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Many small nucleolar RNAs (snoRNAs) are encoded within introns of protein-encoding genes and are
released by processing of their host pre-mRNA. We have investigated the mechanism of processing of the yeast
U18 snoRNA, which is found in the intron of the gene coding for translational elongation factor EF-13. We
have focused our analysis on the relationship between splicing of the EF-1$3 pre-mRNA and production of the
mature snoRNA. Mutations inhibiting splicing of the EF-1f3 pre-mRNA have been shown to produce normal
U18 snoRNA levels together with the accumulation of intermediates deriving from the pre-mRNA, thus
indicating that the precursor is an efficient processing substrate. Inhibition of 5'—3’ exonucleases obtained by
insertion of G cassettes or by the use of a rat1-1 xrnl A mutant strain does not impair U18 release. In the Exo™
strain, 3’ cutoff products, diagnostic of an endonuclease-mediated processing pathway, were detected. Our data
indicate that biosynthesis of the yeast Ul8 snoRNA relies on two different pathways, depending on both
exonucleolytic and endonucleolytic activities: a major processing pathway based on conversion of the de-
branched intron and a minor one acting by endonucleolytic cleavage of the pre-mRNA.

The small nucleolar RNAs (snoRNAs) represent a wide
class of short RNA molecules localized in the nucleoli of eu-
karyotic cells and linked to the complex process of ribosome
biogenesis (reviewed in reference 28). They can be subdivided
into two major classes based on their conserved structural and
sequence elements (2, 40, 45). The first class consists of box
C/D snoRNAs, which are characterized by a 5'-3' terminal
stem and two conserved sequence motifs, called boxes C and
D, both required for their processing and stability (3, 6, 19, 53).
All of them form small nucleolar ribonucleoprotein (snoRNP)
complexes containing the evolutionarily conserved protein
fibrillarin (3, 20, 33, 38, 46). Most of these snoRNAs contain
long stretches (>10 nt) of perfect complementarity to the
universal core regions of mature rRNAs (1, 41, 48), and it has
been demonstrated that these antisense snoRNAs function as
guide RNAs for directing site-specific 2'-O methylation of
pre-rRNA (23, 32). This class also includes the phylogeneti-
cally conserved U3 and U14 and the vertebrate U8 and U22
snoRNAs, which have also been shown to directly participate
in the processing reactions of the pre-rRNA (28, 49). The
second class of snoRNAs is the H/ACA family (2, 12), whose
members share a conserved hairpin-hinge-hairpin tail structure
and short consensus sequences (H and ACA boxes); they also
display short elements of complementarity to the rRNA (<10
nt) and associate with the GARI1p protein (2, 13). Recent
reports demonstrate that most H/ACA snoRNPs are involved
in directing site-specific isomerization of uridine into pseu-
douridine on pre-rRNA (11, 31). Among these, only the yeast
snR30 and snR10 box H/ACA snoRNAs have been shown to
be necessary for rRNA processing. The only exception to the
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above classification is 7-2/MRP, the RNA component of
RNase MRP required for cleavage of precursor rRNA (45).
The snoRNA genes have a dichotomous genomic organiza-
tion. The most abundant vertebrate snoRNAs and most of the
yeast snoRNAs are transcribed from independent genes by
RNA polymerase II or, in the case of 7-2/MRP, by RNA
polymerase III (16). On the other hand, a large number of
snoRNAs are encoded within introns of protein genes and
require processing from host pre-mRNAs to be released (28).
Intriguingly, most of the host genes encode proteins related to
ribosome function, suggesting a possible regulatory link among
all of these components (28). The presence of snoRNAs within
introns also raises the new issue of relating intronic snoRNA
biosynthesis to processing of the host pre-mRNA. The biosyn-
thetic mechanism of several intron-encoded snoRNAs has
been investigated in vivo and in vitro, leading to the proposal
of two alternative processing models. One model predicts that
the snoRNA processing reaction is accomplished through the
splicing pathway by exonucleolytic trimming of the spliced host
intron after it has been debranched. Such a processing mech-
anism was originally suggested for human U17 and U19 (22).
In fact, both of these snoRNAs are released from host and
nonhost spliceable precursors in vivo, suggesting that the
snoRNA coding regions contain all of the signals required for
faithful excision. Exonucleolytic trimming has also been pro-
posed for some other snoRNAs, such as the U15 (47) and U20
(8) snoRNAs. A different maturation pathway, based on en-
donucleolytic activity, has been proposed for the Xenopus lae-
vis U16 and U18 snoRNAs, both of which are encoded within
introns of the L1 ribosomal protein gene (10, 36). It has been
demonstrated that they can be produced through a pathway,
alternative to splicing, which involves endonucleolytic cleavage
of the pre-mRNA (5, 6). This event is driven by two indepen-
dent endonucleolytic cleavages within intron sequences up-
stream and downstream of the snoRNA coding region, pro-
ducing 5" and 3’ cutoff products; when both cleavages occur on
the same precursor, pre-snoRNA molecules are produced that
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still contain 5" and 3’ trailer sequences. Finally, exonucleolytic
trimming converts the processing intermediates into mature
snoRNA molecules.

