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Processing of intron-encoded box C/D small nucleolar RNAs (snoRNAs) in metazoans through both the
splicing-dependent and -independent pathways requires the conserved core motif formed by boxes C and D and
the adjoining 5*-3*-terminal stem. By comparative analysis, we found that five out of six intron-encoded box
C/D snoRNAs in yeast do not possess a canonical terminal stem. Instead, complementary regions within the
flanking host intron sequences have been identified in all these cases. Here we show that these sequences are
essential for processing of U18 and snR38 snoRNAs and that they compensate for the lack of a canonical
terminal stem. We also show that the Rnt1p endonuclease, previously shown to be required for the processing
of many snoRNAs encoded by monocistronic or polycistronic transcriptional units, is not required for U18
processing. Our results suggest a role of the complementary sequences in the early recognition of intronic
snoRNA substrates and point out the importance of base pairing in favoring the communication between boxes
C and D at the level of pre-snoRNA molecules for efficient assembly with snoRNP-specific factors.

The nucleolar maturation of eukaryotic rRNA is assisted by
a large population of small nucleolar ribonucleoprotein parti-
cles (snoRNPs), consisting of a specific small nucleolar RNA
(snoRNA) and a set of associated proteins (reviewed in refer-
ences 43, 44, and 50). Few snoRNPs are required for nucleo-
lytic processing steps of the pre-rRNA, whereas most of them
guide the site-specific 29-O-ribose methylation or pseudourid-
ylation of rRNAs (reviewed in references 43, 44, and 50).
These modifications are directed by two distinct classes of
snoRNAs defined on the basis of conserved sequence and
structural elements. The strict conservation of these elements
makes them likely to function as binding sites for proteins
which are common components of the snoRNPs in each class.
Methylation guide snoRNAs belong to the box C/D class and
contain conserved boxes C and D near their 59 and 39 ends,
respectively, which are frequently brought together by short
complementary sequences located in close proximity to the
boxes (2, 3). Box C/D snoRNAs may also contain imperfect
copies of the C and D boxes, referred to as boxes C9 and D9
(22, 46). The methylation guide snoRNAs direct 29-O-ribose
methylation by base pairing with the rRNA for 10 to 21 nu-
cleotides (nt) immediately 59 of box D and/or D9. The residue
targeted for methylation invariably pairs with the fifth nucle-
otide upstream of box D or D9 (21, 32). Pseudouridylation
guide RNAs belong to the box H/ACA class defined by an
evolutionarily conserved “hairpin-hinge-hairpin-tail” second-
ary structure and by the conserved box H within the hinge
region and box ACA 3 nt from the 39 end of the snoRNA
(4, 5, 16). Box H/ACA snoRNAs direct pseudouridylation by
forming two short base-pairing interactions with rRNA se-
quences that flank the target uridine, leaving this residue un-

paired within a pseudouridylation pocket located 14 to 17 nu-
cleotides upstream of box H or ACA (15, 31).

snoRNAs of both classes are synthesized by different expres-
sion strategies depending on their genomic arrangement (re-
viewed in references 44 and 50). Most yeast snoRNAs and a
few vertebrate ones are derived from independent transcrip-
tion units. In yeast and plants, multiple different snoRNAs can
be generated from polycistronic transcripts by endonucleolytic
cleavage within spacer regions and subsequent maturation by
exonucleases (11, 12, 25, 35, 39). The large majority of verte-
brate snoRNAs and seven yeast ones, six belonging to the C/D
box family and one belonging to the H/ACA box family, are
intron encoded. These snoRNAs are present in genes encoding
proteins involved in ribosome assembly or in nucleolar pro-
cesses (28) and, in a few cases, in noncoding host genes be-
longing to the 59-terminal oligopyrimidine gene family (50).
This peculiar genomic location strongly suggests a form of co-
regulation of the host genes with the snoRNAs. Intron-en-
coded snoRNAs can be matured via a major splicing-depen-
dent pathway and a secondary splicing-independent one. In the
splicing-dependent pathway, exonucleases digest the flanking
sequences of the debranched host intron and produce the
correct 59 and 39 ends of the snoRNA (8, 9, 20, 26, 33, 35,
45–47). The splicing-independent pathway involves endonu-
cleolytic cleavages within the host intron followed by exonu-
cleolytic maturation, similar to processing of polycistronic pre-
snoRNAs (6, 7, 33, 35, 47).

