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Localization and structure of endonuclease cleavage sites involved in the

processing of the rat 32S precursor to ribosomal RNA
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The initial endonuclease cleavage site in 32S pre-rRNA (precursor to rRNA) is
located within the rat rDNA sequence by S, -nuclease protection mapping of purified
nucleolar 28S rRNA and 128 pre-rRNA. The heterogeneous 5- and 3'-termini of
these rRNA abut and map within two CTC motifs in tS;2 (internal transcribed spacer
2) located at 50-65 and 4-20 base-pairs upstream from the homogeneous 5'-end of the
288 rRNA gene. These results show that multiple endonuclease cleavages occur at
CUC:sites in tS;2 to generate 28S rRNA and 128 pre-rRNA with heterogeneous 5'-
and 3'-termini, respectively. These molecules have to be processed further to yield
mature 28S and 5.8S rRNA. Thermal-denaturation studies revealed that the base-
pairing association in the 128 pre-rRNA :28S rRNA complex is markedly stronger
than that in the 5.8S :28S rRNA complex. The sequence of about one-quarter (1322
base-pairs) of the 5'-part of the rat 28S rDNA was determined. A computer search
reveals the possibility that the cleavage sites in the CUC motifs are single-stranded,
flanked by strongly base-paired GC tracts, involving tS;2 and 28S rRNA sequences.
The subsequent nuclease cleavages, generating the termini of mature rRNA, seem to
be directed by secondary-structure interactions between 5.8S and 28S rRNA
segments in pre-TRNA. An analysis for base-pairing among evolutionarily conserved
sequences in 328 pre-TRNA suggests that the cleavages yielding mature 5.8S and 28S
rRNA are directed by base-pairing between (i) the 3'-terminus of 5.8S rRNA and the
§'-terminus of 28S rRNA and (ii) the 5'-terminus of 5.8S rRNA and internal
sequences in domain I of 28S rRNA. A general model for primary- and secondary-
structure interactions in pre-rRNA processing is proposed, and its implications for
ribosome biogenesis in eukaryotes are briefly discussed.
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Processing of preribosomes and their constitu-
ent pre-TRNA is an important intranucleolar stage
of ribosome biogenesis (Hadjiolov, 1980). General-
ly, the primary transcript, identified as 45S pre-
rRNA in mammalian cells, undergoes a series of
nucleolytic cleavages, producing 18S, 5.8S and
28S rRNA (Perry, 1976; Hadjiolov & Nikolaev,
1976). It is now known that in several organisms
the early endonuclease attacks may take place in a

Abbreviations used: pre-rRNA, precursor to rRNA;
preribosome, ribonucleoprotein particle containing pre-
rRNA; tS,, external transcribed spacer in rDNA or pre-
rRNA; tS;, internal transcribed spacer in rDNA or pre-
rRNA; L-rRNA, rRNA of the large ribosomal particle;
rDNA, DNA of the repeating unit of rRNA genes;
snRNA, small nuclear RNA; bp, base-pairs in DNA.
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stochastic manner, thus resulting in the simul-
taneous occurrence of multiple pre-rRNA process-
ing pathways (Weinberg & Penman, 1970; Wini-
cov, 1976; Dabeva et al., 1976 ; Dudov et al., 1978 ;
Bowman et al., 1981). However, in most mamma-
lian species endonucleolytic cleavages follow a
predominant sequential pattern, thus generating a
major pre-TRNA processing pathway (Maden et
al., 1972; Hadjiolov & Nikolaev, 1976; Perry,
1976).

The main pre-rRNA species in rat liver have
been identified and a major processing pathway,
45S-541S-32S+21S-28S (5.8S)+18S rRNA,
has been deduced (Dabeva et al., 1976). Tracer-
kinetics studies with normal and regenerating rat
liver revealed that an early and rapid phase in
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processing of 45S pre-rRNA generates 18S rRNA
(with or without the intermediate formation of 21S
pre-TfRNA) and 32S pre-rRNA (Dudov et al,
1978 ; Dudov & Dabeva, 1983). The processing of
32S pre-rRNA to 28S and 5.8S rRNA in the
nucleolus is markedly slower and appears to
present more rigid structural requirements (Had-
jiolov, 1980). Basically, the process results in the
ultimate formation of specifically base-paired 28S
and 5.8S rRNA (Pace et al., 1977; Peters et al.,
1982; Walker et al., 1982, 1983; see Walker &
Pace, 1983). Several subsequent steps appear to be
involved. A 128 precursor to 5.8S rRNA was
detected in mouse liver (Hadjiolova et al., 1973)
and shown to correspond to the whole 5-end
segment of 32S pre-rRNA, including the 5.8S
rRNA and tS;2 sequences (Khan & Maden, 1976;
Bowman et al., 1981, 1983; Dudov et al., 1983).
Also, a shorter 8S precursor to 5.8S rRNA was
identified, encompassing part of the tS;2 sequence
(Reddy et al., 1983). On the other hand, 5'-terminal
trimming of nucleolar 28S rRNA is also a
compulsory step in the formation of mature 28S
rRNA in the mouse (Kominami et al., 1978). The
finding that some snRNA molecules (U3 snRNA
in particular) in the nucleolus are associated with
328 pre-rRNA or nucleolar 28S rRNA suggests
their participation in processing of 32S pre-rRNA
(Prestayko et al., 1971; Bachellerie et al., 1983;
Reddy & Busch, 1983). All the above results
illustrate the complexity of processing of 328 pre-
rRNA and correlate with its role as a critical
regulatory step in ribosome biogenesis (Hadjiolov
et al., 1978; Hadjiolov, 1980).

