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Small nucleolar RNAs (snoRNAs) are intron encoded
or expressed from monocistronic independent tran-
scription units, or, in the case of plants, from polycis-
tronic clusters. We show that the snR190 and U14
snoRNAs from the yeastSaccharomyces cerevisiage
co-transcribed as a dicistronic precursor which is
processed by the RNA endonuclease Rntl, the yeast
ortholog of bacterial RNase Ill. RNT1 disruption
results in a dramatic decrease in the levels of mature
U14 and snR190 and in accumulation of dicistronic
snR190-U14 RNAs. Addition of recombinant Rntl to
yeast extracts made fromRNTL1 disruptants induces
the chase of dicistronic RNAs into mature snoRNAs,
showing that dicistronic RNAs correspond to functional
precursors stalled in the processing pathway. Rntl
cleaves a dicistronic transcriptin vitro in the absence
of other factors, separating snR190 from U14. Thus,
one of the functions of eukaryotic RNase lll is, as for
the bacterial enzyme, to liberate monocistronic RNAs
from polycistronic transcripts.
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Introduction

substrate, acting as a template to specify the site of
modification in the pre-rRNA.

The biogenesis pathways of snoRNAs are as fascinating
and as diverse as their functions in rRNA processing
(reviewed in Bachellerieet al, 1995; Maxwell and
Fournier, 1995; Smith and Steitz, 1997; Tollervey and
Kiss, 1997). This diversity results from the variety of their
genomic organization, which differs between distinct phyla
of eukaryotes. Most metazoan snoRNAs are encoded
within introns of a host gene, which very often encodes
a protein involved in translation or ribosome biogenesis
(Liu and Maxwell, 1990; Leverettet al., 1992; Fragapane
et al, 1993; Kiss and Filipowicz, 1993; Prislait al.,
1993; Tycowskiet al, 1993, 1996a). While most of
these metazoan intron-encoded snoRNAs are processed
by exonucleolytic processing of the pre-mRNA or of the
excised intron (Leverettet al, 1992; Tycowskiet al.,
1993; Kiss and Filipowicz, 1995), some others require
endonucleolytic cleavage of the pre-mRNA prior to exo-
nucleolytic trimming up to the mature ends (Caffarelli
et al, 1994). In plants, snoRNAs are encoded in poly-
cistronic clusters (Leadeet al, 1994, 1997). Proper
processing to the mature forms requires endonucleolytic
cleavage (Leadeet al., 1997). The situation in the yeast
Saccharomyces cerevisia® mixed. Some snoRNAs are
transcribed independently, while some others are intron
encoded (reviewed in Maxwell and Fournier, 1995;
Tollervey and Kiss, 1997). In the latter case, processing
to the mature form involves debranching to the excised
intron and exonucleolytic processing to the mature
snoRNAs by the Rat1 and the Xrn1 exonucleases (Petfalski
et al., 1998).

U14 snoRNA constitutes a paradigm for the study of
snoRNA biosynthesis in yeast and has been the object of

Small nucleolar RNAs (snoRNAs) are a class of abundant intense investigations over the past years. U14 is essential

RNAs found in the nucleolus of eukaryotic cells (reviewed
in Bachellerieet al., 1995; Maxwell and Fournier, 1995;

in yeast (Zagorsket al,, 1988) and is required for 18S
rRNA production (Liet al., 1990). The lack of cap at the

Smith and Steitz, 1997; Tollervey and Kiss, 1997). Based 5’ end of U14 as well as the heterogeneity of the U14
on the presence of conserved consensus motifs, theends (Balakinet al, 1994) have suggested that U14 is

snoRNAs have been classified into two families (with the
exception of the RNA component of RNase MRP), the
box C/D and the box H/ACA families (Balakiet al,
1996; Ganott al., 1997b). While some of the snoRNAs
are directly required for various cleavages of the pre-
rRNA precursor, most of them are implicated in the site-
specific modification of nucleotides of the pre-rRNA
(reviewed in Tollervey, 1996; Smith and Steitz, 1997,
Tollervey and Kiss, 1997). Members of the box C/D
family are involved in 2-O-methylation of the pre-rRNA
precursor (Cavaillet al., 1996; Kiss-Laszleet al., 1996;
Tycowskiet al., 1996b) and members of the box H/ACA
family are required for pseudouridylation of the pre-rRNA
(Ganotet al., 1997a; Niet al.,, 1997). In both cases, each
snoRNA base-pairs with a precise region of the pre-rRNA
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processed post-transcriptionally. Extensive mutagenesis
studies have shown that the box C and D sequences, as
well as a terminal stem-loop joining the’ @nd 3
boundaries of the RNA are required for proper expression
of U14 (Huanget al., 1992). The importance of boxes C
and D for snoRNA biosynthesis and stability has also
been demonstrated for mouse U14 (Watkatsl.,, 1996;
Xiaetal., 1997) and for other vertebrate box C/D snoRNAs
(Caffarelliet al, 1996), showing that yeast U14 constitutes
a valid model for studying snoRNA biogenesis. In contrast
to its mammalian ortholog, yeast U14 is not intron encoded
(Zagorskiet al., 1988). However, its genomic architecture
is peculiar since the Ul14 coding sequence is located
only 67 nucleotides downstream from another box C/D
snoRNA, snR190 (Zagorsket al, 1988). The lack of
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Dicistronic snoRNA processing by Rnt1

revealed that disruption of thBNT1 gene results in a
severe growth defect, the generation time of the cells
lacking RNT1(rnt1A) ranging between 7 @9 h at30°C

in glucose complete medium (YPD). The growth defect
was exacerbated at 37°C (data not shown) but not by
incubation at 15°C, nor on glycerol or galactose medium.
The growth defect could be complemented by a centro-
meric plasmid-borne version of tHRNT1gene (data not
shown). Similar results have been obtained with a different
RNT1 deletion knockout (Abou Elela and Ares, 1998).
We conclude that disruption dRNT1is not lethal in
S.cerevisiadbut results in a severe growth defect. This
result is reminiscent of the situation Escherichia coli
where disruption of thenc gene encoding RNase llI

Fig. 1. Tetrad analysis oRNT2rnt1::TRP1heterozygotes. Tetrads results in viable, albeit slow-growing cells (Takit al.,
were dissected on a YPD plate, which was incubated for 6 days at 1989; see Discussion).
24°C. Six dissected tetrads are shown. Nineteen tetrads were dissected

from two independent diploids, which all showed the same . . . .
segregation. The spores with a slow growth phenotype were all Biogenesis of U14 and snR190 transcripts is

prototrophic for tryptophan, while the spores with a normal growth severely affected in rnt1A cells
were all auxotrophic for tryptophan. Rnt1 previously was shown to be involved in the biogenesis
of the spliceosomal U5 snRNA (Chanfreatial., 1997).
obvious promoter sequence between the snR190 and U14The availability of cells which are viable but disrupted
coding sequences (Zagorgkial., 1988) and the existence for RNT1 allowed us to screen for other RNAs whose
of small amounts of RNAs hybridizing to both U14 and levels are changed in the absence of Rntl. To this end,
snR190 probesiratl, xrnlexonuclease mutants (Petfalski total RNAs were extracted from a tetrad of four isogenic
et al, 1998) have suggested that the biogenesis of thesesister spores (two wild-type and tviRNT 2disrupted sister
two RNAs involves co-expression in a single transcript, spores) and the level of RNAs was assessed by Northern
followed by processing. blot using 3%2P-5-labeled oligonucleotide probes
The RNT1gene encodes th8.cerevisiaeortholog of (Figure 2A). A screen for snoRNAs affected by the
bacterial RNase Ill (Abou Eleleet al, 1996). Rntl disruption of RNT1revealed a dramatic decrease in the
possesses double-stranded RNA endonuclease activity andevel of mature U14 snoRNA in thentlA spores, as
has been shown to process the precursor of rRNA as wellcompared with the isogenic wild-type sister spores
as the spliceosomal U5 and U2 snRNAs (Abou Elela (Figure 2B; a low level of mature U14 could, however,
et al, 1996; Chanfreaet al,, 1997; Abou Elela and Ares, be detected on overexposed gelsntlA RNAs; data not
1998). In this study, we show thRINT1disruption results ~ shown and see below). The snR3 snoRNA was used as a
in a severe growth defect and in a dramatic decrease instandard because its level is not changed significantly by
thein vivo levels of U14 and snR190 snoRNAs. We show RNT1disruption (Figure 2B). In contrast to the lack of
that Rntl is involved in the processing of these snoRNAs mature U14, the U14 probe detected in thlA RNAs
and that it cleaves a dicistronic snR190-U14 precursor, a major species of 540 nucleotides (hamed UMO1 on
separating snR190 from U14. These results indicate that,Figure 2B for unidentified migrating object 1), as well as
like the prokaryotic enzyme, eukaryotic RNase lll can aless abundant species of 385 nucleotides, named UMO2.
process polycistronic RNAs to generate individual tran- The fact that the genes encoding U14 and snR190 are
scripts. separated by only 67 nucleotides (Zagorskial., 1988;
Figure 2A) raised the possibility that some of thestA-
specific RNAs are dicistronic snR190-U14 transcripts.

