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ABSTRACT

The question of the evolutionary origin of eukaryotic 5.8S rRNA was
re-examined after the recent publication of the E. coli 23S rRNA sequence
(26,40). A region of the 23S RNA located at its 5' end was found to be
approximately 50 % homologous to four different eukaryotic 5.8S rRNAs. A
computer comparison analysis indicates that no other region of the E. coli
ribosomal transcription unit (> 5 000 nucleotides in length) shares a compa-
rable homology with 5.8S rRNA. Homology between the 5' end of E. coli 23S and
four different eukaryotic 5.8S rRNAs falls within the same range as that
between E. coli 5S RNA and 5S RNA from the same four eukaryotic species. All
these data strongly suggest that the 5' end of prokaryotic 23S rRNA and
eukaryotic 5.8S RNA have a common evolutionary origin. Secondary structure
models are proposed for the 5' region of E. coli 23S RNA.

INTRODUCTION

Ribosomes from all living cells are composed of two ribonucleo-

protein subunits differing in size, each containing a high molecular weight

RNA. The small subunit contains a 16S or a 18S RNA (in prokaryotes and euka-

ryotes respectively) and the large one, a 23S or a 26S-28S RNA. In addition,

this latter subunit contains a low molecular weight species, the 5S RNA.

Another small RNA, known as 5.8S RNA (1) is present only in

eukaryotic cells. Unlike 5S RNA, 5.8S RNA is hydrogen-bonded to 26S-28S and

arises from a late maturation step of the 28S precursor. 5.8S RNA has been

found in cytoplasmic ribosomes of all plants and animals investigated and its

size is fairly constant (156-162 nucleotides), except in Drosophila melanogas-

ter and Sciara coprophila. In these two latter cases, the 5.8S RNA is only

123 nucleotides long and there is an additional 2S RNA of 30 nucleotides

which is homologous to the 3' part of 5.8S RNAs from other species (2,3,4,5).

Approximately, ten different 5.8S RNA have now been sequenced (for a review,

see 6) and different secondary structure models (7,8,9,10) have been proposed

for this molecule. Comparisons among 5.8S RNAs (3,11) and among eukaryotic 5S

RNAs -(12,13) show that 5.8S RNAs are more conservative than 5S RNA to
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evolutionary changes (3,11,14). Therefore, considering : i) that all known

5.8S RNAs share important homologies and ii) that the existence of a

5.8S-like molecule has never been reported in prokaryotic organisms, a

question immediately arises : what is the evolutionary origin of 5.8S RNA ?

Ten years ago, Doolittle and Pace proposed that 5.8S might be the

evolutionary counterpart of bacterial 5S rRNA (15). This assumption was

essentially founded on a comparison between the prokaryotic and eukaryotic

RTU organization schemes : One gene coding for a small RNA species is present

in addition to the genes coding for the two large rRNAs, both in pr and eu

RTU. In prokaryotic organisms this small RNA is a 5S RNA while in eukaryotes

it is a 5.8S RNA but both are co-transcribed with the large rRNAs and both

are components of the large ribosomal subunit. The differences between pr and

eu 5S RNAs and the homology found between pr 5S RNA and eu 5.8S RNA (16),

further supported the idea that eu 5.8S RNA -and not eu 5S RNA- is related to

pr 5S RNA :

- In eukaryotes the genes coding for 5.8S RNA are linked to the 18S and 28S

genes whereas the 5S genes are not.

- Eu 5S RNA is a primary transcription product in contrast to pr 5S and eu

5.8S. Moreover distinct polymerases are responsible for transcription of eu

5S and 5.8S (17).
- Pr 5S and eu 5.8S possess one or more CGAAY sequences supposed to interact

with the GT4CR sequences of tRNA (16).
- Reconstitution experiments have shown that eu 5S cannot be incorporated

into bacterial ribosomes (18,19). Moreover E. coli 5S binding proteins

interact with yeast 5.8S but not with yeast 5S RNA (20).

However, other observations argue against the hypothesis of Doolit-

tle and Pace :

- With the exception of that in Drosophila (see above), all 5.8S RNAs are

longer than pr or eu 5S RNAs (160 instead of 120 nucleotides).
- 5.8S RNA generally contains 4 or 5 nucleotides which are modified at

specific sites whereas pr and eu 5S RNAs do not (yeast 5S RNA is an

exception).
- Even though the 5.8S gene is part of the eu RTU as is the 5S RNA gene in

the pr RTU, their respective localizations in the transcription unit are

different, the order being 5'-16S 23S 5S-3' in prokaryotes and 5'-18S 5.8S

28S-3' in eukaryotes.

- 5.8S RNA is hydrogen-bonded to 28S RNA, in contrast to eu 5S RNA, for which
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the formation of an in vitro complex with eu 18S has been reported (21).

- Finally, if eu 5.8S RNAs and pr 5S RNAs were evolutionarily linked, one

would expect their sequences to be related. Cedergren and Sankoff have

clearly demonstrated that the degree of homology between eu or pr 5S RNA

and 5.8S RNA is not higher than that between two random sequences. The same

comparison test showed that although eu 5S RNA and pr 5S RNA sequences are

very different, they are indeed evolutionarily related. Consequently, they

proposed that 5.8S may have evolved from the intercistronic region of the

bacterial genome(14).

Evidence is presented here that significant homology (50 %) exists

between a unique region located at the 5' end of the pr 23S RNA and eu 5.8S

RNAs, suggesting that 5.8S RNA has evolved from the 5' end of the prokaryotic

23S RNA. In the course of writing this paper, R. Nazar (61) reported homology

between trout 5.8S RNA and the 5' end of E. coli 23S RNA.