In the present work we located the first 32 S-pre-
rRNA endonuclease-processing site by S;-
nuclease protection mapping of the nucleolar 28 S
rRNA and 128 pre-rRNA termini within the tS;2
sequence of the rat rDNA. It is shown that
multiple cleavages occur at CUC sites in tS;2,
generating 28S rRNA and 12S pre-rRNA with
heterogeneous 5- and 3'-termini, respectively.
These molecules have to be processed further to
yield mature 28S and 5.8S rRNA. Thermal-
denaturation studies revealed a markedly higher
stability for the nucleolar 12S :28 S rRNA complex
than for the cytoplasmic 5.8S:28S rRNA com-
plex. To search for possible base-pairing inter-
actions, we determined the sequence of 1322 bp
from the 5'-terminal domain of the rat 28S rRNA
gene. These data were correlated with the available
sequence information for the 5'-part of 32S pre-
rRNA (encompassing tS;1, 5.8S rRNA and tS;2
segments) in the rat and other eukaryotes. Possible
base-pairing of sequences in the 5'-terminal region
of 32S pre-rRNA was deduced, and a general
model for the structural features in pre-rRNA
processing is proposed.

Materials and methods

Preparation and sequencing of rDNA

The pRr 19 rDNA segment was a EcoRI-
BamHI restriction fragment derived from a
ACharon 4A phage, containing fragment-IV
rDNA (Braga et al., 1982), subcloned in the
Escherichia coli plasmid pBR 322 by standard
methods (Maniatis et al., 1982). This fragment
contains the 3'-terminal part of 18 S rDNA, tS; and
the 5'-terminal part of 28S rDNA (Braga et al.,
1982). The sequence of the pRr 19 rDNA was
determined by the method of Maxam & Gilbert
(1977, 1980) by using appropriate subfragments
obtained with different restriction nucleases.

Isolation, purification and analysis of pre-rRNA and
rRNA

Total rat liver nucleolar rRNA was isolated as
described previously (Dabeva et al., 1976, 1978).
The precipitate of nucleolar rRNA was dissolved
in a small volume of 0.1M-Tris/acetate (pHS.2),
containing 1 mM-EDTA and 0.5% sodium dodecyl
sulphate, and deproteinized at 25°C with an equal
volume of phenol, saturated with the same buffer.
The rRNA was precipitated from the water phase
with 3vol. of 96% ethanol/19, sodium acetate at
—20°C overnight. This deproteinization step is
critical in minimizing RNA degradation during
further fractionation and storage (Venkov &
Hadjiolov, 1969).

Nucleolar rRNA was fractionated by centrifu-
gation in linear 15-30%; (w/v) sucrose gradients in
0.1M-Tris/acetate (pH7.0) plus 0.5% sodium do-
decyl sulphate, in a vertical rotor to shorten the
separation time and minimize degradation.
Centrifugation in a Beckman VTi 50 rotor was for
105min at 46000 rev./min, at 4°C in a Beckman
L5-65 ultracentrifuge. Gradient fractions, moni-
tored at 254nm, were pooled and the RNA was
precipitated as above. The purified nucleolar 28S
rRNA was obtained after two consecutive sucrose-
density-gradient runs. To isolate 12S pre-rRNA,
we used 32S pre-rRNA isolated by five con-
secutive runs. The 32S pre-rRNA fraction was
denatured by heating for S5min at 70°C in the
presence of 50%; formamide (Dudov et al., 1983).
The released 12S pre-rRNA was isolated by
sucrose-density-gradient centrifugation as above,
its position being monitored by a parallel run of
denatured 32S pre-rRNA, labelled with ['4C]-
orotate in vivo.

The rRNA fractions were analysed by gel
electrophoresis in 1.5 agar (or agarose)/5M-urea
(Dudov et al. 1976). The ‘melting’ of 12S:288S or
5.8S5:28S rRNA complexes was performed essen-
tially as described by Pace et al. (1977), but heating
at the indicated temperatures was for 5min, and
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dissociated rRNA components were analysed by
the agar/urea-gel-electrophoresis method.