Results Thus, we next examined the levels of the snR190 snoRNA
Disruption of the RNT1 gene is not lethal but in the rntlA cells. A strong decrease in the steady-state
results in a serious growth defect level of snR190 was observed mtlA RNAs, with an

The RNT1gene has been described as essential for yeastaccumulation of the UMO1 and UMO2 species previously
vegetative growth (Abou Elelat al, 1996). During an detected with the U14 probe (Figure 2B). In addition to
earlier study (Chanfreaet al, 1997), we noticed that the these products, the snR190 probe detected an additional
disrupted strain complemented by a plasmid-borne versionabundant species of 340 nucleotides, named UMO3. To
of the RNT1gene could lose the complementing plasmid, investigate further the organization of thetlA-specific
yielding cells with a severe growth defect and a temper- RNAs, we probed the same membrane with a probe
ature-sensitive phenotype. Because the initial knockout of complementary to a part of the intergenic region which
the gene was performed by insertion off#§3 marker in separates the two coding sequences (ITS probe, Figure 2A).
the middle of theRNT1open reading frame (ORF) (Abou This probe did not detect any product in wild-type cells
Elela et al., 1996) and because this disruption retained but detected the UMO1 and UMO2 species in the RNAs
the possibility of expression of a truncated Rntl fusion extracted from therntlA cells (Figure 2B). A probe
protein (Chanfreaet al., 1997), we re-examined the effect hybridizing to a sequence upstream from snR190 (UPS
of a complete deletion of the gene by replacing the whole probe, Figure 2A) detected only the UMO1 and UMO3
RNT1ORF precisely with theTRP1auxotrophy marker  products, and that exclusively in the sample from the
(see Materials and methods). Tetrad dissection (Figure 1)RNTtdisrupted cells (Figure 2B). Taken together, these
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Fig. 2. Biogenesis of the snR190 and U14 snoRNAs in wild-type and
RNTtdisrupted cells.4) Organization of the snR190-U14 genomic
region and oligonucleotide probes used for the mapping of the
aberrant species. The position of the oligonucleotide probes is
indicated taking the beginning of the snR190 coding sequence as the
origin. (B) Northern blot analysis of the RNAs extracted from two
wild-type spores (WT) and two spores disrupted for RNE)L (The
membrane was hybridized successively with the U14 and snR3 probes,
the snR190 probe, the intergenic probe and the upstream probe. The
molecular weight marker is pBR322 digested witisp (Biolabs) and
labeled with {-32P]ATP by phosphate exchange reaction. The
positions of U14, snR190, snR3, UMO1, UMO2 and UMO3 are
indicated on the left. The only band detected by the snR3 probe was
the mature snR3; all the other bands are due to hybridization with the
U14 probe. C) Immunoprecipitations of TMG-capped species in wild-
type andrntlA RNAs. Shown is a Northern blot probed for snR3
(bottom panel) or for snR190 and U14 (top panel). Total indicates the
total amount of wild-type orntlA RNAs used in the
immunoprecipitation reactions. Pellets indicate the RNAs retained on
beads coupled to the control 12CA5 antibody (12CA5) or to the anti-
TMG antibody. Supernatant (Sup.) corresponds to the RNAs present in
the supernatant prior to the first wash. M is the pBRB2

molecular weight marker.

results indicate that: (i) the UMO1 contains sequences

67 nucleotide spacer; (ii) the UMO2 contain sequences
from the U14 and snR190 snoRNAs and from the 67
nucleotide spacer; and (iii) the UMO3 species contains
sequences upstream from and within the snR190 coding
sequence, but does not hybridize either with the U14 probe
or with the intergenic spacer probe. All the phenotypes
observed in therntlA cells could be suppressed by a

plasmid-borne version of tfRNT1gene (data not shown).

Some of the rnt1A-specific transcripts possess a
trimethylguanosine cap

The steady-state levels of the UMO1 and UMOS3 species,
which are equivalent to the steady-state level of snR190
in the wild-type samples (Figure 2B), indicate that these
species are very stable. One explanation for this stability
might be that they are protected at their &d by a
trimethylguanosine (TMG) cap. To test whether these
species are TMG-capped, we performed immunoprecipi-
tation of total RNAs from the wild-type or thentlA
strains with the K121 mouse monoclonal antibody directed
against the TMG cap (Krainer, 1988; Figure 2C; Materials
and methods). The 12CA5 monoclonal antibody was used
as a negative control because it is a mouse monoclonal
antibody of the same subclass (I9GAfter immunopre-
cipitation, RNAs were fractionated on a polyacrylamide
gel and revealed by Northern blot. To provide a positive
control for the immunoprecipitation, the blot was probed
for snR3 which possess a TMG cap. Figure 2C shows
that this snoRNA was immunoprecipitated efficiently by
the anti-TMG antibody, but not by the control antibody,
in both wild-type andntlA samples. The same blot was
then probed with the U14 and snR190 oligonucleotide
probes (Figure 2C). The UMO1 and UMO3 RNAs from
the rmtlA strain were immunoprecipitated efficiently by
the anti-TMG antibody, but not by the control antibody.
In contrast, the UMO2 RNA was not immunoprecipitated.
We do not think that the band migrating slightly above
UMOZ2 in the immunoprecipitate lane is actually UMO2,
because the corresponding supernatant lane does not show
any depletion of UMO2, while in the same lane, UMOL1
and UMO3 are significantly depleted in the supernatant.
Mature snR190 and U14 snoRNAs were not immunopre-
cipitated, consistent with their lack of cap (Balaldhal.,
1994). This experiment demonstrates that the UMO1 and
UMO3 RNAs possess a TMG cap which could partially
explain their stabilityin vivo.

Mapping of the rnt1A-specific transcripts

We undertook further characterization of the two most
abundant, TMG-capped species found in thtlA cells,

the UMO1 and UMO3 RNAs. To investigate the topology
of these species and to check that neither of them arises
from aberrant splicing or genomic rearrangements, we
performed RNase protection using radiolabeled antisense
probes spanning the whole snR190-U14 genomic region.
These probes gave rise to protected bands of the same
size as snR190 and U14 snoRNAs in RNAs from the
wild-type cells, and of the same size as the UMOs species
from therntlA cells (data not shown), indicating that the
UMOs are co-linear with the DNA sequence and that they
do not arise from a splicing or a genomic rearrangement

upstream from the snR190 coding sequence, sequencesgvent.

from the U14 and snR190 snoRNAs as well as from the
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Dicistronic snoRNA processing by Rnt1

in the rntlA cells were mapped by primer extension. UMO3 RNAs are identical and indicative of the actual
Primer extension with various oligonucleotides staggered site of transcription initiation because of the cap structure
over the snR190-U14 genomic region (U14, snR190 and present (Figure 2C).
ITS primers; Figure 2A) yielded for each primer a single
major cDNA in therntlA samples (Figure 3A; the primer
extension stop seen at the level of the mature snR190 is
probably a mixture of stops derived from the low level of
mature snR190 and of UMO2). The more downstream the U4 and snR190 o
primer, the longer the cDNA, consistent with a single The organization of thentlA-specific RNAs sugge_sted
major 5 end for both UMO1 and UMO3. This’5end tha’; the sr_1R190 f_;lnd U14 snoRNAs are co-transcribed as
was determined precisely using primer extension with & Single dicistronic precursor and that cleavage by Rntl
oligonucleotide UPSb (Figure 2A), in parallel with a IS required at some step of the processing pathway; in
sequencing ladder obtained with the samelabeled its absence, unprocessed or partially processed species
major stop of reverse transcription being located 150 dead-end products accumulating in the context of the
nucleotides from the '5end of the snR190. Since these disruption ofRNT1because their decay requires Rntl. If
5' ends possess a TMG cap (Figure 2C), and since thethese species are not dead-end products but are stalled in
presence of a cap is indicative of the start of transcription, the processing pathway at a step requiring Rntl, one
this heterogeneity probably reflects multiple starts of would expect that addition of recombinant Rntl to whole-
transcription. cell extracts made fronrntlA cells would chase the