Regardless of the genomic arrangement, correct processing
and accumulation of both box C/D and box H/ACA snoRNAs
appear to depend on conserved structural elements located
within their coding regions. Box H/ACA snoRNAs depend on
both their signature secondary structure and the H and ACA
boxes (4, 5, 16). Similarly, the processing and stability of box
C/D snoRNAs both depend on the “terminal core motif”
formed by the C and D boxes and the adjoining 59-39-terminal
stem (7, 8, 19, 25, 48, 49, 51). These conserved structural
elements act as assembly sites for class-specific snoRNP factors
which protect pre-snoRNA molecules from exonucleolytic di-
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gestion, thus helping to specify the ends of mature snoRNAs.
However, processing of polycistronic snoRNAs clearly de-
pends also on the double-stranded structural elements with-
in the spacer regions directing endonucleolytic cleavage by
RNase III in yeast (11, 12, 39). Also, processing of several
intron-encoded snoRNAs has been inferred to be influenced
by context effects of neighboring intronic sequences (5, 6, 38),
in one case through modulation of alternative interactions
of the pre-snoRNA molecule with trans-acting factors (42).
A correlation between the length of the host intron and the
efficiency of the splicing-independent release of intronic
snoRNAs in yeast has been described (33). Taken together,
these observations suggest that processing of intron-encoded
snoRNAs may depend not only on conserved structural fea-
tures of the snoRNAs but also on nonconserved elements
located within the host introns. So far, however, the contribu-
tion of nonconserved intronic elements to the processing of
intron-encoded snoRNAs has not been investigated exten-
sively.

In this study, we have identified two non-conserved comple-
mentary sequences within the host intron of the box C/D U18
snoRNA in the yeast Saccharomyces cerevisiae. By mutational
analysis and the use of yeast strains carrying mutations in key
processing enzymes, we show that host intron complementarity
is essential for U18 processing. Our results indicate that such
base-pairing interaction provides the structural information
required for the initial recognition of the pre-snoRNA sub-
strates, thus allowing their subsequent conversion into mature
U18 molecules. Results from a comparative analysis suggest a
general role of nonconserved complementary sequences in
contributing to the processing efficiency of yeast intronic box
C/D snoRNAs lacking a canonical terminal stem. Additionally,
we show that the Rnt1p endonuclease, previously implicated in
the processing of monocistronic and polycistronic snoRNAs, is
not required for U18 processing.

MATERIALS AND METHODS

Strains and media. Growth and handling of S. cerevisiae were done by stan-
dard techniques. The following strains were used: CH1462 (MATa ade2 ade3
leu2 ura3 his3 can1) (23), rat1-1 (MATa leu2-D1 ura3-52 his3-D200 rat1-1) (strain
DAH18) (1), dbr1-D (MATa trp1-D1 his3-D200 leu2-D1 ura3-167 Ddbr1::HIS3)
(strain KC99) (13), RNT1 (MATa his3 lys2 leu2-3,112 trp1 ura3-52 pep4 prb1 prc1
rnt1::HIS3 pRS316-RNT1), and rnt1-D (MATa his3 lys2 leu2-3,112 trp1 ura3-52
pep4 prb1 prc1 rnt1::HIS3) (both the RNT1 and rnt1-D strains were kindly pro-
vided by M. Ares [10]). For induction experiments, galactose at a final concen-
tration of 2% was directly added to cultures grown in nonrepressive medium
containing 2% raffinose and 0.1% glucose. The exonuclease-deficient strain
rat1-1 was grown at 23°C until it reached mid-log phase and was then shifted to
37°C for 2 h prior to galactose induction.