S-nuclease protection mapping

The precise location of the 5'- and 3'-termini of
pre-TRNA and rRNA was performed by S,-
nuclease protection mapping (Berk & Sharp, 1977)
of hybrids between purified pre-rRNA or rRNA
and appropriate 32P-labelled restriction-nuclease
subfragments from our rat rDNA clone. The
RNA :DNA hybrids were digested with 30, 50
or 100 units of S, nuclease for 1h at 37°C in
the standard medium [30mM-sodium acetate
(pH4.5)/0.1M-NaCl/0.1 mM-ZnSO,]. It is shown
that hydrolysis of RNA : DNA hybrids under these
conditions (37°C) avoids possible incomplete pro-
tection at long oligo(U) tracts in RNA and yields
results identical with those obtained by indepen-
dent techniques, i.e. reverse-transcriptase exten-
sion (Rothblum et al., 1982b). For mapping of 5'-
termini the rDNA restriction fragments were
labelled at 5’-ends with T,-phage polynucleotide
kinase and [y-32PJATP. For 3'-termini the restric-
tion fragments were labelled at their 3'-ends by
filling in the protruding 5-ends with the use of
DNA polymerase I (large fragment) and labelled
[¢-32P]dATP. The size of the rDNA fragments
protected against S; nuclease was determined by
electrophoresis on to acrylamide/urea sequencing
gels in parallel with an appropriate rDNA se-
quence ‘ladder’ (Maxam & Gilbert, 1980).

Materials

Analytical-grade reagents were used throughout.
Restriction nucleases Avall, Hinf1, EcoRI1l, Taql,
Smal and BamHI, as well as DNA polymerase I
(large fragment), were products of BioLabs Inc.,
Beverly, MA, U.S.A. Restriction nucleases EcoR1I,
Sau3A, Xhol, Kpnl and Mval, and T,-phage poly-
nucleotide kinase, were kindly given by Dr. A.
Yanulaitis (Institute of Applied Enzymology,
Vilnus). The preparation of S; nuclease (type III)
was a product of Sigma Chemical Co., St. Louis,
MO, U.S.A. The [y-*2P]JATP and [a-32P]JdATP
were prepared by the methods developed by
Walseth & Johnson (1979), by using [3?PJortho-
phosphate from The Radiochemical Centre,
Amersham, Bucks., U.K.

Results
Mapping of the endonuclease-cleavage site in 32S
pre-rRNA generating 28S rRNA and 12 S pre-rRNA

The first step in rat liver 32S pre-rRNA
processing appears to be its cleavage into 12 pre-
rRNA and 28S rRNA (Dudov et al., 1983). The
12S pre-rRNA remains hydrogen-bonded to 28S
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rRNA and co-sediments with 32S pre-rRNA.
Therefore we decided to map the 5'-termini of
nucleolar and cytoplasmic 28S rRNA and the 3'-
terminus of 12S pre-rRNA. The native state and
purity of the RNA fractions is of critical import-
ance in such studies. The purified nucleolar and
cytoplasmic 28S rRNA yielded (after three subse-
quent sucrose-density-gradient runs) single sym-
metric peaks, shown to be homogeneous by gel
electrophoresis. Also, the nucleolar 28S rRNA has
been shown to be virtually free of cytoplasmic
contaminants (Dudov et al., 1978). The 12S pre-
rRNA fraction is released from 32S pre-rRNA
(see the Materials and methods section) and is
likely to contain mainly the initial cleavage
products. This fraction does not contain heavier
RNA components, but is contaminated by 5.8S
rRNA (results not shown). Since the endonuclease
cleavage is expected to be near the 5'-terminus of
28S rRNA (Dudov et al., 1983), the presence of
5.8S rRNA should not interfere in mapping the 3'-
terminus of 12S pre-rRNA.

To map pre-rRNA and rRNA termini, we used
appropriate rDNA restriction fragments covering
parts of tS;2 and 28S rDNA sequences. The
complete sequence of these IDNA fragments is
now known (see below and Subrahmanyam et al.,
1982). To map the S5-termini of 28S rRNA
molecules we used a Smal (2070)-Hinf1 (2310)
rDNA subfragment, obtained from the 5-end-
labelled Hinf 1(1526)-Hinf1(2310) fragment. [Here
and elsewhere the numbers in parentheses indicate
the position of a nucleotide (or restriction site) in
the sequence presented in Fig. 4.] To map the 3'-
terminus of 12S pre-rRNA, we used a 3'-end-
labelled EcoRII (2115)-EcoRII (2306) rDNA frag-
ment. After annealing with the respective rRNA
and S,-nuclease digestion, the protected fragments
were run in parallel with a Smal-Hinf1 sequence
ladder (Fig. la). The results show that the 5'-
terminus of cytoplasmic 28S rRNA is homogen-
eousand maps atnucleotides 2231 and 2232, in com-
plete agreement with previous studies (Subrah-
manyam et al., 1982). Unexpectedly, the 5'-
termini of nucleolar 28S rRNA were hetero-
geneous and mapped in two zones (4 and B) within
the tS;2 rDNA segment, with most of the material
in zone A. Both zones of protected rDNA represent
a CTC motif extending between positions 2171
and 2184 (zone A4) and 2218-2230 (zone B), i.e. the
most distant protected nucleotide in A and B being
at 60 and 13 bp upstream from the 5-end of 28S
rDNA. The 3'-termini of 12S pre-rRNA are also
heterogeneous and map within the same CTC
motif zones (4’ and B'). Here the protected zones
encompass nucleotides 2166-2182 (A4’) and 2211-
2218 (B'), the first nucleotides being at 65 and 20 bp
upstream from the 5'-end of 28 S rDNA. By using
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Fig. 1. Nuclease-S, protection mapping of the 5'-termini of nucleolar and cytoplasmic 28 S rRNA and the 3'-terminus of 128
pre-rRNA