Because the last probe to which the UMO1 RNAs endogenous dicistronic RNAs into mature RNAs. To test
hybridizes is complementary to U14 (Figure 2B), the 3 this hypothesis, whole-cell extracts were prepared from
end of the UMO1 was determined by RNase A/T1 mapping isogenic wild-type andRNT kdisrupted sister spores and
using two antisense RNA probes: probe A starts at the 5 the rnt1A extract was incubated in processing conditions
end of U1l4 and ends 136 nucleotides downstream from with buffer only, purified recombinant glutathiorg&trans-
the 3 end of Ul4, and probe B starts 50 nucleotides ferase—Rntl (GST—Rntl) or with GST alone. After incuba-
upstream from U14 and ends at the same site as probe Ation, the endogenous RNAs present in the whole-cell
(Figure 3C; polylinker sequences are not shown on the extracts were examined by Northern blot with snR190
diagram). Digestion of probe A showed that the RNAs and U14 oligonucleotide probes. As shown in Figure 4,
from the wild-type and thentlA cells which contain a  incubation of therntlA extract with recombinant GST—
U14 sequence have the sanfeeBd, and that none of the  Rnt1 resulted in the chase of the endogenous dicistronic
rntlA-specific species has longerénds than mature U14  yMOZ1 RNA into mature snR190 and U14 snoRNAs.
(Figure 3C). When probe B was used, species longer onQuantitation of the RNA levels showed that most of the
the 5 side were detected in thentlA sample, but N0 mature U14 and snR190 snoRNAs generated by the chase
protected band corresponding to mature U14 was detectedyere due to conversion of the UMO1 RNA. The final
in this sample (Figure 3C), showing that the signal |eve| of the mature U14 and snR190 after the chase was
generated with probe A imtlA RNAs was not due 10 ¢jose to the level observed in the wild-type extract
the low level of mature Ul4. The'®nd of the UMO3  (rigyre 4). The levels of UMO2 and UMO3 also decreased
was not mapped by RNase mapping. However, this RNA upon incubation with GST-Rnt1. However, we think that
hybr|d|_zes with a prope located at thé énd of snR190, this decrease is not due to cleavage by GST-Retlse
which is 190 nucleotides Iong. We have mapped the 5 but rather to degradation of these two species by endogen-
end of the UMO3 150 nucleotides away from thieesid ous nucleases present in the extract. This effect is masked
of snR190. Given that the UMO3 is 340 nucleotides long . P \ .
(equal to the sum of 190 and 150), it is likely to end at in the cont_rol lanes (buffer and GST) because conversion
the mature 3 end of snR190 or close to it. Consistent gf UMd01. mtofUl\éIOZ and UMO3 coln_\pen_sates for the
with this hypothesis, the UMO3 RNA does not hybridize degradation of those species, resulting in an apparent
with the ITS probe (Figure 2B). increase in UI\_/IQZ and only a slight decrease in UMO3.

; In these conditions, some enhancement of the levels of
The results of the mapping of the UMOs by Northern the mature SNR190 or U14 and of the UMO2 RNA

blot, primer extension and RNase mapping suggest the ) )
organization of thentlA-specific RNAs summarized in  Was also observed. This effect probably is due to the

Figure 3D. The UMO1 species contains 150 nucleotides €dogenous nucleases present in the yeast whole-cell
upstream of snR190, the snR190 sequence, the intergeni@tract, which are activated by the magnesium contained
spacer and the U14 sequence. It is TMG-capped and itsin the buffer and can partially degrade the UMO1 and
3" end corresponds to the @nd of mature U14. Con- UMO3 RNAs, converting them into mature snoRNAs or
cerning the UMO2, we have not mapped its boundaries into UMO2. Finally, incubation of the wild-type extract
precisely. However, its size, combined with the fact that With buffer, GST or GST-Rntl did not result in any
it hybridizes to the probes complementary to snR190 and significant change (data not shown). This experiment
U14, as well as to the ITS probe, suggests that it begins demonstrates that the UMOL1 dicistronic RNAs observed
at the 53 end of snR190 and ends at thé éhd of Ul4 in rnt1A cells does not correspond to a dead-end product
(Figure 3D). The UMO3 is TMG-capped and contains and that it can be chased into mature RNAs by addition
150 nucleotides upstream of snR190, the snR190 sequenc®f Rntl. No obvious intermediates were observed, indicat-
and probably ends at the maturé &d of snR190 or ing that Rntl cleavage is a rate-limiting stép,vitro as
close to it (Figure 3D). The '5ends of the UMO1 and in vivo (Figure 2).

Addition of Rnt1 to rnt1A extracts chases the
endogenous dicistronic transcripts into mature
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Fig. 3. Molecular mapping of the RNAs found in thatlA cells. (A) Primer extension analysis with U14, snR190 and ITS primers. Primer

extension was done with RNAs from the two wild-type spores (WT) and RNAs fronRiMi€tdisrupted sister spored). (B) Primer extension

analysis with the UPSb primer. Thé &nds are indicated by arrows on the sequence on the left. The length and thickness of the arrows are roughly
proportional to the intensities of reverse transcriptase stops. No products were observed for the WT RNAs in other portions o€)heNgse(A/

T1 mapping of the 3ends of the UMO1 species. Shown is the organization of probes A and B, with the result of the digestion of these probes after
hybridization with plasmid DNA (10 ng), tRNA (fig) or 2—4pg of total RNAs from WT orrnt1A cells. Undigested probe corresponding to 1/10 of

the amount of probe annealed to the different samples is loaded on the first lane. The RNA probes also contairi antheiol$linker sequences

from pSP64 and at their' 2nd the reverse complement of the T7 polymerase promoter, which are not shown on the diagram of the probes.

(D) Schematic organization of the RNA species found inritdA cells.
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WT  ratiA oligonucleotides UPSh, snR190, ITS and U14 (Figures
M - - e astSST 2A and _SB). Cleav_age_of a fragment in_ the presence _of a
given oligonucleotide indicates that this oligonucleotide
gg?: S emes  |-UNOT can hybridize to the fragment, allowing a rapid mapping
o= mm s of the different cleavage fragment. RNase H mapping
404+ -.’ & | umo2 showed that fragment A corresponds to tHefragment
8 = -UMO3 containing U14 and part of the intergenic region. Fragment
307+ . B corresponds to the internal fragment containing snR190
and the remaining part of the internal spacer (which does
242 | —— not hybridize to the ITS oligonucleotide). Fragment C
] — corresponds to the fragment upstream from snR190. Note
g - - - that fragments B and C were both digested with oligo
334}: Gl = —-snR190 UPSDh, suggesting that this oligonucleotide spans one of
180 the cleavage sites. These results show that Rntl cleavage
liberates RNA fragments corresponding to snR190 and
160~ U14 with 5 and 3 extensions. Because no processing to
147+ the mature ends was observed upon incubation with
recombinant Rntl alone, we conclude that processing to
- == Luig the mature ends requires other enzymes, presumably
exonucleases (Petfals&t al., 1998).
The cleavage sites were mapped by primer extension
Fig. 4. Addition of recombinant Rntl to extracts fromtlA cells with reverse transcriptase on the products of itheitro
results in the chase of the endogenous dicistronic precursor into cleavage reaction (Figure 6A) and are indicated in

mature snR190 and U14. Northern blot of the endogenous RNAs : : :
found in whole-cell extracts from wild-type cells (WT) amt1A cells Figure 6B which shows the potentlal Secondary structure

with no incubation (- lane) or after 45 min of incubation with buffer of the model dicistronic transcript used in this study

alone, with GST or with GST-Rnt1. The blot was probed (established by RNA folding using MFold; Zuker, 1994;
simultaneously with snR190 and U14 probes. Note that U14 is see Figure 6 legend). The two Rntl cleavage sites are
heterogeneous in size, as previously reported (Baleki., 1994). located on opposite sides in the same potential double-

