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ABSTRACT

We have determined the complete nucleotide sequence (4712 nucleo-
tides) of the mouse 28S rRNA gene. Comparison with all other homologs indi-
cates that the potential for major variations in size during the evolution
has been restricted to a unique set of a few sites within a largely conser-
ved secondary structure core. The D (divergent) domains, responsible for
the large increase in size of the molecule from procaryotes to higher euka-
ryotes, represent half the mouse 285 rRNA length. They show a clear poten-
tial to form self-contained secondary structures. Their high GC content in
vertebrates is correlated with the folding of very long stable stems. Their
comparison with the two other vertebrates, xenopus and rat, reveals an
history of repeated insertions and deletions. During the evolution of ver-
tebrates, insertion or deletion of new sequence tracts preferentially takes
place in the subareas of D domains where the more recently fixed inser-
tions/deletions were located in the ancestor sequence. These D domains ap-
pear closely related to the transcribed spacers of rRNA precursor but a
sizable fraction displays a much slower rate of sequence variation.

INTRODUCTION

A better knowledge of the eukaryotic ribosome and the processes
involved in the control of its activity obviously requires detailed struc-
tural analyses of its rRNA components. The strong conservation of rRNA
structure during evolution, first indicated by heterologous nucleic acid
hybridizations (see (1) for review), has suggested that a common set of
basic functions in all species are served by a number of homologous re-
gions. The yeast 26S rRNA sequence (2,3) has first shown that the size
differences between an eukaryotic large subunit rRNA and its prokaryotic
counterpart were restricted to a few inserted domains interspersed among a
set of conserved regions, as later confirmed by the Physarum polycephalum
sequence (4). Due to the relatively fast rate of variations of these hete-

rologous domains, Llittle information could be gained on their potential
structural organization and role in ribosome function by the sole compa-
rison of these 2 lower eukaryotes sequences. However the present determi-
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nation of the mouse 28S rRNA sequence, together with the very recent report
of two other vertebrates sequences, Xenopus laevis (5) and rat (6), provi-
des the opportunity to better analyze the process of size increase of the
large rRNA during the evolution of higher eukaryotes, and its potential
functional implications, through comparisons of pairs of more and more
closely related species. These comparative data, extended to E. coli 23S
rRNA (7, 8), have been analyzed in terms of potential secondary structure
folding, with reference to the models previously proposed for E. coli (8-
10) and for yeast (2). Together with the recently reported 18S rRNA (11)
and 5.85 rRNA (12) sequences, the present 28S rRNA sequence now provides a
complete set of the mature rRNA sequences encoded by the ribosomal trans-

cription unit in mouse.

MATERIAL AND METHODS
Recombinant DNA :

Mouse ribosomal DNA was prepared from four recombinant plasmids
constructed with two large overlapping DNA fragments (EcoRI-EcoRI : 6.7 kh
and BamHI-BamHI : 2.4 kb) which encompass the entire 28S rRNA gene and had
been cloned into pBR322. Recombinant plasmid pM B2 and its subclone pMEB1
were constructed by I. Grummt (in preparation). Recombinant plasmid pMEB3,
a subclone from pME6, had been previously used for sequencing the internal
transcribed spacer regions of the ribosomal gene (13) and the S5'domain of
28S rRNA gene (12). Locations of these recombinants along the gene are
shown in Fig. 1. Plasmid DNAs were isolated from E. coli HB101 by the clear
lysate method (14) followed by CsClL-Ethidium bromide equilibrium ultracen-
trifugation. Supercoiled closed circular plasmid DNA was further purified
by sucrose gradient ultracentrifugation.

DNA sequencing :

Restriction endonuclease analysis, purification of DONA fragments,
51(32p) end-labeling and chemical DNA sequencing were essentially carried
out according to Maxam and Gilbert (15), as described previously (12).

Secondary structure analysis :

The HELCAT computer program (16) for cataloguing potentially base-
paired regions was kindly provided by F. Michel. Comparative analyses of
these data were performed along the lines described by Noller et al. (9).