(a) Lane x, hybridization of 128 pre-rRNA with a 3'-end-labelled EcoRII (2115)-EcoRII (2306) rDNA subfragment;
lanes y and z, hybridization with a 5'-end-labelled Smal (2070)-HinfI (2310) rDNA subfragment of nucleolar (y) and
cytoplasmic (z) 28S rRNA. The parallel sequence ladder is from the same Smal-Hinfl rDNA subfragment. The
horizontal arrows indicate the position of the rDNA protected from S;-nuclease digestion by hybridization with
cytoplasmic 28S rRNA. The boxes encompass the heterogeneous rDNA fragments protected by nucleolar 28S
rRNA (4 and B) and by 128 pre-rRNA (4’ and B’). (b) Precise mapping of the rDNA fragments protected by
nucleolar 28S rRNA (4 and B) and 128 pre-rRNA (4’ and B’) within the respective segment of the pRr 19 rDNA
sequence. Continuous and broken lines indicate the position of strong and weak blackening of the autoradiogram
respectively. 5 denotes the terminus of cytoplasmic 28S rRNA.
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overexposed films we attempted to locate more
precisely the termini of protected rDNA fragments
and to estimate the position of the more highly
labelled bands, best illustrated in zone A’ (Fig. 1b).

The location of nucleolar 28S rRNA 5'-termini
and of 12S pre-rRNA 3'-termini at identical
positions within rDNA identifies unambiguously
(from both sides) the first endonuclease-cleavage
site in 328 pre-rRNA. These results show also that
the endonuclease attack is site-heterogeneous and
located within two CUC motifs in 32S pre-rRNA,
upstream from the 5-end of the mature cytoplas-
mic 28S rRNA. It is noteworthy that there are no
endonuclease cleavages in the GC-rich zone
located between the two CUC motifs. Closer
observation of the pattern of the fragments
resistant to S,-nuclease digestion (4 and A’ in
particular) suggests that the endonuclease cleaves
preferentially CpU and UpU rather than UpC and
CpC bonds. Location of the first endonuclease-
cleavage site within the tS;2 sequence reveals that
both nucleolar 28 S rRNA and 128 pre-rRNA have
to be processed further in order to generate mature
28S and 5.8S rRNA, respectively.

Association of 12S pre-rRNA with 285 rRNA

We have shown previously that 12S pre-TRNA
is tightly bound to nucleolar 28S rRNA and the
complex co-migrates with 32S pre-rRNA (Dudov
et al., 1983). To gain further insight into the inter-
actions involved, we studied the temperature-
dependence of the denaturation of the 12S:28S
rRNA complex, as compared with that of the
5.85:28S rRNA complex. The results (Fig. 2)
reveal that the thermal transitions of the two
complexes are markedly distinct. The ‘melting’
temperature (T,,) for the 5.8S :28 S rRNA complex
is 50°C, in agreement with previous studies with
the same complex from mice (Pace et al., 1977,
Walker et al., 1982). In contrast, the nucleolar
12S:28S rRNA complex displays a T,, in the
range 80-85°C. These results show that, in addi-
tion to the 5.8S :28S rRNA interactions, the asso-
ciation of 128 pre-rRNA involves also strong inter-
actions of its non-conserved segment (corre-
sponding to tS;2) with complementary segments in
28S rRNA. Since the tS;2 segment in 12S pre-
rRNA is extremely GC-rich (see below), the rather
high T, for the nucleolar 12S :28 STRNA complex
strongly suggests the presence of base-pairing
interactions between rather long GC-rich tracts in
12S pre-rRNA and 28S rRNA.

Sequence of the 5'-part of the rat 32S pre-rRNA

The rat EcoRI-BamHI rDNA segment studied
here contains the whole 18 S-28 S rRNA intergene
region and about one-quarter of the 28S rRNA
gene (Rothblum et al., 1982a; Braga et al., 1982).
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Fig. 2. Thermal denaturation of cytoplasmic 5.8S :28S
rRNA (Q) and nucleolar 125 : 28S rRNA (@) complexes
The RNA samples were dissolved in 0.1M-
NaCl/3mM-EDTA and heated for 5min at the
indicated temperatures. RNA was fractionated by
electrophoresis in agar/urea gels (see the Materials

and methods section).