The small amount of mature U14 observed in th&lA extracts was . - - . .
observed reproducibly to be 1-2 nucleotides longer than the U14 from stranded region, in agreement with the properties described

WT cells. The basis of this difference is not known. for RNase lll-like enzymes (Chelladurat al, 1993;
Court, 1993; Zhang and Nicholson, 1997; see Discussion).
It is significant that the 5extensions generated by Rntl
Recombinant Rnt1 cleaves a model precursor cleavage are identical to thé &xtensions of snR190 and
transcript in vitro in the absence of other factors U14 which have been mapped in yeast strains mutants for
The ability of recombinant Rntl to chase the endogenous two exonucleases (Petfalsét al,, 1998).
dicistronic RNAs into mature U14 and snR190rim1A
extracts, and the accumulation of-&tended forms of
U14 and snR190 in theatl andxrnl exonuclease mutants
(Petfalskiet al, 1998) suggest a pathway in which the We have shown that in yeast cells disrupted for the yeast
dicistronic RNAs are first cleaved by Rntl and then ortholog of RNase Ill RNTY), the biosynthesis of the
processed to the mature ends by exonucleases which arenR190 and Ul14 snoRNAs is severely affected. The
present in the extract. To investigate the ability of Rntl steady-state levels of U1l4 and snR190 snoRNAs are
to cleave the snR190-U14 transcript directly, we incubated dramatically decreased, and species corresponding to
a model dicistronic radiolabeled transcript generated by unprocessed or partially processed dicistronic snR190—
in vitro transcription with purified GST—Rntl or with GST U14 snoRNA transcripts accumulate. Rntl is able to
or buffer alone (Figure 5A). Incubation of this transcript cleave a discistronic precursor, liberating monocistronic
with GST-Rntl vyielded three major fragments (labeled RNAs. These data indicate that the snR190 and U14
A, B and C in Figure 5A), which are not observed upon snoRNAs are expressed as a functional dicistronic RNA
incubation with buffer or GST alone. These fragments are whose processing requires Rnt1.
likely to be due specifically to cleavage by Rntl because
the same cleavage pattern was observed when the sam&NT1: essential or not essential?
transcript was incubated in wild-type whole-cell extracts, RNT1was first described as essential by Abou Ekdtlal.
but not in extracts made froomtlA cells (Figure 5). (1996), who assayed the viability of spores at 30°C after
Other minor fragments were observed (Figure 5A). How- tetrad dissection. During an earlier study, we found that
ever, given their weak intensity and that they were not cells disrupted forRNT1by insertion of an auxotrophy
observed upon incubation with the wild-type extract, they marker could lose the complementing wild-type plasmid,
correspond to minor cleavage events. Thus they were notleading to cells with a slow-growing phenotype (Chanfreau
analyzed further. The sum of the approximate sizes of the et al,, 1997). This observation raised some doubts about
three major fragments A, B and C (280 245 + 50) is whetherRNTL1is strictly required for cell life. We have
approximately equal to the size of the full-length precursor now deleted theRNT1ORF precisely and we show that
(570), consistent with a double cleavage event by Rntl. the complete disruption leads to viable, albeit seriously
The three major fragments generated by Rntl cleavagesick yeast cells after tetrad dissection at 24°C (Figure 1).
were gel purified and mapped by RNase H digestion using Similar results have been obtained with a differBMNT1

Discussion
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Fig. 5. In vitro cleavage of a model dicistronic pre-snR190-U14 transcript by Rntl liberates snR190 fromAY 14 vitro cleavage. Shown are the

position of the precursor (P), and of the cleavage fragments A, B and C. The asterisk points to a minor cleavage event which has not been analyzed
further. The model precursor contains 92 nucleotides upstream from snR190; the snR190 and U14 sequences are separated by the 67 nucleotide
spacer and 95 nucleotides of sequence downstream from U14 (see also Figure 6B). No cleavage fragments were observed on the portion of the gel
which is not shown. Because of the weak labeling of the smaller cleavage fragment C, the portion of the gel showing this fragment was taken from
an exposure different from that in the upper part of the g&).RNase H mapping of the cleavage fragments. Gel-purified fragments A, B and C

were incubated with RNase H and the corresponding oligonucleotides as described in Materials and methods. For each fragment, the first lane (-)
corresponds to undigested fragment.

deletion knockout (Abou Elela and Ares, 1998). Therefore, determinants: good substrates for RNase Il exclude some
it seems likely thaRNT1is not strictly required for yeast ~ Watson—Crick base pairs at defined positions relative to
growth, but its absence seriously debilitates cell fithess. the cleavage site (Zhang and Nicholson, 1997). The U5
This is similar to the situation in prokaryotes, where and the snR190-U14 ‘eukaryotic’ cleavage sites also obey
RNase Il disruption is not lethal (Taki#t al, 1989). In these anti-determinants rules, and it is possible that the
both organisms, this dispensability may be explained by prokaryotic and the eukaryotic enzymes share some of
the notion that RNA processing and degradation pathwaysthese specificity rules. Whatever these similarities, our
are very often redundant and that the essential functionsresults also provide an interesting example of functional
of RNase Il can be partially fulfilled by some exonucleases convergence between the bacterial and the eukaryotic
or other endonucleases. This idea has been illustrated forenzymes, since both enzymes process polycistronic tran-
Rntl in the case of U5 snRNA’ &nd processing (Chan-  scripts to generate individual RNAs (for review, see
freauet al,, 1997) and for another endonuclease activity Court, 1993).

in the case of yeast tRNA' 2nd processing (see Yoo and

Wolin, 1997). Multiple control of rRNA processing by RNA
processing enzymes

A novel cleavage site for the yeast ortholog of Our results show that Rnt1 controls the biogenesis of U14,

RNase Il a snoRNA which has been implicated in the processing of

Rntl is a double-stranded RNA endonuclease which hasrRNA. Genetic depletion of U14 has shown that this
been shown to cut the precursor of rRNA at two sites snoRNA is involved in the cleavage at site Al within the
(Abou Elelaet al., 1996), as well as the precursors of the 5 external transcribed spacer (ETS) (&t al, 1990),

U5 and U2 snRNAs (Chanfreaat al., 1997; Abou Elela  and elegant compensatory mutation analysis (Liang and
and Ares, 1998). The identification of a novel cleavage Fournier, 1995) as well as cross-linking data (Morrissey
site within the dicistronic snR190-U14 snoRNA leads to and Tollervey, 1997) have indicated that this snoRNA
a total of five known targets for this endonuclease. In all interacts with the pre-rRNA. Thus, Rntl controls rRNA
cases, the Rntl endonuclease cleaves in a double-strandeprocessing in two ways: directly, by cleaving the pre-
RNA region. While there seems to be a minimum length rRNA precursor, and indirectly by controlling the steady-
of the stem for cleavage, there is no strong sequencestate level of one of the components essential for rRNA
identity between the various cleavage sites identified for maturation. This situation is also found in the case of the
this enzyme. Thus, the intringuing question arises of what Xrnl and Ratl exonucleases, which are required for
distinguishes the target sites from other double-strandedprocessing of both 5.8S rRNA and the snR190 and U14
regions? The answer possibly will come from prokaryotes, snoRNAs (Dichtl et al, 1997; Petfalskiet al, 1998).
where it has been shown that the specificity of the Hence, an emergent concept of double control of rRNA
cleavage of the bacterial enzyme relies on sequence antiprocessing by RNA processing enzymes is suggested by

3732



GST-Rntl

GST

CUAG

::>n:==>>!‘.>m>>n2c:>>:

