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ABSTRACT

We present the sequence of the 5'terminal 585 nucleotides of mouse
28S rRNA as inferred from the DNA sequence of a cloned gene fragment. The
comparison of mouse 28S rRNA sequence with its yeast homolog, the only
known complete sequence of eukaryotic nucleus-encoded large rRNA (see ref.
1, 2) reveals the strong conservation of two large stretches which are
interspersed with completely divergent sequences. These two blocks of homo-
logy span the two segments which have been recently proposed to participate
directly in the 5.8S-large rRNA complex in yeast (see ref. 1) through base-
pairing with both termini of 5.8S rRNA.

The validity of the proposed structural model for 5.8S-28S rRNA com-
plex in eukaryotes is strongly supported by comparative analysis of mouse
and yeast sequences: despite a number of mutations in 28S and 5.8S rRNA
sequences in interacting regions, the secondary structure that can be pro-
posed for mouse complex is perfectly identical with yeast's, with all the
41 base-pairings between the two molecules maintained through 11 pairs of
compensatory base changes.

The other regions of the mouse 28S rRNA 5'terminal domain, which have
extensively diverged in primary sequence, can nevertheless be folded in a
secondary structure pattern highly reminiscent of their yeast's homolog.
A minor revision is proposed for mouse 5.8S rRNA sequence.

INTRODUCTION

Eukaryotic rRNA is transcribed as a long precursor molecule which is

converted to mature 18S, 5.8S and 28S rRNA by a series of endonucleolytic
cleavages (3). Excision of 18S rRNA sequences is an early event in the

ribosomal maturation process while 5.8S and 28S rRNAs remain covalently
linked in a comnon intermediate precursor (32S rRNA in mammalian cells)
until internal spacer RNA is removed by processing endonucleases. After

this cleavage, it is remarkable that 5.8S and 28S rRNA remain associated

by hydrogen bonding throughout ribosome cycle (4, 5).
In an attempt to better understand the structural basis for rRNA

processing mechanisms in eukaryotes we have focused our attention on this

late processing reaction (32S-,28S rRNA) and the formation of the
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5.8S-28S rRNA junction complex in mouse cells. As a prerequisite, the pri-

mary structures of these rRNAs have been analyzed. We shall describe else-

where (Michot et al., in preparation) the structure of 32S rRNA precursor-

specific sequences and their potential role in conformational switches

involved in rRNA processing.

In the present paper, we report the primary sequence of the 5'termi-

nal 585 nucleotides of mouse 28S rRNA, a domain which has been implicated

in the build up of the 5.8S-28S rRNA complex (1, 6-8).

A detailed knowledge of free 5.8S rRNA secondary structure in

solution has emerged from a wide array of studies, involving experimental

probing by nucleases or chemical modifications and comparative analysis

of primary sequences from a variety of eukaryotic species (9-13). However,

the interaction of 5.8S rRNA with large rRNA has been much less characte-

rized, particularly due to the scarcity of primary sequence datas for

eukaryotic large rRNAs in this domain of the molecule (1, 2, 14). Two major

independent binding sites with 28S rRNA, each involving 20-30 nucleotides

at the 5' and 3' termini of 5.8S have been suggested from thermal denatura-

tion studies and from structure mapping of the mouse complex (7, 15-17). A

secondary structure model for yeast 26S rRNA has been recently proposed (1)

on the basis of complete primary sequence determination and on the assump-

tion that main structural features had been conserved as compared with

prokaryotic 23S rRNAs (18, 19). In this model, 5.8S rRNA sequences, which

show signiLicant homology with 5' end of prokaryotic 23S rRNA (20, 21),

interact simultaneously with two areas of large rRNA (5'terminus and a

region around position 400 from 5'terminus).

The validity of the first of the two interactions involved in the

junction complex model has been recently supported by phylogenetic evidence,

since an homologous structure can be proposed for contacts between 3' end

of 5.8S rRNA and 5'end of 28S rRNA in mouse (6). By extending our mouse

28S rRNA sequence determinations from 5' terminus, we are able to show here

that the same holds true for the second contact region involving 5'terminus

of 5.8S rRNA, as demonstrated by a number of compensatory base changes

between yeast and mouse. We also propose a secondary structure model for

the entire 5'terminal domain of mouse 28S rRNA, which is discussed by

comparison with yeast's, its only known complete homolog.

MATERIAL AND METHODS

- Recombinant DNA : the 3.7 kb EcoRI-BamHI fragment of mouse ribosomal DNA

5274



Nucleic Acids Research

containing the 3'terminal domain of 18S rRNA, internal transcribed spacers,

5.8S rRNA and 5'terminal domain of 28S rRNA was inserted into the (EcoRI +

Bam HI) cleaved plasmid pBR 322, giving rise to a pMEB3 recombinant plasmid.