The sequence of the 18S-28S rRNA intergene
region in one rDNA clone was determined
(Subrahmanyam et al., 1982). The sequence of the
same region in the homologous pRr 19 rDNA
segment (see the Materials and methods section)
was also determined (O. I. Georgiev, V. V.
Nosikov, E. A. Braga & A. A. Hadjiolov,
unpublished work).

In the present work we have established the
sequence of the 5-terminal part of the rat 28S
rRNA gene. It is likely that the corresponding part
in the 32S pre-rRNA molecule participates in
important interactions shaping the structure of
endonuclease sites (see above). The location of the
pRr 19 rDNA segment within the rat rDNA
repeating unit and the sequencing strategy for its
28S rDNA segment are depicted in Fig. 3. The
whole pRr 19 EcoRI-BamHI rDNA segment
contains 3552 bp, including the 3'-part of 18S
rDNA (231 bp), tS;1 (1072 bp), 5.8S rDNA
(156 bp), tS;2 (771 bp) and the 5'-part of 28 SrDNA
(1322 bp). We have previously mapped the 5'-
terminus of 32S pre-rRNA at 161-163 bp up-
stream from the 5'-end of 5.8S rRNA (Hadjiolova
et al., 1984). These data permit us to derive the
sequence for the 5'-part of 328 pre-rRNA, encom-
passing tS;1, 5.8S rRNA, tS;2 and 28S rRNA
segments (Fig. 4).

It is known that only limited, if any, 3'-terminal
trimming is involved in pre-rRN A processing (see,
e.g., Bayeveral., 1981 ; Kominami et al., 1982; Din
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Fig. 3. Structure of the rat rRN A repeating unit (above) and expanded map of the sequenced segment of the subcloned pRr 19
rDNA fragment containing the 5'-terminal part of the 28 S rRNA gene
The restriction-nuclease sites used in sequence determination are designated by vertical arrows: E, EcoRI; B,
BamHI; S, Sau3A; A, Avall; H, Hinfl; M, Mval. The horizontal arrows indicate the direction and the size of

sequenced rDNA restriction subfragments.

et al., 1982). Therefore, all processing-endo-
nuclease cleavage sites in 32S pre-rRNA are
evidently located within its 5'-end sequence shown
in Fig. 4. In this respect the following features of
the rat 32S pre-rRNA sequence are noteworthy. (i)
The tS;2 segment is extremely GC-rich (79.8%);
however, although very long GC tracts dominate
the whole sequence, single-nucleotide (G or C)
tracts longer than 9 residues are not present. (ii)
The 28 S rRNA segment encompassing nucleotides
2232-3552 is also extremely GC-rich (79.1%); in
this case too, single-nucleotide tracts (G or C)
longer than 8 residues are not found. (iii) The GC-
rich segment in the rat 28 S rRNA does not display
any apparent homology with the corresponding
region in the previously sequenced 25S rRNA of
Saccharomyces cerevisiae (Georgiev et al., 1981) or
Saccharomyces carlsbergensis (Veldman et al.,
1981b).

Possible base-pairing interactions in 32S pre-rRNA
processing

There is now general agreement that base-
pairing interactions play a crucial role in pre-
rRNA processing. As shown in this work, the
initial endonuclease cleavage is located in tS;2,
within the CUC motifs upstream from the 5-end
of the 28S rRNA segment. Since the termini of
mature 5.8S and L-rRNA are homogeneous, the
spacer/rRNA junctions are obvious nuclease-
cleavage sites in the terminal stages of pre-rRNA
processing. Accordingly, we searched for possible
base-pairing around these processing sites.

In a comparative analysis we used presently
available sequence data on spacer/rRNA junctions
in S. cerevisiae (Skryabin et al., 1979; Bayev et al.,
1981), Xenopus laevis (Hall & Maden, 1980), Mus
musculus (Michot et al., 1983; Goldman et al.,

