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Recognition of cleavage site A, in the yeast pre-rRNA
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ELISABETH PETFALSKI, and DAVID TOLLERVEY
European Molecular Biology Laboratory, Gene Expression Programme, Postfach 10.2209, 69012 Heidelberg, Germany

ABSTRACT

Processing of the yeast pre-rRNA at site A, in internal transcribed spacer 1 (ITS1) has been shown to require
several small nucleolar ribonucleoprotein particles (snoRNPs) as frans-acting factors. Here we report a detailed
mutational analysis of the cis-acting signals required to specify the site of A, cleavage. Initial mutations es-
tablished that the signals required for accurate cleavage of site A; lie in the 3'-flanking sequence; deletion or
substitution of nucleotides in this region strongly inhibits processing, and residual cleavage is inaccurate at
the nucleotide level. In contrast, the deletion of the 5'-flanking nucleotides has no detectable effect on pro-
cessing. An evolutionarily conserved sequence, ACAC, is located at the site of cleavage. Substitution of the
3’ AC leads to heterogeneous cleavage, with activation of cleavage at an upstream ACAC sequence. In all mu-
tants that retain an ACAC element, a site of cleavage is detected immediately 5' to this sequence, showing
that this element is recognized. An ACAC sequence is, however, not essential for accurate cleavage of site
A,. An additional signal is also present 3’ to A,, in a region that has the potential to form a stem-loop struc-
ture that is evolutionarily conserved, but of low stability. As has been found for site A, (the 5’ end of the yeast
18S rRNA), the identification of the site of processing at A, relies on multiple recognition elements.

Keywords: ribosome; RNA processing; Saccharomyces cerevisiae; snoRNA; snoRNP

INTRODUCTION The rRNA-coding regions are flanked by 5" and 3’ ex-
ternal transcribed spacers (5" and 3’ ETS) and separated

The synthesis of eukaryotic ribosomes is a complex by internal transcribed spacers 1 and 2 (ITS1 and ITS2)
process that takes place in a specialized nuclear compart-  (see Fig. 1B). The yeast pre-rRNA is not simply cleaved
ment, the nucleolus. This process includes transcrip-  at the ends of mature rRNA sequences, but undergoes
tion, processing and modification of the pre-ribosomal ~ cleavage and exonucleolytic digestion of the tran-
RNA (pre-rRNA), as well as assembly with ribosomal  scribed spacer regions (reviewed by Warner, 1989;
proteins to give the functional ribosomal subunits. In  Raué & Planta, 1991; Venema & Tollervey, 1995). The
most eukaryotes, the nuclear ribosomal DNA (rDNA)  earliest well-characterized cleavage in the 35S pre-
genes have the same arrangement: the small subunit ~ rRNA takes place within the 5" ETS at site A, gener-
rRNA gene (185 rRNA in yeast) and two of the large  ating the 335 pre-rRNA (Hughes & Ares, 1991). This
subunit rRNA genes (5.85 and 255 rRNA in yeast) are  is followed by cleavage at site A, the 5" end of 185
cotranscribed by RNA polymerase [ into a large precur-  rRNA, generating the 32S pre-rRNA. Processing at site
sor RNA (35S pre-rRNA in yeast). The pre-rRNA then A, in ITS1 then splits the molecule into 5 and 3’ frag-
undergoes sequential processing to generate the ma-  ments, the 20S and 27SA, pre-tTRNAs, which are des-
ture rRNAs (see Fig. 1A,B). This pre-TRNA processing  tined to form the small and large ribosomal subunit
has been studied in a number of eukaryotic systems,  rRNAs, respectively (Udem & Warner, 1972; Veldman
but is best understood in the budding yeast Saccharo- etal., 1980, 1981). The 205 precursor is converted into
myces cerevisiae (for a recent review see Venema & Tol-  the mature 185 rRNA by cleavage at its 3’ end (site D) in
lervey, 1995). the cytoplasm (Udem & Warner, 1973; Veldman et al.,
1980). The 27SA, pre-rRNA is processed by two alter-

_ R . : native pathways, giving rise to the two forms of 5.85

ogy Laboratony. Gene Fupression Programme, Postiach 102209 TRNA; the major, short form is designated 5.85s, and
69012 Heidelberg, Germany; e-mail: tollervey@embl-heidelberg,.de. the minor, long form, 5.85, (see Fig. 1B). Formation
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FIGURE 1. Structure and processing
pathway of pre-TRNA in Saccharomyces ce-
revisiae. A: Structure of the 355 pre-rRNA
SimenSon Aol 338 and position of oligonucleotides. Bars
represent the mature rRNA sequences
and lines the transcribed spacers. Regions
Cleavage A4 i 5 to which oligonucleotides a-h hybridize
328 are indicated. Open boxes within the 185,
5.85, and 255 rRNA regions indicate the
location of the tags. B: Processing path-
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of 5.85¢, but not 5.85,, requires cleavage in IT51 at
site As.

A large number of trans-acting factors have been
shown to be required for yeast pre-TRNA processing.
Many of these are small nucleolar RNAs (snoRNAs),
which are associated with proteins to form ribonucleo-
protein particles (snoRNPs). Four snoRNAs (U3, Ul4,
snR10, snR30) and three snoRNP proteins (Noplp,
Soflp, Garlp) have been shown to play roles in the
synthesis of 185 rRNA (Tollervey, 1987; Li et al., 1990;
Hughes & Ares, 1991; Tollervey et al., 1991; Girard
etal., 1992; Jansen et al., 1993; Morrissey & Tollervey,
1993; reviewed in Lafontaine & Tollervey, 1995). Ge-
netic depletion of any of these components results in
a loss of 185 rRNA synthesis, whereas synthesis of 255
and 5.85 rRNAs is unaffected; in each case, cleavage at
both sites A; and A, is inhibited. A different snoRNP
complex, RNase MRP, is responsible for cleavage at site
A; (Shuai & Warner, 1991; Lindahl et al., 1992; Schmitt
& Clayton, 1993; Chu et al., 1994; Lygerou et al., 1994).