In this study, we have investigated the mechanism of pro-
cessing of the yeast U18 snoRNA, which belongs to the fam-
ily of box C/D snoRNAs. In Saccharomyces cerevisiae, this
snoRNA is encoded within the intron of the gene coding for
translational elongation factor EF-1B and likely functions in
the methylation of 25S rRNA (23, 32). Here, we report that
processing of the U18 snoRNA occurs efficiently even in the
absence of host pre-mRNA splicing, showing that the entire
precursor, and not only the lariat, is a substrate for this reac-
tion. U18 snoRNA biosynthesis is not impaired when poly(G)
cassettes are located upstream of the U18 coding sequences
or when the major yeast 5'—3" exonucleases (XRN1p and
RAT1p) are inactivated. Under these conditions, specific cut-
off products can be detected. Our results point to the involve-
ment of an endonucleolytic activity in the processing pathway
leading to release of the U18 snoRNA from the intron of the
EF-1B pre-mRNA.

MATERIALS AND METHODS

Strains and media. Growth and handling of S. cerevisiae were done by stan-
dard techniques. The strains used were CH1462 (MATa ade2 ade3 leu2 ura3 his3
canl [24]) and D174 (MATa ade2-1 xrnl::URA3 ratl-1 [15]). For induction
experiments, galactose at a final concentration of 2% was directly added to
cultures grown in nonrepressive medium containing 2% raffinose and 0.05%
glucose. Exonuclease-deficient strains were grown at 23°C until they reached
mid-log phase and then shifted to 37°C for 1.5 h prior to galactose induction.
Transcriptional pulse-chase experiments were performed as previously described
(9), with minor modifications. Briefly, cultures were grown in 200 ml of selective
medium containing 2% raffinose and 0.05% glucose until they reached mid-log
phase, washed twice, and resuspended in the same volume of prewarmed selec-
tive medium containing 2% raffinose. After 1 h of incubation, a 10-ml aliquot was
removed for an uninduced control, and galactose at a final concentration of 2%
was added to start transcription, which was then repressed after 20 min by the
addition of glucose to a final concentration of 4%. Aliquots (10 ml) were har-
vested at different times during both the induction and repression periods and
quickly frozen on dry ice.

Plasmid construction. Plasmid pBS-EFBI1 containing the genomic EFBI clone
was used as the starting material for generation of all of the constructs used in
this work. Part of the gene (from position —24 to position +524, with respect to
the ATG codon) was amplified by PCR using oligonucleotides yU18F and E3’
(see below) and then cloned into the SacI and HindIII sites of the Bluescript
plasmid to obtain pBSU18wt. Point mutations were then introduced by inverse
PCR at the 5’ splice site using oligonucleotides CSF and C5B and at the branch
site using oligonucleotides CbsF and I3’ to obtain pBSU18CS and pBSU18Cbs,
respectively. The introduction of a tag in the 3" sequence of U18 was obtained by
replacement of 20 nucleotides by inverse PCR using oligonucleotides U18tagF
and Ul8tagB, and then the SacI-HindIII-tagged U18 fragments were recovered
and the Sacl site was blunt ended with T4 polymerase. Subsequently, the frag-
ments were inserted into the Smal and HindIII sites of plasmid p416GAL1 (30)
to obtain the pGALU18wt, pPGALU18C5, and pGALU18Cbs constructs. Muta-
tion in the C box was introduced by inverse PCR on the tagged pBSU18 plasmids
using oligonucleotides bCF and bCB; the Hpal-EcoRI fragments were then
recovered and inserted into the corresponding sites of the pGALU18 plasmids.
The G cassette (pG), consisting of 18 G residues, was introduced by PCR into the
5" untranslated region (UTR) of the tagged pBSU18 plasmids by using oligonu-
cleotides U18pG and E3’; the Spel-EcoRI fragments were then recovered and
inserted into the corresponding sites of the pGALU18 plasmids. Similarly, in-
troduction of the G cassette into the intron was performed by PCR using
oligonucleotides U18pGint and E3’ and insertion of the resulting fragment
between the Af/III and EcoRI sites of the pGALU18 plasmids. To allow the
expression of GALUI1S8 constructs in the ratl-1 xrnl::URA3 strain, we changed
the marker gene of plasmid p416GALI1 by inserting the ADE2 gene, recovered
from plasmid Yep(ADE) (35), into the BstBI site of the URA3 gene.

