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We report the complete nucleotide sequence of the 3627 bp long 5'-external transeribed spacer (ET8) of a human riboso-
mal RNA gene. This sequence exhibits only very limited homologies with its mouse counterpart, the only other mamma-
lian specimen analyzed so far. It has very peculiar compositional characteristics, with a highly biased base content (very
rich in G +C, very poor in A} and also some very strong dinucleotide preferences. Interestingly, these specific features
are shared by the mouse sequence, despite the extensive sequence divergence, and also apply to the other transcribed
spacers of mammals indicating that a common and strong structural constraint is exeried on all these regions of the ribo-
somal gene. An outstanding secondary structure can be formed within the human ETS RNA, which could have a signifi-
cant role in preribosome assembly.

rRNA gene; External transcribed spacer; Nucleatide sequence; Secondary structure; Compositional constraint; Dinucleotide frequency

1. INTRODUCTION

In eucaryotes, mature rRNAs are processed in a
stepwise fashion from a large primary transcript in
which spacer sequences alternate with 18 S, 5.8 S
and 28 S rRNAs [1]. Spacer sequences constitute a
large part of the transcription unit in higher eu-
caryotes, particularly in mammals for which they
amount to about half of the 13-14 kb gene length
[2]. Their potential roles in control of ribosome
biogenesis remain speculative so far. As for rRNA
processing reactions, their molecular mechanisms
are not known and the structures in pre-rRNA re-
quired for the recognition of the proper cleavage
sites have not been identified either, except for the
primary processing event in mammals which occurs
within the 5’-portion of the 5’-external transcribed
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-spacer [3-5). Sequences of ribosomal transcribed

spacers undergo a fast divergence during evolution
[6-11], in contrast to mature TRNASs. As for the
5'-external transcribed spacer, which is roughly
4 kb long in mammals, the only vertebrate se-
quences reported so far corresponded to Xenopus
[9,10] and mouse [11], which appear extensively
divergent from each other. In the present study, we
present ihe complete sequence, and a model of the
secondary structure, for the human 5’'-external
transcribed spacer (5'-ETS). Although the two
mammalian sequences now available for com-
parison exhibit only a very low hemology, they ap-
pear to be subject to common and specific com-

.positional constraints.

2. MATERIALS AND METHODS

Several complete ribosomal genes have been isolated [12]
from a human cosmid library, constructed from leucocyte DNA
using pCV 108 as cosmid vector {13]. The 5.8 kb EcoRI frag-
ment of human rDNA (which contains a 0.5 kb sequence up-
stream from the transcription start site, the entire 5'-ETS and
most of the 18 S rRNA coding region} was isolated from the
cosmid insert of the 11.9 clone [12] and subcloned in pUC 8.
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Different fragments were subcloned again in pUC 8 and MI13
[14] vectors, and sequenced by the dideoxynucleotide chain ter-
mination method [15]. No ambiguity remained over the entire
sequence which was determined on both strands over most of its
length. The sequences of the (+ 1, + 700} region for this clone
and for other different human genes had been reported previ-
ously [4,12,16].

RNA secondary structure predictions [17] were performed on
the entire sequence by serial analysis of portions measuring up
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to 2.2 kb. Sequence analyses were carried out with the software
package [18] of the Genetics Computer Group, University of
Wisconsin.

3. RESULTS AND DISCUSSION

The 3627 nucleotide long human 5'-ETS se-
quence is very richin G + C (79%) and particular-

