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Clones containing variant forms of complete human rRNA genes

Characterization and sequence of their transcription initiation region
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In order to assess the extent of structural heterogeneity among ribosomal genes in the human genome, several cosmid
clones, each containing an entire transcription unit, have been isolated and analyzed. Five cloned genes were recognized
as structurally different from each other to some extent, either within the transcription unit or in its immediate vicinity.
The sequence of a 1.2 kb region encompassing the transcription start site has been determined for the five cloned genes.
Point differences among the genes are observed at five nucleotide positions within the analyzed portion of the 5’ external
transcribed spacer of the ribosomal gene. Moreover, upstream from the transcription start site, a unique difference is
observed with the absence from the three genes of a 19-nucleotide long stretch which is present in the two other variant
gene forms.
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1. INTRODUCTION

A ribosomal RNA gene represents the intersper-
sion of highly conserved and of more rapidly evolv-
ing domains: whereas some sequence motifs are
universally preserved, others may diverge exten-
sively, even between closely related species [1-3].
Like other multigene families, ribosomal genes
have undergone concerted evolution in eukaryotes
[4-7]: within a species individual genes are closely
similar to each other and mature rRNA sequences
appear to be essentially homogeneous [8]. How-
ever, the structural homogeneity is not absolute
[9-11] and subclasses of ribosomal genes have been
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identified in some eukaryotes [12-14]. In humans,
the approx. 200 copies of ribosomal genes present
per haploid genome are arranged in clusters of
tandem repeats distributed on the short arms of the
five pairs of acrocentric (nos 13-15, 21, 22)
chromosomes [15]. Evidence of some structural
polymorphism has been reported for the ribosomal
intergenic spacer [16,17] and also in 28 S rDNA se-
quences [4,18]. More recently, direct analyses on
mature 28 S rRNA have revealed a limited but
significant extent of sequence microheterogeneity,
mostly located over the more rapidly evolving do-
mains of the molecule [19] but also present over a
phylogenetically conserved region [20]. However,
thus far, clones containing an entire ribosomal
gene have not been reported for mammals, hence
precluding full assessment of the extent of poly-
morphism and recognition of potentially linked
groups of variants. Here, we have characterized
several clones containing variant forms of a com-
plete human ribosomal gene and determined their
sequences around the transcription start site.
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2. MATERIALS AND METHODS

A human cosmid library, constructed from a sized fraction
(30-45 kb) of leukocyte DNA partially digested with Mbol us-
ing pCV108 as cosmid vector [21], was screened by colony
hybridization {22} with the 2 kb long Sa/l-EcoRI fragment of
mouse rDNA which contains most of the 18 S rRNA sequence
[23]. 28 positive clones were isolated from 3 x 10* screened
clones. All 28 were subsequently probed, by colony hybridiza-
tion, for the presence of an A or G at position 60 of the 28 S
rRNA sequence, using a selective hybridization assay with a pair
of cognate synthetic 22-mer oligonucleotides, as described [20].
Eleven of the 28 positive clones coded for the A variant form (all
others coding for the G variant form). The 28 positive clones
were next screened for the presence of the transcription initia-
tion region, using successively two synthetic probes (see fig.1)
selected according to the previously reported sequences [24,25]:
one corresponds to the 5'-extremity of the transcription unit,
i.e. to a sequence tract which is selectively conserved among
mammals [24]. 15 clones devoid of the initiation region were not
studied further. The 13 remaining positive clones were submit-
ted to restriction analysis and Southern blot hybridization with
various probes (the presence of the 3’-end of the transcription
unit in the insert was tested with a 0.9 kb long EcoRI-BamHI
fragment of mouse rDNA [1] containing the 3'-end of 28 S
rRNA sequence). Five clones (fig.1) presented some evidence of
corresponding to distinct rDNA loci and were submitted to se-
quence analysis of their transcription initiation region: the
1.2 kb EcoRI-Sa!l fragment from each recombinant cosmid
was subcloned in M 13 vectors [26] and sequenced by the dideox-
ynucleotide chain-termination method (27]. No ambiguity re-
mained over the entire sequences which were determined on
both strands over most of their length. Human genomic DNA
was isolated from a placenta and Hel a cells, digested, and sub-
mitted to Southern blot hybridization with *?P nick-translated
probes [28].