Oligonucleotides. The oligonucleotides used in the course of this work for
cloning steps and/or for RNA analyses by Northern hybridization or primer
extensions were named anti-tag (5'-TGCGGACTGCCTGGATGCCG-3'), bCB
(5'-TTCACATAAGCGAAAAAAAGTAAT-3'), bCF (5'-CATTGAATTTAA
TTCTTTGGTC-3"), C5B (5'-CTTCAATGTATGACTTGTC-3"), C5F (5'-GGT
ATCTTCCGATTTAGT-3’), CbsF (5'-TACTACCAAGCAAAATG-3'), E3’
(5'-GCAAGCTTGTTGAACCATCTGAA-3"), E5' (5'-TTGACGTTAAAGTA
TAGAGG-3"), I3’ (5'-ATGAGAACTTTTTTCTTG-3"), I5' (5'-ACTTCCCTT
TACATGTAACC-3'), ITS1 (5'-CCAGTTACGAAAATTCTTG-3"), L32 (5'-T
CCTTTGAACGGACTCTCTC-3"), Ul (5'-TTCATCATAAACTTAAGTTCA
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FIG. 1. Structures of EFBI episomal constructs expressing the tagged U18
snoRNA. The diagrammatic representation shows plasmid pGALU18, contain-
ing the transcriptional unit of the EFBI gene between the GALI promoter and
the CYCI terminator, and its mutant derivatives. The dark box within the U18
snoRNA represents the tag sequence. All of the mutations introduced are shown
in boldface letters and are aligned with the corresponding wild-type (wt) se-
quences. Gz indicates the site of insertion of the poly(G) cassette. The different
oligonucleotides utilized in the work are indicated by arrows in the regions where
they hybridize. The lengths of the different portions of the construct are indicated
in nucleotides. pA indicates the polyadenylation site within the CYC1 terminator
(term).

TTCGAATCTCCGTC-3"), U18pG (5'-AGACTAGTGGGGGGGGGGGGGG
GGGGATCCCCCGGTCCAACCGA-3"), Ul8pGint (5'-GCACATGTGGGG
GGGGGGGGGGGGGGAAGTTAACTAATAATGAT-3"), Ul8tagB (5'-CT
GGATGCCGTGTCACTCATATCGGGGGTC-3"), Ul8tagF (5'-GCAGTCCG
CACACAGTATCTGACGATAGCA-3"), and yU18F (5'-GCGAGCTCGTCC
AACCGAATATA-3').

RNA analysis. RNA was extracted from exponentially growing cultures of
S. cerevisiae by the hot-phenol method as previously described (39). RNA con-
centrations were routinely calibrated by 4,4, and ethidium bromide staining on
formaldehyde gels and normalized by hybridization with a Ul snRNA oligonu-
cleotide. Primer extension analyses were performed as previously described (4).
For Northern blot analyses, 5 pg of total RNA was typically electrophoresed on
6% polyacrylamide—7 M urea gels and electrotransferred at 4°C to Amersham
Hybond-N filters for 3 h at 380 mA in 25 mM NaPO, (pH 6.5) buffer. All
hybridizations were carried out under standard conditions. Ten picomoles of
each oligonucleotide was routinely 5’ end labelled with 30 pnCi of [y-*°P]ATP.