1983) and Rattus norvegicus (Subrahmanyam et al.,
1982; the present work). The results summarized in
Fig. 5 show: (i) considerable conservation of
terminal sequences in mature 5.8S and L-TRNA;
(ii) an abrupt and rapid divergence of spacer
sequences adjacent to the 5'-terminus of mature L-
rRNA, even between closely related species; and
(iii) limited conservation of spacer sequences at
5.8S rRNA/spacer junctions. The homologous
sequences at the 5.8S rRNA/tS;2 junction appear
evolutionarily more stable than the tS;1/5.8S
rRNA junction. These observations indicate that
base-pairing involving 5'- and 3’-termini of mature
rRNA molecules may be similar in most eukary-
otes, whereas that involving spacer sequences is
expected to be species- or genus-specific.
Considering the information conveyed by the
comparative studies, we carried out a computer
search for complementarity between sequences in
32S pre-rRNA which might be involved in its
processing. In agreement with a similar study for
the mouse tS;2 segment (Goldman et al., 1983), we
found a high base-pairing potential among tS;2
sequences. In addition, numerous base-paired
tracts can be formed between tS,2 and the GC-rich
tract in the 28S rRNA segment. Looking specifi-
cally for possible base-pairing interactions in the
neighbourhood of established or putative pre-
rRNA processing sites, some reasonably stable
base-paired structures may be discerned, as listed
in Fig. 6, including the following. (i) Strong base-
pairing is possible at the tS;2 sequences adjacent to
the two processing-site CUC motifs, one of them
involving a GC-rich tract in 28S rRNA, whereas
the other is in tS;2 at about 150 nucleotides
downstream from the 3'-end of 5.8S rRNA (see
Figs. 6a and 6b). It is also noteworthy that GAG
tracts with reasonable complementarity to the
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AGAGCGUCUAGGCGAACAAUGUUCUUAAAGUU
CGGCCCCRCELCCCCCCCCCCCCCCACGAGUC
GCBGCUGGECECGUBUCCCCCCUUUCUGACCEORACCUCAGAUCAGACGUGGCGACCCGE
CCCACCUCUCCUCCUUCUCCUCCUCUGBACCGOBACCUCAGAUCAGACGUBGCBACCCGE

-CCUUC.UCAWAUUCUGUUUCGUAGUGAGUGAUACUCUUU
GCCUGUCUGAGGGUCGC C.GACGUCC AUCGC‘CCCCGCCQGGUCCCGGUCCCGGCGCGG

GCCUGUCUGAGCGUCGC -GACGAUCAAUCGCGUCACCOGCEJGCGGGGGGUGCUGCGCG
GCCUGUCUGAGCGUCGC --'GACGAUCAAUCGCCGCC'CC(;';Cl

Fig. 5. Comparison of eukaryotic sequences at rRNA/spacer junctions
(a)tS;1/5.8STRNA; (b) 5.8S rRNA/tS;2; (c) tS;2/28S rRNA. For sources of sequence data see the text. The vertical
arrows indicate the positions of the 5'- or 3'-termini in rRNA. Homologous sequences are boxed with a continuous
line. Spacer sequences of limited homology are boxed with a broken line. Abbreviations: S.c., Saccharomyces
cerevisiae; X.1., Xenopus laevis, M.m., Mus musculus; R.n., Rattus norvegicus.

CUC motifs are not present in the whole tS;2 or
28S rRNA sequence. (ii) There is rather strong
base-pairing between the 5'-terminus of the 28S
rRNA segment and 26 nucleotides from the 3'-
terminus of 5.8S rRNA. As noted by others (Olsen
& Sogin, 1982), this interaction is remarkably
conserved in evolution. (iii) The 5'-terminal se-
quence of 5.8S rRNA can be stably base-paired
with two sequences (60 nucleotides apart) in the 5'-
end domain of 28 S rRNA (see Fig. 6c). These base-
paired tracts involving the 3'-end of 5.8S rRNA
are similar to structures proposed for yeasts
(Veldman et al., 19815b) and the mouse (Michot et
al., 1982).

Discussion

The results obtained in the present work provide
information on the mechanisms involved in the
processing of 32S pre-rRNA in mammalian cells.
It is shown that the initial endonuclease cleavages
(generating nucleolar 28S rRNA and 12S pre-
rRNA) are site-heterogeneous and occur in tS;2
within two CUC motifs upstream from the 5'-end
of mature 28S rRNA. Cleavage of CpU, UpU,
UpC and CpC bonds takes place, but the observed
protection pattern (Fig. 1b) suggests the prefer-
ential hydrolysis of CpU and possibly UpU bonds.
Owing to the extensive divergence of tS;2 se-

quences, it is likely that the location of this
cleavage site will be species-specific. A CUC motif
in tS;2 may be discerned in the mouse (Michot et
al., 1983; Goldman et al., 1983), but not in yeast
(Skryabin et al., 1979; Veldman et al., 1981a;
Bayev et al., 1981) or Xenopus laevis (Hall &
Maden, 1980). While our manuscript was in
preparation, a S,-nuclease-mapping study on the
initial cleavage in the mouse 32S pre-rRNA was
published (Bowman et al., 1983). Those authors
mapped 5'-termini of nuclear 28S rRNA at the 5-
end of 28S rDNA or within t§2 at 4-6 bp
upstream. However, the 3'-terminus of 12S pre-
rRNA mapped at 295 bp upstream from the 5’-end
of 288 rDNA, thus leaving uncertain the location
of the initial cleavage site in 32S pre-rRNA. Since
those authors used denatured total nuclear RNA
(instead of purified nucleolar 32S pre-rRNA), it
seems likely that the presence of processing
products (128 pre-rRNA with processed 3'-termini
and 28S rRNA with processed 5'-termini) could
account for the gap between the mapping sites of
these two RNA molecules. Therefore further
studies are needed to clarify whether the CUC
motifs present in the mouse tS;2 have, like those of
the rat, some signal role in 32S pre-rRNA
processing.

