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ABSTRACT compactness reflects short gene distances and, more relevant for

. _ our purposes, short gene size due to particularly small introns
The compact genome of  Fugu rubripes , with its very  (10,11). This being the rule, some notable exceptions have been

small introns, appears to be particularly suitable to found of long introns comparable with human oriés-14). It

study intron-encoded functions. We have analyzed the has been suggested that these exceptions are due to specific
Fugu gene for ribosomal protein S7 (formerly S8, see structural or functional properties of some intron sequences.
Note), whose Xenopus homolog contains in its introns We present here an analysis of 8#%U17gene organization

the coding sequences for the small nucleolar RNA U17. and show that the compé&etgugenome with its short introns can

Except for intron length, the organization of the ~ Fugu  pe particularly useful for identifying and studying intron-nested
S7 gene is very similar to that of the = Xenopus  snoRNA coding sequences.

counterpart. The total length of the  Fugu S7 gene is
length difference is uniquely due to smaller introns.

Although short, the six introns are longer than the DNA and RNA analysis

(1100 bp size of most Fugu introns, as they host U17
RNA coding sequences. While four of the six Ul17
sequences are ‘canonical’, the remaining two represent
diverged U17 pseudocopies. In fact, microinjection in
Xenopus oocytes of in vitro synthesized Fugu tran-
scripts containing the ‘canonical’ U17f sequence
results in efficient production of mature U17 RNA,

Unless stated otherwise, all techniques used for preparation, analysis
and manipulation of DNA and RNA were performed according
to standard laboratory manual$), Sequencing was performed

by the dideoxy chain termination methd@)(on both strands of
overlapping fragments.

while injection of a transcript containing the U17 Wb DNA cloning

sequence does not. A cosmid library {1) has been probed wienopusS7cDNA
(17) and snoRNA U17g) fragments. The selected cosmid 85F12

INTRODUCTION was digested bgcaRl to generate a 3526 bp fragment containing

the central portion of the gene and Dbyal to generate an
The coding sequences for most small nucleolar RNAs (snoRNAayerlappingC2500 bp fragment containing therBgion of the
are localized in the introns coding for ribosomal proteingene. These fragments have been cloned in the pEMBL18 and
(r-proteins) or for other housekeeping proteins involved in thBluescript KS(+) vectors respectively (clones pF-S7.1 and
production and function of the ribosome (for reviewsls€®.  pF-S7.2). The'3region of the gene has been obtained by inverse
These intron-encoded snoRNAs are not produced by independB@R using two oligonucleotide primers corresponding to nt
transcription but by processing of the host gene pre-mRNA (f@850-3868 and 3882—-3899 (Flg. as template we used cosmid
references sek-9). One of these snoRNAs, U17 RNA, has beei®5F12 DNA, previously digested wiBarrHI and circularized.
found to be encoded in two introns of the human gene for RCOhe[#50 bp fragment obtained was cloned in the PCRII vector
(7) and in each of the six introns of tkkenopugene for r-protein  (Invitrogene) to generate the pF-S7.3 clone. Plasmid pF-S7.11,
S7 (formerly S8, see Not8). It seemed of interest to study the containing U17c sequence, has been previously desctified (
organization of the U17 RNA coding sequence in the genome Bfasmid pFS7.10, containing the Wh/sequence, was obtained
the fishFugu rubripes a powerful model system for studying by cloning a DNA fragment encompassing the second intron,
intron-encoded functions. In fact, it has a particularly smalhcluding the U1{ib sequence and the two flanking exons of the
genome[¥00 Mb in length, about 7.5 and 10 times smaller thaRugu S7 gene, into the PCRII vector. This fragment was
the human andenopugienomes respectivel¥d). This genome generated by PCR amplification of the region between nt 392 and

* To whom correspondence should be addressed



3168 Nucleic Acids Research, 1996, Vol. 24, No. 16

CTGCAGTCAC GLATTOGAAG MACTCATTAA CCATAAAGAT GTTTGACGAG TCCTATNTLG GGATCOCGGA GGCUTCGOGA GARTCTTETA ACTTLCTGCO
El TGAACACCOD GTTCTOGCGA TGACATCCTL AGTATCGGTA TTAGATTAAT ACAACTCTOC COATGTTCTG G]ECTCTTC(T TGGM,NAGGT'
TAGITGTGLT TTTTATGACA AGACTGATTT TLTATCUTAA ACCGGCTTTT AATGGTGTTC AGTTOTTGCS TTTATTCLCL GAGCAGLATC TTAALTCTCT 1
GATGOCTTAG ATTGAGCAGG TTTOTOTUAL GOATGGLITGAT COGATGOCCT AMARTCAGGS GTGATAAAGA AGLGCTAGMG COTCGTTGTA ACGTAGCGSC 228