Recently developed techniques have allowed the
analysis of the roles of cis-acting sequences in the pre-

rRNA and their interaction with trans-acting factors.
A number of cis-acting elements required for 185 syn-
thesis have been identified in the 5'ETS, including the
binding site for the U3 snoRNA (Beltrame & Tollervey,
1992, 1995; reviewed in Yenema & Tollervey, 1995). De-
tailed analysis of the sequences surrounding sife A,

the 5 end of the 185 rRNA, identified two distinct rec-
ognition signals that define the position of the endo-
nucleolytic cleavage at this site (Venema et al., 1995).

One mechanism involves recognition of a conserved
sequence upstream of A; in the 5 ETS, whereas the
second mechanism positions the A, cleavage at a fixed
distance from structures within 185 rRNA.

Within ITS1, structural elements required in cis for
processing are evolutionarily conserved because the
ITS1 sequence can be functionally replaced in the S. ce-
revisiage pre-rRNA by the corresponding regions from
the yeast species Torulaspora delbrueckii, Kluyveromyces
lactis, and Hansenula wingei (Van Nues et al., 1994).
Each of these sequences can be drawn in secondary
structures resembling that proposed by Yeh et al. (1990)
for S. cerevisine ITS1. Despite the low overall conserva-
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tion of primary sequence, phylogenetic comparison
revealed the presence of conserved sequences in prox-
imity to both the A, and A; cleavage sites (Van Nues
etal., 1994). In particular, a conserved 4-nt sequence,
ACAC, located immediately 3’ to site A,, could consti-
tute a cis-acting element (see Fig. 2). Deletion of this se-
quence and other sequences surrounding A, reduces
the formation of the 205 and 27SA, pre-rRNAs (Lin-
dahl et al., 1994; Van Nues et al., 1994).

Previous analyses have established that site A, can
be accurately cleaved in pre-rRNAs carrying large de-
letions of either the 5’ or 3’ regions of ITS1 (Henry et al.,
1994), demonstrating that recognition does not depend
on higher-order structure or long-range interactions.
As an initial step toward understanding the mecha-
nism by which site A, is recognized and cleaved, we
have undertaken a detailed analysis of the effects of
mutations at site A, on the accuracy and efficiency of
cleavage.

RESULTS

Experimental system

To test the effects of mutations at A, on ribosome syn-
thesis, we have used a system allowing the conditional
expression of mutant and wild-type pre-rRNA (Henry
etal., 1994). Mutant pre-TRNAs were expressed from
the pGAL::xDNA plasmid containing the entire pre-
rRNA-coding region placed between an inducible RNA
polymerase II GAL7 promoter and terminator se-
quences (Nogi et al., 1991). Neutral tags are present in
the 185, 5.8S, and 255 rRNA coding sequences to al-
low the identification of the mature rRNAs synthesized
from the plasmid-borne rDNA. These plasmids were

A2A10

| A2sub2 '
I ~GAGCAUC-
|
|

205
| [
| |
I I

A2A6-5' A2A6-3'

A2sub4  A2sub3

FIGURE 2. Location of the mutations introduced at sites A,. Dele-
tion and substitution mutations around A, are indicated on the pri-
mary sequence of ITS1. Nucleotides are numbered according to their
positions within ITS1. The evolutionarily conserved nt 5;3ACACy;,
are boxed.
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expressed in an rpal2 strain, NOY504 (Nogi et al.,
1993), which is temperature sensitive for the transcrip-
tion of the chromosomal rDNA by RNA polymerase I.
After 6 h growth at 37 °C, the nonpermissive temper-
ature, >90% of the transcription of the endogenous
rDNA is lost and cells become dependent on the ex-
pression of the plasmid rDNA (Henry et al., 1994).
Using this system, mutations in the pre-rRNA were
tested for their effects on pre-rRNA processing by primer
extension and northern hybridization.

Analysis of effects of deletions around A,

Previous analyses have shown that deletion of nt43-188
in the 5 region of ITS1 (mutant ITS1A5") does not af-
fect processing at A,, whereas deletion of nt 236-330
in the 3' region of ITS1 (mutant ITS1A3") somewhat re-
duces the efficiency of cleavage at A, but does not af-
fect the accuracy (Henry et al., 1994). It was, therefore,
anticipated that the signals necessary for specifying the
site A, would be located close to the site of cleavage.
In order to understand the importance of nucleotides
surrounding the A, processing site and identify the
cis-acting sequences necessary for accurate A, cleav-
age, an initial series of deletions was constructed. It
was unclear whether the primary or the secondary
structure was recognized, or whether the sequence
across the site of cleavage or the flanking nucleotides
was required. As an initial experiment, the deletion of
10 nt across the cleavage site (A2A10) and deletions of
the 5" and 3’ flanking nucleotides (A2A6-5 and A2A6-
3’), were tested. The positions of these deletions are
shown in Figure 2.

The mutations were functionally analyzed by expres-
sion in the pGAL::rDNA construct. Surprisingly, all of
the deletion mutants support growth of an rpal2 strain
on galactose plates at the nonpermissive temperature,
showing that they do not prevent the synthesis of func-
tional ribosomes. Strains complemented by the A2A6-3
and A2A10 mutants have, however, doubling times of
11.5 h, compared to 6.5 h for the strain complemented
by the wild-type pGAL::rDNA (data not shown).