RESULTS
1.Determination of the sequence

The sequence of mouse 28S rRNA was inferred from the sequence of the
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1
CGCGACCUCA GAUCAGACGU GGCGACCCGC UGAAUUUAAG CAUAUAGUC AGCGGAGGAA AAGAAACUAA CCAGGAUUCC CUCAGUAACG GEGAGUGAAC

101

AGEGAAGAGC CCAGCGCCCA AUCCCCGCCE CGCOUCGCGE CGUGGGAAAU GUGGCGUACG GAAGACCCAC UCCCCGGCGC CGCUCGUBSG GGGSCCAAGY
c
201

CCUUCUGAUC GAGGCCCAGC CCGUGGACGG UGUGAGGCCG GUAGCOGCCC CCEECGCGCC GGGCUCGGEU CUUCCCEGAG UCGCGUUGCU UBGCAAUGCA
» *

301
GCCCAAAGCE CGUGGUAAAC UCCAUCUAAG GCUAAAUACC GGCACGAGAC CGAUAGUCAA CAAGUACCGU AAGGGAAAGU UGAAAAGAAC UUUGAAGAGA
4

401
GAGUUCAAGA GGGCGUGAAA CCCUUAAGAG GUAAACGGGU GCGOSUCCGCC CAGUCCGCCC GCAGGAUUCA ACCCGGCGSC GCGCGUCCEE CCEUGCCORY

* *
501
GGUCCCGELE GAUCULUCCC GCUCCCCGUU CCUCCCGACC CCUCCACCCG CGCGUCGUUC CCCUCUUCCU CCCCGCGUCC, GECSCUCCSE CERCGEICGC
=y wce
601

6GEEEEUGSY GUGSUGGUGE COCGCGEECE GCSCCESEEE UGGGGUCGEL GGGEGACCSC CCCCGELCSE CGACCOGCCE CCGCCEGSCE CACUUCCACC
(2] [

701
GUGGCGEUBC GCCGCGACCE GCUCCGGSAC CGCCOGGAAG GCCCGGUGGE GAAGGUBSCU CSGEGEEEEC GGCECEUCYUC AGSGCSCGCC GAACCACCIC
[} c

UCAC GU G 6 c
801

(—————
ACCCCGAGUG WUACAGCCTY CCGGCCRCGC JUUUCSCCGAA UCCCEEEECC GAGGAAGCCA GAUACCCGUC GCCGCECUCY JCCCUCUCCCC CCOUCEGECY
[ c A AGCSC € ¢ 1

: —
CCCGGECEGE COUGEEESIL GGSGCCGEGC CGCCCCUCCE ACGGCGCGAC CGCUCUCCCA CCCCCCUCCG UCGCCUCUTU CGSGGCCCEE UGGGGEGCEE

[t
1001
GGCGEACUGU CCCCAGUGCE CCCCGEGCEU CGUCGCECCE UCGGEUCCCE GGGCTCACCEU CGGI.CACGCGelElECC AAGCCGAGCE CACGGEGUCG
* ¢ *

1101
GCGGCGAUSU COGCUACCCA CCCGACCTGU CUUGAAACAC GGACCAAGGA GUCURACGCE UGCGCGAGUC AGGGGCUCGU CCGAAAGCCE CCSUGGCGCA

1201
AUGAAGGUGA AGGGCCCCGC CCGOGGGCCC‘MGGWU CCCGAGGCCU CUCCAGUCCG CCGAGGGCGC ACCACCGGLT CGUCUCGLCC SCCOCGCCGE
1301 w ¢
GGAGGUGGAG CACGAGCCUA CGCSUUAGGA CCCTAAAGAU GGUGAACUAU GCUUGGGCAG GGCGAAGCCA GAGGAAACUC UGGUGGAGSU CCGUAGCGSU
»

1401
CCUGACGIGC AAAUCGGUCS UCCCACCUGE GUAUAGGGSC GAAAGACUAA UCGAACCAUC UAGUAGCUGG UUCCCUCCGA AGUUUCCCUC AGGAUAGCUG
u

1501
GCECUCUCGE UCCCEACGWAY COCAGUUUUA UCCCGUAAAG CGAAUGAULA GAGGUCUUGE GGCCGAAACG AUCUCAACCU AUUCUCAAAC UUUAAAUSGE
1601 10/20}