RESULTS

U18 snoRNA biosynthesis is independent of ongoing splic-
ing. The yeast U18 snoRNA is located in the intron of the
EFBI gene (1, 28), which encodes translational elongation
factor EF-1pB (17). Since the EF-1B pre-mRNA has canonical
splice site sequences and is likely to splice quite efficiently, it
represents an interesting system for use in studying the rela-
tionship between splicing of the host pre-mRNA and biosyn-
thesis of the intron-encoded RNA. We investigated the effect
of splice site mutations on production of the U18 snoRNA: two
independent single-base substitutions were introduced at the
5’ splice site and at the branch nucleotide of an episomal copy
of the EFBI gene (plasmid pGALU18wt [Fig. 1]), cloned be-
tween the GALI promoter and CYCI terminator sequences of
plasmid p416GAL1 (30). The invariant fifth nucleotide (un-
derlined) of the GUAUGU consensus sequence of the 5’
splice site was substituted for a C, generating plasmid pGALU
18C5 (Fig. 1). This mutation is known to strongly reduce the
splicing efficiency of a precursor RNA and to trigger accumu-
lation of pre-mRNA and splicing intermediates in vivo (27, 50).
The second point mutation is carried by plasmid pGALU
18Cbs and consists of the replacement of the absolutely con-
served A residue (underlined) of the TACTAAC branch site
with a C residue. This mutation causes a severe splicing-defi-
cient phenotype, which results in almost undetectable levels of
the spliced products and the lariat intermediate (37, 50). To
monitor the processing of the U18 snoRNA from the wild-type
and mutant episomal constructs, 20 nucleotides of the 3’ se-
quence of Ul8, not conserved between yeast and higher eu-
karyotes (36), were replaced with a tag of the same length.
Each plasmid was transformed into wild-type recipient strain
CH1462 (24), and expression of the episomal EFBI gene was
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induced by addition of galactose to exponentially growing cells
pregrown on raffinose. Aliquots were harvested at different
times after transcriptional induction, and the accumulation of
tagged U18 was assessed by Northern analysis. As shown in
Fig. 2A, hybridization with the anti-tag oligonucleotide de-
tected high levels of accumulation of U18 snoRNA expressed
from the wild-type episomal EFBI construct (wt lanes). Almost
comparable levels of tagged U18 were also observed when the
snoRNA was encoded within the mutant splicing substrates
(CS5 and Cbs lanes). Serial hybridizations of the same filter with
exon probes (Fig. 2B and C) allowed the characterization of
the different products visualized in panel A. As expected, in
strains carrying the U18C5 and U18Cbs constructs, EF-1p
pre-mRNA accumulated and no spliced mRNA was detected;
moreover, no signals due to the utilization of cryptic splice sites
were detected by this and other analyses (data not shown); on
the contrary, mature mRNA is normally produced from the
wild-type precursor (wt lanes). The anti-tag probe detected two
additional products in strains carrying the splicing mutants:
bands I-2 and I-3. Band I-2 was also visualized with oligonu-
cleotide E3’, which is specific for the downstream exon (panel
C), while band I-3 was revealed by oligonucleotide E5’, which
recognizes the 5" exon (panel B). From the sizes of the bands,
it can be predicted that I-2 extends from the 5’ end of U18 to
the 3’ end of the pre-mRNA, while I-3 extends from the 5’ end
of the pre-mRNA to the 3’ end of U18 (shown in the diagram-
matic representations on the right). This was confirmed by
RNase H and primer extension analyses with appropriate oli-
gonucleotides (data not shown). The stability of the I-2 and I-3
molecules, which do not possess the 5’ cap and the poly(A) tail,
respectively, is very likely due to the interaction of specific
factors with the conserved C/D boxes, which would prevent
degradative trimming, as already described in other cases (6,
44, 54). In fact, mutants with mutations in the conserved C box
accumulated neither I-2 and I-3 nor U18 (data not shown). In
panel D, the hybridization on the same filter with the Ul
snRNA probe is shown as a control.

The I-2 and I-3 molecules are likely to represent U18
snoRNA biosynthetic intermediates deriving from unspliced
pre-mRNA, similar to what was previously shown for the U14,
U16, and U18 snoRNAs in X. laevis (6, 53, 54). To test this
hypothesis, we examined the precursor-product relationship by
the transcriptional pulse-chase procedure (9). Transcription
from plasmid pGALU18Cbs was induced by galactose for a
short time (20 min) and then repressed by glucose addition.
Aliquots were collected at different time points, and the pres-
ence of the different processing products was analyzed by
Northern analysis. The amount of RNA loaded in each lane
was normalized with a Ul snRNA control hybridization (not
shown). Figure 3 shows that the pre-mRNA was converted to
the mature U18 snoRNA by a two-step reaction. The pre-
mRNA reached a maximum at 20 min after induction, and at
20 min after glucose repression, it had almost disappeared.
Concomitantly with the pre-mRNA decrease, the levels of the
I-2 and I-3 molecules increased. The U18 snoRNA reached its
maximum accumulation between 30 and 60 min, and its level
remained stable until the end of the analysis (4 h), as expected
for a stable RNA. Since U18 accumulation is delayed with
respect to pre-mRNA disappearance but rather follows the
kinetics of I-2 and I-3 accumulation, we concluded that I-2 and
I-3 molecules represent U18 processing intermediates. Note
that the U18 signal was visualized even before galactose addi-
tion to the medium (lane gal 0), suggesting that some tran-
scription also occurs before induction.

Role of 5'—3’ exonucleases in U18 snoRNA processing. Two
main processing pathways have been proposed for intron-en-
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FIG. 2. Production of the U18 snoRNA from wild-type (wt) EFBI and its
splicing mutant derivatives. (A) Total RNA was extracted from strain CH1462
transformed with the pGALU18wt (wt lanes), pGALU18C5 (C5 lanes), and
pGALU18Cbs (Cbs lanes) plasmids at different times of galactose induction
(hr-gal). Samples of 5 ug were run on a 6% acrylamide-7 M urea gel, electro-
blotted onto a nylon membrane, and hybridized with the anti-tag oligonucleotide.
The different products are indicated on the right, together with their schematic
representations (dark boxes are exons, open boxes are U18, and lines are intronic
sequences plus the 5 UTR). The numbers above the lanes indicate hours of
galactose induction. The same filter was rehybridized with oligonucleotides E5’
(B) and E3’ (C), which are complementary to the 5" and 3" exons, respectively.
(D) Control hybridization to Ul RNA. Oligonucleotides used in filter hybrid-
izations are indicated below the panels. Lanes M contained MspI-digested
pBR322 plasmid DNA. Molecular sizes are indicated on the left in nucleotides.
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FIG. 3. Transcriptional pulse-chase analysis of Ul8 processing. Northern
blot analysis was performed on 5 pg of total RNA extracted from strain CH1462
containing the pGALU18Cbs construct (Fig. 1) at different times after galactose
induction (gal lanes) or glucose transcriptional repression (glu lanes). The filter
was hybridized with the anti-tag oligonucleotide. The different molecules are
diagrammed on the right, as in Fig. 2. The numbers above the lanes indicate
minutes of incubation in medium containing the indicated carbon source. Lane
M contained MspI-digested pBR322 plasmid DNA.