SEQUENCE DATA AND COMPARISON PROCEDURES

The bacterial ribosomal sequence

It seems now established that the E. coli genome contains seven

operons coding for the ribosomal RNAs (22). In the past few years, the se-

quence of different regions of these operons have been determined but

unfortunately no complete sequence of any one of them is as yet available. It

is however possible to artificially construct an "hybrid" uninterrupted

sequence representative of an almost complete RTU by the compilation of

different results. In this work, we have constructed such a composite

sequence, with different regions taken from the rrnB and rrnD operons. The

entire sequence we used is 5 166 nucleotides long (Fig. 1) and is made up of

six different contiguous sequences in the following order:

- the 5' part of the sequence starts in the promotor region of rrnD (23), 72

bp downstream from the beginning of the 16S gene

- the 16S rrnB gene : 1 541 bp (24) ;
- the 16S-23S spacer region of rrnD 437 bp (25)
- the 23S rrnB gene : 2 904 bp (26)
- the 23S-5S intergenic region of rrnD : 92 bp (27)
- the 3' end is the 5S sequence previously determined at the RNA level : 120

bp (28).
The RNA sequence was then inferred from this DNA sequence and for

practical reasons it was divided into eight consecutive subsequences of 640

nucleotides (A to H in Fig. 1), the last subsequence (H) being 686 nucleo-
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A U&AIIACCGCA UAACUIJC6CA AGCAC44AAA CGCCAACCUU CICACCUCUU GCCCAUCSAAU 6UCCCCICAU GGACUAWICU 323

AGUDAAACCA CCAAC~CCAU ULUAuAC AUCUCAAAM UCCCUG CUGG.CU6A CAGAACCU A ACUACACIrUG AUACUGACAAh 720£CiUCCAGACJ CCUA &ACA GCAUACAAU CAAAUUAuuC CCUCAAAUS&C 6UAGACUCU UACA"CCASij CCC&UUGCA6 403 16AC&ACCCCGC UGCACGUGAAAGS UCACICUCAIAUACAA CAAG&GAUAC A'AGCAUU AAAUACCUGCUCAU UWACUCUACC 360
GUC&CGCAGA AA CACC"UUA AA CUCC-UACA CCCACA6CGCG CCCCILIACAGA GGCUGCCASC UGUCAAII&APS AUU4CUAPGCA 430CCAA6ACGAC CUUAGCCGUCJ CUUCACAUC( ACCAAGAC.U UCACCACAUA CAAICUCCUG UCACUCAICUI AUACAGCAG 1120

F ICUCCACCC UGGCIAIAC( CUCACr,CUCAL AAACUAACCGUUAGAGICCC AACEGAGCU AAACCCWUC CUGUAUCECG 1203CCCCUAACCdA CCU&CACU(C GAAAC1ACUC CCCCUU6CA UA GCUCAAAAUCCACUACACGUUAAWCAICUA CGUCCUGGCGA 3260CGUAC1ACCA LAACCUUAACA C&UCAAAUCAA UU6CC.CAUA CCCCACAC"G CACCUCCCCA UACUAAWJCA AUCCuAUGAA 3340CUCACCi AC A CUUCCCGUUtoC UGAAICUCAAUCC ACf.CUCCA UCAAGAUCCA GAUCArCACUA AUUCCGAUCG UAGAACCAGC 11.43GCUCJUGAA C UGUCCCErC QUCGUACACAC AACLA"UCAC UAACCECAVAC UCGACUCCA A6ACCCJ%U; UCUU4AUUCC 15203
C UGJCCCGACCCC&ACCACAACU C"SU IC64GAA4GGAU GArUC4%S CAUAAGCCCU 12S0
CI CC EACA UC A 6G & & & & C 64 (K CAA C4CACA C ACCUCAC AAA 17361I UGJU CGA A GUAAWJ AC GA IUUU CAA EUC A UCC U 4A GC G GIGAC "kI G GCC 1I44I..... JACC.UU'CGSUCE UUCUA.ACAE CECACUCAIC U&ACUC UUAAUAAAAUSGUAA UACUAUCJ3A UCGULOACCU 1923
c UJCGGGA&96C CAU UUL GCUCUJAA AACCAU ACUGAA UACAAUCA GUAACAS.AI AI UCUCC 2303
I AUEA AUUKCIN AAGCU UIAA U UCAAAAG UCCCCUU C "UA GG4 AAC C