UAAGAAGCCC GGCUCGCUGE CGUGGAGCCG GGCGUGGAAL GCGAGUGCCU AGUGGGCCAC UUUUGGUAAG CAGAACUGGC GCUGCGGGAU SAACCGAACG
*

1701
CCGEEUUAAG GCGCCCGAUG CCGACGCUCA UCAGACCCCA GAAAAGGUGU UGGUUGAUAU AGACAGCAGG ACGGUGGCCA UGGAAGUCGG AAUCCGCUAA
]

1801
CGAGUGUGUA ACAACUCACC UGCCGAAUCA ACUAGCCCUG AAAAUGGAUG GCSCUGGAGC GUCGGGCCCA UACCCOSCCS MCZECAGU CGGAACGGAA
¢

199
CGSGALGEGA GCOCCCGCGE GUGCGCOUCY CUCGEGEUCE GGOEUBCOUC GCOOC! GUCCCCCGCC UCCCCUCCEC GCGCCEGEUY CGCCCCCGLe
17411

2001
GCGUCGGECC CCOCGSAGCT UACCCCGCGA CGASUAGGAG GGCCGCUGCE GUGAGCCUUG AAGCCUAGGE CGCGGGCCCE GGUGGAGCCE CCGCAGGUGT

2101
AGAUCUUGGU GGUAGUAGCA AAUAUUCAAA CGAGAATUUU GAAGGCCGAA GUGGAGAAGG GUUCCAUGUG AACAGCAGUU GAACAUGGGU CAGUCGGUCC

2201
UGAGAGALIGG GCGAGUGCCG UUCCGAAGGE ACGGGCGAUG GCCUCCGUUG CCCUCGECCG AUCGAAAGGG AGUCGGGUUC AGAUCCCCGA AUCCGGAGUG
A

2301
GCGGAGAUGE GCTCCECOAG c‘CCAGlEC‘tC UAACGCGACC GAUCCCGGAG AAGCCGGCGG GAGGCCUCGE GGAGAGUUCU CUUUUCUUUG UGAAGGGCAG
*o»

cou c

Fig. 2 : Complete primary structure of mouse 285 rRNA inferred from its gene
sequence and comparison with its rat homolog.

Boxes denote sequence tracts which have extensively diverged both in
sequence and size between these rodents, with the two numbers indicating
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2401
GGCGLCCUGE AAIGGOULLG CCTCSAGAGA GGGGCCCSUG CCUUGSAAAS COUCSCSGUU CCEGCGGCGY CCOGUGAGCU CUCGCUGGCT CUUGAAAAUC
u ]

2501
CGGGECAGAG GGUGUAARUC UCGCGCCGGE CCGUACCCAU AUCCGCAGCA GGUCUCCAAG GUGAACAGCC UCUGGCAUGU 1GGAACAAUG UAGGUAAGGS

2601
AAGUCGECAA SCCGGAUCCE UAACUICGGE AUAAGGAUUG GCUCUAAGGE CUGSGUCGGU CGGECUGGGS CGCGAAGCGS GGCUBGSCSC GCGCCGCGGC
*

2701 3
UGGACGAGGC GCEGCCGCCC&IIECC&CGU CCGGGEAGAC CCCCCOUCCU LUCCGECCEE GCCCGLCCUC CCCUCUUCCE CGCBGEGCCC CEuCGUCCCC
" * c

2801

S —
CGCOUCEUCS CCACCUCUCY UCCCCCCUCC UUCUUCCCSY CGGCGEGCEE GUCGESSEUC GCCGCECESC GCGSCCUCCS GGGCOGCEEE UCCAACCCCE
2901 [67/81]

COGGEEUUCS GGAGCGEEAG mm&mmm GGCGEEEEEC CCGGACACUC mm‘cccc CGGCGECEEE SACUCUGGAC GCGAGCCGGE

C = 6 [ " c

3001 'g

CCCUUCCCGU GGALLGLCUC AGCUGCGECE GECEUCGCGE CCOCUCCCES GGASCCCOSC GGGUGCCEEC GCEEEUCCCC UCCCCOCGGE GCCUCGLUCT
c

ACCCCCCCAU CECCUCUCCC GAGGUGCEUG GCGGECLZGE GCGCOCOUCY CCCGCGCOUE UGGEGCEAAC CUCCECEUCE GUGLUCCCCT GCCEOEUCCE
6

xR01
CCCCCCGEEC CGCOGUULUC CGCLCGECEC CCCCGCCUCG GCCGGLGLCU AGCAGCCGAC UUAGAACUGS UBCOGACCAG GCGAAUCCGA CUGUUUAAWY
* c [ XX I [}
B01
AAAACAAAGC AUCGCGAAGE CCCOCGGCGE GUGUUGACGC GAUGUGAUUL CUGCCCAGUG CUCUGAAUGU CAAAGUGAAG AAAUUCAAUG AAGCGCGGEU