coded snoRNAs, both involving 5'—3" and 3'—5" exonucleo-
Iytic activities for the removal of 5" and 3’ trailer sequences on
either the debranched lariat or host pre-mRNA cutoff prod-
ucts. Since the above results show that the EF-1B pre-mRNA
can be a substrate for U18 maturation, we investigated whether
exonucleolytic trimming from the 5" end of the pre-mRNA
could be responsible for U18 production. If this is the case,
trimming should occur after decapping of the pre-mRNA.
Since poly(G) tracts form extremely stable RNA secondary
structures, which represent efficient blocks to yeast 5'—3" exo-
nucleases (9, 35, 52), we inserted such sequences into the 5’
UTRs of the pGALU18wt and pGALUI18Cbs constructs
(wt/pG and Cbs/pG derivatives; Fig. 1) and looked at the
accumulation of tagged U18 (Fig. 4). In strains transformed
with the construct containing the branch site mutation (Cbs/pG
lanes), U18 and I-2 accumulated efficiently. These results sug-
gest the presence of processing sites between the poly(G) cas-
sette and U18. As a control, the poly(G) cassette inserted into
the wild-type construct, which produces U18 mainly through
the splicing pathway, also showed an unaffected processing
pattern (wt/pG lanes). The insertion of a poly(G) cassette into
the 5’ portion of the intron (34 nucleotides upstream of the
snoRNA coding region), also did not affect U18 accumulation
(data not shown), suggesting the occurrence of processing in-
side the intron.

To better understand the role of 5'—3" exonucleases in U18
snoRNA processing, we also made use of a yeast strain carry-
ing mutations in the RATI and XRNI genes, whose protein
products have been reported to be the major 5'—3" exonucle-
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FIG. 4. Insertion of a G cassette in the 5’ UTR does not abolish U18 pro-
cessing. Northern blot analysis of 5 pg of total RNA extracted at different times
of galactose induction (hr-gal) from yeast strains transformed with plasmids
pGALU18wt/pG and pGALUI18Cbs/pG containing the pG insertion in the 5’
UTR of the wild-type (wt) construct and of the Cbs mutant, respectively (Fig. 1).
Hybridization was performed with the anti-tag oligonucleotide. The different
molecules are diagrammed on the right, as in Fig. 2. The black box in the 5’ UTR
represents the G cassette. The numbers above the lanes indicate hours of galac-
tose induction. Lane M contained Mspl-digested pBR322 plasmid DNA.

ase activities present in yeast extracts (21, 25). Both proteins
RAT1p and XRNIp have been implicated in a number of
processes related to RNA metabolism in vivo, including pre-
rRNA processing (15, 43) and mRNA degradation (7, 18).
Plasmids pGALU18wt, pGALU18CS, and pGALU18Cbs were
transformed into the temperature-sensitive ratl-1 xrnl1A dou-
ble mutant strain (15), and the effect of these mutations on
tagged U18 processing was determined. Figure 5A shows a
Northern analysis performed with the anti-tag oligonucleotide
on total RNA extracted from cells induced for different times
with galactose after 1.5 h of growth at 37°C, which is the
nonpermissive temperature for ratl-1. Even in the absence of
the RAT1p and XRN1p exonucleases, processing of the ma-
ture U18 snoRNA from the wild-type pre-mRNA was not
impaired and proceeded with time (lanes wt). In contrast to
what has been shown for the same precursor in the CH1462
strain, lack of the RATI1p and XRNI1p exonucleases led to
visualization of the full-length pre-mRNA and of the linearized
lariat, very likely as a result of their overall decreased decay
rate. In addition, the I-3 intermediate and a shortened form of
the lariat, trimmed to the 3’ end of U18 (I-3 intron), as as-
sessed by hybridizations and primer extensions with appropri-
ate oligonucleotides, were also visualized. The presence of the
I-3 intermediate (wt lanes) indicates that U18 processing from
the wild-type EFBI transcript occurs not only from the spliced
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FIG. 5. Lack of the major 5'—3’ exonucleases does not affect U18 pro-
duction. (A) Northern analysis of 5 pg of total RNA extracted from the ratl-1
xrnlA double mutant strain transformed with the pGALU18wt (wt lanes),
pGALUI18CS (CS5 lanes), or pGALU18Cbs (Cbs lanes) construct (Fig. 1). Cul-
tures were shifted to the nonpermissive temperature, and after 1.5 h, galactose
was added to the medium (hr-gal). Hybridization was performed with the anti-
tag oligonucleotide. The different products are indicated on the right as in Fig.
2. The numbers above the lanes indicate hours of galactose induction. (B)
Samples (5 pg) of the same RNAs extracted from the ratI-1 xrnlA strain trans-
formed with the pGALU18wt construct (lanes A through D of panel A) were
electroblotted onto a separate filter and hybridized with an oligonucleotide
complementary to the ITS1 region of rRNA (see Materials and Methods). The
positions of the two pre-5.8S rRNA species are indicated on the right. The
migration of the mature 5.8S rRNA is also indicated. (C) Primer extension
analysis using oligonucleotide L32 (see Materials and Methods), which is specific
for the intronic sequence of the RPL32 transcript, performed on the same RNA
preparations from the ratl-1 xrnlA strain (exo~ lanes) transformed with the
pGALU18wt construct (lanes A, C, and D of panel A) and on control RNA
extracted from strain CH1462 (exo™ lane). The extended products correspond-
ing to the 5" ends of the intron (I) and of the pre-mRNA (P) are indicated.
Although not shown, DNA sequencing reactions using oligonucleotide L32 were
run alongside the primer extension reactions. Lanes M contained MspI-digested
pBR322 plasmid DNA.