The effects of these deletions on the accuracy and ef-
ficiency of A, cleavage were analyzed by primer ex-
tension using oligonucleotide d (Fig. 3A; summarized
in Fig. 4). The level of primer extension products ter-
minating at site A, reflects the abundance of the 27SA,
pre-tRNA. Low levels of 27SA, pre-rRNA, due to re-
sidual transcription of the chromosomal rDNA, were
detected in the —rDNA control. These levels do not in-
terfere with the interpretation of the effects of the mu-
tations. The A2A6-5" mutation did not detectably affect
A, cleavage (Fig. 3A, lane 5) as compared to the strain
expressing the wild-type ITS1sequence (Fig. 3A, lane 2).
In contrast, the A2A6-3" and A2A10 mutations strongly
inhibited overall cleavage at A, (Fig. 3A, lanes 3 and 4).
In the A2A6-3' mutant, residual cleavage was also het-
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FIGURE 3. Primer extension analysis of A, mutations. RNA was ex-
tracted from NOY504 transformants expressing mutant pre-rRNAs
following growth for 6 h at 37 °C. A,B: Primer extension was per-
formed using oligonucleotide d, which hybridizes in the 3’ region of
ITS1. A dideoxynucleotide sequence generated with the same oligo-
nucleotide was run in parallel. Lanes 1 and 7, RNA extracted from
a strain carrying a plasmid without rDNA sequences; lanes 2 and 6,
RNA extracted from a strain carrying a plasmid with the wild-type
rDNA sequence; lane 3, A2A6-3" mutation; lane 4, A2A10 mutation;
lane 5, A2A6-5" mutation; lane 8, A2sub1 mutation; lane 9, A2sub2
mutation; lane 10, A2sub3 mutation; lane 11, A2sub4 mutation. The
position of the wild-type A, cleavage site is indicated by an arrow,
as is the major site of residual cleavage in mutants A2A6-3" and
A2A10.

erogeneous; the major primer extension stop was lo-
cated at Ay, with minor stops at Azs and at Az (the
wild-type position with respect to the 5 flanking se-
quence) (Fig. 3A, lane 3; Fig. 4). In the A2A10 mutant,
residual cleavage was at position A5 (Fig. 3A, lane 4;
Fig. 4). It is notable that the deletion of 6 nt 3’ to A; in-
hibited cleavage to the same extent as the larger dele-
tion across A,.

Primer extension through sites Ay and A, revealed
that processing at these sites was not altered by dele-
tions at A, (data not shown). In particular, no accu-
mulation of the 335 pre-rRNA, indicated by the level of
the A, primer extension stop, was observed. The 335
pre-TRNA is processed by cleavage at site A; and this
result therefore indicates that the kinetics of process-
ing at site A; were not affected by the A, mutations.

C. Allmang et al.

203 231
CCGUUUCAAUACAACH UGUGGAGUUUU

Wild-type ITS1

Y
A2A6-3' CCGUUUCAAUACAX
| 10
A2A10 CCGUUUCAAUACAGAGUUUU
A6
7
A2A6-5" CCGUUUCAC GUGGAGUUUU
A2subl CCGUUUCAAUACAAC UAUGAGUUUU
A2sub? CCGUUUCAAUACAK!
A2sub3 CCGUUUCAAUACAN UUGUGGAGUUUU
A2subd CCGUUUCAAUACAACUUACUGUGGAGUUUU
A3
A3 CCGUUUCAAUACA
A7
o
AT CCGUUUCAAUACAGUGGAGUUUU

FIGURE 4. Summary of the effects of A, mutations on cleavage at
site A,. Primer extension results for the A, mutations are summa-
rized and compared to the results of Lindahl et al. (1994) for mutants
A3 and A7. Sequences are aligned in respect to the 3" sequences.
Cleavage at site A; is represented by an arrow; the approximate ef-
ficiency of the cleavage, as reflected by the intensity of the primer
extension stop (see Fig. 3), is represented by the size of the arrow.
Large arrow, strong cleavage. Small arrow, weak cleavage. Sites of
deletions are represented by a triangle and nucleotide substitutions
are underlined. ACAC nucleotides are boxed. Position of the wild-
type cleavage is marked by a vertical bar. For mutants A3 and A7,
the intensities of the primer extension stops are taken from the re-
sults of Lindahl et al. (1994).

The effects of the deletions at A; on pre-TRNA pro-
cessing were also examined by Northern hybridization.
The steady-state levels of the mature rRNAs were de-
termined using oligonucleotides complementary to
the tags present in the 255 (Fig. 5A-IV) and 185 rRNA
(Fig. 5A-VII). In the A2A6-5 mutant, the 185 and 255
rRNAs levels were comparable to that of the wild-
type control. Some reduction in 185 and 255 rRNA lev-
els were, however, observed for A2A6-3" and A2A10
(Fig. 5A-IV and 5A-VII, lanes 5 and 4). Transformants
carrying a plasmid without the rDNA unit did not show
any background signal (Fig. 5A-IV and 5A-VII, lane 2),
indicating that only tagged, plasmid-derived 185 and
25S rRNA were detected. The A2A6-5" mutation did
not detectably affect pre-rRNA processing, and nor-
mal levels of all the major intermediates were detected
(Fig. 5A). The A2A6-3' and A2A10 mutations resulted
in some accumulation of 32S (Fig. 5A-1) and a strong
decrease in the level of 27SA,; (Fig. 5A-II and 5A-III) as
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FIGURE 5. Northern analysis of high molecular weight RNA from strains expressing A, mutations. A,B: RNA was ex-
tracted from NOY504 transformants expressing mutant pre-rRNAs following growth for 6 h at 37 °C. The RNA was sepa-
rated on a 1.2% agarose gel containing formaldehyde and transferred to Hybond N* membranes (Amersham) for northern
hybridization. Lanes 1 and 6, strain carrying a plasmid with the wild-type rDNA sequence; lanes 2 and 7, strain carrying
a plasmid without rDNA sequences; lane 3, A2A6-5 mutation; lane 4, A2A10 mutation; lane 5, A2A6-3" mutation; lane 8,
A2subl mutation; lane 9, A2sub2 mutation; lane 10, A2sub3 mutation; lane 11, A2sub4 mutation. Hybridization with:
I, oligonucleotide ¢, hybridizing in ITS1 between sites A, and Aj; 11, oligonucleotide d, hybridizing in the 3’ region of ITS1;
I, oligonucleotide g, hybridizing in [TS2; IV, oligonucleotide h, hybridizing to the tag in 255 rRNA; V, oligonucleotide
¢, hybridizing in ITS1 between sites A, and Aj; VI, oligonucleotide b, hybridizing in ITS1 5" to A,; VII, oligonucleotide
a, hybridizing to the tag in 185 rRNA. For simplicity, we only show selected regions of each northern; together these show
all the pre-rRNA and rRNA species that we have detected. The position of the various pre-rRNA and rRNA species is in-
dicated on the right and the RNAs are schematically represented; boxes represent the mature rRNA sequences and thin