3401
AAACGGCGGE AGUAACUAUG ACUCUCUUAA GGUAGCCAAA UGCCUCGUCA UCUAAUUAGU GACGCGCAUG AAUGGAUGAA CGAGAUUCCC ACUGUCCCUA

3501
CCUACURUCC AGCGAAACCA CAGCCAAGEE AACGGGCUUG GCGGAAUCAG CGGGGAAAGA AGACCCUCUU GAGCUUGACU CUAGUCUGGC ACGGUGAAGA

3601
GACAUGAGAG GUGUAGAAUA AGUGGGAGGC CCCCGGTGCC coccccccr cu:ccitccc GGUCGGEGCA COLCGECCUC GLGEECCECT GGYIGAAAUAC
» [ *

3701 u AGOGE
CACUACUCUC AUCGUUULUU CACUGACCCE GUGAGGCGEE GGGGCOAGCC CCGAGGEECU CUCGCUUCUG GCGCCAAGCG UCCGUCCCGC GCGUGCGESC
CA ¥ & c o*

3801
GEGCOCOACT CGCUCCSEEE ACAGUGCCAG GUGCGGAGUY UGACUGGGGC GGUACACCUG UCAAACGGUA ACGCAGCUGU CCUAAGGCGA GCUCAGGGAG

3901
GACACAAACC UCCCGUGGAG CAGAAGGGCA AAAGCUCGCU UGAUCUUGAU UUUCAGUACG AAUACAGACC GUGAAAGCGG GGCCUCACGA UCCUUCUGAC

4001
CUUULGEEUY UUAAGCAGGA GEUGUCAGAA AAGUUACCAC AGGGAUAACU GECUUGUGGC GGCCAAGCGU UCAUAGCSAC GUCSCUUUIN GAUCCUUCGA

4101
UGUCGCECUCU UCCUAUCAUYU GUGAAGCAGA AUUCACCAAG CGUUGGAUUG UUCACCCACU AAUAGGGAAC GUGAGCUGGC VUUAGACCGU CGUCAGACAG

4201
GULAGULUUA CCCUACUGAU GAUGUGUUGH UGCCAUGGUA AUCCUGCUCA GUACGAGAGE AACCGCAGGU UCAGACAUUU GGUGUAUGUG CUUSGCUGAG

4301
GAGCCAAUGS GGCCAAGCUA CCAUCUGUGG GAUUAUGACU GAACGCCICU AAGUCAGAAU CCGCCCAAGC GGAACGAUAC GGCAGCGCCG AAGGAGCCUC

01

GGUUGGCCCE GGAUAGELSS GUCCCCOUCE CUCCCGLUCE GCGGGGUCCT CGCGUCGLCC COCOGCEECE COCCOUCUCC CCCCGCCGRE CGUCGEEACT
¢ A e » ¢ uk ccfee/o)
3 3

o
CCOGUCCGGU SCGOAGAGCE GUUCGUCUUS GGARACGECG UECGECCESA AAGGCGGCCE CCCUCUCGEC COUCACSULG AACGCACGUU CGUGLEGAAC
»

4601
CUGGCGCUAA ACCAUUCGUA GACGACCUBC UUCUGGGUCS GESUUUCGUA CGUAGCASAG CAGCUCCCUC GCUGCGAUCU AUUGAAAGUC AGCCCUCGAC
u

4701
ACAAGGCUW GU

their length in mouse and rat respectively. Outside the boxed regions, all
the point differences in rat as compared to mouse are shown under the mouse
sequence. Deletions in rat are denoted by a star and additions by an arrow-

head.
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cloned gene which appeared identical to the chromosomal genes when detailed
restriction maps were determined by Southern blot hybridizations (not
shown). The sequence strategy (Fig. 1) involved extensive overlaps (among
others at EcoRI site, position 4128). For the few sites which were not
overlapped, the absence of any short intervening oligonucleotides was di-
rectly checked through partial restriction analysis of short overlapping
S'end labelled fragments. The sequence determination on both strands was
performed for about 80 % of the gene and was systematical whenever any
peculiarity was found on one strand (like "silent" methylated nucleotide or
band compressions due to secondary structure effects). As a result no am-
biguity remains over the 4712 nucleotides of the complete sequence (Fig.
2). Partial sequence data had been reported previously by our group for the
5'terminal 585 nucleotides (12) and by others for the 3'terminal 170 nucle-
otides (17). In this 3'terminal segment, our present determination agrees
well with those data, except for 3 changes (presence of a GC, positions
4583-4584 - presence of a A, position 4658).