D EJUCAUCCACAGGUCUAIJAIJ% AES&CACJAC CA6gAACUAA AUCfigCAUAC UCCUACrC.:3 GCCAC~C1 22436(AUCRGG UAAAUSCCCAA CACAAUJAAEC UAAUCUAAUC AC&fEAUUCCCC EAGCUACCC A&AGAAC,JC EGUUGAArCCC 1230F ACAA.CCUCAG CACi6JUUC1AU CCUAICCAJAC CACCAUCVCCA ACCC1CCC6 AAUACAAAIA CACCCUJAG UCACCAAAAU 9250CACGJJAEUC rCGAAULCCUCC.U(A UAAACC ACAUCUCC"UAUUUCArUGA AUUGAAUCACU CAC4CAUCCU AACCUAAA. 2830UAuCGA&LJCLKAAUUUCCALA UCACCACUAAG ((CUACAUCA ACGSCCUAJA rCUAAGCCC AC MAGUCCC5 ALFAA1AOCC J543
JUUAAC CGAA UG6UAAAC CCC(CCAUGOE ACACACUAUA C&UCUACUC( AUACCAUAUUC UAAAUCA&IU AACCGACUUA 2240UA.CU& U AACAU CUAAUAAC CAAAGGAAC AACCAACGC AGAUUCCCACUC UAACUAGCGE AGUAACUJ.CG GACAGCCCAU 2320
4C-CCJC-AAACC (GLUCACUAU GUCAGUG "A CLUOCDSAAC AGCGCCUA AACACUAA UCAGA CACCACZ;J4C UAAUCUUA 2600CACAUr.CUCU GUACCUCAUC AGUAGGCIUC GAAACCCGAAU AAACCUGCUGA AUAUGCCGU uACAUCCC CAAACCUAUUAA 2680E UACUCICCAC CUAAUC UCGCUAGACCACUAGUUUCCCCAACGCCGCAUCAUCACCCCUAA%AACCCC(,&GGG;!A4AU4CAA 2940F GAAUCCCAAOUACCCACAAUC UCACUC6ACC ACACUA"CAC CCCUACUAA GUACCUCUUU UAAUAAAUS ACAACCCACUA 3040CCGCJCJCUAG CAA&GuCAA( GC&AACUAGG AGCECAAG AAACEUIGCAAi UCCAGACA66 GCAG2UUCUUAA1JCAAGO4 3323ECCGAACC6 GLAUUUAAACAA GCCAAUG'GAC GUCGACGUCU ACUCCCUAA CCUCAACLAUG ECUAACCCGC UAAACCUAAC 3200ACCAACUUACG AUGACCCAC GCUUJCCCUG AAU(CUUACUA GCAAACGUUC UAUAACCCGUUCUCACECLUA ACUAUCUAGI 3263E UCJAGCGCCUC ACACAASACAC CAU$CuGAG CAUAGACUAGC UCAACCCCA GAUCAAUCCC CACUACCAC ACACCGAUCAA 3340AJJCCUGCCAAACCUAJAAUC, UUUCAC "CG ACACUCACGGCGGUCUAAICA CCCCACCGCC. GAAGAC;0J1 ACAACCAGC 30 23$CCGCCAUCCUA UA(CUC CrU UUCAAACUAUOCC6UGACACAC GAUAUGGGAA CUUCCCACACACIACCCJJU CCCACUUAGAA 3523F CCCUCJACCC UCUUAAACC& GCGCAAUACC UACA AA6CG AGCUGACCCU& CGUC"AACAU GAUAAEGJGr. CUCAACCAUAC 3200

AkCA&UMCU CUCA6CCAE ACUACJGCGU CCUCMACC A&CAUCAAAUC CUACUCCUAA CCGACAMU CUGCUCAG&CA 3463F GALU&ACCA AUCACACUI. CGAAA'CUGA GCAACGUAAC IJACCAAACU CCUGAACCCA CCUCCG4CAG ACACACCCAC. 3436JUCCJUCJACU CAC6UU(C(U GGC;GCAUCA CUGLCASACAC CJAAGCGAUA CACUCGACUC CAACUCIJUA UU4AAAACA 3840 2UACACAiCUCCU AAACA(GCAA CUUAC(USCAA ACCGAUCUC ACCGCIDC(AU GUCCCCAC&GCGUAAUUJJ2U CCC6UUUACC 3623F ACCCGAACC UGGUU.UEC&A GCAACUCCGA GAA"CCLGCC UACUGAUAAC AGUCCUAA"CC CUACCCAJAU CUUCUhCC 46000AAACUJCCCUG CUCUCACCA AAUCCCJCAAU CAUCCASCUA UGCCAC(ACAUC UCUCACUCAAAUCJAAC*U CGUCACCUCA 3683
GACAAJCCAC UAGCCECUCG( AAGAACCGAA GASCACCIIAACCUUACGAAUA 6UACCUUACA EUUCAACAII AICCUCACUC 4160G UCACUA"UA CCGAG&CCEM GUUAAUCUCACACCACSUCA UCCAAUCACC CCACE4CUGIA CAAACCCU(JU UU&AAACAUC 3243AUUCUA(u AC AAUAC&ACCLAA UCACCCUAU CACACAUCAIC UCCCUGCCU AUUCCAAC UCACCAUCUC4 CoUCUAAACAs 43920UAACCAA&CU ACUUAC(AAC UGCCCCrUAA3D ACU6CGCCGA AUCAACUAUUAAE UCCUAAUC CCUAACCAI%U CCUUCACUCC 44000UAAGUCCUCAC CCUCCACCAA, GUCCCAAAU A6rCCCAA.C UUCAUCC&CU.C UUCUCAAA,GC AAAUJCCU CCUCAACCA6 4460AOUAAACCACW UCCCCCAU"I AACACCCUAAA GACCCCAAA ACCUUACAUAUC ACCACA CUC uUCCC ACCAUCUCCC 4540G UCoAGAUCACA CUCCCCACICLs ACUACIUCUC AACGCCUAUC CUGCAUGACC EUCUUAAAU AUACCCACIU UCCUUUAWAA 46443CAUCUCUCACA CAUUGCCU(G CCAUCUCCC6 GCG4CCCCCCUCCACAACUCAC CCUCCUG G6CGUACUA CUCCACCAACA 47320

CGUCGCACCA CACUCUC64U CCCUIICUCAC GUGCCCAU CC AACUCCCCC AICGUAAUC CCUAAC""IIA ACUCCCAA 45,03
H CCAUCUAAGC ACGAAACUUC CCCCCACAUCt ACUUCCUCCCU ACCECUUUA GGGUCCUCAA GCAACGUJGA, ACAC CACAC 4660

Figure 1 The hybrid ribosomal bacterial RNA sequence.
This composite sequence was constructed with different regions of

rrnB and rrnD E. coli operons as described in the sequence data section. The
sequence is 5 166 nucleotides long and is divided into 8 subsequences (A to
H) of 640 nucleotides (686 nucleotides for sequence H). The 16S, 23S and 5S
sequences are ~xed. The 1lT-23S spacer region (24) contains two tRNA
sequences (tRNA Y? and tRNA a ) which are underlined.

tides long.
5.8S and 5S sequences

Amongst ten known 5.8S sequences (see (3) and (6)) we have chosen

four 5.8S sequences as different as possible and representative of evolutiona-

rily distant species such as yeast (7), Drosophila (3), Xenopus (10) and HeLa

cells (29). For control comparisons we have used the 5S sequences of the four
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eu species described above (i.e. yeast (30), Drosophila (31), Xenopus somatic

5S RNA (32), HeLa cells (33)) and the E. coli 5S sequence (28).