WUiTa  TAACAGGCGT GCATGTGITS AGTGICGCGE CTAAMGEAGA GLCCGGACKA GGTGGCACAG_CAGTGAATAC ATAGAGGUTC CGITTACGAA AMMACGTGAA 329
CAATTTTCTA GCGAATICGA GTCATGGAGA AGGTAGAATA GCTAAATTCC GTTAGCTAGC TECTGCTOOC ACGATCTATC CAAGTACTGC TICTTGCTA 429
GTTAMGUTT QTTTTCCGAT GTAATAGATT CATATTTTCA TCOTCGGTOT TGOTACAATT TTCTTTTTTA GTGTTGTTGE TOOLLTATATA GOCCCTTATC 529

ACGUARCCCG CTATGAGTAG ATTTAGGACG CTAATTUYAC CTGOCTGTTT TGTGIARCLT TCTAATAACT GAAGRAAATA ACCCTAAMAT GLGAAMATTG 629

g s

EIl TGATTGLAGH CPCMAGGCC ATGTTCRGTA CAAGCGCCAL MATAGTGAAG CUTAATGOCT AAAAGCCAGA (GAGTTTGAG TCTGGGATCT CCUGGTMG] 729
AGGTCCATCA TTCACACCCT TCAACTATAC TGTGATATTG TTGTTAAGGE CTCGTAGTGT CTGATGTGGT TCATCTCTCC GAGTTTATCS ATAAAGTCAT 829
YULTh  GTGCTCTTAC GGTARATETC CATGTAGETT CTCATTCATC TAGTAAGETS GAGCACGAGTC MCTGGACCG GTAMMAGAML CTGGCAGATG TITTGEGTCT 929
CATCCATGTG TCCACATGTC CTGTGAGGLC ACTGGAGAGG TGARATETCT TCCASTGICT TTTATCCATC CAGTTGACTC CACCTCAGCT TAACAGACCC 1029
CACAGTAGTT ATTTTTOIRT TTGAACATOC GTCCCCTYCC TTTGAAMCTG TOGTGTTATYY AMAGTGCGTA CCAMATCTTT AGTCCTACTG AAGCTITCTA 1129

CACCGTOCAG TTTTETATCC GIGTTTTORA GATGTCTCAA CTGITTCTTG TGOTGCTTAT AGRCTCTGET TEAGTTGGAG ATGAACTCTG ACCTGAAGGL| 1229
[GEAGTTGAGA GAGETGAACA TCACTGCAGE AMAGETTTGA ATGGACCATT TGRGCTACTA CAAACTCCTC GTAAAGCTGT GAAAAGATGA TTTGAMAGTC 1329
AGTCTGACGT GGACATCCAG CGAGLTGCTC TCCTGGCTCT GTCETGOTGR CGTATGOGAS COTAGCTTTT CAGCAGAGAC GTACATTCCC GTTCCACACC 1429
UlTc  CTCAGAGAGA AAGCTCIGTC CCCOGCCTCT GGCTGGCETG GACGAGCGTC CTGTATATTC CTACATCTTC CCAGAGTCET ACTGGACCGT TACTGGGGAG 1529
CTAAMCCATG CAGTGCACAT TGATATTGGA GTTCCATAAS GGGGATTGCA ATAGCTCAAG TTTTATTAAM TAATATTGCC TITAATTITC AGACTTGCAL 1628
CCCATTGTTT TORACACTAT TTACTTIGE TACATGCTAA GCTGLCCTTC TTTAATGOR TTTTTTTTCS CTCAdeAMAT TRAGETTGGT GaCAGUaGaA| 1728