2.Comparison of mouse 28S rRNA sequence with other homologs.

The mouse sequence has been aligned with all its available eukaryo-
tic homologs, and with E. coli. When mouse, xenopus (5), yeast (2, 3) and
physarum (4) sequences are compared all together, it is remarkable that
unambiguous alignments common to the four species can be detected over a
large fraction of 28S rRNA length (40 % for mouse) as shown in Fig. 3,
despite the large size differences among these eukaryotic sequences ( + 39
% in mouse as compared to yeast). While very long tracks of the large rRNA
molecule have been strongly conserved during evolution, the additional
sequences found in higher eukaryotes are clearly clustered in a few defi-
nite areas instead of being scattered along the entire molecule. The number
and the relative location of these highly divergent areas (identified as D1
to D12 and represented between brackets in Fig. 3) do not seem to depend
upon the species that are considered, at least when the phylogenetic dis-
tance is high enough. Whereas only a subset of these 12 potentially varia-
ble areas may differ in size between two closely related species (such as
mouse and rat, as described below), interruptions in the alignments accom-
panied by size variations do occur over each of these areas in the compa-~
risons by pair between mouse, xenopus, yeast and physarum, whatever the
pair of species that is considered. A similar conclusion emerges from the
comparison of the four eukaryotic sequences with E. coli(7, 8). Although
tracts of sequence homology (underlined by thick bars in Fig. 3) are much
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Fig. 3 : Comparison of mouse 28S rRNA sequence-top line- with the other
eukaryotic homologs : amphibian Xenopus laevis (5) - 2nd line-yeast, Saccha-
romyces carlsbergensis (4) -3rd line- and slime mold Physarum polycephalum
(4) - bottom Lline.

Whenever the four sequences can be unambiguously aligned, the con-
served nucleotides are boxed (horizontal Llines indicate identity with the
mouse sequence). Sequence tracts (> 4 nucleotides) which are common to these
eukaryotes and to E. coli (7, 8) are denoted by a thick bar under the boxes.
Whenever the alignment between the four sequences is not possible due to
extensive divergence plus size differences, the sequence is shown between
large square brackets. For these 12 less conserved areas (denoted D1 to D12

3572



Nucleic Acids Research

from their relative location from 5' end) which are responsible for the
large size variations of eukaryotic large rRNAs, the respective size in each
species is indicated by a number on the left-hand side. Within these areas,
significant homologies restricted to yeast and both vertebrates or to both
vertebrates only are also indicated by boxes while tracts where no residual
homology can be detected between any pair of species are usually denoted by
a dotted line with the sole indication of their nucleotide number.

shorter in that case and could be poorly significant on the sole basis of
sequence comparison, the compared analysis of secondary structure models
(8-10 and our accompanying paper), in which they map at identical posi-
tions, definitely establishes they are remnants of the common ancestor
sequence, thus allowing unambiguous alignments to be made. Such alignments
with E. coli 23S rRNA are again interrupted over 12 locations by divergent
tracts the length of which has varied between E. coli and these eukaryotes.
It is important to note that these variable regions have precisely the same
relative location along the molecule as revealed by the sole comparison of
eukaryotic sequences. It therefore appears clearly that the potential for
expansion or reduction in size of the large rRNA during evolution is res-
tricted to a unique set of a few sites within a largely conserved struc-
tural core.

3. Common structural core and domains of variable size :

We have constructed a secondary structure model for mouse 28S rRNA
(see accompanying paper) with reference to the folding patterns previously
described for E. coli (8-10) and yeast (2) and to the folding potentials of
the other eukaryotic sequences aligned as in Fig. 3. The boundaries of the
areas where size variations have taken place between pro-and eukaryotes can
be appreciated with a much better accuracy when comparisons of secondary
structure models are taken into account than by the sole sequence alignment
: within the areas of interrupted sequence alignments a number of conserved
secondary structure features can nonetheless be identified in all species
which improves accordingly the mapping of the size-variable segments. Re-
sults of this refined mapping are summarized in Table 1. It is remarkable
that outside these size-variable areas, the four eukaryotes and E. coli
share an almost identical secondary structure, the validity of yhich is
supported by a number of compensatory changes distributed over the majority
of the proposed duplexes (see accompanying paper). This common structure
core represents 85 X of the length of E. coli 23S rRNA.