The location of the initial processing site in the
rat 32S pre-rRNA provides information on its
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Fig. 6. Possible base-pairing within 32S pre-rRNA related to its processing
(a) tS;2 sequence (part of 12S pre-rRNA) complementary to sequence in domain I of 28S rRNA ; (b) self-comple-
mentary sequences in tS;2; (c) 5'-terminal part of 5.8S rRNA and sequences in domain I of 28S rRNA; (d) 3-
terminus of 5.8S rRNA and 5'-terminal part of 28 S rRNA. The numbering of the respective nucleotide positions is

the same as in Fig. 4.

structure. It seems that a single-strand-specific
endonuclease is responsible for the cleavage within
the two CUC motifs in tS;2. This possibility is
supported by the following facts. (i) The two CUC
motifs are surrounded by strongly base-paired
segments involving tS;2 and 28S rRNA sequences
(Figs. 6a and 6b); (ii) no complementary GAG
motifs are present in tS;2 or 28S rRNA. The single
GA tract (positions 1905-1928) in tS;2 does not
show satisfactory complementarity to either CUC
motifs. It is noteworthy that the CUC motifs in the
mouse tS;2 appear also to be single-stranded
(Goldman er al., 1983; Michot et al., 1983). Of
course, the above evidence is only suggestive, and
direct enzymological studies should decide wheth-
er a single-strand-specific endonuclease partici-
pates in the first step of 32S pre-rRNA processing.
Several authors described the presence in mamma-
lian cell nucleoli of double-strand-specific nu-
cleases (see Hadjiolov, 1980), but a single-strand-
specific nuclease was also reported (Eichler &
Eales, 1982). The likely involvement of single-
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strand-specific endonucleases in pre-rRNA pro-
cessing, if directly proved, will be basically distinct
from the pre-rRNA processing mechanisms in
prokaryotes, where the double-strand-specific
ribonuclease III plays a leading role (see, e.g.,
Nikolaev et al., 1975; Bram et al., 1980).

An unexpected finding in the present work is
that the multiple site cleavages in tS;2 generate
nucleolar 28S rRNA and 12S pre-rRNA with
heterogeneous 5- and 3'-termini, respectively.
These results pose the question about the mecha-
nisms of further processing to yield the mature 28S
and 5.8S rRNA.

Considering the processing of 12S pre-rRNA,
its strong association with 28S rRNA should be
accounted for. A 29.5S precursor to 28S rRNA
was observed previously in rat liver (Fujisawa et
al., 1973a). The 29.5S pre-trRNA is converted into
28S rRNA on thermal denaturation, releasing an
RNA fragment of about 500 nucleotides (Fujisawa
et al., 1973b). It is likely that this fragment isa 12S
pre-TRNA processing product, but its existence
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remains to be ascertained. Another 125 pre-TRNA
processing product is the 8S pre-rRNA, associated
with nucleolar 28S rRNA (Prestayko et al., 1971;
Fujisawa et al., 1973b). More recently, the com-
plete sequence of 8S pre-rRNA was determined,
showing the same 5-end as mature 5.8S rRNA,
and its homogeneous 3'-end is at 117-118 nucleo-
tides within the tS;2 sequence (Reddy et al., 1983;
see Fig. 4). Thus the 8S rRNA is a stable pro-
cessing product of 12S pre-rRNA, lacking the
extra 160 nucleotides at the 5'-end and most of the
tS,2 sequence. Accumulation of a stable 8S pre-
rRNA suggests that: (i) 12S pre-rRNA processing
is catalysed by endonucleases and (ii) a cleavage at
the 5'-end of 5.8S rRNA precedes that generating
8S pre-rRNA. Further processing is obviously
needed to shape the 3-end of 5.8S rRNA. The
presence of a homogeneous 5-end in 8S pre-rRNA
(coinciding with that of 5.8S rRNA) supports the
proposal that the shaping of 5'- and 3'-ends in 5.8S
rRNA is directed by its base-pairing with 28S
rRNA sequences (see Fig. 6). The proposal that
interactions with U3 snRNA also participate in
shaping processing structures in some eukaryotes
(Bachellerie et al., 1983) requires direct experi-
mental evidence. -

The presence of excess 5'-terminal nucleotides in
nucleolar 28S rRNA provides direct proof that 5'-
terminal processing is needed to generate mature
28S rRNA. The fact that we do not observe
nucleolar 28S rRNA molecules with mature 5'-
termini indicates that the 5'-terminal processing

takes place immediately before the release of
nucleolar 28S rRNA or, alternatively, in the
nucleoplasm or the cytoplasm. These results agree
with previous indirect evidence for the cyto-
plasmic 5'-terminal processing of mouse 28S
rRNA (Kominami & Muramatsu, 1977; Komin-
ami et al., 1978). However, the finding of mature
5’-ends in mouse nuclear 28S rRNA (Bowman et
al., 1983) and the differences in mouse and rat tS;2
sequences (Goldman er al., 1983; Michot et al.,
1983) make uncertain the conclusion about the
identity of nucleolar 28S rRNA 5'-processing in
the two species.