Plasmid construction. Plasmids pGALU18wt and pGALU18Cbs (47) were used
as starting material to generate pGALU18wt/DS, pGALU18wt/RS, pGALU18wt/59-
39S, pGALU18Cbs/DS, pGALU18Cbs/RS, and pGALU18Cbs/59-39S. All the
mutations were introduced by PCR with Pfu polymerase (Stratagene). The PCR
product obtained with oligonucleotides Dstem59/F and E39 was digested with
HpaI and EcoRI and subsequently introduced into the corresponding sites of
pGALU18 to obtain the DS derivatives. The PCR product obtained with oligo-
nucleotides Rstem/long and E39 was used for a second-step PCR with the
oligonucleotide SK primer. The resulting fragment was digested with SpeI and
EcoRI and then inserted into the corresponding sites of pGALU18 to obtain the
RS derivatives. The same strategy was used to generate the 59-39S constructs, the
first PCR being performed with oligonucleotides 59-39stem and E39. Oligonucle-
otides U24HG/F and U24HG/B were used to amplify the full-length BEL1 gene
in genomic DNA from the CH1462 strain. The PCR product was cloned into the
SmaI site of the Bluescript KS vector to obtain pBSU24HG. A two-step ampli-
fication PCR strategy (40) was performed on this plasmid to introduce mutations
in the intron of the BEL1 gene. Oligonucleotide U24HG-S, U24HG-H, 24S3/F,
24S3/B, 24S5/B, 24S5wt/F, or 24S5m/F was used to replace large regions of the
U24 host intron sequence. The PCR products were digested with SmaI and
HindIII and inserted into the corresponding sites of plasmid p416GAL1 (29) to
obtain pGALU24wt-Stem and pGALU24m-Stem, respectively. The strategy de-
scribed above was also used to amplify the full-length TEF4 gene, to introduce
mutations in the intron of the gene, and to introduce a tag of 10 nt into the 39

sequence of snR38. Oligonucleotides 38HG/F, 38HG-E/B, 38DS/F, 38DS/B, a38,
and 38tag were used, and the PCR products were digested with BamHI and
EcoRI and inserted into the corresponding sites of plasmid p416GAL1 to obtain
pGAL38wt-tag and pGAL38DS-tag, respectively. All clones have been se-
quenced.

Oligonucleotides. The sequences of the oligonucleotides used for the different
cloning steps are as follows (59-39): Skprimer, CGCTCTAGAACTAGTGGATC;
Dstem59/F, TTGATTATTACTATACTTTTTTTCGCTTATGTG; Rstem/long,
ATAGCACAGAGCAGAGTTAGTAATAATCAAATCTGTTATTTTTTTTT
CC; 59-39stem, CGCTTTATCGAATGATGA; U24HG/F, ATGGCATCTAAC
GAAGTTTTAG; U24HG/B, TTAGTTAGCAGTCATAAC; 24HG-S, AGCCC
GGGATGGCATCTAACGAAGTTTTAG; 24HG-H, ACAAGCTTTTAGTTA
GCAGTCATAACTTGCC; 24S5wt/F, TCGAGTTAACTAATAATGATGGAT
TTGTGTATGCCATTCAAATGATGT; 24S5m/F, TCGAGTTAACTAATAA
TGATGGATTTGTGTATGCATGGCAAATGATGT; 24S5/B, AAATCCATC
ATTATTAGTTAACTCGATTGTCATCATATTCTATCATGG; 24S3/F, TAC
TCTATCATTATTAGTTATCGTTATGTCAAAATGGAAAC; 24S3/B, TAA
CGATAACTAATAATGATAGAGTAATGCTAAACCATTCATCAG; 38HG/
F, CGGGATCCATGTCCCAAGGTACTTTA; 38HG-E/B, CGGAATTCCTT
GTTGTATGGAATCAAACC; 38DS/F, GGCACGAGTAAAAAGAAGCTTT
CATAATGATGAAA; 38DS/B, GCTTCTTTTTACTCGTGCCAAATAAACG
AACGGG; 38TAG, TGTCTGAATGGGTAATAATAGTTAACGAGAGTAT
ACTTGATATTTGTATTTCTGA; and a38, TATTACCCATTCAGACAGGG.
The oligonucleotides used for RNA analyses by Northern hybridization or prim-
er extension are as follows: anti-tag, TGCGGACTGCCTGGATGCCG; E39,
GCAAGCTTGTTGAACCATCTGAA; aU24, TCAGAGATCTTGGTGATA
AT; 38 antitag, AATATCAAGTATACTCTC; 5.8S, TTTCGCTGCGTTCTTC
ATC; U5, CCTGTTTCTATGGAGACAACACCCGGATGGTTCTG; U3, G
AAGAGTCAAAGAGTGAC; and asnR54, GTTCTCTACAAGATCGTTTG.