>C§}O:>!:ﬁ::’:::’:)—&c=ﬁﬁ

p i

Dicistronic snoRNA processing by Rnt1

GST-Rntl

CUAG

aCa
U U
B A-v Rnt1
G-C
u-a Cleavage
U G
cAe o Uy
cCANG Uy S UgR
\ gV Ay s
U\ -G A, /A
AR ad fuy
’ uC\ 6 U Uy /Ay P A
5 GGCAUUGCAC\\ \ g2y A AUUI/ Cy ac % A
26 uyd a/ s 94a GRC,y yue.ac
i RN U U N,ac
a \
3, 5 AC/'/GAA SC ‘oAt
_76nt UvU a U¢ //,A U\\\G AR
c-¢G vy A
U-3 5
A-U Uyeguy
U-AA oS
S _ux UA-T
U-a snR190-3' «%=—7— snR190-5’
GeU ccs
U-AU B D S—co
c A X
A A o BoxC
u
Ua-vu A
U-a 4 %
GeU c AU 2
C-G a“aacac”Tecag A
U-2a [Trrr are
U14-3’ (A =U, U14-5' UAUUGUG, CGUU }.,’
- o 1 90 UG
U-a
7] ¢-cg v Ly
v Pl Su. vu
A U6 ¢ CyC u
Va Yy v’ 67 % ¢
& BoxD BoxC ¢-gcue 2 oS
A A A-U CAG/,GU
& C G-C < leca,
G u GeU A/ u
A G ACg_¢ G
G A u u U
y U A a c
¢ c v c G
u u-a ca
c v cyYy-a
v ¢ GeU
U UeG
c hd G-C
Ay u UeG
AR) A U-A
AGN LUC U—h
c
vt %y c a v-a
Uyc ¢ c c-¢
A A U-a
G U A-U
U U A-U
G c u U
G G U U
cy aC UeG
°G U-a
,f\c AUG UUU U-2a
c A GcacC U-2a
A6 U-A
u_U Ueg
G A U-2a
ATSCg A-U
v c c-G
Uo A-U
clAu? GeU
éi\GC UeG
G-C
a ~a &<
c_ A i

a

Fig. 6. Cleavage sites of Rntl in the dicistronic precursor transcéytldentification of cleavage sites by primer extension with reverse transcriptase.

Primer extension was performed on RNA which was incubated for 15 min at 23°C with GSTARI$A) or with GST-Rnt1 (RNAGST-Rnt1). A

reverse transcriptase stop present in the GST—Rnt1 lane but not in the GST lane is indicative of an Rntlcleavage site. A sequencing ladder was obtained
with the same primer, as described in Materials and methods. Shown are the portions of the sequencing gels indicative of the upstream and downstream
cleavage sites. The sequencing ladder near the upstream cleavage site fell into an area of strong stops by the polymerase. However, determination of the
cleavage site was possible because the number of stops was identical to the number of bases on the sequence. Cleavage sites are indicated by arrowheads
on the sequences. The upstream cleavage site was mapped using oligonucleotide Seq190, while the downstream cleavage site was mapped using oligo-
nucleotide U14.B) Localization of cleavage sites in the dicistronic transcript. A potential secondary structure was established by keeping structures

which are always present in each of the four most stable structures calculated with MFold (Zuker, 1994). The stem in which Rntl cleaves is present in all
the most stable secondary structures. The snR190 snoRNA does not exhibit a strong potential structure using MFold. Therefore, a structure was chosen
arbitrarily that keeps intact 53’ terminal stem. U14 secondary structure was drawn from Baktiah (1994). The 3part of the precursor is not shown

and does not display a well-conserved potential secondary structure. U14 and snR190 boundaries are indicated by double arrows. Conserved boxes C and

D are boxed.
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Fig. 7. A possible pathway for the biogenesis of snR190 and U14
snoRNAs from dicistronic precursors. The thick arrows represent Rntl
cleavage. Shown is the pathway in the wild-type cells, and the
exonucleolytic pathway that leads to the main UMO RNAs in the
rnt1A cells (the UMO2 RNA is not shown). Gray lines represent
sequences which are not found in the mature snoRNAs. The question
mark at the 3end of the dicistronic precursor symbolizes the fact that
the actual 3end of the dicistronic precursor is unknown.

our study and work from Tollervey and co-workers. This

existence of a 3extension downstream from U14 has
been postulated, because it would extend the terminal
stem joining the 5and the 3 ends of U14 (Huangt al.,
1992; Balakinet al., 1994; see Figure 6), but its existence
has not yet been proven. Cleavage by Rntl is an early
step in the processing pathway and is required for efficient
production of mature snoRNAsn vivo (Figure 2) as

in vitro (Figure 4). Its main function is to liberate snR190
and U14 from each other. Rnt1 cleavage also removes the
TMG cap from the precursor transcript, exposing it to the
5’3" exonucleases. The next step consists of the trim-
ming of the remaining 5 and the 3 extensions by
exonucleases (Figure 4; Lafontaine and Tollervey, 1995;
Petfalskiet al.,, 1998). 5 3’ exonucleolytic trimming of
the 8 extensions of U14 and snR190 is due to the action
of two exonucleases, Ratl and Xrnl (Petfalskial.,
1998). It is significant that yeast cells debilitated for Ratl
and Xrnl accumulate’Eextended species of snR190 and
U14 whose 5ends are identical to the ends generated by
Rntl cleavage (Lafontaine and Tollervey, 1995; Petfalski
et al., 1998). The activity which removes thé&xtensions

is still unknown; the availability of thena82 mutant
which accumulates '3extended species may lead to the
identification of one of these activities (Lafontaine and
Tollervey, 1995). Given the involvement of exonucleases
in the processing pathway, the important stability of the
UMO1 and UMO3 RNAsin vivo (Figure 2B) may be
explained by the fact that both contain the same 5
extension which is TMG-capped at its &nd (Figure 2C).

In contrast, the UMO?2 is much less abundant, probably
because it does not contain this extension and is therefore
much more vulnerable to exonucleases. Finally, it is worth
noting that low levels of mature snR190, and to a lesser
extent of U14 snoRNA, are still present in the context of
the RNT1disruption. This suggests that exonucleases can
partially overcome the requirement for Rntl to yield

double control possibly has been selected during evolution mature snoRNAs, or that there is another RNA endonucle-

to coordinate direct processing of the rRNA and the
synthesis of other components required for rRNA biogen-
esis. While this is an interesting example of control of

multiple RNA processing pathways by the same RNase,

it also constitutes a potential caveat for studyingvivo
the role of RNA nucleases in rRNA processing. We do
not know if the dicistronic snR190-U14 RNAs observed
in rtlA cells retain any of the functional properties of
the mature U14 required for rRNA processing. Therefore,

ase that can cleave the dicistronic substrate inefficiently.

Is the snR190-U14 cistron an intronic fossil?

Genes encoding snoRNAs are usually classified into two
families: snoRNAs which are encoded within introns, and
independent transcriptions units, which are monocistronic,
or polycistronic as in plants. At first glance, the snR190—
U14 cistron seems to be a particular case of an independent
transcription unit. However, we have noticed within the

care should be taken in interpreting the decrease in thesnR190-U14 region intriguing sequence similarities to

steady-state levels of rRNA observed RNT1 mutant
strains (Abou Elelat al., 1996). Whether the rate-limiting
step in rRNA processing in mutant cells is the direct
cleavage at AO and at the ETS, the Ul4-dependent

intron-specific sequences. A pseudd $&plice site is
present 10 nucleotides downstream from therid of the
dicistronic precursor (GTAaTGT instead of GTATGT).
A pseudo branch site sequence (TACcAAC instead of

cleavage at Al, or a combination of both, remains to be TACTAAC) is present 42 nucleotides downstream from

elucidated.