ElvV BAGCCATCAT CATCTTTGTT CCAGTACCTE AGCTTAAGTC CTTCCAGRAG ATTCRAGTLC GECTLOTOAG GLAGLTGGAG AMGRAGTTCA GLGGAAAGCA| 1829
COTAGTCITT AFTGCTCAdG TGAGGCTGGA GLTTCACTTG GRARRCTICT CACTRACIGT GGGTGGTGTT GAGATGTGIT TCACTCCGAC GTGGAGTCC 1929
Ul7d  AGLGAGLTGC TCTCCTGGET CTGTCCTGST GLCGTATGOG AGCGTAGCTT TCAGCAGAGA CGTACATTCC CGTTCCACAC CGTCGGAGAG ARAGCTCTGT 2029
CLCCORCCTC TGGCTGACET GOACGAGEGT CTGTATATTC CTACATETTC CCAGAGTCCT ACTGGACCET TACTGOGGAG CTAAACCATG CAGTGCACAT 2120
TEAGCATEAG GCTAATGTCG TGCACATCAS CCTGCTGAAT CATATGAAGG CTTATTCASA TTCTTTATTA ACCATGAMAT TGGACAGTAT AAATCAGETC 2228
ATGAGCAGAA ATGCCAGACT GGACTETCAT TGTTGATGTC ARATATTTCA GTTCCTAGTC TTGTTARAAT CCTTCATCTC TGATTGAMAT GATATGGGAT 2328

EV STTTTTTAGA GGAGGATTCT TCCTARALLC ACCAGGARAA GCCGCTCAM GAATAAGLAG AAGCGCCCCA GGAGETGAGT GGAGTTTGIC CTCTACTETG 2429
ATGTTTTTTG TTGARAGTCT CTCACTAGTG TTTCATCACT CTTTACACAT GUTGLTAARA TGTGCAGCAA TGITTTGCTC CCCCCCACAA CTATTTTTTT 2529
TATAGAATCT TGTTTGACTC TTCCCCCCAA AATAAATGTC TTTTAACCGA CGTGGACATC CAGCGAGCTE CTCTCCTGGC TCTGTCCTGE TGGCGTATGG 2629

Ul7c  GAGCGTAGCT TTTCAGCAGR GACCTACATT CCCGTTCCAC ACCGTCGGAG AGRAAGCTCT GTCCCOGOCC TCTGGLTGGE GTGGACGAGE GTCCTGTATA 2729
TTCCTACATC TTCCCAGAGT CCTACTGGGC COTTACTGO0 GAGCTAAACC ATGCAGTGCA CATCAGTTTA TOGCACAGAA TGARATCTTT TTCTTCTTTT 282
GCTACATCAG CTGTGTAGAA ATGGAGAATT TAACTTTGAA TCATTTGAGE TGTGATAAGT GGTAAGETAA AATGTCAGGA AMCTTAGGGA AATAATTGTG 2929
ACGTCACART TGATCTCATT AATGTTTGCT TTTTTITTAA ATGTTGGAGE AACACAAAGE AAATAATCCT AAATTAAAGA TGTGTTTAAT CAATCTGACC 3029
TGEATTTCAT GGATTCTTGA TGCCTAAGGG ACTTGATTTT GGGGAGCAGA GTCATGTGTA CHGCAGCATT TGTCCTCAGA ACTCGACCGT GACCTGATGT 3120
CACCTGTCTC ACAGGTECET ACCGGTGATG STCTBAGLCT GATACTGTTE AMGECTGCAG TTCTACATTT ARAAMCACTC AARGTGGGGA TCGTAATTGE 3220
GATTARATGE ATCAGEACCT TTGTGTCCGE CLTCCTCTGG TIGECTGTGE TGATGTGAGE TCACATAAGT TTTAATGITG TCTGITTCCC CTCAGRTGTA| 3329

EV] CACTAACTTC GGTCCACGAC GCCATTTTOR AGGACCTGET GTTCKECAGT GAGATTGTGG GUAAGAGGAT CUGAGTGAAG ATGGACAGCA GCAGGCTCAT| 342
CARGGTOUN CTGGACAAGE CCCAGAGAR CAACGTGGAR CACAAALTGA GTGGATCTGC TGGTCTACAT ACGCCATATG TGACAGEGCT CATTGTTTIT 3529
ACCGACGTGG ACATCCAGCG AGCTGCTCTC CTGGLTCTGT CCTGGTGOCA GTATGGGAGE GTAGCTTTTC AGCAGAGACG TACATTCCCG TTCCACACCG 3629
UI7Tf  TCGGAGAGAA AGCTCTGTCC CCGGCCTCTG GCTGGGGTGH ACGAGEGTC TGTATATTEC TACATCTTCC CAGAGTCCTA CTGGACCGTT ACTGGGGAGC 3729
TAAACCATGE AGTGCACAAA CCAGTTTGGT GCTGGTGTAA CAACATTACC TCCATCCATG TGTTTAATGE TGTTCTCATT TGCaiTaGA ARCGTICTCT] 3829