lines the transcribed spacers.

compared to the wild-type control, indicating a delay
in A, processing. Consistent with this, a 3" extended
form of the 20S pre-rRNA was detected in these mutants
(Fig. 5A-V). This aberrant intermediate, the 215 pre-
rRNA, extends to site A;, because it can be detected
by oligonucleotide c (hybridizing between sites A, and
A;) (Fig. 5A-V) and oligonucleotide b (hybridizing 5’
to A, in ITS1) (Fig. 5A-VI), but not by oligonucleotide
d (located 3" to the A; cleavage site) (data not shown).
A concomitant decrease in 20S pre-rRNA synthesis in
the A2A6-3' and A2A10 mutations is detected with oligo-
nucleotide b (Fig. 5A-VI). This shows that A; cleavage
is occurring prior to cleavage at A,, clearly indicating
that A, processing is inhibited in the A2A6-3" and
A2A10 mutants. The level of 275B pre-rRNA is clearly
reduced only for mutant A2A10 (Fig. 5A-IIT). Consis-

tent with the results of primer extension, no accumu-
lation of the 35S or 33S pre-rRNAs was seen in the A,
mutants (Fig. 5A-1), indicating that processing at sites
Ay and A, is unaffected. The 335 pre-rRNA is not
readily detected by northern hybridization in wild-type
cells, but strongly accumulates if cleavage at A; is in-
hibited while processing continues at A, (Lafontaine
et al., 1995; Venema et al., 1995).

Altogether these results indicate that sequences lo-
cated immediately 5’ to A, are not required for A,
cleavage because a 6-nt deletion in this region (A2A6-
5’) has no effect on A, cleavage or pre-rRNA process-
ing. Sequences located 3’ to A, are, however, required
both for the efficiency and accuracy of A, cleavage.
The importance of the 3’ flanking nucleotides was
therefore investigated in more detail.
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Detailed analysis of cis-acting sequences
required for A, cleavage

Four overlapping substitution mutants were analyzed
(see Fig. 2); the 6 nt in the 3’ flanking region shown to
be important by the deletion mutations were mutated
in the A2sub1 and A2sub2 mutants (substituting 4 and
7 nt, respectively). The role of the evolutionarily con-
served »3sACACy;, sequence was tested in the A2sub3
and A2sub4 mutants. When tested in the pGAL::TDNA
construct, all the substitution mutations supported
growth at nonpermissive temperature in an rpal2
strain, showing that they allow the synthesis of func-
tional ribosomes.

A, cleavage was analyzed by primer extension using
primer d (Fig. 3B; summarized in Fig. 4). The A2subl
and A2sub4 mutations did not clearly affect the accu-
racy of A, cleavage (Fig. 3B, lanes 8 and 11). In con-
trast, the 7-nt substitution, A2sub2 (Fig. 3B, lane 9),
completely abolished cleavage at the wild-type position
(Az1g); the intensity of the primer extension stop at
this position was reduced to that of the —rDNA control
(Fig. 3B, lane 7). On longer exposures, two minor stops
were detected, at positions 216 and 222 (Fig. 3B, lane 9;
Fig. 4). The A2sub2 mutation mainly differs from the
4-nt substitution, A2subl, by the substitution of two
additional nucleotides located at position +3 and +4
from A,. Substitution of these two nucleotides in the
A2sub3 mutant also resulted in heterogeneous cleav-
age. Two primer extension stops were detected, one at
the position of the wild-type A, cleavage and one lo-
cated 2 nt 5’ to A,, at A, (Fig. 3B, lane 10; Fig. 4).

Northern hybridization with probes against the tags
in the 255 (Fig. 5B-1V) and 185 (Fig. 5B-VII) rRNAs
showed that the A2sub2, A2sub3, and A2sub4 muta-
tions each reduced the levels of both 255 and 18S
rRNA. Stronger effects on 185 rRNA synthesis were
observed for A2sub2 and A2sub3 (Fig. 5B-VII, lanes 9
and 10). The pre-rRNA processing pathway was more
strongly affected in the A2sub2 mutant than in the other
mutants (Fig. 5B). The A2sub2 mutant showed accu-
mulation of the 325 pre-rRNA (Fig. 5B-1, lane 9) and
a strong decrease in the level of the 27SA, pre-rRNA,
indicating a delay in A, processing; the levels of the
275SB and 20S pre-rRNAs were also reduced (Fig. 5B-1I,
5B-III, and 5B-VI). In the other substitution mutants,
the level of 275A, was decreased to a lesser extent. A
slight decrease in 20S pre-rRNA was also observed for
A2sub3 and A2sub4 (Fig. 5B-VI, lanes 10 and 11). The
decrease in the levels of the 20S pre-rRNA in the
A2sub2, A2sub3, and A2sub4 mutants correlates well
with the decrease in the levels of 185 rRNA.