GCTGACACGC TGYCCTCTGG CGACCTGICG CTGGAGAGGT
G6GCCCGCGE GCCTGETGTT CTCCEOCEEG TCCOABLGTT
CGTGCBCTCT CCGCTGCGGG CGCCCOGGGC GCCACAACET
GTTGGLCGEA GCCGATCGGE TCOCTEGCCE GLEGRECTCE
GGACGTTCET GGCGAACGGE ACCGICCTTC TCGETCEGEC
CCTCGEEETE CCRCCCBECG CCTTCTGEGT CGCOGERCRE
CGGCGETGE6 GGTGCCETCC COCLGECCCG TCGTRCTGEE
TGCCCAGEE CRAACGETGE TETGTCGITC CCGCCCCCGE
TGAGTGAGAC GAGACGAGAC GCGCCOCTCC CACGCGGGGA
COGGCCGGTG TEGACCACGTG COCCGOCCCE CGCCOAGREE
GGGGGECCTG GTGEGGTTSC CCCLACEOOE GEACCEOCES
GGCGTCECTC GGCGECTCTG CCGGCECGAG GAGGAGCGAE
GATCCCCCGG GCCGECGECT CTGTCTCTES CYCCGTTATG
GTTCCGECEE CCACCOCGET GGTGGCCGAG TECCGCTCET
GGGACGCGGE GGCCGGCOGE COGTGOGTET GCOCEECCas
CCGACGACCC GCGGTTTGEG TGGCACGGGG TCBRGEECGE
CGAGCGACGG TGGTGCGGGC GTGTCGGGTT COTGOLTGLS
CAGGCGGGGC GCCGCGGRAC CGCCCTCSTG TCTGTGRCO0
GGGTGCCCTT GCCCTEGCSE TCCCRGGECE TEGCECOTET
CCOCCTGGGA CCGAACCCGE CACCGECTCR TGOGACGEE0
GGUGCCCOGT GCGGTTGGCC GGAGTICCGG GGTCGACTGE
CCCCOGGTGE CGLGGTGCCG GLGGEOGTGA GGCCCCGLaE
CCGTCGECCC GGCCTCGEEC GTGGTCTETC GICTICYCCE
GTCCGTCECS GGCGTCGGC TCGGGGAGAG CCCGTCCTCE
CGTGTGGCGT GGGTCGACCT CCGCCTTGEE GGTCGCTCHE

GCGCCGGLCG GCCTCGGTCG CCCTCCCTGE GCCGTCOTGY

TGGGECTCTG GATGCGCGCE GEGCTCTGGE CTACCGGTGA CCCGGCTAGC CGGCCGCGCT CCTGLTTGAG
CCGACTCCCG GTGCCGGCCC GGGTCCGGGT CTCTGACCCA CCCGGGGGCS GCGGGGAAGG CGGCGAGGGC
CACCOCGCTG GCTCCGTGEC GTGLGTGTCA GGCGTTCTCG TCTCCGLGGG GTTGTCCGLC GCECCTTCCT
GCTCCCOGGG GGCTCTTCGT GATCGATGTG GTGACGTCGT GCTCTCCCGG GCCGGGTCCG AGECOCHACG
CGCGGEGETC CCCTCGTCTC TCCTCTCCCE GCCCGCCGGE GGTGCGTGIG GGAAGGCGTG GGGTGCGGAC
GCCBCUIT6 TCCTCTGACG COGCAGACAG CCCTCGCTGT COECTCCAGT GATTGICGACA TGESRICts
CTCTCO65GE GGTTTGCGCG AGCGTCGGCT CCGCCTGGUC CCTTGCGGTG CTCCTGUAGE GCTCCGGGTT
CGCCCCETCE TCCGRTEGET GCLUCGGTCG TCTGEGCGTG GGTCCTGAGS GAGCTCGTCE GTGTGGGSTT
AGGGCOCCGE TGETCTCGT GAGCGCAGTC CCGTGTCCCC TCTGGCGGGT GCGCGCGGGT CGTGTGAGCS
CIGCCGTTCT GCCTCCGACC GGTCGTGTGT GGGTTGACTY CGGAGGCGCT CTGCCTCGGA AGGAAGGAGG
GGCCCCCGCC CTGAACGCGA ACGCTCGAGG TGGCCGCGCG CAGGTGTTTC CTCGTACCGC AGGGLCCLLT
TGECGGGYOG GGGGAGTGTG ACCCACCLYC ﬁﬁfm GLLCTTLTCTA GCGATCTGAG AGGEGTGECT
GTAGCGETGE COTTAGCGAC CCGETCGEAG AGGACLLTCE TCEGCTTCCE CLTCGACGES GTTGGOGGEG
COCCTACTGT GGCECGEGEE TCCCCCCTTC CGAGTCGGGE GAGGATCCCS CCOOGECGGG CCCGGSGTTC
COCTCTGTCE GGCGEGTGAC CCCCTCOSEC GCGAGTCCG6 GECTCTGECG CCCGCTCCCS TGCEGAGTCT
CTGGOCCTGG GAAAGCGTCC CACGGTGOGG GCGCGCCGGT CTCCCOGAGE GGGACCOGAT CGGAGGATGG
GTCGCTCCGG GGCCCCCGGT GGCUGGGCCT COGGACTCGL GAGGCGATTC TCGGTGGGGG CCGAGAGLTG
TGGGATCCCG CGGCCGTGTT TTCCTGGTGE CCCGBLCRTG CCTGAGGTTT CTCCCCGAGE CGCCGCCTCT
GTGECCTCTT CCECACORGT COUCCECOA TCCTCTTCTT CCCCCCGAGE GRCTCACCAG CTTCACGTCE
CCOCCEG0CG CTGATEGREC CGGCGTGCEG CGGTCCCECE GCGGCGCCTT GGGGACCGGG TCGGYGGCGE
GGCGCGTE0G GGGGAGGAGA GGTTCGGGGA COCCGCGACT GGLGGTGGTG GGGGAGECGE GTACGCTAGG