EVIl  [66T6TCTaCA AGAAGCTCAC AGGLAMAGAC GTCETGTTTG AATTCCCAGA ATTCKAGCTG TAAMATCAGA TGGCAARATA SATTTGTTTA CTGTCCITGT| 3929
GTGTGITG CTTCAGAGTG ASTTGCTTAA TETCTGGTAT CAGTATGTCG TGCGATCAAA GACATGAAGC TGTAGTACAT TGGATGGAGC ATCATATTGG 4029
TTCAMCCCAL CAACTACATA AGCTGATCAT AGTTGAGETG TTTAACACYG CTGATGCTTG AGLGFTTTGT CGCCCTETAA GTATCGAGTA CAGTGTGA 4127

EIll

Figure 1. Nucleotide sequence of tReubripesS7U17 gene and its flanking regions. The sequence is numbered relative to the transcription start point. The sevel
exons are boxed and marked EI-EVII. Canonical and pseudo U17 sequence copies are underlined (continuous and dashed respectively) within the introns and |
U17c—f andpU17a and b respectively. Promoter sequence motifs are underlined upstream and within the first exon. The start codon is underlined within the se

exon, the stop codon and the polyadenylation signal are underlined within the last exon. The EMBL Data Library accession no. of this sequence is X94942.

1313 of theS7 gene (see Figl). For sequencing, plasmids (20). Transcripts of 1048 nt (lli) and 592 nt (llli) were obtained
pF-S7.1 and pF-S7.2 were digested with various restrictimespectively from plasmid pF-S7.10 and pF-S7.11. After tran-
enzymes to generate overlapping fragments and subclonedsaription and DNase digestion, the RNAs were purified by
Bluescript KS(+). A fragment of the rRNA gene encompassinghenol/chloroform/isoamyl alcohol (50:50:1) extraction and
the 18S rRNA region complementary to U17 RNA was PCRthanol precipitation and resuspended4® or microinjection.
amplified using two primers corresponding to regions well
conseryed among vertebrates, nt 568-589 and 1092-113g A microinjection into Xenopusoocytes
according to th&Xenopusl8S rRNA gene sequenci).
Isolation ofXenopusstage V-VI oocytes and microinjection of

; i i i ; RNA into the germinal vesicle were carried out essentially as
In vitro synthesis of radioactive transcripts previously describe®(). Oocytes were injected with 40 nj®l
To obtain the transcripts to be used as processing substratesantaining{C80 000 c.p.m. (corresponding to 10-40 ng) of the
microinjected oocytes, fig pF-S7.11 DNA was digested with in vitro transcribed RNAs and incubated for increasing time
EcdRl and transcribed with T7 RNA polymerase, whilgdl  intervals at 22C. After incubation, nuclei from pools of 10 oocytes
pF-S7.10 was digested witibd and transcribed with SP6 RNA were manually prepared) and then lysed in 3Q@ 100 mM
polymerase, in the presence of Bl [a-32P]JUTP as described Tris, pH 7.5, 300 mM NaCl, 10 mM EDTA, 2% SDS, containing
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FUl?ys (TAGNGCGTGRTTGTAACGTAGLGGLTAACAGGLOTRCATGTOTTCAGTGT ClG!CGGCTAMGUGAGECCGGAUAGGTGGCACAG(AGTGMT&GTAGAGGCTCCG TTTACGAAAAR

FUll7yh CI'GATGTG" CTTCATCTCTCCGAGTTTATCCATAARGTCATGTGLFCTTACGGTAAATGTCCATGTAGGTTCTCATTCATCTAGTAAGGTGGAGLAGAGTCAAC TGGACCGGTAAA
- i "F & -t -5
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FUl7e CTGACGTGGACATCCAGLGAG-CTGCTCTCCT-GOCTCTATCCTGGTGGC - GTATGCGAGCGTAGCTTT TC - AG-CAGAGACGTACATT - - - CCCOTTCCACACCGTCAGAG