The location of these size-variable areas (see Table 1 for coordina-
tes) within the conserved secondary structure core is depicted in Fig. 4
using a representation of the E. coli 23S rRNA folding model (9). It is
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Table 1 : Sites of major size variations in large rRNA during evolution.

Location Size of the equivalent tract
Identification of the Boundaries in in
divergent domain in
eukaryotes Mouse E. coli E. coli Physarum Yeast Xenopus Mouse Rat
D1 122-277 264374 | 111 186 144 152 156 154
D2 436-1124 | 425-577 | 53 246 216 499 689 776
D3 1166-1315 ] 602-655 | 54 119 11 175 150 153
D4 1507-1525 | 845-849 S 9 7 12 19 29
DS 1606-1635 | 927-932 6 52 34 30 30 30
D6 1879-2032 | 1164-1185| 22 63 27 44 154 145
b7 a 2207-2265 | 1359-1377] 19 80 49 59 59 59
b 2302-2342 | 1416-1419] & 30 22 83 41 41
D8 2648-3259 | 1713-1745] 33 155 153 334 611 594
D9 3629-3686 | 2127-2161] 35 12 8 29 60 63
D10 3727-3819 | 2200-2223| 24 260 75 83 93 89
D11 4221-4225 | 2626-2629] 4 27 2 S S S
D12 4379-4619 | 2789-2812| 24 215 154 170 261 179
Total size 394 1454 1002 1675 2308 2317
(Fraction of rRNA length)] 13,5%  38,4% 30,4% 40,7%  48,9% 49,1%

noteworthy that none of them has been proposed to be involved in base-
paired interactions with either adjacent regions of the conserved core or
any distal segment in E. coli (8-10). Their constituting independent do-
mains for secondary structure folding is also indicated by examination of
all the eukaryotic sequences, as shown below. Moreover, the mouse sequence
data confirm major trends in the evolution of these areas, which were pre-
viously apparent from the examination of xenopus (5) and rat (6) sequences,
i.e. a large size increase from Lower to higher eukaryotes with a very low
content in A (about 5 %) and a very high GC content in vertebrates (80-85
%, with for most areas a roughly similar content in G and C). It must be
stressed that very similar trends are also apparent for the internal trans-
cribed spacers of the ribosomal gene during the evolution of higher euka-
ryotes when comparing yeast (20-22), xenopus (18), rat (19) and mouse (13).
As summarized in Table 1, expansion of 28S rRNA in higher eukaryotes is
most dramatic in two domains, termed D2 and D8 (total size in mouse 1301,
as compared to 369 in yeast and in 86 E. coli). This is also apparent in
the comprehensive representation of the local expansions within 28S rRNA
during the evolution of eukaryotes (Fig. 5).
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4. The process of size increase in higher eukaryotes

New information on this problem can be gained by comparing a pair of
moderately distant species (mouse/xenopus) and a pair of closely related
species (mouse/rat), due to the presence among the vertebrates, of a number
of conserved tracts, within these globally rapidly evolving areas. As sche-
matized in Fig. 5, the size increase among vertebrate 28S rRNAs is not
uniforly distributed over the entire length of each of the size-variable
"D" domains : it is instead circumscribed over a few subareas. It is remar-
kable that the newly fixed insertions/deletions (identified by the mouse-
/rat comparison) are all precisely located within the sequence tracts which
had been modified the more recently during the vertebrate evolution (iden-
tified by the mouse/xenopus comparison).

a) Mouse/Xenopus : within the 12 divergent '"D" domains, conserved tracts
between xenopus and mouse (> 10 nucleotides with at least 70 % homology)
amount to 1353 nucleotides (corresponding global homology : 92.8 %). Over
D2 domain, length differences between mouse and xenopus can be unambiguous-
ly ascribed to 4 small subareas, which are depicted as "secondary" bubbles
in Fig. 5. Similarly two such subareas can be identified within D8 domain.
A refined mapping can also be carried out for the other D areas (as sche-
matized in Fig. 5).

b) Mouse/rat : Although the sequence conservation between the two rodents
is very high (see Fig. 2), it is drastically interrupted (over a few dis-
crete areas. Nine segments can be detected (boxed tracts in Fig. 2) which
have largely varied in sequence and size between both rodents. It is remar-
kable that all these variable segments, which amount to 401 nucleotides in
mouse, can be precisely mapped within the same subareas of the "D" domains
(defined as in Fig. 3) where length differences can be detected between
mouse and xenopus, as depicted in Fig. 5 (insets). Six out of these nine
segments are located within D2 (four) and D8 (two) domains thus confirming
these two areas as the major potential sites for size expansion in higher
eukaryotes.