We have previously observed that the 5’ end of the
snoRNA snR30 exhibits sequence complementarity to
the 3’ flanking sequences shown here to be important
for A, cleavage (Henry et al., 1994). Mutant forms of
snR30, which carried compensatory mutations restor-
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ing perfect complementarity to the A2subl and A2sub2
mutations, were constructed and expressed. When ex-
pressed as the sole form of snR30, these mutations did
not interfere with growth or A, cleavage of the wild-
type pre-tRNA, nor did their expression restore pro-
cessing of the A2sub1 or A2sub2 mutant pre-rRNAs at
sites A, or A; (see also the accompanying paper, Allmang
etal., 1996) (data not shown). It therefore appears un-
likely that base pairing with this region of snR30 is the
major mechanism for the recognition of site A,.

Conformational studies of the A,
substitution mutants

Structural analyses using chemical probing were per-
formed to determine whether any of the A, substitution
mutations (A2subl to A2sub4) lead to the sequestration
of the site in regions of secondary structure or lead to
changes in the structure of more distant regions of
ITS1. In view of the effects of the A, substitution mu-
tants on the cleavage of site A; (see Allmang et al.,
1996), it was particularly important to determine whether
the structure of this site was altered. In vitro RNA tran-
scripts, generated from wild-type and mutant plasmids
(see the Materials and methods), were used for this
study and compared to a full-length 355 transcript.
The four bases were each tested at one of their Watson-
Crick positions: A(N-1) and C(N-3) with DMS; G(N-1)
and U(N-3) with CMCT. The probes and their use have
been described (Ehresmann et al., 1987). To estimate
the degree of stability of helices, chemical probing was
performed in the presence (native conditions) and in
the absence (semi-denaturing conditions) of magne-
sium ions. Incubation controls were run in parallel in
order to detect pauses or artifactual stops of reverse
transcriptase due to the structure of the template or
proton-catalyzed hydrolysis of the RNA chain, frequent
at pyrimidine-adenine phosphodiester bonds (Dock-
Bregeon & Moras, 1987). Such phenomenon result in
a loss of information for the positions affected (shown
as nd, not determined, in Fig. 7). Examples of primer
extension analysis are shown in Figure 6. The deduced
reactivity patterns are given in Figure 7A and B.

The secondary structure of the complete ITS1 region
of S. cerevisine was previously determined by Yeh et al.
(1990), using the same technique, who presented two
possible structures for the region of the A, cleavage
site (nt 210-250). One of these, containing a hairpin 3’
to A, (nt 223-243), was favored by Van Nues et al.
(1994) on the basis of phylogenetic conservation. The
results obtained for the structure of ITS1 in the 35S in
vitro transcript were in good agreement with the model
of Van Nues et al. (1994) (Fig. 7A), however, nt 223-
243 do not appear to fold into a stable and defined
structure. The chemical probing pattern can, neverthe-
less, be reconciled with the formation of a hairpin in
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FIGURE 6. Polyacrylamide gel fractionation of cDNA products obtained after primer extension showing the reactivity of
the WT, A2subl, and A2sub2 ITS1 regions after treatment with DMS and CMCT. Chemical reactions were carried out at
37 °C in the appropriate buffer (see the Materials and methods). Native conditions: 0, incubation control; 1, DMS 1 min,
CMCT 2 min; 2, DMS 2 min, CMCT 5 min; A1, DMS 2 min, CMCT 2 min; A2, DMS 4 min, CMCT 5 min. A dideoxynucle-
otide sequence generated with the same oligonucleotide was run in parallel. Positions of some nucleotides are indicated.

this region that is particularly unstable and requires
magnesium for correct folding. The stem showed an
unusual pattern of accessibility. Nucleotides 223-228,
predicted to lie on one strand, were protected from
chemical modifications, with the exception of A,.;,
which was reactive under native conditions. In con-
trast, nucleotides on the other strand (238-243) were
more accessible to modification, they were weakly re-
active under native conditions and reactive under semi-
denaturing conditions. Similar patterns of chemical
reactivity have been reported previously (Philippe et al.,
1990; Gilmer et al., 1993). The composition of the stem,
consisting largely of G-U base pairs, allows several po-
tential foldings, but none of these account unambigu-
ously for the observed pattern of reactivity. In the loop
(229-237), nt 234-236 were clearly reactive under native
conditions, whereas most of the nucleotides displayed
a weak reactivity that was increased in the absence of
magnesium. This indicates their probable involvement
in interactions such as internal structure within the
loop or long-range tertiary interactions. This structure
may be stabilized in vivo by the binding of trans-acting
factors. Furthermore, irregular and flexible structures

are often required for RNA-protein interactions or RNA
function (Nagai, 1992; Mattaj, 1993; Pyle & Green, 1995).

