer
extension method

Mapping of D. melanogaster ribosomal pseudouridines
was performed essentially as described by Bakin and
Ofengand.*® The D. melanogaster 28 S and 18S rDNA
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were amplified by PCR with the primer pairs Dm28SL1/
Dm28SR1, Dm28SL2/Dm28SR2 and Dm18SL/Dm18SR,
then cloned into the Smal site of plasmid pUC18. An
rDNA sequence ladder was prepared with the same
primer used for rRNA pseudouridylation mapping and
run in parallel with the reverse transcription reaction as a
molecular mass marker.

Oligodeoxynucleotides

Oligonucleotides were synthesized and purified by
Sangon Co. (Shanghai, China). The sequences of oligo-
nucleotide probes and primers used for Northern
blotting and reverse transcription were as follows:
5'-GCAGGACCGCAATGGCTTCT-3' (PW285-2626); 5-GCT
ATTGTGAGGATTGATTTTGC-3  (PW¥285-3316); 5-GCG
AGATTTTAGAAGA  GGGCGTC-3'  (PW28S-1060);
5-TTAAATTCCAGGAGAGCGGG-3 (PW285-1135);
5-TAGAACAGAGAGCCCAAATAAAGAA-3  (PV18S-
531); 5-TTTATTAAGGTTGCAT TTTTGAGG-3 (PW18S-
1854); 5-TTTCTCGTGTGCATTAGACTGAT-3' (PW¥28S-
1192¢); 5-CCACACTGAGGCAACTGCTGAA-3 (PW18s-
1397); 5-GCTCTGGTTTAGTATGC GGC-3' (PW28S-3378);
5-CGAAATCCATTGAAAACTGTCTAA-3' (PW285-1232);
5-TTCACGAAATTGACACAGTTTCTA-3 (PW285-1837b).
The following oligonucleotides were used for identifi-
cation of W28S-1192 isoforms: 5-GTCACTAGAAGGAA
GAAA AGAGC-3 (PV¥285-1192a); 5-GTGTGCATAGG
ACA GTTAAGTGG-3' (P¥28S-1192b); 5-TTTCTCGTGT
GC ATTA GACTGAT-3 (P¥28S-1192c); 5-CTCATGTGC
AT TGAACTAAGCAAT-3 (PW¥285-1192d). Primers used
for rRNA pseudouridylation mapping were as follows:
5-AACCAGACAAATCGCTCCAC-3' (Dm1851347); 5/-AA
ACAACCGTAACACGCAAGG-3 (Dm1851854); 5-TGA
TCCTTC CGCAGGTTCACC-3 (Dm18S1937); 5-CAAT
GTCCTTATATGGAAAAAATGC-3 (Dm285483); 5'-CAC
TGTAATCATATAAATCTATCAGCACTT-3 (Dm28S584);
5-GATCT TCATATCAAGAAAGTTAAGGTTC-3
(Dm2851232);  5-TTTATGGTCGTTCCTGTTIG CC-3
(Dm28S1850); 5-CGTTTTATTAAAGAATTTGTTTGCG-
3’ (Dm2852938); 5-ACCACTTACAACACCTTGCCTG-3
(Dm28S3801). Primers used for PCR of D.melanogaster
28S and 18 S rDNA were: 5-GGTTATGTTATTATTCTT
CGTTGGTT-3 (Dm28SL1); 5-AATTCGCTTTGTTTATAT
AGTTAGGC-3' (Dm28SR1); 5-GCCTAACTA TATAAAC
AAAGCGAATT-3 (Dm28SL2); 5-AATTGATGACGAG
CTGTTTGG-3' (Dm28 SR2); 5-TGGTTGATCCTGCCAG
TAGTTAT-3' (Dm18SL); 5-AACCCATCTTCGTTTTA
TTTTGA-3' (Dm18SR). The primers and probes used
in reverse transcription and rDNA sequencing were 5'-
end-labeled with [y-**P]ATP (Yahui Co.) and submitted
to purification according to standard laboratory proto-
cols as described.*

Database accession codes

All snoRNA gene sequences identified in this study
have been deposited in the EMBL database under
accession numbers from AJ629193 to AJ629216 and from
AJ629256 to AJ629278.
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