GVGYGTCCCG GCTGCGGTCG GCCGCTCGCG GGGTCCCCGT GGCGTCCCCT TCOCCGCCGG CCGLCTTTCT

CCGCCTGLCG 0120
CACCGTGECC 0240
CGGAGTGGGG D360
GGCGAGGGGE D480
CCCEGUCEGA DSOO
CECCCCTreG D720
GTCCCTCAGG 0840
CGAGGCGGTT 0960
ATCGGTGGTT 1080
TGGGTGGACG 1200
CCCTTCCCCA 1320
TGGGGGTACG 1440
AGAAGCGAGG 1560
CCAGCGGGTT 1680
GTGACCGGTG 1800
ACGAGAATCA 1920
TCCGGCRTCC 2040
GCGGGCTCCC 2160
GTTGGTGGCC 2280
CCCCGLGTGE 2400
CGGTCGGCCE 2520

CGCGCCTTCL 2640

GGCCCGCTCT TCCGAACCGE GTCGGCGOGT CCOCCOGGTE CGUCTCGCTT CCCGGGCTTE CCGCGECCCT TCCTCGAGGL 2760

CCGLGTGECE TCGECCCATT CRRCACGCGE GTGCGCCURA GLGCGECCLE GTGETCLCTC CCGGACAGSEC GTTCGTGCGA 2880

CCTCTCCCLG GGYCGGGGGG TGREGCCCRG GLLGGGGLCT COGLCCCGET CACGETCCCT CGTCLCEGEE GRGGECGGET 3000

GGCGTBTGCC ACCCTTGCGC CCGCGCCCGE CBGCGGGGET CGGAGCCGGG CTTCGGCCGG GCCCCGGGCC CTCGACCGGA 3120

CCGGTGCAEG GGCGCTGLGG CCGCACGGEG CGACTGICCC CGOGCCOGGE ACCGCGGTCC GCCTCTCOCT CGCCGCCCGE ACGTCGGGGC CGOCCCGOGG GGCLGGCGGA GCGCOGTCCC 3240

CGECTCECCG CCGECEGC66 GCGCCGRCCA CGCGCGCGCE CGCOTGGECG CTGGTCELTE CCGGLCGLCE GRCGCHGGTC GGGCCGTCCG CCTCCTCHCE GGCGGGCGCG ACGAAGAAGE 3360

GTCGCGGGTC TGTGGCGE6G GBCCOCCGGT GGTCGTGTCG CGTGGGGGEC GGGTGGTTGE GGCGTCCGGT TCGCLGLGLE CCGCCCCGGC CCCACCGGTC CCGGCCGCCG CCCTCGLGLL 3480