The wild-type ITS1 transcript (WT RNA) extending
from the tag in 185 rRNA to the tag located in 255 rRNA
(Fig. 1A) showed a pattern of chemical modification very
similar to that of the 35S RNA transcript. Differences
in reactivity were only observed for loop nt Usze-Uss,
which show a slight decrease in reactivity under native
conditions compared to the 355 RNA. The WT RNA
can thus be used as a reference. It is noticeable that, for
the 355 RNA as well as for the mutant RNAs, several
reverse transcriptase stops, attributed to the previously
observed phenomenon of pyrimidine-adenine phos-
phodiester bond hydrolysis (Dock-Bregeon & Moras,
1987), mask the reactivity of some nucleotides in par-
ticular in the CA-rich region of the A, cleavage site. As
a general observation, the changes in reactivity in-
duced by the mutations were exclusively localized in
the hairpin immediately 3" to A,. We therefore present
the reactivity data of the mutants only for nt 213-250
(Fig. 7B). Mutant A2sub1 displayed a very similar re-
activity pattern to the WT RNA, with the exception of
nt Asyy and Upos, that became slightly reactive under
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FIGURE 7. Summary of reactivity toward the chemical probes DMS and CMCT of the wild-type and A, substitution mu-
tants in the vicinity of the A; cleavage site. Results are displayed on the secondary structure model (Van Nues et al., 1994).
The degree of reactivity of the Watson-Crick positions toward the chemical probes is indicated by the symbols tabulated
at the upper right of the figure. Nucleotides nonreactive under both native and semi-denaturing conditions have no sym-
bol. A: Results obtained for nt 212-329 of the 355 RNA transcript. B: Results obtained for the BamH I-Xho I RNA tran-
scripts of the wild-type and A; substitution mutants for nt 213-250.
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native conditions, indicating that one of these nucleo-
tides is probably bulged out of the helix. The 4-nt sub-
stitution in strand 223-228 apparently does not prevent
base pairing with strand 238-243, but may slightly
change the base pairing scheme. Because nt Cy
showed a slight decrease in reactivity, base pairing can
be proposed between nt Cou-Gaaz; Gozo—Usay; Usos-
Usza0; Az24=Unse; Gaze=Coss; and Asyy-Ussy at the base of
the stem. In the loop, a decrease in the reactivity of
Uss,, which became reactive only under semi-denatur-
ing conditions, was observed. Overall, similar folding
can be proposed for A2subl and the WT RNA. For mu-
tant A2sub2, however, the pattern of chemical reactiv-
ity was completely altered because nt 213-250 were fully
reactive under native conditions, with the exception of
nt C519-Goss . This indicates that the whole region is sin-
gle stranded and no hairpin or other clear structure can
be formed. The mutations in A2sub3 and A2sub4 are lo-
cated in a region predicted to be single-stranded, and
both displayed the same pattern of chemical reactivity.
This pattern was not significantly different from the WT
RNA except for nt 238-242, which became more reactive
under native conditions, indicating a decrease of stability,
whereas nucleotides on the opposite strand (223-228)
remained unreactive.

This study revealed that none of the substitutions
prevent the formation of the hairpin structure pre-
dicted to be located 3" to A; except A2sub2, in which
this region becomes single stranded. None of the sub-
stitution mutations alter the structure of more distant
regions of ITS1. In particular, no alteration of the struc-
ture around site A; was detected.

DISCUSSION

The aim of this research was to identify and character-
ize the cis-acting elements required for cleavage of the
yeast pre-TRNA at site A, in ITS1. Two types of cis-
acting signal are predicted to be present. (1) The sig-
nals required for the activation of cleavage at site A,
are expected to be located both close to site A, and at
distant locations. They include, for example, the U3-
binding site in the 5" ETS and site A,, the 5 end of the
mature 185; mutations at either of these sites (which
are located approximately 2 kb from site A,) have
been shown to interfere with A, cleavage (Beltrame
et al., 1994; Venema et al., 1995). (2) The signals that
specify the nucleotides to be cleaved are expected to be
located close to the site of cleavage and are the princi-
pal subject of the investigation reported here.
Mutations in the sequences around site A, were in-
troduced into the pre-rRNA expressed from a plasmid
under the control of an RNA polymerase Il GAL7 pro-
moter. In a strain that is temperature sensitive for RNA
polymerase I, growth at the nonpermissive tempera-
ture is dependent on the synthesis of mature rRNAs
from the mutant pre-rRNAs. Deletions of the 5" and 3’
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flanking sequences (A2A6-5"and A2A6-3, respectively)
and across A, (A2A10) were analyzed. The A2A6-5
deletion had no effect on processing at site A,, whereas
the A2A6-3" and A2A10 mutants greatly reduced the ef-
ficiency of A, cleavage and residual cleavage was inac-
curate at the nucleotide level (see Fig. 4). This can be
correlated with alterations of the pre-rRNA processing
pathway of these mutants. Both A2A10 and A2A6-3
showed an accumulation of 325 pre-rRNA, a reduction
of 27SA, pre-rRNA synthesis, and the formation of a
3" extended form of 205 pre-rRNA up to the A; cleav-
age site, the 215 RNA. Because the overlapping A2A10
and A2A6-3' mutants have similar effects on the effi-
ciency of A, cleavage, it can be assumed that the 6 nt
(220-225) located 3’ to A; are important and involved
in accurate A, cleavage. Additionally, these results in-
dicate that sequences located 5 to A, are not required
for the efficiency or accuracy of this processing
reaction.

The importance of sequences in the 3’ flanking re-
gion (nt 220-225) was further tested by analyzing four
overlapping substitution mutants. These analyses in-
dicate that the evolutionarily conserved 5, ACAC,;,
sequence represents one important recognition ele-
ment. In fact, this sequence is part of a 6-nt repeat
216AC.ACAC,,,, where the period represents the site
of cleavage. However, whereas the ,sACAC,s; se-
quence 3’ to the site of cleavage is conserved in other
yeast ITS1 sequences (Van Nues et al., 1994), the 5’
216AC217 sequence is not conserved. Substitution of the
3 50AC,5, nt in the A2sub3, A2sub2, and A2A6-3" mu-
tants resulted in cleavage 5 to the residual ,;,,ACAC; 9
sequence. These data would be consistent with the rec-
ognition of the ACAC element as defining the 3’ side
of the cleavage site. This element is not, however, es-
sential for cleavage, because the A2sub4 mutant was
accurately processed in the absence of an ACAC se-
quence. Nor is it sufficient for efficient cleavage, as
shown by the low level of cleavage in the A2sub2 and
A2A6-3' mutants, which retain, and apparently recog-
nize, an ACAC sequence. Moreover, in the A2sub3
mutant, substantial cleavage occurred at the position
of the wild-type A,, despite the absence of a 3’ ACAC
sequence. Together these data make it clear that other
elements are able to correctly position A, cleavage in-
dependently of the presence of an ACAC element.