3. RESULTS AND DISCUSSION

On the basis of their restriction maps in the
regions upstream and downstream from the
transcription unit and taking into account the A/G
variance at position 60 of the 28 S rRNA sequence
[20], five positive clones containing the transcrip-
tion initiation region were shown to correspond to
distinct genomic loci. The structure of these inserts
is schematized in fig.1. One clone, termed 12.8,
corresponds to a 3'-truncated gene, possessing only
a few hundred bp of the 28 S rRNA 5’-terminal se-
quence. The other four contain the 3’-end of the
gene, as indicated by cross-hybridization with a
mouse rDNA probe and by the presence of several
characteristic restriction sites in the downstream
portion of the intergenic spacer. Over the
transcription unit, no discrepancy was detected be-
tween the five clones for the key restriction sites
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(fig.1) previously identified in genomic DNA
[15,29]. However, some differences were apparent
over the portions of intergenic spacers present in
the cosmid inserts. Immediately downstream from
the gene, a region of discrete size heterogeneity
among human rDNA units had been detected [4],
corresponding to the presence of variable numbers
(from 1 to 4) of a 700 bp tandemly repeated se-
quence [17]: on the basis of Southern blot
hybridization with a probe mapping at the 3’-end
of the transcription unit (see fig.1), clone 11.9 ap-
pears to contain only 2 such sequences, while 3 are
present in clones 11.36, 12.1 and 11.11 (this par-
ticular size class also appears to be the most abun-
dant in human individuals [17]). In clone 11.36, the
extent of upstream intergenic spacer present in the
insert amounts to about 7 kb, with a restriction
map in full agreement with the major pattern of
rDNA genomic organization [15,30]. However,
beyond the Sa/1 site located about 0.6 kb upstream
from the gene, the restriction maps of the other in-
serts differ from the canonical pattern represented
in clone 11.36. Further analyses of these variant
upstream regions (which map within the dashed
portions of the inserts in fig.1) in clones 12.1, 11.9,
12.8 and 11.11 are definitely needed in order to
assess the significance of these differences. They
could correspond to the isolation of minor forms
of rDNA units, such as those which are located at
the 5'-border of a cluster of tandem repeats. In
humans, the junction with non-rDNA has been
mapped 3.7 kb upstream from the transcription
start site of the first repeat unit [31]. From the
restriction analysis data available so far and by
reference to the restriction map reported in [31],
the possibility remains that clone 12.1 represents
such a 5'-border unit. The sequence of the EcoRI-
Sall fragment encompassing the transcription in-
itiation site was then determined for each insert
(fig.2). It is noteworthy that this EcoRI site is poly-
morphic in human genomic DNA, as shown in
fig.1 and in line with a previous report [15]. In fact,
we have observed that the proportion of rDNA
units resistant to EcoRI cleavage at this site may
vary according to the origin of the DNA sample
(not shown). However, all the clones that we have
analyzed contain this EcoRI site, with the
GAATTC recognition motif followed by a G,
which provides a potential CpG substrate for m°C
methylation in genomic DNA. Accordingly, this
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Fig.1. Structure of the humn rDNA cosmid clones. (a) Map of human genomic rDNA for key restriction sites. In the transcription unit,
spacer regions are denoted by open boxes. A region of length heterogeneity downstream from the gene is denoted by triangles. (b) Loca-
tion of DNA probes used for screening of the cosmid library (open symbols, with lozenges referring to synthetic oligonucleotides) and
analysis of cloned and genomic DNAs (filled symbols). (c) Restriction fragments of genomic DNA identified by Southern blot hybridiza-
tion with the Ps?I-EcoRI probe (from the 11.36 clone) after BamHI, BamHI + EcoRI and EcoRI digestions, showing the existence of
a polymorphic EcoRlI site (denoted by a star in a). Extents of each cosmid insert are shown at the bottom: portions represented as a con-
tinuous line possess a restriction map in complete agreement with that in (2) for genomic rDNA, while dashed segments either differ or
have not been characterized further (hatched boxes denote the cosmid vector).