-
CGCTCGCTEC CT CCCGYEEG CCCGTEEECG GCCCGTCE‘I

CGGGGCCTCG CCGCGCTCTA CCTTACC

e i o et e

e
CCGTCCGTCC GTCGTCCTCC VCGLTTGEGG GGLGTCGRGE CUGTCCTCGE GAGGCCCLCC GGLCGGLCGT

CCGGCCGCET 3600
3627

Fig.1. Sequence of the human external transcribed spacer. The sequence extends from the transcription start site (position + 1) to the

nucleotide (position + 3627) which immediately precedes the mature 18 S rRNA coding sequence. The site of internal processing of the

5'.ETS is denoted by a solid arrowhead and the 3'-boundary of the previously sequenced leader segment by an open triangle. The most
outstanding sets of tandemly repeated oligonucleotides are overiined by arrows, and a run of alernating CG by dots.
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ly poor in A (5.65%), these overall values reflecting
a rather uniform base content along its entire
length. The sequence does not exhibit any extended
pattern of internal repetition. As for tandem repe-
titions of short oligonucleotides (overlined in
fig.1), their number does not significantly exceed
that which would be expected on a random basis
forany sequence of the same base composition,
suggesting that DNA-strand slippages during repli-
cation [19] are not frequent events relative to the
rate of nucleotide substitution of this sequence.

According to the Fickett’s criteria [20], the se-
quenece appears devoid of any likely open reading
frame. Comparison with its mouse counterpart
[11], which is only slightly longer, reveals a very
limited extent of sequence conservation (fig.2),
with only seven tracts displaying a substantial
homology (fig.2b). Tract 1, identified in a previous
analysis of the 5'-end of the human ETS [4], ex-
tends over about 200 bp immediately downstream
from the site of internal ETS processing. Tracts
2-7, which occur in the same linear order in both
mammalian sequences, are shorter but the
homology appears significant. However this con-
servation does not extend to distant vertebrates,
since no residual homology could be detected over
these tracts with the amphibian 5’-ETS sequences
[9,10]. No significant match was found between
the human 5'-ETS and any of the nucleotide se-
quences in GenBank.

Remarkably, the human and mouse 5'-ETS se-
quences, although extensively divergent, are closely
related in their highly biased base content. While
the average GC content in mouse and human
genomes is around 42% [21], the two mammalian
5'-ETS are dramatically enriched in GC (fig.3a,b).
In each case, the content in G is nearly identical to
the content in C. Moreover both sequences are also
extremely poor in A, displaying the same very
strong imbalance in U and A contents (the U/A
ratio averages 2.70 in both species). It is intriguing
that all these unusual compositional characteristics
also apply to the internal transcribed spacer regions
of ribosomal genes in these two mammals
(fig.3¢c,d). In contrast, they are definitely not
shared by the mature rRNA coding regions
(fig.3e).

Another kind of strong structural constraint
operating on the human 5'-ETS is revealed by the
examination of dinucleotide frequencies. As shown
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Fig.2. Comparison of the human and mouse 5'-ETS sequences.
(a) Homology matrix: each dot denotes the presence in both se-
quences of a 32 nucleotide long segment displaying more than
65% homology. The location of the site of internal 5'-ETS pro-
cessing is indicated by & broken line. Positions are numbered
from the transcription start site. (b) Details of sequence align-
ment for the longest homologous tracts (strings of numbered
contiguous diagonal dots in a). The previously identified [4]
tract 1 is not shown. Identities are denoted by bars and transi-
tion mismatches by colons,

in fig.4, the values observed for some doublets
strongly depart from what would be expected for a
randomized sequence of the same base composi-
tion. This is particularly dramatic for the direct en-
vironment of As: as a 5'-neighbor, A and G are
highly preferred, whereas, as a 3’-neighbor, T is
markedly unfavorable (fig.4a). Strikingly, the
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Fig.3. Base composition of the mammalian ribosomal tran-

scribed spacers. (a) Human 5'-ETS; (b) mouse 5"-ETS [11]; (c)

human ITS 1 + ITS 2 (Sylvester, J.E., personal communica-

tion); (d) mouse ITS 1 + ITS 2 [8]; (¢) human or mouse [26]
18 S rRNA.