Comparison procedures :

For comparison between the different 5.8S RNAs and the 5' 170

nucleotides of E. coli 23S RNA, the four sequences were aligned as described

in Pavlakis et al. (3) and the bacterial sequence was then compared (Fig. 3).

Alignment of the different 5S molecules (Fig. 6) was done by first

matching the GAAC or GAUC sequences at position 40-45 and then arranging the

remaining sequences to obtain the maximum number of identities (13).

When necessary, deletions were introduced to maximize homology

between different sequences. The percentage of homology was obtained by

dividing the number of identical residues found in the same position in two

sequences by the total number of compared residues (insertions were counted

as residues). When two insertions were introduced at the same place in two

different sequences (23S and 5.8S, pr 5S and eu 5S) to maximize homology with

a third one, they were counted as identities (positions identified by a star

in Fig. 3 and 6). When no insertion is introduced, two random sequences are

expected to give 25 % homology by this method.

The percentage of insertions-deletions was obtained by dividing the

number of insertions introduced in the eu sequence by the total number of

compared residues. The number of insertions introduced in the bacterial

sequence was not taken into account since it is considered as the reference

1 10 20 30 40O S0

p CUU U .|CC CGUGC C A U|C A U CU C. UC G A U GCAAGAAGCAGC A G C

pC C U U A A C C CAU CG C kC C C U C C A UC C UC CCA . C A GI CG AU C A A CCA C G U . . .

1 10 20 30 40 0O

60 70 60 90 100

I G cU dXCAU......GUGAU CGAAUCUCAAAC U A c

CUA U C U C C C U AAC C C U C C Â G C A U C^ . .SC.C CC U CC C Ac U

60 70 60 90 10 110 120

110 120 130 140 150 160

RC A C C U UICRG . cfC c UCcC CC CCC ..R 4i .ofC U . .oCCoc c cc Co
BJ..jA AC CIA . aCU UU A C . A A CAUUU A A| AUAU C C A GU A A U C ...

130 140 150 160 170

Figure 2 : Comparison of the nucleotide sequence of Xenopus laevis 5.8S RNA
(upper line) with the 5' terminal sequence of E. coli 23S rRNA (lower line).

Identical nucleotides in the two sequences are boxed.
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in every composition test. This leads to an insertion percentage about half

of that expected if the insertions-deletions in the bacterial sequence were

also counted. However, our method points out more significantly the differen-

ces between eu sequences with respect to pr sequences.

Computer procedures :

Comparisons between different eu 5.8S RNA and the bacterial RTU

sequence (or one of the subsequences derived from it, see above and Fig. 1)

were carried out with the comparison program "CLARA" of J. Ninio (34). In its

actual form, this program allows the comparison of two nucleic acid sequences

of any size (up to 12 000 nucleotides each) and searchs for all strict

identities > 6 nucleotides wherever their location in the sequences. The

program assigns an index to each hexamer and then determines in one pass all

hexamers common to the two sequences. Finally, it makes pairwise comparisons

to check whether or not the homology extends further in the sequences. The

program was run either on a CDC 6600 computer (IN2P3, Universite de Paris VI

- Jussieu) or on an IRIS 80 (Centre de Calcul du Pharo, Universite d'Aix-

Marseille II).

The strict homologous sequences which were found were then plotted

on a two dimensional matrix with the bacterial RTU subsequence on the

horizontal line and the 5.8S sequence on the vertical one. On such a diagram,

with two molecules of the same size displaying a high homology, the identical

regions should appear as dots ranging on the main diagonal of the matrix. In

the case of two molecules of different size, the dots corresponding to the

homologous sequences will be aligned either on the main diagonal or on a

parallel to it, whether these sequences are located at the same distance or

at unequal distances respectively from the 5' ends of both molecules. In any

event, only the dots which are strictly arranged on a line extending at a 450

angle will be considered.

It has to be noted that the program does not handle insertions and

deletions. When three (or more) points are found aligned as described above,

the corresponding sequences have to be aligned manually to check whether

insertions have to be introduced.

The program "CLARA" was also used to make comparisons between the

sequence of the bacterial RTU and random sequences and finally to search for

possible base-paired regions in the 23S rRNA sequence.

RESULTS AND DISCUSSION

Is there a 5.8S equivalent in prokaryotes ?

As discussed in the introduction, the question of 5.8S evolutionary
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origin is still a matter of debate. Comparisons of the known sequences of

eukaryotic 5.8S RNAs reveal a large extent of conservation, even greater than

that observed between eukaryotic 5S RNAs. This may indicate an important

structural and/or functional role for 5.8S RNA (14). It is then intriguing

that a rRNA molecule equivalent to eukaryotic 5.8S RNA has never been

described in prokaryotes and this could be explained in two different ways :

(i) After divergence of prokaryotes and eukaryotes from a common

hypothetical ancestor, the sequence of the rRNAs has dramatically diverged

during evolution, such that it is no longer possible to detect clear homo-

logies between eu 5.8S and its bacterial counterpart. However, because of the

higher degree of sequence conservation between eu 5.8S rRNAs than between eu

5S RNAs, this hypothesis can probably be ruled out.