Isolation and analysis of cloned DNA were carried out as described previous-

ly (6).

-DNA sequencinR : all the DNA purification, 5'(32p) end labelling and

sequencing procedures were performed according to Maxam and Gilbert (22),

with additional DE-52 cellulose chromatography before chemical DNA cleava-

ges; we used the G (dimethylsulfate), G + A (pyridinium formate, pH 2),

T + C (hydrazine, no salt) and C (hydrazine, 2 M NaCl) base specific reac-

tions. After piperidine cleavage, reaction products were run on 20 % and

8 % acrylamide thin (0.4 mm) gels prepared in 50 mM Tris-Boric Acid (pH 8.3)

1 mM EDTA, 7 M Urea.

For most of the regions analyzed in this paper, both strands were

sequenced and sufficient overlaps were obtained for separate gel readings

and for adjacent fragments. No peculiarity was observed in the sequenced

regions, except for two "blanks" in the sequence ladder at positions 72

(on non-coding strand) and 74 (on coding strand) from 28S rRNA 5'terminus.

This was correlated to the methylation of C residues, as confirmed by

sequence readings on the opposite strand.

The 5'terminus of 28S rRNA was previously mapped by SI nuclease pro-

tection experiment (6).
Biohazards associated with the experiments were pre-examined by the

French Control Committee.

RESULTS AND DISCUSSION

A. Primary sequence
- 5'terminal domain of mouse 28S rRNA : We recently reported the primary

sequence of approximately 110 nucleotides at the 5' end of mouse 28S rRNA

gene (6). We have extended this analysis of mouse 28S rRNA sequence from

its 5' terminus in order to encompass the whole 5' terminal domain of the

large rRNA molecule which has been proposed recently to participate in

the 5.8S-26S rRNA junction complex in yeast (1).

Restriction maps of this region in mouse cloned rDNA and location of

sequenced DNA fragments are depicted in Fig. 1. Mouse 28S rRNA gene sequence

has been determined up to the HaeII site distal to 5'terminus (see Fig. lb).

Results are shown in Fig. 2. The comparison of mouse sequence with yeast

26S rRNA (1, 2) reveals the presence of two large blocks of high homology
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between these two distant species. These conserved regions - from position

5 to 113 (81 % homology) and from position 277 to 430 (83 % homology) -

are separated by a long segment the sequence of which has completely

diverged. An extensively divergent region is found again beyond position 430,

extending through the end of the sequenced domain. This result is in line

with previous indirect evidence, involving heterologous hybridizations,
indicating the presence of highly conserved regions in eukaryotic rRNAs

interspersed with divergent tracts (23-25). Such a pattern has been directly

confirmed by recent sequence determinations in the case of small subunit

eukaryotic rRNAs (26-30).
It is noteworthy that up to position 430 (in mouse 28S rRNA), the

size of 5'terminal domain shows little variation between yeast and mouse,

with only 12 additions, all but one located in the divergent tract separa-

ting the two blocks of homology. By contrast, the entire large rRNA mole-

cules of the two species exhibit a much larger relative difference in size,
with about 4700 nucleotides in mouse (31 and our unpublished data) as

compared with 3393 nucleotides for yeast 26S rRNA (1, 2).

When mouse 28S rRNA sequence is compared to E. coli 23S rRNA (32, 19),

some homologous tracts can be identified among regions conserved between

yeast and mouse (see Fig. 3 for location). Their detection allows us to

recognize that 64 insertions have occurred in the divergent region separa-

ting the two blocks of "eukaryotic homology" in the 5'terminal domain of

mouse as compared to E. coli.
- 5.8S rRNA seguence : A primary sequence for mouse 5.8S rRNA was reported

previously (10), on the basis of oligonucleotide fingerprint data and from

comparative analysis with rat 5.8S rRNA (33, 9). In view of the technical
limitations of this RNA sequencing approach, it seemed useful to check

these data by DNA sequencing of the 5.8S rRNA gene which is located within
the same mouse ribosomal DNA clone, pMEB 3, as the 5'terminal domain of 28S

rRNA. Our results (Fig. 2B) agree well with the sequence proposed from the

RNA sequencing study, except for the presence of only one GC doublet, ins-

tead of two, around position 50 from 5'terminus. In fact, it was not clear

Fig. 1. (A) The mouse rDNA transcription unit and the location of rDNA frag-
ment cloned in pMEB 3 recombinant. (B) SmaI restriction map of the 3.7 kb
EcoRI-BamHI region cloned into pMEB 3. (C) Detailed restriction map of the
portion of pMEB 3 analyzed by DNA sequencing in this paper. The position
of the 5'-end labelled fragments used for sequencing are indicated by hori-
zontal arrows the lengths of which are indicative of the extent of sequence
read.
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CGCGACCUCA GAU.4(;ACGU GGCGACCCGC UGAAUUUAAG CAUAUUAGUC AF,C(CAGGAA A
0060