Fuld  CCGACGTGGACATCCAGCGAG-CTGCTCTCCT-GGCTCTATCCTGATOGC-GTATGGGAGCETAGCTTT -C-AG-CAGAGACGTACATT - -~ CCCGTTCCACACCGTCGGAG
FUI7e (CCGACGTGOACATCCAGLGAG-CTGETCTCCT-GGCTCTGTCCTGATOGC-GTATOGGAGCATAGCTTTTC-AG-CAGAGACGTACATT -~ - CCOGTTCCACACCGTCGGAG
FUITE  CCGACGTGGACATCCAGCGAG-CTGETCTCCT - GGCTCTETC TGO THOCAG TATGGGAGGTAGCTTTTC -AG- CAGAGACGTACATT - - - CCCGTTCCACACCOTCGGAG

xulrr  CCAACGTGGATATCTCATGAGGTTACTCTCATAGGL TCTGTCCTGATGOC-GTATGGGAGCATCGCCCTGTGAGUCACAG-TG-ACGTATAACCCCTTCCACAACGT TGGAG
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FUL7ya AAAAACGTGAACAATTTTCTAGCGAATTCOAGTCATGOAGAAGGTAGAATAGL TARATTCCGTTAGCTAGCTGLTGLT: GGCACGATCTAITCCAAGT ACTGCTTCTTGCTAAGT TARAGCT
FUlTyh  AGAAACTGGCAGATGTTTTGLGTCTCATCCATGTGTCCACATGT CCTGTGAGGCCACTGGAGAGGTGAAATGTCTTCCAGTGTCT TTTATCCATCCAGTTGACTCCACCTCAGCTTAACAG
—_— = . med —_— s | —_—
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FUITe  AGARAGCTOTGTCCCCGGOTTCTGEE TGGCGTGGACGAGCATCCTGTATATTCCTACATLTTCE

FUITd  AGMAAGCTTGTCCCCGAOO-TCTGGCTRECETRRACGAGLATC -TGTATATTCCTACATLTTC

FUl?7e  AGMAAGCTTGTCOCCGROO-TCTGGCTEGCGTAEACGAGCATCCTOTATATTCCTACATETTCL

FUIH  AGAMAAGCTITGTCCCCGGCG-TCTGGLTREGATHGACGAGCGTCCTOTATATTCCTACATETTCD

xuin ucucc-q! EI CCCCGGCélTI’CGGCT GGT(:;T GGGC-ATCACCCTGT, s\TlT-L:CTA TTLC
Tl

17 13
GTCCTACTGRACC

mccnccﬁ?a—ur 917%
GTCCTACTGGACCGTRACTGGGGARCTAAACCATGCAGTGCACAT  97.7%
GTCCTACTGGGCCGTRACTCCGGARCTAAACCATGLAGTGCACAT  98.6%
GTCCTACTGGACCGTRACTGGGGARCTAAACCATGLAGTGCACAA  100.0%

GLCCT-C-GEGLAGTRACCOGHGARACARACCATOCAGGATACAG 72.5%
rRCSTE | !
140 160 200 218

Figure 2.Comparison of the nucleotide sequences dftiggandXenopud)17 snoRNA gene copies. The rRNA complementary sequences (rRCSI and Il) are boxed;
nucleotide sequence homologies with respect té-tigel f copy (FU17f) are shown at right. The two pseudocopiespdBhd U1l@b are not aligned with the
canonical copies, due to the many insertions/deletions; to help comparison some homologous blocks are marked and numbered along the sequence.

1 mg/ml proteinase K2@). RNA was extracted and analyzed byperfectly conserved between the two species. The overall size of
6% polyacrylamide—8 M urea gel electrophoresis according the Fugu S7/Ul1%ene is 3930 bp, compared with the 12691 bp

standard procedures. Xenopuscounterpart. Exon size ranges from 27 to 151 bp, as in
Xenopuswhile introns range from 339 to 920 bp, shorter than the

RESULTS 1057-4645 bp observed Xenopus Thus, the more compact
. ) ) Fugugene organization is uniquely due to the smaller size of the
Isolation and sequencing 0§7U17 genomic clones introns, while the coding regions for the r-protein S7 are identical

in the two species. Comparison of the coding sequences (not
shown) indicates a very high homology betw&emopusand
Fugu at the protein level (95.9%) and a somewhat lower

finding of clones hybridizing to both probes suggested that tH$mology at the nucleotide level (82.4%), due to several silent
U17 RNA coding sequence is hosted in$gene ofFugy, as nucleotide substitutions, mainly in the third position of codons.
occurs inkenopusThe selected cosmid 85F12 was digested with All vertebrate r-protein genes analyzed up to now have their
EccRI and analyzed by Southern blot with the same probes §&nscription start site located within a 12-25 nt pyrimidine
above. The positivEccRl 3.5 kb fragment, corresponding to S€u€nce, so as to transcribe mRNAs always starting at their
most of the gene, was subcloned and sequenced. Completiopofnd with @ 6-12 pyrimidine sequence, which has been
the 8- and 3-regions was obtained as described in Materials arjg'plicated in the translational regulation of this class of mMRNAs

Methods. The sequence of the enfitgu rp-S7 gene with its  (for references se@4,25). TheFugu S7gene also follows this
flanking sequences is shown in Figtire rule: the presence of two G residues ‘contaminating’ the

pyrimidine sequence is not unusual, as a similar situation has also
been described for other r-protein genes.