intron but also with lower efficiency, from the unspliced pre-
mRNA. Figure 5A shows that the U18CS and U18Cbs precur-
sors were also able to produce mature U18 snoRNA, even
though at a lower level than the wild-type construct (C5 and
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Cbs lanes). Their overall processing pattern was not affected by
the lack of XRN1p and RATl1p activities, the only difference
being the I-2 product, which was represented less than in the
Exo™ strain. The reason for this is not clear.

To verify whether the XRN1p and RATI1p activities are
inhibited under our experimental conditions, we analyzed pro-
cessing reactions known to respond to the inactivation of the
same 5'—3’ exonucleases. Since it has been previously shown
(15) that 5'-extended forms of 5.8S rRNA accumulate highly in
strains carrying mutations in the RA77 and XRNI genes, the
RNAs shown in Fig. SA (lanes A through D) were probed with
an oligonucleotide specific for the ITS1 region of the rRNA.
Accordingly, Fig. 5B shows that at the nonpermissive temper-
ature, processing intermediates extending to cleavage site A3,
upstream from the 5.8S rRNA, accumulated. Under the same
conditions, molecules intermediate in size, extending from the
5" end of the U18 snoRNA to the 5" end of the intron were not
detected, either by Northern analysis (Fig. SA) or by primer
extension (see below). The XRN1p and RAT1p exonucleases
are also involved in intron trimming or degradation; in fact,
both the EFBI and the RPL32 introns accumulated stably as
linear molecules when the ratl-1 xrnlA strain was shifted to the
nonpermissive temperature (Fig. SA and C, respectively). Even
if it is not possible to rule out the existence of a third exonu-
clease, 5'—3" exonucleases other than XRN1p and RATIp
have not been identified in yeast extracts (21, 25, 42). If pres-
ent, such an exonuclease should not be very active, as shown by
the accumulation of large amounts of linearized lariats; it is
more probable, then, that formation of the 5" end of the U18
snoRNA is due to endonucleolytic activity.

Endonucleolytic cleavage occurs 3’ of the U18 coding region.
The direct evidence for the occurrence of endonucleolytic
cleavage is the identification of cutoff products. In a wild-type
context, these intermediates are rapidly degraded, whereas in a
ratl-1 xrmlA mutant strain, they should have a longer half-life
since the residual degradative pathway would be the less effi-
cient 3'—=5" exonucleolytic trimming (29). To search for the
presence of 3’ cutoff molecules, we carried out primer ex-
tension analysis with an oligonucleotide hybridizing to the
3’ region of the intron (oligonucleotide I3’; Fig. 1). Figure
6A illustrates that in the ratl-1 xrnl A mutant strain, both the
wild-type (wt lanes) and mutant (Cbs lanes) constructs re-
vealed a strong stop of reverse transcriptase 25 nucleotides
downstream from U18 (arrow) mapping at a UUAU sequence.
This signal, which was absent in the control Exo™ strain (exo™
lanes), identifies the 5’ ends of 3" cutoff molecules, which are
stabilized in the ratl-1 xrnlA background. In the wild-type
construct, this product should originate from the excised lariat
(I-4 intron molecules), while in the Cbs splicing mutant, it is
produced from the pre-mRNA (I-4 molecules). This was con-
firmed by primer extension with an oligonucleotide comple-
mentary to the 3’ exon (oligonucleotide E3’; Fig. 1), which
revealed the presence of I-4 molecules with the Cbs construct
(Fig. 6B). These data indicate that the I-4 intermediates can be
produced either from processing of the spliced intron or from
processing of the unspliced pre-mRNA. Primer extension with
the anti-tag oligonucleotide revealed that in the ratl-1 xrniA
background, the wild-type and Cbs constructs produce a ma-
ture 5’ end of U18 without products with lengths intermediate
between the 5’ end of the intron and U18, indicating that
cleavage must occur very close to the 5" end of U18 (Fig. 6C).