Substitution of nt 220-226 in mutant A2sub2 or de-
letion of nt 220-225 in mutant A2A6-3' resulted in het-
erogeneous A, cleavage; A2sub2 completely abolished
A, cleavage at the normal position (see Fig. 4). Overall
cleavage was also strongly reduced in these mutants,
leading to an accumulation of 325 pre-rRNA with con-
comitant decrease in 20S, 275A;, and 275B pre-rRNA
levels. It is, therefore, likely that the second signal re-
quires recognition of nucleotides including 220-225.

The wild-type cleavage lies between C-A residues, but
this is not a requirement for processing. Mutant A2sub4
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is cleaved between C-U residues and the upstream
cleavage site in A2sub3 is between A-A residues.

Our interpretation of these data is that the A, cleav-
age site can be positioned by recognition of either an
ACAC element located immediately 3’ to the site of
cleavage or recognition of sequences located further 3.
In the wild-type pre-rRNA, both signals contribute to
position cleavage at the same site; in mutants where a
discrepancy exists between the position of A, speci-
fied by these two elements, heterogeneous cleavage re-
sults. This model also explains the results recently
reported by Lindahl et al. (1994) (see Fig. 4). They ob-
served that a 3-nt deletion of nt 220-222 (A3) leads to
heterogeneous cleavage; the major cleavage occurred
5’ to the residual ,;,,6ACAC,,9 sequence, whereas minor
cleavage occurred at the wild-type position with re-
spect to the 3’ flanking sequence. In the A7 mutant,
whichlacks an ACAC element but retains the sequences
further 3, cleavage occurred only at the wild-type po-
sition with respect to the 3’ flanking sequence.

Structural studies in solution using chemical prob-
ing techniques show that, among the four substitution
mutants, only mutant A2sub2 clearly prevented the
formation of a small unstable hairpin located immedi-
ately 3’ to the ACAC sequences. This was also the only
substitution mutant in which no cleavage occurred at
the wild-type position with respect to the 3’ flanking
nucleotides. Overall cleavage efficiency was also strongly
reduced. In contrast, substitution of nt 222-225 within
this sequence in A2sub1 had no effect on A, cleavage
and did not prevent formation of this hairpin. Muta-
tion A2A6-3is also strongly predicted to prevent both
formation of this stem and accurate processing. On the
basis of phylogenetic comparisons, this region was pro-
posed to be structurally conserved (Van Nues et al.,
1994) and a small hairpin closed by a U-rich loop can
be drawn for several organisms related to S. cerevisiae,
including K. lactis, T. delbrueckii, and H. wingei. Because
stem-loop structures are potentially formed in all the
mutants cleaved at A, (A2subl, A2sub3, A2sub4) and
absent in the noncleaved or weakly cleaved mutants
(A2sub2, A2A6-3', A2A10), this might constitute a 3’
recognition element required for efficient A, cleavage.
The 3’ recognition element could also, more simply,
consist of the conserved primary sequence. An alterna-
tive possible explanation for the inhibition of A, cleav-
age in the mutants was that some of the mutations lead
to the sequestration of the site in regions of secondary
structure. The structural analyses make it unlikely that
this is the case.

There are interesting similarities between pre-rRNA
processing at sites A; (Venema et al., 1995) and A,
(this work). In both cases, two major recognition sig-
nals are thought to act to position a site of endonucle-
olytic cleavage. In the wild-type pre-rRNA, the two
signals position cleavage at the same nucleotide. How-
ever, at both A; and A,, mutations that create a dis-
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crepancy between the sites of cleavage specified by the
two recognition signals result in heterogeneous cleav-
age, indicating that the two signals are active concur-
rently on the wild-type pre-rRNA. At both sites, one
of the signals lies 3’, probably in a stem-loop structure,
whereas the other signal is an evolutionarily conserved
sequence at the site of cleavage; although at A,, the
conserved sequence is 5’ to the cleavage site, at A,, it
is 3" Moreover, at both A; and A,, processing is sur-
prisingly insensitive to alterations in the nucleotides at
the site of cleavage.

All known mutations in the RNA or protein compo-
nents of the U3, U14, snR10, or snR30 snoRNP parti-
cles simultaneously inhibit cleavage at sites A, and A,
(Tollervey, 1987; Li et al., 1990; Hughes & Ares, 1991;
Tollervey et al., 1991; Girard et al., 1992; Jansen et al.,
1993; Morrissey & Tollervey, 1993). This has led to the
suggestion that these sites are cleaved within a multi-
snoRNP complex (Maxwell & Fournier, 1995; reviewed
by Morrissey & Tollervey, 1995). Recognition of both
A, and A, may involve multiple interactions between
snoRNP components and sequences surrounding the
cleavage sites.

MATERIALS AND METHODS

Strains and media

Growth and handling of S. cerevisine used standard tech-
niques. The strain used was NOY504: «, rpal2::LEU2, leu2-3,
112, ura3-1, trp1-1, his3-11, can1-100 (Nogi et al., 1993) (gen-
erously provided by M. Nomura).