A pathway for the biogenesis of snR190 and U14
snoRNAs

the U14 coding sequence, followed by a polypyrimidine-
rich tract and a 3splice site CAG. However, no potential
ORF is present in the sequences upstream and downstream
of these sequences. The same observation of degenerated

The experiments described above suggest a pathway forsplice sites without neighboring ORFs was made in
the processing of snR190 and U14 mature snoRNAs from Schizosaccharomyces pomhehere U14 appears to be

a single dicistronic snR190-U14 precursor bearihgrid
3’ extensions (Figure 7). It is likely that the commoh 5
extensions of the UMO1 and UMO3 RNAs are indicative

of the transcriptional start site, since this common exten-

sion possesses a hypermethylated cap at’itsnfl. The
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encoded independently of snR190 (Samaietiyl., 1996).
In vertebrates, U14 is encoded within introns of tise70
gene (Leverettet al., 1992; Barbhaiyat al., 1994). It is
possible that in the past, yeast U14 was encoded within
an intronic sequence, and that this intron was inactivated



Dicistronic snoRNA processing by Rnt1

more or less recently by mutations. In yeast, single RNT1 disruption

i ithi ; i ; Standard genetic and microbiological methods were used (Guthrie and
mutations within highly conserved intronic sequences Fink, 1991). TheS.cerevisiaestrain used forRNT1 disruption is the

usually have dramatic effects on splicing efficiency of iyioid strain BMAG4 (Baudin-Bailliewet al, 1997) which is derived
intron-containing transcripts (see, for example, Vijayr- from W303:MATaki; ura3-Jura3-1, Atrpl/Atrpl; ade2-1ade2-1 leu2-
aghavaret al., 1986). This inactivation would not necessar- 3112leu2-3112 his3-1115his 3-1115. Disruption was done using a

ily perturb the processing of the encoded snoRNAs becausei%gcsetr?éi%yéfatsh :iﬁcﬁiﬁfﬁemogap”fﬁ ";‘"T é,laigfu)'xéﬁiﬂﬁiy”gmﬁrﬁé‘f
an endonUdeOIyt'C cleavage has been observed in Som"JOIigonucIeotides used for generating the PCR product for the disruption

cases of processing of intron-encoded snoRNAs out Of were: 5 RNT1-TRP, gegcatatagaagagagcaaaactgtcctatttacaagcttticaaaac-
unspliced pre-mRNAs (Leverettet al., 1992; Caffarelli aGGCCAAGAGGGAGGGC; and’RNT1-TRP, gctaaagaaaatcaatgcaa-
et al, 1994). Thus it is possible that some transitions gticcatcatggtigtgtaaaaggaacgttCTTAAATAAATACTACTC. Lower case
may exist between the two families of genes encoding letters correspond to the sequences of the recomblnat|o_n arm_msz
RNAs. the intron-encoded snoRNAs and the inde end_to theRNT1gene. Upper case letters are sequences which prime on the
sno , the . : p TRP1 auxotrophy marker. Successful disruption was confirmed by
ent transcription units. Partial sequences of U14 from southern blot and PCR analysis. The stability of BT disruption
closely related yeast species have been published (Samarin the slow-growing spores was confirmed by PCR.
sky et al., 1996), but the full sequences of the correspond-
ing genes are not available. If the hypothesis of an intronic RNA extraction and Northern blotting _ _
molecular fossil is true and if inactivation of this intron ~We harvested 50-100 ml of wild-type ontlA sister spores cells in
is a recent event. identification of the complete aenes mid-log phase (Oky 0.15-0.5) washed them once in water, transferred
- ’ 4 p g ~> them to 2 ml screw-cap Eppendorf tubes and stored them frozen at —
encoding snR190 and U14 in closely related yeast speciesso°c. Cells were resuspended in 200of RNA buffer (50 mM Tris—
would be highly informative. HCI pH 7.5, 100 mM NaCl, 10 mM EDTA pH 8.0). Then 300-50D
Whatever the origin of the genomic organization of the T e ar e B Cs e D e i on ioe. m betweon
snR190-U14 cistron, this organization iS not uUnique, aj. o 200u) of RNA buffer, 10% SDS (5qul) and acid phenol/
_because snoRNA polycistronic units have been describedchioroform/isoamylic acid (50/49/1) (40Ql) were added. The tubes
in plants (Leadert al, 1994, 1997). In that case, pro- were vortexed for 1 min and incubated for 10 min at 65°C. After phenol—
cessing of these polycistronic transcripts probably requires choloroform extraction, the RNAs were extracted twice more Wif)h
an endonucleolytic cleavage event (Leadéral., 1997)_ phenol-chloroform, _preupltated with ethanol/sodium acetate _(9_5A)/
: . . L 100 mM), washed with 80% ethanol (v/v) and resuspended in distilled
An RNase lll-like ORF is present irCaenorhabditis water.
elegans(Rotondo and Frendewey, 1996), and we have For Northern blotting, 5-1Qug of total RNAs were denatured for
found mouse and human expressed sequence tags % min at 85°C in formamide loading buffer (FLB: 95% deionized
databases with sequence similarity to RNase Il (data not formamide, 40 mM EDTA pH 8.0, 0.05% xylene cyanol, 0.05%

T . . bromophenol blue), and loaded on a 5% polyacrylamide sequencing gel.
shown). No RNase lll-like sequence is known in plants, After the run, RNAs were blotted onto nylon membranes-+(N

but since ortholog ORFs are present $cerevisiae Amersham) by semi-dry blotting in 0:5 TBE using a Biorad Trans-
S.pombgRotondo and Frendewey, 1996) and metazoans, blot SD apparatus (1 h, 1.5 A, 5-15 V). The membrane was cross-linked
it seems likely that RNase Il activity is present among Wwith UV, pre-hybridized for 10-30 min in 5-15 ml of Rapid Hybridization
very different eukaryotes and that one or several RNase Buffer (Amersham), and hybridized for 1 h at 42°C with 10-20 pmol

: . . ce . of 5" end-labeled oligonucleotide probes (see above). Membranes were
llI-like ORFs WI|| soon b_e |d_ent|f|ed on sequencing plant \ashed at room temperature twice for 15 min with ZSPE, 0.1%
genomes. If this prediction is correct, it seems likely that sps and once for 15 min with 02 SSPE, 0.1% SDS. Membranes

processing of some of the polycistronic plant transcripts were exposed on a Phosphorimager or a few hours for autoradiography

will depend on such an activity. with Biomax films (Kodak) without intensifying screens. Membrane
stripping was done at 65°C ifdl h in 0.1% SDS or in 0.X SSPE,
0.1% SDS.

Materials and methods L
Immunoprecipitations

Oligonucleotides, plasmids and probes Protein G-Sepharose (Pharmacia) was washed three times with IP buffer

Oligonucleotide probes used in this study weré(8'): U14, ACG- (50 mM Tris—HCI pH 7.5, 5 mM EDTA pH 8.0, 250 mM NaCl, 0.05%

ATGGGTTCGTAAGCGTACTCCTACCGTGG; SnR190, GGCTCAGA- ~ NP-40), and 40yl of the slurry was incubated at 6°C for 1 h
TCTGCATGTGTTG; Seql90, CATGGTCGAATCGGACGAGG: UPS with nutation with 2pg of monoclonal antibody 12CA5 (BabCo) or

GTGCAATGCTGAAGTCGAAAGAGGAGG: ITS, ATCTGTCTCCT- monoclonal antibody K121 (Oncogene Research) which recognizes TMG
CAAATTACCCAC; UPSb, GTGTCATGAAATTTCTCTTGAGATTA- caps. After antibody binding, beads_ were washed three tlmes with IP
TTCAAAC. They were prepared by kinasing 10-20 pmol of crude buffer. Twentypl of each slurry was mqubated for 2 h at §°C with 10—
oligonucleotides with 25-5QCi of [y-32P]JATP in a 10ul reaction 20 ug of total RNA_S extrac_:ted from wild-type antlA strains. Beads

[70 mM Tris=HCI pH 7.6, 10 mM MgG}, 5 mM dithiothreitol (DTT), were washed five times with IP buffer, and total RNAs were extracted

10 U of T4 polynucleotide kinase from New England Biolabs]. The bY digestion with 10pg of proteinase K and phenol—chloroform
reaction was incubated for 30 min at 37°C, and for 5 min at 85°C to €xtraction. Northern blot analysis of immunoprecipitated RNAs was
inactivate the kinase, and was run through two G-25 Microspin spin 2S above.
columns (Pharmacia) to remove unincorporated label.