AACACUAA CCAGGAUUCC CUCAGUAACC GCGAGUJGAAC AGGGAAGAGC CCAGCGCCGA
0120

AUCCCCGCCG CGCG(ICGCGC CGUIGGAAAU GUSGCGUACG GAAGACCCAC UCCCCGGCGC
0180

CGCUrCL6U GGGCCCAAGU CCUUCUGAUC JGZCCCAGC CCGUGCACGG UGULAGGCCG
0240

GUACCGGCCC CCGCGCGCCG GGCUCG6GUC UUCCGGAGU CGGUGCU GGGAAUGCAG
0300

_CCAAAGCGG GUGGUAAACU MAUCUAGG CUAAAUACCG GCACGAGACC GAUA6UCAAC

hfUM AGGGAAAGUU G6AACU UUGAAGAGAG AGUUCAAGAG GCGUGAAAC
0420

CGUUAAGAGG UAAACGGGU6 Gt;UCCGCGC AGUCCGCCCG GACGAUUCAA CCCGGCGGCG
0480

CccucCGGCc CGUcCCCGtU GGUCCCGGCG GAUCUUUCCC CCUCCCCGWUJ CCUCCCGACC
0540

CCUCCACCCG CGCGUCGCUU CCCUCUUCCU CCCCGCGUCC GGCGC
0600

CGACUCUUA CGGUGGAUCA CUCGGCUCGU GCGUCrAUGA AGAACGCAGC Ci%cucCG B
0060

AAUUAAUGUG AAUtIGCAGCA CACAUIGAUC AIGACACUU CGAACACU UGCGGCCCCG
0120

CCUUCCUCCC GCGCI^CGC CUGUCUGAGC GUCGCUU
0180

Fig. 2. (A) Sequence of the 5'terminal domain of mouse 28S rRNA. The sequence
is numbered beginning at the 5'terminus which was mapped previously by SI
nuclease protection experiment (6). In the two regions showing high homolo-
gy with yeast 26S rRNA sequence (1, 2), conserved positions are underlined.

(B) Sequence of mouse 5.8S rRNA. Arrow points to discrepancy with
previously published data (10).

in that study (10), if the presence of a second GC doublet had been unequi-
vocally demonstrated or if it was merely inferred by comparison with rat

5.8S rRNA, due to the detection of an homologous long partial digestion
product of similar oligonucleotide qualitative content. This doublet was

not detected any more in a recent study (7), involving gel analysis of

mouse L cell 5' end labelled 5.8S rRNA. It is noteworthy that a similar

rectification has been recently proposed (14) at the same position for

Xenopus laevis 5.8S rRNA, consecutive to DNA sequencing of different rDNA

clones (34, 14), as compared to previous RNA sequence established on the

basis of fingerprint analysis and from strong conservation of fingerprint

patterns among vertebrates (11). We therefore consider likely that this

second GC doublet is not present in 5.8S rRNA, taking into account the

reliability of DNA sequence determination and the lack of any indication
that the cloned mouse DNA could correspond to a non-functional ribosomal

gene, as discussed earlier (30). In terms of secondary structure for 5.8S

rRNA, this revision has a limited impact, with a slight reduction in a
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stem size (5 base pairs instead of 6) and no change at all in the corres-

ponding hairpin loop, when considering the model of Nazar (9) which fits

all known 5.8S RNA sequences (35).

B. Secondary structure :

Within the two last years, a consensus on the folding of E. coli 16S

(36) and 23S rRNAs (18, 19) has emerged through phylogenetic comparison of

primary sequence data and from direct topological probing. The assumption

that structural features in rRNAs tend to be conserved during evolution

has proven of general validity among prokaryotic species. Moreover conser-

vation of a common basic folding pattern between pro- and eukaryotes is

strongly suggested for small ribosomal subunit RNA, on the basis of recent

sequence determinations (26-30, 37).