There is not a unique trend for the size variation of these nine
sequence tracts between both rodents (some are larger in mouse, others are
larger in rat) and the total size of the molecule is nearly identical in
both species (4712 vs. 4718). These tracts have about the same markedly
unbalanced base content as the entire "D" domains of the 3 vertebrates
(very low in A, about 80 % in G + C) with roughly similar numbers of G and
C within each segment).
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Fig. 6 : Secondary structure in rat and
mouse 28S rRNA in the vicinity of the
rat-specific insert.

The 43 nucleotide Llong insert

rows. Within the rat insert, the distal

insert both sequences are identical

in
rat is denoted by a wavy line. The corres-
ponding site in mouse 1is shown by 2 ar-

regions (overlined by a thick bar) repre-
sent an inverted repeat. Except for the

this area. The helical stem common to both

rodents is boxed.

¢) Insertions/Deletions : A 64 nucleotide long tract in mouse (positions

4466-4529) seems to correspond to an exact insert in the rat sequence.
However it is not clear from the rat paper (6) if this location, which
corresponds exactly to an Aval site, has been overlapped in the sequence
determination. On the other hand, a 43 nucleotide long segment in rat cons-
titutes a perfect insert into the mouse sequence (positions 580-581). The
absence of this segment in mouse (definitely established by sequence over-
Laps) corresponds to the amputation of the tip of a very long helical stem
(only partially displayed in Fig. 6) involving more than 200 nucleotides
(acc. paper). The inverted repeat at both ends of this rat insert could
obviously have direct implications on the mechanism generating this inser-

tion (or deletion). Insertions identified in Zea mays chloroplast 23S rRNA

va 0, »°°
vu VAL

=0 & & hsucce,

1 ® AA & . 48, ¢4

c=e vy aAMa Y. oY e, 000 ¢

IS gze A= o= c,"“

13 &2 e Ho P r

o -A A=y
°.: o=

lZ
i
i
B
!

%
e, &
u:"ra,ov;& ;j

) 2
'

Fig. 7 : Secondary structure of the size-variable '"Dé6" area during evolu-
tion.

Boundaries of this domain are precisely defined by a duplex conser-
ved in all pro and eukaryotes on the 5' side (denoted by 2 thick bars) and
by an invariant oligonucleotide (boxed) in equivalent Llocation on the 3'
side. For mouse and rat, arrows delineate 3 pairs of directs repeats, deno-
ted "a", "b" and '"c", present in both species (however one copy of "a" is
missing in rat). Overlined sequences are identical in both rodents. Anacys-
tis nidulans and tobacco chloroplast 23S rRNA sequences are taken from (23).
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Boundaries of this domain are defined by the boxed structures common
to all species (with compensatory base changes in the distal part of the
stem. For rat, differences with mouse are restricted to the terminal part of
the variable duplex (wavy Lline) which is represented in an inset. Partial
sequence date available for Dictyostelium discoideum (24) and for Drosophila
melanogaster (25) and Drosophila virilis (26) in this area have also been
taken 1into account. Folding of the homologous domain in prokaryotic (or
prokaryote-related) sequences is also shown. The secondary structure propo-
sed by Branlant et al. (8) for E. coli is perfectly confirmed by a series of
compensatory base-changes (denoted by arrow-heads) in Anacystis nidulans and

tobacco chloroplast (23).

Fig. 8 : Folding of the size-variable '"D9" area during evolution.

(27) as compared to E. coli have been previously shown to contain terminal
inverted repeats.

d) Size increase and secondary structure folding : Correlated with the
markedly unbalanced base content of these regions, the frequent occurrence
of inverted or direct repeats (see Fig. 7) may be operative in maintaining
their high potential for variation among higher eukaryotes, particularly

through DNA strand slippages during replication (28). More generally, the
reformation of exceptionnally stable giant intra-DNA strand helices, which
could easily occur within the replication fork for most of the variable
areas of the 28S rRNA gene, can provide a basis for their continued sequen-
ce instability. A systematical examination of the folding potential of all
the eukaryotic '"D" domains confirms that the areas of divergence between
rat and mouse are preferentially located within the terminal (loop-proxi-
mal) part of long helical stems. This is shown in Fig. 7 and 8 for two
domains of moderate length for which unequivocal folding patterns are more
easily derived. A most telling example of a giant helix is shown for 'D8"
domain (fig. 9), which has been dramatically expanded in higher eukaryotes
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Fig. 9 : Size expansion and secondary structure of the 'D8" domain in ver-
tebrates.