Plasmids encoding the antisense probes or the substrate fdtro Primer extension
cleavage assays were all generated using the same strategy. A PCRTotal RNAs (2—4ug) were denatured for 3 min at 85°C in the presence
fragment was generated wiltfu polymerase (Stratagene) with a forward  of 0.3 pmol of B-labeled oligonucleotide in a total volume of 2%
primer carrying a T7 promoter. The PCR product was cloned into PSP64 and incubated for 5 min at 45°C. Elongation was done for 25 min at
which carries an SP6 promoter (Krieg and Melton, 1987). Thus, using 45°C in a 5ul reaction [50 mM Tris pH 8.3, 75 mM KCI, 3 mM MgG|

appropriate digestion, the same plasmid can be usedirfovitro 10 mM DTT, 0.05ug/ul actinomycin D, 500uM dNTPs and 20 Ul
transcription with SP6 RNA polymerase to obtain antisense probes or Mo-MLV reverse transcriptase (Gibco-BRL)]. Reactions were stopped
with T7 RNA polymerase to obtain substrates far vitro cleavage by addition of 5ul of FLB, denatured for 5 min at 85°C and loaded on
assays. Details of the constructs are available upon regunesftro 5% sequencing gels. To obtain a sequencing ladder, half of a standard
transcription was performed with linearized plasmid templates, as 50 pl PCR reaction was denatured for 5 min at 100°C with 2 pmol of
described (Chanfreau and Jacquier, 1996), except thatHJUTP was 5’-labeled oligonucleotide and chilled on ice; extension was done using
used for labeling. Transcripts were not capped. Sequenase reagents (USB) without labeling mix.
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RNase A/T1 mapping Barbhaiya,H., Leverette,R.D., Liu,J. and Maxwell,E.S. (1994) Processing
33%p_labeled probes for RNase protection were obtainedirbyitro of U14 small nucleolar RNA from three different introns of the
transcription of the corresponding linearized plasmids, as described mouse 70-kDa-cognate-heat-shock-protein pre-messenger RWA.
(Chanfreau and Jacquier, 1996). Total RNAs (2:¢) were denatured J. Biochem 226, 765-771.

for 10 min at 85°C with 50 fmol of gel-purified®P internally labeled Baudin,A., Ozier-Kalogeropoulos,O., Denouel,A., Lacroute,F. and

RNA probe, in 80% deionized formamide, 40 mM PIPES pH 6.5, Cullin,C. (1993) A simple and efficient method for direct gene deletion
400 mM NacCl, 1 mM EDTA. Annealing was performed for 4 h at 45°C in Saccharomyces cerevisiagucleic Acids Res21, 3329-3330.

in 30 ul. Digestion was done by addition of 270 of digestion cocktail Baudin-Baillieu,A., Guillemet,E., Cullin,C. and Lacroute,F. (1997)
(1 pg RNase A; 500 U of RNase T1 from Boehringer Mannheim; Construction of a yeast strain deleted for the TRP1 promoter and
10 mM Tris—HCI pH 7.5; 300 mM NacCl; 5 mM EDTA) for 30 min at coding region that enhances the efficiency of the polymerase chain
37°C. Reactions were stopped by adding [1.8f 20% SDS and 1Qug reaction-disruption methodleast 13, 353—-356.

of proteinase K. RNAs were extracted by phenol—-chloroform, precipitated Caffarelli,E., Arese,M., Santoro,B., Fragapane,P. and Bozzoni,l. (1994)
with ethanol, resuspended in FLB and loaded on 5 or 6% sequencing gels. In vitro study of processing of the intron-encoded U16 small nucleolar
RNA in Xenopus laevisMol. Cell. Biol., 14, 2966—2974.

In vitro processing reactions Caffarelli,E., Fatica,A., Prislei,S., De Gregorio,E., Fragapane,P. and
Whole-cell extracts were prepared from wild-type antlA sister spore Bozzoni,l. (1996) Processing of the intron-encoded U16 and U18
strains as described (Umen and Guthrie, 1995). For the chase experiment SNORNAs: the conserved C and D boxes control both the processing
of Figure 4, 10ul reactions included Jul of whole-cell extract, 60 mM reaction and the stability of the mature snoRNBMBO J, 15,

potassium phosphate (pH 7.2), 3% polyethyleneglycol (PEG; average 1121-1131. _ _
mol. wt 8000), 10 mM MgGJ and 0.5ug/ul wheat-germ tRNA, and Cavaille,J., Nicoloso,M. and Bachellerie,J.P. (1996) Targeted ribose
were incubated for 45 min at 30°C with buffer alone or with 3 pmol of ~ Methylation of RNAn vivo directed by tailored antisense RNA
GST-Rntl or 100 pmol of GST, prepared as described (Abou Elela _ 9uides.Naturg 383 732-735. .

et al,, 1996) from arE.coli strain lacking thenc gene encoding RNase ~ Chanfreau,G. and Jacquier,A. (1996) An RNA conformational change
Il (kind gift of A.Nicholson). Reactions were stopped with 3p0of between the two chemical steps of group Il self-spliciBIBO J,
STOP buffer (Chanfreaet al., 1997) with 10ug of proteinase K and 15, 3466-3476. .

20 pg of glycogen as a carrier. RNAs were extracted with phenol- Chanfreau,G., Abou Elela,S., AresM.Jr and Guthrie,C. (1997)
chloroform, precipitated with ethanol and loaded on a 5% acrylamide ~ Alternative 3 end processing of U5 snRNA by RNase IEenes
sequencing gel. Northern blotting was as described aboveinFdtro Dev, 11, 2741-2751. . _
cleavage of thén vitro synthesized transcripts, 0.1 pmol of gel-purified ~ Chelladurai,B., Li,H., Zhang,K. and Nicholson,A.W. (1993) Mutational
33p_labeled dicistronic substrate was incubated for the time indicated at ~ analysis of a ribonuclease Il processing sigriélochemistry 32,
24°C in 5yl reactions (30 mM KCI, 10 mM MgGl 30 mM Tris—HClI 7549-7558. _

pH 7.5, 0.1 mM DTT, 0.1 mM EDTA, 0j5g/ul wheat-germ tRNA) with Court,D. (1993) RNase lll: A double strand processing enzyme. In
10-40 pmol of GST or 0.1-0.3 pmol of GST-Rntl. Reactions were ~ Brawerman,G. and Belasco J. (ed§jontrol of Messenger RNA
quenched by addition of &l of FLB and directly loaded on a 5% ‘Stability Academic Press, New York, pp. 70-116.
sequencing gel after 3 min of denaturation at 100°C. Cleavage in extracts Dichtl,B., Stevens,A. and Tollervey,D. (1997) Lithium toxicity in yeast
was done for 2.5 min in 60 mM potassium phosphate (pH 7.2), 3% PEG IS due to the inhibition of RNA processing enzym&\BO J, 16,
(average mol. wt 8000) and 10 mM Mgglnd RNAs were extracted 7184-7195. o _ ,

as above. For RNase H mapping, 10-100 fmol of the gel-purified Fragapane,P.,Prlslel,S.,M|ch|en2|,A.,Cfaffarelll,E. ar_]d I_30220n_|,|.(1993)
fragments were denatured for 5 min at 85°C with 10 pmol of the A novel small nucleolar RNA (U16) is encoded inside a ribosomal

corresponding oligonucleotides angi§ of wheat-germ tRNA in 2.5l. protein intron and originates by processing of the pre-mREWBO
Annealing was done for 20 min at 37°C. RNase H digestion was done _ J.» 12, 2921-2928. ) . - .
in 5 pl of 40 mM Tris—HCI pH 7.5, 50 mM KCI, 5 mM MgG} 1 U of Ganot,P., Bortolin,M.L. and Kiss,T. (1997a) Site-specific pseudouridine

E.coli RNase H (from USB) for 30 min at 37°C. Reactions were stopped formation in preribosomal RNA is guided by small nucleolar RNAs.
by addition of 5pl of FLB and loaded on sequencing gels. Primer _ Cell, 89, 799-809.

extension analysis of the cleavage fragments was done as above. Ganot,P., Caizergues-Ferrer,M. and Kiss,T. (1997b) The family of box
ACA small nucleolar RNAs is defined by an evolutionarily conserved

secondary structure and ubiquitous sequence elements essential for
RNA accumulationGenes Dey 11, 941-956.
ACknOWIedgements Guthrie,C. and Fink,G.R. (199Guide to Yeast Genetics and Molecular
We thank C.Coffinier, M.Fromont, D.Lallemand, J.-C.Rain and C.Transy ~ Biology. Academic Press, San Diego, CA.
for suggestions and technical advice, B.Dujon’s lab for extensive use of Huang,G.M., Jarmolowski,A., Struck,J.C. and Fournier,M.J. (1992)
their hybridization equipment, S.Noble for the gift of oligonucleotides, ~ Accumulation of U14 small nuclear RNA Baccharomyces cerevisiae
M.Ares for the RNT1 and GST-RNT1 plasmids, A.Nicholson for the  requires box C, box D and &,53' terminal stemMol. Cell. Biol,
RNase Il E.coli strain, M.Ares and D.Tollervey for sharing results 12, 4456-4463.
prior to publication, and M.Ares, C.Coffinier, E.Fabre, J.Staley and Kiss,T. and Filipowicz,W. (1993) Small nucleolar RNAs encoded by
D.Tollervey for critical reading of the manuscript. G.R was supported  introns of the human cell cycle regulatory geREC1 EMBO J, 12,
by a fellowship from the EEC (Human Capital and Mobility). G.C. is 2913-2920.
chardede recherches at the CNRS. Kiss,T. and Filipowicz,W. (1995) Exonucleolytic processing of small
nucleolar RNAs from pre-mRNA introns$senes Dey 9, 1411-1424.
Kiss-Laszlo,Z., Henry,Y., Bachellerie,J.P., Caizergues-Ferrer,M. and
References Kiss,T. (1996) Site-specific ribose methylation of preribosomal RNA:
a novel function for small nucleolar RNA&ell, 85, 1077-1088.
Abou Elela,S. and Ares,M., Jr (1998) Depletion of yeast RNase Ill Krainer,A.R. (1988) Pre-mRNA splicing by complementation with
blocks correct U2 3end formation and results in polyadenylated but purified human U1, U2, U4/U6 and U5 snRNRaucleic Acids Res