same peculiarities are also observed for the external
and internal transcribed spacers of the mouse ribo-
somal gene (fig.4b,c). However, they clearly do not
extend to the mature 18 S rRNA coding region
(fig.4d) which displays a much more even distribu-
tion of dinucleotide freguencies. This close similar-
ity, in terms of dinucleotide preferences, among
mammalian ribosomal transcribed spacers is not
restricted solely to the above-mentioned cases: in
fact, the five most preferred doublets remain the
same, i.e. AA, GA, TC, GT and AG (in the same
order or nearly s0), in each sequence. Dinucleotide
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frequencies in DNA or RNA sequences do not fluc-
tuate randomly and recurring patterns of prefer-
ence have been observed in some phylogenetic
groups which might be indicative of steric con-
straints on the conformation and packaging of the
double helix [22]. In this regard, the strong prefer-
ences shared by the mammalian ribosomal tran-
scribed spacers might reflect a peculiar chromatin
organization of these portions of the gene as com-
pared to the mature rRNA coding regions, in line
with recent data on the structure of actively tran-
scribed ribosomal chromatin in Xenopus [23]. Ac-
cordingly, these intragenic spacers could well have
a role as DNA structures, possibly involved in a
control of the transcription elongation process.
Nevertheless their potential importance as RNA
structures should not be overlooked, since their
peculiar compositional features are correlated with
the likely appearance of exceptionally stable sec-
ondary structures in mammals, A giant hairpin
loop had been detected in the external spacer region
of mammalian pre-rRNAs by electron microscopic
secondary structure mapping [24,25]. The organi-
zation of this hairpin varies among mammals, with
changes in the number and lengths of branches, al-
though the overall size is maintained. The human
5'-ETS sequence was systematically searched for
the most favorable secondary structure and two
highly stable domains were reproducibly found
(fig.5). The larger one (fizg.5b) unambiguously cor-

a —+—+ +— H——+ +—+
A2 GA T ar mdé}c Tb'r:' AT 1a
T & ca
b y —— - H—t—H—t—— + +
AA GA AG GI TG CG AC GC CA AT TA
Te CC GG T
cr
c —+ e +—t
T 1A
T%.r - a:}c c%m AT
6
d At
T GA CG GCTC AC CA
cc GA AG GT
AA AT TG.IA
CT
it Hr— } +
€ TG A3 TT IC AT [ cG
cr GAGC AC
CC GT
20 19 18 17 16 15 14 13 12 11 w0 9 €& 7 B 5 4 .3

Fig.4. Frequencies of occurrence of the dinucleotides. For each dinucleotide, values were obtained for the corresponding RNA-like

strand by dividing the observed number by the number expected on a random basis from the overall base content of each sequence:

human 5'-ETS (a); mouse 5"-ETS (b); . mouse internal transcribed spacers | + 2 (¢); mouse 18 S rRNA (d); averaged frequencies for
: a compilation [22] of vertebrate sequences (¢).
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Fig.S. Secondary structure of the human 5'-ETS. Parts of the thermodynamically favored folding pattern are represented, for domains
851-1391 (a) and 1657-3563 (b) of the human sequence.

responds to a characteristic structure observed in
primates by electron microscopy (plate 1I1d in [24]
and fig.1H in [25]) not only in size and location but
also in details of its branched organization. It en-
compasses a major portion of the 5’-ETS sequence
(i.e. 1907 nucleotides} and maps only 60 nucle-
otides upstream from the 5’-end of the 18 S rRNA
coding region in human pre-RNA. The refolding of
this giant structure during the elongation of nas-
cent pre-RNA could mediate major conforma-

tional switches required in the early steps of pre-
ribosome assembly.
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