Comparison of the'Segion of theFugu S7gene with the
Seguence comparison with tkenopus-proteinS7cDNA (17)  promoter regions of other vertebrate r-protein genes has revealed
and geneZ?3) allowed precise determination of the exon—introrthe presence of at least two relevant sequences, indicated in
boundaries in thd=ugu gene. The "send of the first exon Figurel. At position —72 the sequenceACTTCCTGCG is
(transcription start site) and theed of the last exon have not present, also found in the promoters of other vertebrate r-protein
been experimentally determined, however, the very good sequegemes and shown to be responsible for binding of a transcription
conservation in the regions surrounding the two sites allows thédrctor, calledd in the mouse26,27) or XrpFl in Xenopug28).
tentative identification ifuguby comparison witikenopusThe  Moreover, the sequencéBGCCGTCGTT at +11 shows high
Fugu S7gene is made up of seven exons and six introns, as islitsmology to an element located at the same position in the
Xenopushomolog, and the positions of the six introns are als¥enopusS7gene and described in the promoters of some mouse

A Frubripescosmid library {1) was probed at low stringency
with aXenopusDNA specific for r-protein S7L{) and aXenopus
genomic fragment containing a U17 snoRNA gene c@py bie

The r-protein S7gene
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Figure 3. Secondary structure BiguandXenopudJ17 snoRNA f copies. RNA structures were generated with the MFOLD and SQUIGGLES programs of GCG
(31). The two compensatory substitutions present ifrtige c copy, with respect to theuguf copy, are circled.

r-proteins genes, where it has been shown to be responsible fc T R e
binding of thed transcription factord6,27). A i

K Hl FEl By B Lo i

The U17 RNA coding sequences B a'l

o ] = [ ] ] ! IT
As already suggested by the hybridization data (see above), the = ™ . - e
introns of theS7gene host the coding sequences for U17 RNA.
Figurel shows, underlined, four easily identifiable U17 sequenceigure 4. A comparison oFugu(A) andXenopugB) S7TU17genes. Exons are
copies, one in each of the last four introns (copies c—f, nameaepresented by filled boxes and nam_ed according to Figu_re 1. Gray and striped
according to their intron localization). The four sequences arB°Xes represent respectively canonical and pseudo copies of U7 sequences,
. . . : . . named as in Figure 1. Start and stop codons are indicated in the second and last

compared in Figurg. Their homology is very highB8% using o s,
copy f as reference) and somewhat low&B8b6) in comparison
with the f copy ofXenopudJ17 sequence.

The computer-derived secondary structufeugfuU17 RNA, Careful inspection of the first two introns revealed the presence
shown in Figure, is in excellent agreement with that proposef two degenerate U17 sequences: appyn the first intron and
for XenopusU17 RNA @). Two of the very few nucleotide (b in the second. The sequences are dashed underlined inFigure
differences among the fobingusequences represent compensatorgnd compared with the canonical U17 sequences in Rgline
substitutions that leave the secondary structure unaltered. In faetation to the U17 sequence is indicated by the presence of some
as indicated in Figurg, in U17c nucleotide 2 is a U, matching conserved sequence blocks: cdpy presents somewhat better
with an A at position 101, while in the other three U17 copiematches than copya. Notice that some blocks are more
there is a C base paired with a G. The other few substitutionsnserved between the two pseudocopies than between these an:
occurred in unpaired regions. The comparison betwediuthe the other copies. Attempts to generate computer-derived secondary
and Xenopussequences shows many more differences; in thistructures for these two U17 pseudocopies comparable with the
case also they either involve nucleotides not implicated in basanonical one have failed. The absence or poor conservation of
pairing or are compensatory nucleotide changes. the rRCS elements also strongly suggests that these two sequence