Northern analysis with an oligonucleotide hybridizing to the
intronic sequence upstream of U18 was performed on RNA
extracted from the untransformed ratl-1 xrnlA mutant strain
grown at 24°C and then shifted to the nonpermissive temper-
ature for different times. Figure 7 shows the presence of the I-3
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FIG. 6. 3’ cutoff molecules accumulate in the ratI-1 xrnI A mutant strain during processing of the U18 snoRNA. Primer extension analysis, using the 13" (A), E3’
(B), or anti-tag (C) oligonucleotide, of total RNA extracted from the ratl-1 xrn1A double mutant strain (ratI-1 xrnlA lanes) transformed with the wild-type (wt) and
Cbs constructs (Fig. 1) and of control RNA extracted from strain CH1462 (exo™ lanes) transformed with the wild-type construct. The positions of the oligonucleotides
are shown in Fig. 1. rat1-1 xrn1A cells were shifted to the nonpermissive temperature, and after 1.5 h, galactose was added to the medium (hr-gal). The numbers above
the lanes indicate hours of galactose induction. The different primer extension products are schematically represented on the right. Note that the signal corresponding
to the 5" end of the intron in the Cbs lanes is due to hybridization of the I3’ primer to the endogenous spliced EF-1B intron. DNA sequencing reactions using the I3’,
E3’, and anti-tag oligonucleotides are also shown. Lanes M contained Mspl-digested pBR322 plasmid DNA. At the bottom are schematic representations of the cutoff
products that originated from 3’ and 5’ cleavage of the intron and of the pre-mRNA.

and I-3 intron molecules (the different migration of I-3 in
comparison to that in previous gels is due to the smaller size of
the first exon of the endogenous EFBI gene with respect to
the ectopic constructs; see also the legend to Fig. 7). The co-
existence of these products indicates that endogenous U18
snoRNA biosynthesis can also follow two different pathways
based on processing from the debranched lariat and from the

M 02 4 6 hr-37°C

=—{—}— intron

13

== I-3intron

FIG. 7. Endogenous U18 snoRNA processing in the ratl-1 xrnlA mutant
strain. Northern analysis of total RNA extracted from the untransformed ratI-1
xrnlA double mutant strain at different times after a shift to the nonpermissive
temperature (hr-37°C) and hybridized with oligonucleotide I5’ (Fig. 1). The
different products are indicated on the right, as in Fig. 2. Note that the migration
of the I-3 molecule is faster than that of the debranched intron with respect to
previous gels. This is due to the smaller size of the first exon of the endogenous
EFBI gene with respect to the ectopic constructs (101 and 201 nt, respectively).
Lane M contained Mspl-digested pBR322 plasmid DNA.

pre-mRNA. The existence of a splicing-independent pathway
is in agreement with the recent finding that in strains deficient
in debranching activity, the U18 snoRNA still accumulates,
although at lower levels (34).

DISCUSSION

A peculiar feature of most of the snoRNAs identified so far
is that they are present in introns of protein-encoding genes
and originate not from independent transcription but from
processing of the pre-mRNAs which contain them (28). In the
yeast S. cerevisiae, a subclass of snoRNAs are independently
transcribed as part of polycistronic transcripts containing sev-
eral snoRNAs interspersed with noncoding sequences (14, 45,
55). In both cases, the mechanism by which snoRNAs get re-
leased from their precursor molecules is still poorly understood.

Previous experiments with higher eukaryotes failed to dem-
onstrate a unique processing mechanism leading to intronic
snoRNA synthesis. Human U17 and U19 snoRNA processing
studies suggested that splicing and snoRNA processing are
linked and that the release of mature snoRNAs is the result of
lariat debranching and subsequent exonucleolytic trimming
from the ends of the linearized intron (22). In contrast, exper-
iments with X. laevis oocytes and embryos with U14, U16, and
U18 snoRNAs demonstrated that processing can take place
independently of splicing (6, 10, 53). In the case of the U16
snoRNA, a detailed mutational analysis showed that intact
boxes C and D are necessary for the formation of a specific
complex containing fibrillarin and for committing the pre-
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mRNA to the processing pathway. Competition studies also
indicated that if snoRNA processing is inhibited, splicing is
enhanced, suggesting that the two processes compete with each
other. Nevertheless, the coexistence of these two pathways
does not exclude the possibility that part of the U16 snoRNA
also originates through the splicing pathway. In the case of the
U16 snoRNA, this peculiar splicing-processing phenotype cor-
relates with the snoRNA being inside a poorly spliceable in-
tron (6).