Our results, correlated with data on the process-
ing of pre-rRNA in eukaryotes (see Hadjiolov &
Nikolaev, 1976; Hadjiolov, 1980), permit us to
outline a general model for the processing of pre-
rRNA in mammalian cells. The model emphasizes
the leading role of secondary-structure interactions
in defining endonuclease-cleavage sites and the
shaping of 5'- and 3'-termini in mature rRNA. The
following aspects deserve further comment (Fig.

7.

(1) Primary pre-rRNA processing can be delin-
eated into two distinct phases designated as the
rapid (r) and slow (s) phases. The r-phase generates
32S pre-rRNA and 18S rRNA and the respective
ribonucleoprotein particles. The s-phase generates
28S and 5.8S rRNA and the large ribosomal
particle. Endonuclease cleavages within spacer
segments in pre-TRNA are at species- or genus-
specific sites. In contrast, the final shaping of

3

Qmm——
S~

tSi1

128

Fig. 7. A general model for the possible secondary-structure interactions in the processing of pre-rRNA in mammalian cells
The arrows indicate endonuclease-cleavage sites during the rapid (r/-r3) and slow (s/—s5) phases of pre-rRNA
processing. The numbering reflects the preferred order of endonuclease attacks. The segments corresponding to
mature rRNA species are indicated by thicker lines. 12S pre-rRNA encompasses tS;1, 5.8S rRNA and tS;2
segments. The sequences involved in base-pairing are expanded, and a—d denote the interactions depicted in Fig. 6.
The wavy lines indicate unspecified secondary-structure interactions within spacer sequences. For details and

discussion see the text.
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homogeneous 5'- and 3'-termini in mature rRNA is
defined by their involvement in evolutionarily
conserved base-pairing interactions.

(ii) Considerable flexibility in the sequence of
endonuclease cleavages may occur in r-phase,
resulting in the formation of different intermediate
pre-rRNA species and processing along alterna-
tive pathways (Dudov et al., 1978; Bowman et al.,
1981, 1983; Dudov & Dabeva, 1983). Endo-
nucleases showing a preference for UpU or NpU
bonds seem to catalyse r-phase cleavages. The
location of site r2 (see Fig. 7) is species-specific,
whereas sites 7] and r3 are at the 5'- and 3'-termini
of mature 18S rRNA (Bowman et al., 1983). We
propose that cleavages at sites r/ and r3 are
directed by possible base-pairing of 5- and 3'-
termini in 18S rRNA (not shown), rather than by
interactions involving the highly divergent se-
quences in adjacent spacers (Maden et al., 1982).
Cleavages within oligo(U) tracts, present in the
external spacer of some species, may cause further
heterogeneity of r-phase pre-TRNA (Dabeva et al.,
1976; Mishima et al., 1981).

(iii) The s-phase seems to involve more rigid
structural requirements in defining the site and
sequence of endonuclease cleavages. Here too, the
final shaping of 5.8 S termini and the 5'-terminus of
28S rRNA is directed by their involvement in
base-pairing interactions, which are evolutionarily
conserved. In contrast, the initial cleavages at site
sI (and possibly s3) seem to be species- or genus-
specific. The sI cleavage within tS;2 is close to the
S-end of mature 28S rRNA. A single-strand-
specific endonuclease, with a preference for UpU
and CpU bonds, appears to be involved. In
mammalian cells, the cleavage at site s/ is further
specified by strong base-pairing interactions be-
tween GC-rich sequences in tS;2 (128 pre-rRNA)
and the S'-terminal domain of 28S rRNA. The
participation of GC-rich sequences in pre-rTRNA
processing is a novel acquisition in the evolution of
eukaryotes (see Hadjiolov & Nikolaev, 1976).

The complex conformation requirements in pre-
rRNA processing in eukaryotes suggest the partici-
pation of selective and phase-specific interactions
in the assembly of structural ribosomal proteins
within the two ribosomal particles, in particular
the large one. These interactions and the 5'-
terminal processing of nucleolar 28S rRNA are
likely to play an important regulatory role in
ribosome biogenesis. We hope that the proposed
model may be helpful in the elucidation of such
interactions.

We are indebted to Dr. K. P. Dudov for preparing the
computer program and to Mrs. Z. Stoymenova for her
technical assistance in some experiments.
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