functional U2 snRNAEMBO J, 17, 3738-3746. 16, 9415-9429.
Abou Elela,S., Igel,H. and Ares,M.,Jr (1996) RNase lll cleaves eukaryotic Krieg,P.A. and Melton,D.A. (1987)n vitro RNA synthesis with SP6
preribosomal RNA at a U3 snoRNP-dependent §iell, 85, 115-124. RNA polymeraseMethods Enzymql155 397-415.

Bachellerie,J.P., Michot,B., Nicoloso,M., Balakin,A., Ni,J. and Fournier, Lafontaine,D. and Tollervey,D. (1995) Trans-acting factors in yeast pre-
M.J. (1995) Antisense snoRNAs: a family of nucleolar RNAs with rRNA and pre-snoRNA processingiochem. Cell. Biol 73, 803-812.

long complementarities to rRNArends Biochem. S¢i20, 261-264. Leader,D.J., Sanders,J.F., Waugh,R., Shaw,P. and Brown,J.W. (1994)
Balakin,A.G., Lempicki,R.A., Huang,G.M. and Fournier,M.J. (1994) Molecular characterisation of plant U14 small nucleolar RNA genes:

Saccharomyces cerevisigd4 small nuclear RNA has little secondary closely linked genes are transcribed as polycistronic U14 transcripts.

structure and appears to be produced by post-transcriptional processing. Nucleic Acids Res22, 5196-5203.

J. Biol. Chem, 269, 739-746. Leader,D.J., Clark,G.P., Watters,J., Beven,A.F., Shaw,P.J. and Brown,J.W.
Balakin,A.G., Smith,L. and Fournier,M.J. (1996) The RNA world of the (1997) Clusters of multiple different small nucleolar RNA genes in

nucleolus: two major families of small RNAs defined by different box plants are expressed as and processed from polycistronic pre-snoRNAs.

elements with related function€ell, 86, 823-834. EMBO J, 16, 5742-5751.

3736



Leverette,R.D., Andrews,M.T. and Maxwell,E.S. (1992) Mouse U14
snRNA is a processed intron of the cognate hsc70 heat shock pre-
messenger RNACell, 71, 1215-1221.

Li,H.D., Zagorski,J. and Fournier,M.J. (1990) Depletion of U14 small
nuclear RNA (snR128) disrupts production of 18S rRNA in
Saccharomyces cerevisiadol. Cell. Biol., 10, 1145-1152.

Liang,W.Q. and Fournier,M.J. (1995) U14 base-pairs with 18S rRNA: a
novel snoRNA interaction required for rRNA processifgnes Dey
9, 2433-2443.

Liu,J. and Maxwell,E.S. (1990) Mouse U14 snRNA is encoded in an
intron of the mouse cognate hsc70 heat shock gbheleic Acids
Res, 18, 6565-6571.

Maxwell,E.S. and Fournier,M.J. (1995) The small nucleolar RNAs.
Annu. Rev. Biochem64, 897-934.

Morrissey,J.P. and Tollervey,D. (1997) U14 small nucleolar RNA makes
multiple contacts with the pre-ribosomal RN&hromosoma105,
515-522.

Ni,J., Tien,A.L. and Fournier,M.J. (1997) Small nucleolar RNAs direct
site-specific synthesis of pseudouridine in ribosomal RIGAll, 89,
565-573.

Petfalski,E., Dandekar,T., Henry,Y. and Tollervey (1998) Processing of
precursors to small nucleolar RNAs and ribosomal RNAs requires
common componentd/ol. Cell. Biol., 18, 1181-1189.

Prislei,S., Michienzi,A., Presutti,C., Fragapane,P. and Bozzoni,l. (1993)
Two different snoRNAs are encoded in introns of amphibian and
human L1 ribosomal protein genésucleic Acids Res21, 5824-5830.

Rotondo,G. and Frendewey,D. (1996) Purification and characterization
of the Pacl ribonuclease @&chizosaccharomyces pomb¥éucleic
Acids Res 24, 2377-2386.

Samarsky,D.A., Schneider,G.S. and Fournier,M.J. (1996) An essential
domain in Saccharomyces cerevisidd14 snoRNA is absent in
vertebrates, but conserved in other yeabtscleic Acids Res 24,
2059-2066.

Smith,C.M. and Steitz,J.A. (1997) Sno storm in the nucleolus: new roles
for myriad small RNPsCell, 89, 669-672.

Takiff,H.E., Chen,S.M. and Court,D.L. (1989) Genetic analysis of the
rnc operon ofEscherichia coli J. Bacteriol, 171, 2581-2590.

Tollervey,D. (1996) Small nucleolar RNAs guide ribosomal RNA
methylation.Science273 1056-1057.

Tollervey,D. and Kiss, T. (1997) Function and synthesis of small nucleolar
RNAs. Curr. Opin. Cell Biol, 9, 337-342.

Tycowski,K.T., Shu,M.D. and Steitz,J.A. (1993) A small nucleolar RNA
is processed from an intron of the human gene encoding ribosomal
protein S3.Genes Dey 7, 1176-1190.

Tycowski,K.T., Shu,M.D. and Steitz,J.A. (1996a) A mammalian gene
with introns instead of exons generating stable RNA prodiasure
379 464-466.

Tycowski,K.T., Smith,C.M., Shu,M.D. and Steitz,J.A. (1996b) A small
nucleolar RNA requirement for site-specific ribose methylation of
rRNA in XenopusProc. Natl Acad. Sci. USA3, 14480-14485.

Umen,J.G. and Guthrie,C. (1995) A novel role for a U5 snRNP protein
in 3’ splice site selectionGenes Dey 9, 855-868.

Vijayraghavan,U., Parker,R., Tamm,J., limura,Y., Rossi,J., Abelson,J. and
Guthrie,C. (1986) Mutations in conserved intron sequences affect
multiple steps in the yeast splicing pathway, particularly assembly of
the spliceosomeEMBO J, 5, 1683-1695.

Watkins,N.J., Leverette,R.D., Xia,L., Andrews,M.T. and Maxwell,E.S.
(1996) Elements essential for processing intronic U14 snoRNA are
located at the termini of the mature snoRNA sequence and include
conserved nucleotide boxes C andRNA 2, 118-133.

Xia,L., Watkins,N.J. and Maxwell,E.S. (1997) Identification of specific
nucleotide sequences and structural elements required for intronic
U14 snoRNA processindRNA 3, 17-26.

Yoo,C.J. and Wolin,S.L. (1997) The yeast La protein is required for the
3’ endonucleolytic cleavage that matures tRNA precursoedl, 89,
393-402.

Zagorski,J., Tollervey,D. and Fournier,M.J. (1988) Characterization of
an SNR gene locus iSaccharomyces cerevisidleat specifies both
dispensible and essential small nuclear RNA®I. Cell. Biol, 8,
3282-3290.

Zhang,K. and Nicholson,A.W. (1997) Regulation of ribonuclease Il
processing by double-helical sequence antideterminddrts. Natl
Acad. Sci. USA94, 13437-13441.

Zuker,M. (1994) Prediction of RNA secondary structure by
energy minimizationMethods Mol. Bial, 25, 267-294.

Received March 11, 1998; revised May 6, 1998; accepted May 7, 1998

Dicistronic snoRNA processing by Rnt1

3737