EcoRi polymorphism couid correspond to varia-
tions in the methylation patterns of rDNA units.
As shown in fig. 7 the sequences for the ﬁve clones

are almost perfectly ldentlcal except for 5
nucleotide positions and also for the variable
presence of a 19-nucleotide tract (present in clones
11.9 and 12.1 but missing in the 3 others). The lat-
ter variation seems likely to have been generaied
through a slipped-strand mispairing during replica-
tion, since the lQ-nucleoude motif is repeated
almost exactly at the 5’'-border of this inser-
tion/deletion. None of the variations among the
five clones maps within the two major control
elements (termed core and upstream control
elements) identified in the human rRNA gene pro-
moter [32]. The sequence of all, or a part, of this
1.2 kb region of a human rRNA gene has been
reported previously [24,25]. A substantial level of
divergence is observed (fig. 2), with 33 point
changes (and a hexanucleotide insertion) over the
1.2 kb sequence by reference to [24]. The

diveroanca i¢ much lace avtancive whan rafarrino ta
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[25], with only 11 point differences (fig. 1) over the

300

5 nucleotides sequenced in the latter analysis.
As for the variant 19-nucleotide tract, it is pre-
the fragment of human rDNA analvzed in
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sent in the fragment of human rD?
[24] but deleted in the other case [25]. Thus, while
most of the above-mentioned point nucleotide dif-
ferences could be attributed to the different origin
of the human DNA libraries in our work and in
previous studies {24,25], our results suggest that
the 19-nucleotide tract variance represents a
general feature of human rDNA polymorphism,
which is widespread in the population. Such a
sizable segmental mutation can introduce a signifi-
cant bias against non-reciprocal exchanges between
the two types of units, thereby favouring the prop-
agation of linked groups of variations within each
size class rather than within the entire gene family.
In support of this notion, it is remarkable that the
three cloned genes which are devoid of the
19-nucleotide tract, i.e. clones 12.8, 11.11 and
11.36, have a perfectly identical sequence over the

1.2 kb region analyzed here (fig. 1). However, for

this group the linked variance does not extend to

the sequence heterogeneity detected at position 60
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Fig.2. Sequence of the cloned human rDNA genes around the
transcription start site, The sequence shown corresponds to the
11.9 clone. Nucleotide positions where differences among the
five sequenced clones have been detected are underlined by a
bar. Positions are numbered by reference to the transcription
start site (large arrowhead). Differences with two other
previously reported [24,25] sequences for this region of human
rDNA are indicated above [25] or below [24] the sequence, with
small arrowheads denoting additional nucleotides found in
these two sequences [24,25]. The boundaries of the portion
analyzed in [25)] are denoted by horizontal arrows above the se-
quence. The two open bars above the sequence delineate two
synthetic oligodeoxynucleotides used for probing the presence
of the 5' boundary of the transcription unit in the cloned
cosmids. (Inset) Comparison of the sequences for the five
clones, with indication of all variant nucleotides (the open
triangle at —415 denotes the 19-nucleotide long tract which is
missing in three clones but present, and perfectly identical, in
the other two).

of 28S rRNA (with an A present in clone 11.36, but
a G in clones 12.8 and 11.11), possibly in relation
with the much greater length of intervening DNA
involved in that case (i.e. almost 9 kb). Thus the
variant 19-nucleotide tract definitely appears to be
a valuable marker for studying the genomic
distribution of variant ribosomal genes (within a
cluster of tandem repeats and among the five
human acrocentric chromosomes). In turn, this
should allow better evaluation of the extent and
dynamics of the intra- and interchromosomal
recombinational events which result in the con-
certed evolution of this multigene family [6,7].

Although the cloning of fragments containing a
large portion of the human rRNA transcription
unit has been reported recently [33], the clones
described here represent the first cases of complete
ribosomal genes reported for a mammal. These dif-
ferent units contain variant structural features,
both within and around the transcription unit, par-
ticularly in an area of the intergenic spacer (extend-
ing over 2-3 kb upstream from the major pro-
moter) which might play an important role in the
transcriptional control of mammalian ribosomal
genes [34,35]. They should therefore prove to be
useful tools for further analyses of rRNA gene ex-
pression, at the level of transcription or rRNA pro-
cessing.
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