Several snoRNAs contain regions of complementarity teepresent pseudogene copies.
rRNA, probably implicated in interactions at these sites. In A comparison of the organization of FigguS7U17 gene with
particular, it was proposed théenopudJ17 snoRNA has two that of the correspondingenopusyene is shown in Figure
boxes complementary to regions of the 18S rRNA and of the ETS
respectively§). These sequences are conserved in the four copi i ints ini i
of Fugu U17 sequence and are boxed in FigueRCSI and SZZOTJD$523;:§§ sing fromFugu transcripts injected in
rRCSII, rRNA complementary sequences | and Il). We have also
cloned and sequenced a fragment offthgu 18S rRNA gene The correct and efficient processing of various intron-encoded
encompassing the rRCSI complementary sequence (not shownpRNAs by heterologous systems indicates that the processing
that is also conserved betwe¥enopusand Fugu Thus the mechanism is evolutionarily very well conserved among all
complementarity between U17 RNA and 18S rRNA is maintainediertebrates 4). In particular, we have shown that U17 RNA
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Figure 5. Analysis ofFuguU17 snoRNA production by RNA microinjection infenopusocyte nuclei.A) Anin vitro synthesized 592 nt radioactive RNA (llli),
corresponding to part of the third exon, the entire third intron bearing the U17c copy and part of the fourth exogus lgene, was injected kenopu®ocytes.

After incubation for increasing time intervals (0.5-5 h), total RNA was extracted and analyzed by gel electrophoresis and autor&jlidgriapliyo(synthesized

1048 nt long radioactive RNA (lli), corresponding to part of the second exon, the entire second intron beaitighticepy and part of the third exon of Ehegu

S7gene, was utilized and analyzed as in (A). M, RNA size marker; S, transcript substrate. Arrows point to the intact injected transcripts and to the mature pro
Schematic representations of the RNA molecules are shown on the right.

production by processing of precursor transcripts, mainly due toan that of mammalsl(,11). One of the reasons for this

5" and 3 exonucleolytic activities, is conserved between fish andompactness is the small size of most introns, which have a modal
amphibians18). In fact, a radioactive RNA precursor containinglength of <100 nt. It seemed to us that this situation is particularly
a Fugu U17 sequence is correctly and efficiently processed tsuitable for the study of the structural organization of those genes
yield mature U17 RNA when microinjected into the germinailvhich contain, nested in their introns, the coding sequences for
vesicle of Xenopusoocytes. Now, to verify that the two snoRNAs. Since the intron coding arrangement was revealed for
degenerate Ulfa andyb sequences, present in the first twomouse U14 RNA, the number of intron-encoded snoRNA genes
introns, are indeed pseudogenes, we microinjected the followiirgvarious vertebrates has grown to >15 during the last 3 years and
radioactive RNAs: (i) a 1048 bp transcript (lli) containing thds still growing fast (for references see3). All these snoRNA
entire intron 2, including the less degenerate Whil¢opy sequences are hosted in the introns of genes coding for r-proteins
sequence and part of the flanking exons; (ii) a 592 bp transcriptfor other proteins involved in the production and function of the
(I11i) containing the entire intron 3, including the canonical Ul7aranslation apparatus. In some cases specific SnoRNAs are
copy sequence and part of the flanking exons. Figrghows  encoded in different host genes in different organisms. In
that the injected transcript Illi is correctly processed to produgegarticular, U17 RNA coding sequences have been found in all six
mature U17 RNA; in contrast, transcript |li does not produce arigitrons of the gene for r-protein S7X¥enopug8) and in the first

stable RNA and is completely degraded. two introns of the humaRCC1gene 7). We have shown here
that inFuguthe same snoRNA is encoded, aX@mopusin the

Expression of theFugu U17 snoRNA gene in different introns of the r-protei§7gene. However, only four copies (¢, -

tissues in introns 3-6) appear to be canonical on the basis of their

conserved sequence and computer-derived secondary structure
A Northern blot analysis has been carried out on total RNfor the ¢ copy, we have shown that the corresponding precursor
isolated from differenfugu tissues (not shown). The resultstranscript, when microinjected ink@nopuocytes, is correctly
obtained prove that U17 RNA is expressed in the adult fish aqpuocessed to produce mature U17 RNI&)(On the other hand,
provide an estimate of its relative abundance that seems tott® other copiespa andpb, located in the first two introns of the
more or less the same in all the somatic and germinal tissuasstS7gene, appear to be degenerate copies of the U17 sequence
examined. As for most other snoRNAs, the presence of U17 RNjb being somewhat better conserved ttyan This structural
in normal tissues and its conservation in evolution are the onfiivergence is accompanied by a loss of the ability to be correctly
indications that it has a functional role, the specific functioprocessed; in fact, microinjection inienopusoocytes of a

remaining to be determined. transcript corresponding to the second intron and containing the
U17yb sequence did not result in the production of any stable
DISCUSSION RNA, but in complete degradation of the injected precursor.