(ii) All attempts to find a 5.8S equivalent in prokaryotes have so

far failed because a RNA molecule of approximately 160 nucleotides was

searched for. A molecule with a 5.8S function may however exist in prokaryo-

tes, but could either have a smaller size, or be covalently linked to another

RNA component, thus displaying a greater apparent molecular weight than 5.8S

RNA.

In the event the "bacterial 5.8S RNA" has a reduced size, say 70-80

nucleotides, it could be indistinguishable from the tRNA group, when analysed

on polyacrylamide gels, and therefore could be overlooked.

Alternatively, in bacteria, 5.8S RNA could be part of a larger

molecule, in the same manner that 5S RNA is linked to 16S and 23S RNAs within

a 30S molecule in RNase III strains of E. coli (36). More simply, 5.8S RNA,

though present in the bacterial ribosomal precursor could remain uncleaved

from it, by contrast to what happens in eu cells. In these latter cells, it

has clearly been shown that the sequence of 5.8S RNA is present in the direct

precursor of 28S RNA close to its 5' end (37,38).

Assuming that a similar situation may occur in prokaryotes, we have

compared the sequence of the 5' end of E. coli 23S RNA and its adjacent

flanking region with different 5.8S sequences in order to look for eventual

homologies.

Comparison between the 5' end of prokaryotic 23S RNA and eukaryotic 5.8S RNA

sequences.

When the 5' end sequence of 23S rRNA from E. coli is compared to

any 5.8S RNA sequence, it is clear that a portion of the 23S sequence,

between nucleotides 13 and 170, shares a significant homology with 5.8S RNA.

An example is shown in Fig. 2 where the sequences of Xenopus 5.8S RNA and of
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the 5' end of E. coli 23S RNA are compared. The results of comparisons

carried out between four different eu 5.8S RNAs and the 5' end of E. coli 23S

RNA are shown in Fig. 3. The percentages of sequence homology presented in

Table I were calculated from these alignements. These percentages are slight-

ly lower than those obtained from the alignment of only two sequences (the

homology calculated from Fig. 2 is 50.8 % whereas it is 47.7 % in Table I).

They are however more significant since on one hand all comparisons have been

made under the same alignment conditions and on the other hand, the number of

insertions-deletions introduced is slightly lower : it has been previously
suggested that alignments implying relatively few insertions seem more plausi-

ble than those implying many (35).

47-50 % homology is found with the different 5.8S sequences. When

the comparisons are restricted to the 5' half of 5.8S RNA, this percentage
rises to 55-60 % (Table I). As seen in Fig. 2 and 3, the region of homology

V AAAC UU UC AACAAC GGAU C UCUUGGUU CU C .GCAUCGAUG AAGAA CG C A

IlIIIIl IilI IlI tII II II
I I I I I I I I I I I I I I II I I II I I II

X C G A CU U U AG C G G CG G AU CA C U C G GCGu CCGU. Gcc GUCGAUGAAGAACGCAGC
fill1111 11 111 II I I 11 I 11 I I 11 I

H CCACIICUUACCGGUGGAUCACUCGGCUCGU.GCGUCGAUGAAGAACGCAGC

GCCAU.AUC C AUAC. . .... U U A U.U.G.A.A.U.UCUAAUCUGACUUCCACACUUCCCUCA UCAUCCAC.UCUU .U

GC UA . C U C C ?A CAA...... U U A AU CGUGCA ACUUGCC AGGCACA CA)U)UGCAAU. C AUCGAC .A CUUU .UC

I I I k1 ktt (I kk I I I I I I I l1i1
GCUAAUCUCCCAUAAGCCUCGCUAAGGUGAUAUGA.CCCUUAU.ACCGGCGAUUUCC

I I I I I I II II I I l I II I I I I I I II
GCUAG.CUGCCACAA..............UUAAUGUCAAUUCCAGCACACAUUCAU.CAUCGAC.ACUU .C

t
GAACGCACAUUGCC. .CCCCUUGGUAUUCCAGGGGGC..AUGCCUGUUUGAGCGUCAUUU
CAACGCA UCUCGC)G .UCCCC.UGCGUIU CGCUUCCG A Cu A CA UAU GUCUGCAGC G G U A

'r,r ttGr C U A C G C UCG CU UC
GAAUG...GGGCAAACCCACUGUGUUUCGACACACUAUCAUUAACUGA.AU.CCAUACGG

GAACGCACCUUGCGG.CCCC.GGGUUCCUCCCGGGGC) GGCUCUGUAGGGUCGCUCC
Il I I Ii Ii iiIII I I I I II

Figure 3 : Comparison of the 5' terminal sequence of E. coli 23S rRNA (middle
line) with four eukaryotic 5.8S RNA sequences.

Y : yeast 5.8S (Saccharomyces cerevisiae), D : Drosophila melano-
gaster 5.8S + 2S, E.C : Escherichia coli 23S, X Xenopus laevis 5.8S, H
HeLa cell 5.8S. The sequences were arranged as described in the comparison
procedures section. Nucleotides common to one or more 5.8S sequences and to
the 5' end of 23S RNA are joined by a I (or a > for drawing convenience).
Identities between 5.8S RNAs only are not shown. Brackets indicate the 3' end
of the Drosophila 5.8S sequence and the 5' end of the 2S sequence. The arrow
separates the 5' and 3' halves of the 5.8S sequences. Positions denoted by a
* see the comparison procedures section.
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Table I : Comparison of four eukaryotic 5.8S RNA sequences with the 5' end
of E. coli 23S rRNA.