The mouse sequence is folded in its entirety , with the areas of
extensive sequence conservation between mouse (or rat) and xenopus denoted
by a thick overline. The folding of subareas of xenopus D8 domain which are
highly divergent from mouse is represented in insets (lettered arrows deli-
neate the junction with the structure common to mouse). The wavy lines deno-
te areas where sequence and size differences between mouse and rat are res-
tricted, with the corresponding region in rat shown in insets. Regions of
the rat 28S rRNA which are not represented can be folded Like the mouse
sequence.

(see Fig. 5). While the folding of such a long domain (about 0.6 kb) would
appear difficult to predict on the sole basis of primary sequence, this
task is facilitated by the unbalanced base content and the presence of
simple sequence tracts. We have derived a Y-shaped structure, with a short
13 bp stalk and two very long arms of unequal lengths (the larger one, on
the 5' side, including about 360 nucleotides). Such a folding pattern is
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not only highly preferred on a thermodynamical basis, it is also favoured
by direct secondary structure mapping carried out by E.M. observation of
mature rat 28S rRNA (29). The characteristic double hairpin loop detected
in that work (see Fig. 1 in (29), note that the assignment of 5', 3' pola-
rity was incorrect) precisely corresponds, both in size and location, to
the long arms of the Y-shaped structure (the short stalk proposed in Fig. 9
is likely to be denatured in the conditions used for the E.M. observation).
Comparison of the 3 vertebrates in this '"D8" domain allows additional cor-
relations to be made between secondary structure folding and phylogenetic
status. Folding patterns (Fig. 9) are closely analogous except for length
differences in the giant stems. It is remarkable that a long, stalk-proxi-
mal portion of one of the giant stems is conserved in the 3 vertebrates
while the entire stems are conserved between the rodents but their terminal
tips. The preferential addition of new sequence tracts in the areas where
the former enlargement had already taken place during the evolution of
higher eukaryotes, together with the secondary structure arrangement of the
Llarge tracts of remnant sequences, makes the expansion pattern in this D
domain clearly reminiscent of a continued "growing tip" process.

5. Spacer-lLike domains in mature 28S rRNA.

By their high potential to form self-contained very stable stem
structures and by their history of repeated insertion and deletion events,
the so-called "D" domains of 28S rRNA gene in higher eukaryotes are again
closely related to the transcribed spacers of the ribosomal transcription
unit (18, 13, 30, 31). Although the presence of very short introns cannot
definitely be ruled out so far, all the experimental evidences suggest that
most (if not all) the transcripts of "D" domains are present in mature 28S
rRNA of higher eukaryotes : very similar size and base content of sequenced
genes and mature rRNAs, detection of the characteristic GC-rich giant stems
(29) in mature 28S rRNA as mentioned above, protection from S1 nuclease of
rRNA-DNA hybrids (5). A more direct evidence has been obtained recently for
D1 domain, in a variety of eukaryotes,. through rRNA sequencing, using re=
verse transcriptase (L.H. Qu and J.P. Bachellerie, in preparation). These
experiments moreover confirm the extremely high sequence homogeneity of the
ribosomal gene family (about 200 repeats) in mouse. However, contrarily to
what is found for the internal transcribed spacer regions (13) relatively
Llarge subareas of the D" domains of 28S rRNA are conserved between distant
vertebrates such as mouse and xenopus (Fig. 3). Within the "D" domains, the
slower rate of variation of these subareas is clearly confirmed by the
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mouse-rat comparison : their overall degree of divergence is 0.60 % instead
of 7.7 % for the remaining parts of the D domains (even without taking into
account the 9 segments which have varied extensively between both rodents),
while a value of 0.27 % was obtained for the entire common core (Table 2).
This relatively slow rate of variation and the presence of closely related
secondary structure features (as exemplified in Fig. 9) raise the possibi-
lity of their being involved in functions shared by moderately distant
eukaryotes. More should be learned on this point by identifying the molecu-
lar interactions (RNA-RNA or RNA-proteins) in which these definite domains
may be involved in higher eukaryotes, either during the ribosome cycle in
the cytoplasm or even during its assembly and transport from nucleolar
sites.
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