Construction of cis-acting mutants

The wild-type plasmid was pGAL:rDNA (Henry et al.,
1994). This plasmid, derived from pNOY102 (generously pro-
vided by M. Nomura) contains the entire yeast rDNA unit
fused to the GAL7 promoter (Nogi et al., 1993) in YEp24
(2 pm-URA3). In addition, small oligonucleotide tags have
been inserted in the 185, 5.8S, and 255 rRNA genes. The
plasmid used as a negative control (—rDNA) was YEplac 195
(2 pm-URA3) (Gietz & Sugino, 1988). All ITS1 mutants were
produced by two-step PCR. In the first round, the mutagenic
primer was used in combination with a primer complemen-
tary to sequences at the 3’ end of the mature 185 rDNA. The
gel-purified product was combined with a downstream primer
hybridizing in the 5.85 rDNA sequence and amplified by PCR
to yield the final product. These latter PCR fragments, con-
taining the various ITS1 mutations, were introduced into the
pBSrDNAB-XFtag plasmid (Henry et al., 1994). This plasmid
is a derivative of pBluescript II-KS containing a BamH I-Xho |
fragment of the rDNA. The ends of the latter fragment corre-
spond to restriction sites found in the tags present in the
185 rDNA (BamH ) and 255 rDNA (Xho 1). Subcloning of
the mutant PCR fragments was done using the following di-
gests: a Bsm [ + Stu I digest for A2subl, A2sub2, A2sub3,
A2sub4, and A2A20, a SnaB I+ Stu 1 digest for A2A20/A3A10.
Sfil-Xho 1 fragments from the resulting pBSTDNAB-XFTag
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derivatives were then inserted into the pGAL::rDNA plas-
mid. Positions of the mutations are indicated in Figure 2. In
the A2subl mutant, wild-type sequence ,,,UGUG,5 was
substituted by 20,GUAU,;5, whereas in mutant A2sub2, nt
220ACUGUGG,,, were substituted by ,50GAGCAUC,,. For
the A2sub3 and A2sub4, nt 550AC,;; and 53AC, g, respec-
tively, were substituted by UU.

RNA extraction

Prior to RNA extraction for northern analysis or primer ex-
tension, NOY504 strains were transformed with pGAL:: tTDNA
or the ITS1 mutant plasmids and grown at 23 °C in minimal
galactose medium until they reached mid-log phase. Cells
were diluted to ODgg, 0.09 and shifted for 6 h to 37 °C (Henry
etal., 1994). Total RNA was extracted as previously described
(Tollervey & Mattaj, 1987).

Northern hybridization

For each sample, 4 ug of total RNA was separated on 1.2%
agarose-formaldehyde gels and transferred to Hybond N*
membranes for northern hybridization as described (Toller-
vey & Mattaj, 1987). Northern hybridization was performed
as previously described using the following oligonucleotides.
a, 5-CGAGGATCCAGGCTTT-3'; b, 5-GCTCTTTGCTCTT
GCC-3; ¢, 5-TGTTACCTCTGGGCCC-3; d, 5-CCAGTTAC
GAAAATTCTTG-3; g, 5'-GGCCAGCAATTTCAAGT-3'; h,
5-ACTCGAGAGCTTCAGTAC-3". Oligonucleotides a and h
hybridize to the tags in 185 and 255 rRNAs, respectively.

Primer extension

Primer extension was performed as described previously
(Beltrame & Tollervey, 1992) on 4 ug of total RNA using the
following primers: d, 5-CCAGTTACGAAAATTCTTG-3; g,
5-GGCCAGCAATTTCAAGT-3; 185+564, 5'-ACCAGACT
TGCCCTCC-3". To identify the position of primer extension
stops, DNA sequencing reactions performed with the same
oligonucleotides were run in parallel.

Structural analysis of the ITS1 RNA
mutants by chemical probing

For structural studies, RNAs were transcribed from the BamH
I-Xho 1 fragment of the mutant rDNAs subcloned into the
pBSrDNAB-XFtag plasmid. After Xho I digestion, the linear-
ized plasmids were transcribed by bacteriophage T7 RNA
polymerase. For chemical probing, 1 pg of the transcript, in
the presence of 1 pg of Escherichia coli total tRNA, was treated
with the chemical probes dimethylsulfate (DMS, Aldrich)
and 1-cyclohexyl 3-(2 morpholinoethyl)carbodiimide metho-
p-toluene (CMCT, Merck) following the method described by
Ehresmann et al. (1987) in the same conditions as Allmang
et al. (1994). For DMS modification under native conditions,
the reaction was carried out for 1 and 2 min at 37°C in 20 L
of buffer N1 (50 mM sodium cacodylate, pH 7.0, 20 mM mag-
nesium acetate, 300 mM KCl) in the presence of 2 uL. of DMS
freshly diluted 1/40 (v/v) in ethanol. DMS probing under semi-
denaturing conditions was conducted in Buffer D1 (50 mM
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sodium cacodylate, pH 7.0, 1 mM EDTA) for 2 and 4 min.
CMCT modifications under native conditions were per-
formed at 37 °C in 20 L of buffer N2 (50 mM sodium borate,
pH 8.0, 20 mM magnesium acetate, 300 mM KCl) in the pres-
ence of 5 uL of CMCT (20 mg/mL in H,O) for 2 and 5 min,
the reactions in semi-denaturing conditions were done in
buffer D2 (50 mM sodium borate, pH 8.0, 1 mM EDTA) for
2 and 5 min. For each reaction, a control was treated in par-
allel, omitting the chemical reagent. All the reactions were
stopped and the RNA was precipitated by addition of 10 pL
7.5 M ammonium acetate and 90 pL of ethanol for 30 min at
—80 °C. After centrifugation, RNA pellets were washed twice
with 70% ethanol (v/v). The pellets were then dissolved in
8 uL H,O. Sites for nucleotide modification were detected by
primer extension as described above, using oligonucleotide
d as a primer.
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