RA Number of residue Identical Insertine- % Inmertin- Se ne X Snce M_ lo
r I() re|idues (b) deletion deletionec)l 10ol In the 5' region (d)

IY 5.8S 1 173 86 15 8.7 497 59.8

|D 5 .8S + 25 172 so is18 10.4 46.5 | 55.2

X 5.8S 174 883 1 7.5 47.7 55.2

.H5.8S | 173 | _84|_ 14|_8.1j 4.5 56.3

Y 5.S/H 5.8S 173 1 125 1 14 8.1 72.3 74.7

Comparisons were made according to alignments shown in Fig. 3. The last
line of the table is the comparison of two eukaryotic 5.8S RNA sequences.
Abbreviations are as in Fig. 3.
(a) Insertions, when introduced, were counted as residues.
(b) Identical residues between the 23S sequence and each 5.8S sequence were

counted. In some cases, denoted by a * in Fig. 3, two insertions were
counted as an identity (see comparison procedures).

(c) Only insertions introduced in the eu sequences were counted (see compa-
rison procedures).

(d) The end of the 5' region (the first half of 5.8S molecules) is shown by
an arrow in Fig. 3.

emcompasses three consecutive blocks of 8, 8 and 6-7 nucleotides located in

the 5' half of the 5.8S molecules. It has been previously noted that the 3'

part of 5.8S has diverged faster than the 5' part during evolution (3). It is

noteworthy that eu 5.8S RNA and the 5' end of pr 23S RNA also share a lower

extent of homology in the 3' region.

Sequence homologies between the bacterial ribosomal transcription unit and eu

5.8S RNA.

The sequence homology described above, although interesting, may

not be unique and other regions of the 23S RNA or of the bacterial ribosomal

transcription unit may share equivalent or greater homologies with 5.8S RNA.

To check this point, different 5.8S sequences have been compared to

an hybrid sequence constructed with different regions of the rrnB and rrnD E.

coli operons which encompasses nearly all the transcribed region of an E.

coli rRNA gene (see Sequence data). The degree of sequence heterogeneity

between the 16S, 23S and 5S genes of different E. coli operons is very low

(39,40,41) and apparently the same is true for most of the transcribed spacer

sequences from operons carrying the same tRNA genes (23,25,27,42). It is

therefore assumed that the sequence used is representative of a typical E.

coli RTU.

The bacterial sequence was divided into eight consecutive subsequen-
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E.coll RTU subsequence

A

8 *0
1A.̂O ^ _

I A

300

A £~~~~~~
%A. A,.I._3s

0 A~~0 A

A]

A A

AOAA A A:

I~~~A^ °

4430 4760
---- 23 _-

C

D

H

5166-5S

B 10101 El F I G

168 23s 58

1kb

Figure 4 : Matrix representation of the homologies between 5.8S RNAs and the
bacterial RTU.

Strict homologies ( a 6 nucleotides in length) between Xenopus
laevis 5.8S RNA and different sections of E. coli ribosomal genes were

detected by a computer analysis and plotted on a two-dimensional matrix as

described in the text. The letters A,C,D,H refer to sections of the bacterial
sequences shown at the bottom of the figure (see also Fig. 1) and the
positions of the ribosomal genes are : 16S : 73-1613, 23S : 2051-4954, 5S :
5047-5166 (Fig. 1). On the matrix, the sequence of the E. coli RTU is on the
horizontal line and the X. laevis 5.8S RNA is on the vertical line. The 5'
ends of both sequences are located in the upper left corner of the matrix.
Each region of homology between the two sequences is represented by a symbol
whose abcissa and ordinate give its position in the E. coli RTU and X. laevis
5.8S RNA sequences respectively. Symbols are as follows

A: Strict homology of 6 nucleotides
0: it t 7 "
*: "i "I 8 it

It"s 9 to*
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ces and each of them (A to H in Fig. 1) was then compared to a 5.8S sequence

with the aid of the computer by using the comparison program "CLARA" (34).

Fig. 4 shows the results obtained with Xenopus laevis 5.8S RNA and

4 of the 8 subsequences from the bacterial RTU encompassing the 5' and 3' end

of the 16S and 23S genes. As expected from the direct comparison, (see Fig.

2), in the case of the subsequence containing the 5' end of the 23S gene,

three points aligned on a parallel to the diagonal and corresponding to

homologies of 8, 8 and 6 nucleotides were found (Fig. 4D). However, due to

the background caused by non-statistically significant homologies, some other

regions appeared, in which three shorter homologous sequences (6 nucleotides)

could be aligned in a similar way. In these cases, the sequences located

between the homologous regions were manually aligned to detect smaller

identical oligonucleotides (1-5 nucleotides) that the program did not take

into account. Such comparisons, also carried out with the three other 5.8S

sequences (Drosophila, Yeast, HeLa cell) and the different bacterial subse-

quences never led to an extent of homology approaching that shown in Fig. 2

even when large insertions-deletions (> 10 nucleotides) were introduced (data

[I..... E.coll RTU subsequence

common1 0
5.8s A A D

sequence 0 100

1920 2220 2560

0 I
A A A 0 MA

0 H

A I

4480 4780 5166

Figure 5 : "Filtered" matrix representation of the homologies between diffe-
rent 5.8S RNA, sequences and the bacterial RTU.

Regions D and H of the bacterial RTU were compared to each of the
four 5.8S sequences (see Sequence data) with the aid of the computer.
Homologous oligonucleotides (length ¢ 6) with identical sequences and posi-
tions present in at least 3 comparison tests are represented. Symbols are as
in Fig. 4.
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not shown).