In this investigation, we extended the study of the processing
of snoRNA-containing introns to the yeast S. cerevisiae U18
snoRNA, which is encoded in the intron of the EFBI gene. To
dissect the U18 biosynthetic pathway and study the relation-
ship between splicing and processing, we used two different
approaches: the first involved the analysis of snoRNA produc-
tion from constructs mutated at specific splice sites, and the
second made use of cis- and frans-acting mutations affecting
the activity of 5'—3" exonucleases. In both cases, the aim was
to analyze the overall effect of these mutations on U18 accu-
mulation.

We have shown that inhibition of splicing, obtained through
site-specific mutagenesis of either the 5" splice site or the
branch sequence, did not affect U18 biosynthesis, thus indicat-
ing that the snoRNA can be efficiently produced by a pathway
alternative to splicing. In these experiments, it was also possi-
ble to identify processing intermediates revealing the utiliza-
tion of the unspliced pre-mRNA as a substrate for this alter-
native pathway. They correspond to pre-mRNA molecules
truncated at either the 5’ or 3’ end of U18 and are analogous
to the intermediates previously identified for U18 (and also
U16) snoRNA processing in X. laevis (36). These molecules
were also visualized in the processing of the endogenous EFB1
pre-mRNA when 5'—3’ exonucleolytic activity was blocked,
indicating that processing from the unspliced pre-mRNA can
also occur when splicing is not inhibited. This is consistent with
independent data demonstrating that in strains deficient in
debranching activity, the U18 snoRNA still accumulates (ap-
proximately 30% of the wild-type level; 34, 51).

Two different mechanisms could be responsible for U18
processing from the pre-mRNA: (i) exonucleolytic trimming
from the ends of the transcript or (ii) endonucleolytic cleavage
followed by trimming. The first possibility was ruled out by the
use of constructs containing, in the 5" UTR, a poly(G) cassette,
which is known to represent an efficient structural block to
yeast 5'—=3' exonucleases (9, 35, 52) and which should block
exonucleolytic progression from the 5’ end of the pre-mRNA.
This construct exhibited normal accumulation of the UI1S8
snoRNA, indicating that some endonucleolytic activity must be
involved in the production of the 5 end of the U18 snoRNA.
Utilizing the rat1-1 xrn1A mutant strain, we have shown that
the U18 snoRNA normally accumulates from the wild-type
EFBI construct and is still present, although at lower levels, in
the case of the splicing mutant derivatives. In this strain, we
were also able to identify RNA products proving the occur-
rence of endonucleolytic cleavage 3" of U18: a 3’ cutoff product
whose 5’ end maps 25 nucleotides downstream of UlS8 in
correspondence to a UUAU sequence was found. These mol-
ecules were not detected in Exo™ strains because they are
rapidly degraded; instead, they were visualized only under con-
ditions of 5'—3’ exonuclease inhibition. The 5’ cutoff products
originating from cleavage downstream of U18 were not de-
tected because in the ratl-1 xrnlA strain the 3'—5" exonucle-
ases are fully functional and can trim the cleaved products
from the 3’ end. Since we did not detect 5'-extended forms of
U18 in the rat1-1 xrnlA strain, we suggest the occurrence of a
processing site very close to the 5" end of U18. Interestingly, a
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FIG. 8. Schematic representation of the two alternative pathways leading to
accumulation of the U18 snoRNA in yeast. The arrowheads not in parentheses
indicate the positions of endonucleolytic cleavages; those in indicate cleavages
identified inside the intron in the ratl-1 xrnlA strain.

UUAU sequence immediately precedes the 5’ end of U18.
This situation is very similar to that previously described for
the U16 snoRNA in X. laevis, where one cleavage site was
found 15 nucleotides 3’ to the snoRNA coding region and four
independent sites were identified in the upstream region, one
being only three nucleotides from the 5" end of U16.

It is important to point out that while endonucleolytic cleav-
age is of crucial importance for the release of U18 from the
splicing-independent pathway, exoribonuclease trimming would
be sufficient to convert the debranched lariat to the mature
snoRNA in the splicing pathway. Nevertheless, the two path-
ways can coexist, as demonstrated by the occurrence of endo-
nucleolytic processing of the released intron. These data indi-
cate that the U18 snoRNA is preferentially released from its
host intron through the splicing pathway; nevertheless, a sec-
ond minor pathway exists which produces U18 through pro-
cessing of the entire primary transcript. When the splicing
efficiency is reduced, this second pathway becomes the domi-
nant biosynthetic mechanism (Fig. 8). Endonucleolytic pro-
cessing of snoRNAs is not surprising, since many cases of poly-
snoRNA transcripts have been reported in yeast and plants
(14, 26, 55). Nevertheless, the physiological relationships among
endonucleolytic processing, splicing, and RNA turnover of
snoRNA-containing precursors inside the nucleus are essential
aspects that still needs clarification. Identification of the pro-
cessing factors and the elements conferring specificity on the
reaction will explain how these processes are related to each
other.
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