As for the eukaryotic ribosomal subunit RNA, yeast 26S species is so

far the only known complete sequence (1, 2) and a secondary structure model

has been proposed recently on the basis of comparative analysis with pro-

karyotic 23S rRNA (1). The determination of a second eukaryotic sequence

covering the entire 5'terminal domain of large rRNA provides us with the

opportunity to test this model, in terms of phylogenetic stability of its

proposed folding pattern. The secondary structure model we have construc-

ted for mouse 28S rRNA 5'terminal domain is shown in Fig. 3.
- 5.8S-28S rRNA iunction complex : The idea that 5.8S rRNA is the eukaryotic

counterpart of the 5'terminal region of prokaryotic 23S rRNA was first

suggested by comparative sequence analysis (20, 21) and later reinforced

by results of sequence determination of yeast large rRNA showing that 5'

terminal domain of 26S rRNA and 5.8S rRNA could be folded in a binary

structure highly reminiscent of prokaryotic 23S rRNA 5' domain (1). In the

yeast model, 5' end of 26S rRNA is base-paired with 3' end of 5.8S rRNA

while 5' end of 5.8S rRNA interacts with another region of large rRNA,

located about 400 nucleotides from 5'terminus (1). We showed recently (6)
that the first of these two interactions has been conserved in mouse. As

shown in Fig. 3, the same holds true for the entire 5.8S-28S rRNA junction
complex. The complex long double helical structure involving 5' end of 5.8S

rRNA is perfectly maintained in mouse, with an identical location along the

large rRNA sequence.

The biological relevance of the entire structural model for 5.8S-28S

rRNA interaction is emphasized by the fact that all mutations in large rRNA

interacting areas are exactly compensated by mutations in 5.8S RNA sequence

which maintain base-pairing.
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Fig. 3. Secondary structure model of the mouse 28S rRNA 5'terminal domain
including junction complex with 5.8S rRNA.

28S rRNA nucleotides which are conserved as compared to 26S yeast rRNA
are boxed. Among these boxed sequences, strings of nucleotides (equal or
longer than 3 nucleotides) which are conserved as compared to 23S rRNA from
two different strains of E. coli (32, 19) are denoted by __.

5.8S rRNA sequence is underlined by a string of points (.6....).
Arrows point to base changes in 28S rRNA that have been compensated

by mutations in 5.8S rRNA sequence, as compared to yeast (1, 2).

- Other reRions of 28S rRNA 5' domain Their folding pattern is generally
closely related to yeast's rRNA.

It is noteworthy that the region separating the two blocks of homo-

logy with yeast can also be folded into two long double helical structures,

despite extensive divergence in primary sequence. The first hairpin (region
115-156) has the same length and location than its yeast's counterpart but

is much more stable, with a free energy of - 41 kcal. (40) instead of

- 9 kcal. for yeast. The second structural feature in this region spans

positions 160-274 : it corresponds to a complex clover-leaf-like structure

with a stalk constituted by a 9 base-pair long perfect duplex. Its stabi-
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lity is high (free energy: - 68 kcal.). It is clearly reminiscent of the
branched structure proposed in yeast 26S rRNA, but far from being closely
homologous. Obviously the availability of additional large rRNA sequences
between less distant eukaryotes should help to better understand the orga-
nization of this divergent region and its evolution.
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Fig. 4. Comparison of 5.8S rRNA base-pairing potential with 3' and 5'termi-
nal domains of 28S rRNA.

(A) A duplex s tructure involving both termini of mouse 5 .8S rRNA and
the 3'terminal domain of 28S rRNA (39) can be built.

Stabilization of 5.8S rRNA structure through interaction with:
- (B) : 3 'terminal domain of 28S rRNA (as depicted in (A) ) .
- (C) : 5 'terminal domain of 28S rRNA (as proposed in Fig . 3) . In (B)

and (C), differences in free energy between the structure of complexed 5. 8S
RNA and that of free 5 .8S RNA (9) have been calculated according to Tinoco
et al (40). Thick lines in 5.8S RNA correspond to regions proposed to
interact with 28S rRNA.
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We are currently probing the secondary structure of this 5'terminal

domain of mouse 28S rRNA through SI nuclease accessibility experiments. It

must be stressed that the location of SI nuclease accessible sites within

the 75 nucleotide long 5'terminal segment of 28S RNA is in full agreement

with the structure model shown in Fig. 3 (Michot and Bachellerie, unpubli-

shed results).
- Potential interaction of 5.8S rRNA with 3'terminus of 28S rRNA: In view

of the proposed interaction of both 3' and 5' termini of 5.8S with 3' end

of 26S rRNA in Neurospora crassa (38), we have examined if such an inter-

action was possible in mouse and compared its stability with that involving
the 5' domain of large rRNA, as shown in Fig. 3.

It is interesting to observe (Fig. 4A) that a similar interaction can

also take place in mouse involving approximately the same segment of large

rRNA 3' domain (between residues 35 and 90 from 3' end). This is also the

case for yeast. However the stability of this structure is largely lower

than that proposed in Fig. 3, both in mouse (Fig. 4B and C) and in yeast

and the positions of potential base-pairings have not been strictly main-

tained between the two species. Although it is difficult to rule out that

this interaction has a biological role, particularly in relation with re-

organizations of rRNA structure taking place during ribosome assembly and

functioning, the structural model proposed in Fig. 3 appears strongly fa-

voured.
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