In order to "filter out" the background, *a given bacterial subse-

quence was successively compared to each of the four 5.8S sequences with the

aid of the computer. Only oligonucleotides with identical sequences and

positions which were found at least in three out of four comparison tests

were taken into account. They were then plotted on a two dimensional matrix

as described above. The regions A, C, D and H of the bacterial RNA sequence

were examined and Fig. 5 depicts the results obtained with the subsequences D

and H (respectively, the 5' and 3' end of the 23S gene). The homologies

between the 5' end of 23S RNA and 5.8S RNA appear clearly by comparing Fig. 4

and 5 (D and H in both) and this was the only case where an alignement of

three blocks of homologous residues could be found.

We have compared the sequence of the bacterial RTU with different

5.8S RNA sequences read in the 3'--5' sense. These sequences, having exactly

the same nucleotide composition and length than 5.8S RNAs, but a different

primary structure, can be considered as random sequences. The comparisons

which were made with all eight E. coli subsequences never gave an homology as

important as that in Fig. 4D (Data not shown).

Control comparisons with eukaryotic and prokaryotic 5S RNA sequences.

The homology between the 5' end of E. coli 23S RNA and 5.8S RNAs

from four different eu species was compared to that between E. coli 5S RNA

and 5S RNAs from the same four eukaryotic species.

5S RNA sequences were aligned for maximal homologies (see compari-

son procedures) and the percentages of homologies, calculated as in Table I,

are reported in Fig. 6 and Table II.

The percentage of homology between the first half of 5.8S RNA and

the corresponding region of 23S RNA is significantly higher than that found

between 5S RNAs (55-59 % instead of 51-53 %, Tables I and II), and still

falls within the same range when the whole sequence of 5.8S is considered

(47-50 %, Table I). The percentage of insertions-deletions which were introdu-

ced was similar in both cases.

Secondary structure models for the 5' end of 23S RNA.

Different secondary structure models for isolated 5.8S RNA have

been proposed (7,8,9,10) and it was tempting to check whether the 5' region

of the 23S RNA chain could be folded according to one of these models.

All our numerous attempts have failed to fit with one of the models

mentioned above for 5.8S RNA. However, it must be kept in mind that, in the

ribosome, 5.8S RNA is always hydrogen-bonded to 28S RNA. In this respect, it
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Figure 6 : Comparison of the E. coli 5S RNA sequence (middle line) with four
eukaryotic 5S sequences.

Conventions and abbreviations as in Fig. 3.

has been proposed that the 3' end of the 5.8S molecule (43,44,3) and possibly

its 5' end (3,45) are hydrogen-bonded to 28S RNA

With the aid of the computer, local and long-range interactions of

the 5' end of 23S RNA either with itself or with the whole 23S molecule have

been searched for, by pairing together complementary regions of six or more

consecutive nucleotides and then looking for smaller regions of complementari-

ty. This led to an important number of models and only two of the most stable

models are presented in Fig. 7, and will be discussed below.

. Model A exhibits some interesting features :

- On the basis of a computer search for long complementarities, the 5' first

50 nucleotides of 23S RNA have been arranged to form 3 helical regions with

other parts of the 23S molecule (A,B,C in model A). This is in good

agreement with previous results. The stem between the 5' and 3' end of the

molecule (region A of the model) has been suggested by Branlant et al.
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Table II : Comparison of four eukaryotic 5S RNA sequences
with the E. coli 5S RNA sequence.

rMRA |Ihber of residues |Identical Insertt.n I % Insertion- %S equence
| compared (a) | residues. (b) deletions(C)| deletions homology l

Y 55 1 131 67 10 7.6 51.2

| D 5S 131 70 11 8.4 53.4

XX5 132 71 11 8.3 53.8

H 5S 132 70 11 8.3 | 53 |

Y 5S/H 5S 131 79 10 | 7.6 60.3

The four eukaryotic species are the same as in the 5.8S RNA
comparisons to give an internal control. Comparisons were made
according to the alignment shown in Fig. 6. The last line of the
table is the comparison of two eukaryotic 5S RNA sequences (see
Fig. 3 for abbreviations).
(a) Same as in Table I.
(b) Identical residues between the E. coli 5S sequence and each

eukaryotic 5S sequence were counted. In some cases (denoted
by a * in Fig. 6) two insertions were counted as an identity
(see comparison procedures).

(c) Same as Table I.

(46). RNA fragments encompassing the helical regions B and C of the model

have previously been found associated within a complex between 23S RNA and

protein L24 which is resistant to ribonuclease Tl digestion. Moreover our

pairing scheme is in complete agreement with that proposed by Krol et al.

for this same region (47).
- The 58-176 region of 23S RNA can be folded into an internal secondary

structure involving five stable helical regions (D,E,F,G,H in model A). It

must be emphasized that none of the proposed pairing scheme for this region

fits with corresponding 5.8S secondary structure models (data not shown).

- Highly conserved sequences in RNA molecules are very often unpaired or only

partially paired (48). This is also the case for the three regions of 23S

RNA sharing important homologies with 5.8S RNAs (boxed areas in Fig. 7A).

- Two kethoxal-reactive sites (corresponding to single-stranded guanines ac-

cessible to chemical modification in 50S subunits) are present in the 5'

200 first nucleotides of the 23S sequence (49,26). In model A, these

residues, G93 and G141 (identified by a letter K in Fig. 7A) are found in

hairpin loops, suggesting their accessibility to chemical modification.

. The most striking feature of model B (Fig. 7) is a very long

interaction between two widely separated regions of the 23S RNA molecule. It

may be interesting to point out that this possible base-pairing involves a
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PCGGCGGGCCC2571I15661111*i I 23G 6'mJU~CALCGGAGUGCCA GCGGffCGC UAAG%CUCA 4GCAWWWA'GGGCA UG GLIAA CCACUC
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Figure 7 : Two possible secondary structure models for the 5' region of E.
coli 23S RNA.