The presence of these U17 coding sequences seems to be the
It has been shown that the flskhubripeshas, among vertebrates, reason for the relatively large size of these six introns, ranging
a particularly compact genome, approximately eight times smallbetween 339 and 920 bp; although much smaller thémiopus
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this size is larger than that reported for the majoritfFuaju 5 Fragapane,P., Prislei,S., Michienzi,A., Caffarelli,E. and Bozzoni,l. (1993)

introns (L0). Thus analysis of the gene structure in this specieg EMBO f( 1£'ng§ﬁ_2|3|2% 4 Steitz I A (19 Doy 78

could facilitate the study of intron-encoded functions, in part® [YZRPH T SIUALD. and Stefz.~ - (19G3jne Dev, 78

beqause of the redgced cloning_and §equencing workload,_bt;lt Kiss.T. and'Fi”powiCL W. (199BMBO J, 12, 2913-2920.

mainly because the intron length itself, if substantially exceeding cecconi,F., Mariottini,P., Loreni,F., Pierandrei-Amaldi,P., Campioni,N. and
100 nt, could be indicative of the presence of an intron-specific Amaldi,F. (1994Nucleic Acids Res22, 732-741.

function. 9 Pellizzoni,L., Crosio,C., Campioni,N., Loreni,F. and Pierandrei-Amaldi,P.

; 1994)Nucleic Acids Res22, 4607—-4613.
The results pres_enped here also be.ar.on the problem Qf eYOIUtRn(Brenr?er,S., Elgar,G., Sasr’fdford,R., Macrae,A., Venkatesh,B. and
of genome organl_za}tlon. At present it is difficult to decide if the Aparicio.S. (1993Nature 366, 265-268.
short intron-containing genome lBfigu represents an ancestral 11 Baxendale,S., Abdulla,S., Elgar,G., Buck,D., Bercks,M., Micklem,G.,
situation from which longer intron-containing genomes of other Durbin,R., Bates,G., Brenner,S., Beck,S. and Lehrach,H. (Mz6)e
vertebrates originated or it is the result of progressive reduction Genet, 10, 67-75. .
of an ancient large intron-containing genome. The first view i g"::ggi'z-Jz-ésé‘;‘f”%?-J” Luzzatto L., Brenner,S. and Aparicio,S. (1995)
consistent with the finding that since the time the Maj!!md 13 Macrae’AS' D. and Brehner,s. (19Gnomics25, 436-446,
Wb sequences started to degenerate their two host introns ha¥€aparicio,s., Morrison,A., Gould,A., Gilthorpe,J., Chaudhuri,C., Rigby,P.,
maintained a length similar to that of the four introns containing Krumlauf,R. and Brenner,S. (1998joc. Natl. Acad. Sci. USA2,
conserved U17 RNA sequences and several times larger than thel684-1688.

time has yet elapsed for an appreciable reduction in intron size to hi?g;?toN%Ma”“a' Cold Spring Harbor Laboratory Press, Cold Spring

have occurred. 16 Sanger,F., Nicklen,S. and Coulson,A.R. (1%#@E. Natl. Acad. Sci. USA
74, 5463-5467.
NOTE 17 Mariottini,P., Bagni,C., Annesi,F. and Amaldi,F. (1988ne 67, 69-74.

) ] ) 18 Cecconi,F., Mariottini,P. and Amaldi,F. (1998)cleic Acids Res23,
In previous papers we have used the ribosomal protein numbering 4670-4676.
system introduced in our first studyXé&nopus-proteins 29). 19 Ajuh,P.M., Heeney,P.A. and Maden,B.E.H. (199@. R. Soc. Lond.,B

i 245 65-71.
The large amoun.tlof sequencing data now accumulated aIIows2 S Melton DA, Krieg,PA., Rebagliati M.R.. Maniatis.T., Zinn K. and
to adopt, as a unified nomenclature, the rat systé@mthus the Green,M.R. (1984)luceic Acids Resl?2, 7035-7056.
r-protein that we previously designated S8 is now identified as $7 Bozzoni,!., Fragapane,P., Annesi,F., Pierandrei-Amaldi,P., Amaldi,F. and
for bothXenopusaaindFugu Beccari,E. (1984). Mol. Biol, 180 987-1005.
22 Pierandrei-Amaldi,P., Beccari,E., Bozzoni,l. and Amaldi,F. (1688)42,
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