Numbering of the RNA chain is that of Brosius et al. (25). The
bold-faced numbers represent the length of loops, the sequence of which is
not shown.

G-C and A-U pairs are joined by a and G-U pairs by a . . The
region of the 23S RNA chain which is compared to 5.8S RNA in Fig. 2 and 3 is
shaded and regions of strong homology are boxed. Guanines residues modified
by kethoxal in active 50S subunits are identified by the letter K.
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sequence which is highly conserved in two other large rRNA genes (Saccharomy-

ces cerevisiae mitochondrial 21S RNA and Chlamydomonas reinhardii chloroplas-

tic rRNA) and in which the existence of introns was reported (50,51).

As said above these models are only speculative, since the only

criteria taken into account were the presence of perfect base pairing regions

>6 nucleotides, and several other models could be proposed. A secondary

structure model for 16S RNA has been proposed by Woese et al. (48) on the

basis of computer analysis, comparative sequence analysis, chemical modifica-

tion and nuclease susceptibility data. A model for 23S RNA based on these

different approaches should be soon forthcoming and it will be interesting to

compare it with our model for the 5' end of 23S RNA.

CONCLUDING REMARKS.

By comparing the sequence of different eu 5.8S RNAs to the sequence

of an E. coli ribosomal operon, it has been demonstrated that a unique

portion of the 23S sequence comprised between nucleotides 10 and 170 indeed

shares homology with 5.8S RNA. Furthermore, the degree of homology falls

within the same range (50 %) as that exhibited Py 5S RNAs. These results

strongly suggest that eukaryotic 5.8S RNA and the 5' end of prokaryotic 23S

RNA have a common evolutionary origin. This proposal deserves some comments

and raises several questions :

1) When this work was performed, the only known 23S ribosomal RNA sequence

was that of E. coli. The recent development of rapid sequencing techniques

both at the DNA and RNA level (52,53,54) should allow other ribosomal

sequences to be rapidly forthcoming. It would be interesting to extend the

comparisons described herein to other bacterial, chloroplastic and mito-

chondrial 21-23S sequences. Recently, the complete sequence of human and

mouse mitochondrial rRNA genes has been reported (55,56). We have looked

for possible homologies between the 5' end of the 16S mt rRNA genes (the

evolutionary equivalents of E. coli 23S RNA genes) and eu 5.8S RNAs. No

significant homology could be detected, and it is likely that these 16S mt

rRNAs lack a fragment at their 5' end corresponding to the 300 first

nucleotides of E. coli 23S RNA (56).

2) A high degree of sequence conservation throughout evolution is usually

related to an important structural and/or functional role. In this res-

pect, it has been proposed that the 3' end of pr 16S RNA and eu 18S RNA

which share important homologies, may perform the same function (57,58).
The same might be true for eu 5.8S RNAs and the 5' end of pr 23S RNA.
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Structural comparisons between 5.8S-28S and 23S secondary structure models

as well as studies of 5.8S/proteins interaction should lead to a better

understanding of the function of 5.8S RNA which is still largely unknown.

3) The homology between the 5' end of pr 23S RNA and eu 5.8S RNA suggests

that the bacterial counterpart of eu 5.8S RNA is part of the 23S molecule,

whereas in eukaryotic cells, a 200-300 bp transcribed spacer (removed

during processing of the precursor) separates the 5.8S sequence from the

5' end of 28S RNA (Fig. 8). Different molecular mechanisms which might

have occured after the divergence of prokaryotes and eukaryotes, and led

to a different organization near the 5' end of the large rRNA gene can be

proposed :

- A deletion in the large rRNA gene of prokaryotes could have removed a non

functional region (or alternatively an internal spacer) near the 5' end of

the gene.

- An insertion in the large rRNA gene of eukaryotes could have separated its

5' end from the rest of the molecule.

- A duplication of the 5' end of the eukaryotic large rRNA gene could have

been followed by an insertion event between the two duplicated regions.

Comparisons between the 5' ends of prokaryotic 23S RNA and eukaryo-

tic 28S RNA sequences should help to choose between these different hypo-

theses.

While this work was being completed, Hall and Maden (60) reported

the sequence of the 18S-28S intergenic spacer region of Xenopus laevis,

extending from the 3' end of the 18S gene to the beginning of the 28S gene.

We have compared the sequence of the 120 first nucleotides of Xenopus 28S RNA

leg tRNAS 239
PROK.(E.cdl)

i/ ,I{ I I v

EUK.
5.88 28s

Figure 8 Schematic comparison of the ribosomal internal spacer regions in
eukaryotes and prokaryotes.

Black areas are regions where sequence homology is a 50 %. The
regions of homology in the last 200 nucleotides of 16S and 18S RNA were taken
from B.R. Jordan et al. (59).
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with the 5' end of E. coli 23S RNA. As expected from our work, no homology

was found with the 170 first nucleotides of 23S RNA. However, when nucleoti-

des 177-275 of E. coli 23S RNA are aligned with nucleotides 21-118 of Xenopus

28S RNA, the two sequences display very strong homology (73 %). Preliminary

results indicate that a similar situation occurs in Drosophila (B. Jacq, in

preparation). These observations fit very well our finding of homology

between nucleotides 10-173 of E. coli 23S RNA and 5.8S RNA, and suggests that

in eukaryotes an insertion event has separated the 5' end of the large rRNA

from the rest of the molecule.

A preliminary report of this work has been presented at the EMBO

workshop on "Molecular biology of Drosophila" held at Kolymbari (Crate) in

August 1980.

ABBREVIATIONS

eu : eukaryotic, mt : mitochondrial, pr : prokaryotic, rrn operon : ribosomal

ribonucleic operon, RTU : ribosomal transcription unit, R : A or G, Y : C or

T.
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