RNA analysis. RNA was extracted from exponentially growing cultures of
S. cerevisiae by the hot-phenol method as previously described (47). Routinely,
RNA concentrations were calibrated by absorbance at 260 nm and by ethidium
bromide staining on formaldehyde gels and normalized by hybridization with U5
and U3 small nuclear RNA (snRNA) oligonucleotides. Primer extension analy-
ses were performed as previously described (47); for the experiments in Fig. 3, a
10-fold molar excess of cold primer was included to allow a semiquantitative
assessment of mRNA levels. For Northern blot analyses, typically 5 mg of total
RNAs was electrophoresed on 6% polyacrylamide–7 M urea gels and electro-
transferred to Amersham Hybond-N1 filters in 0.53 Tris-borate-EDTA (TBE)
buffer for 3 h at 380 mA and 4°C. All hybridizations were carried out as previ-
ously described (46). Oligonucleotides (10 pmol) were routinely 59 end labeled
with 30 mCi of [g-32P]ATP.

Sequence analysis. Analysis of snoRNA host intron features was performed on
host introns whose sequences were available in databases. The presence of
inverted repeats was investigated using the Compare software of the MacMolly
program. The significance of the external inverted repeats was evaluated based
on (i) the number of consecutive base pairs ($8 nt; maximum, one mismatch)
and (ii) the position with respect to the snoRNA coding sequence (contained
within 40 nt from both the 59 and 39 ends, and not overlapping to the 59 splice site
and branchpoint regions). The potential intramolecular base-pairing interactions
have been also checked by computer folding using the Mfold package (52).

RESULTS

Features of the U18 host intron: a poor canonical stem
and a potential self-complementarity. In S. cerevisiae, the U18
snoRNA is encoded within the single intron of the EFB1
gene and belongs to the box C/D class of methylation guide
snoRNAs. This class is defined by the terminal core motif
formed by the conserved boxes C and D and the terminal 59-39
stem (2, 3). This motif is required for both snoRNA processing
and nucleolar localization (41, 44). Sequence analysis revealed
that the yeast U18 terminal stem is very weak, being only 2 bp
long (one being a G z U pair [Fig. 1B]). In addition, the adja-
cent intronic sequences do not display any potential to form
continuously base-paired interactions. Instead, inspection of
the host intron sequences, further upstream and downstream,
revealed two 14-nt complementary sequences surrounding the
U18 coding region (A and B in Fig. 1A). These sequence
elements have the potential to form an intramolecular base-
pairing interaction (Fig. 1B) (hereafter termed the external
stem), as also predicted by computer folding of the U18 host
intron by utilizing the MFold package (52).

Host intron complementarity is required for snoRNA accu-
mulation. To understand in detail the role of the external stem
and of the terminal stem sequences in U18 snoRNA process-
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ing, we undertook their mutational analysis. To investigate the
role of the putative interaction between sequences A and B, we
introduced mutations that altered the pairing within this re-
gion. Mutation DS (Fig. 1C) disrupts the pairing by inverting
the A sequence so that no base pairing is possible and no new
pairing potential with other sequences is created; mutation RS
(Fig. 1C) restores pairing by inverting the B sequence to make
it complementary to the inverted A sequence.

To distinguish the role played by the terminal stem from that
of the potential external stem formed by A-B pairing in the
U18 processing pathways, we generated mutant 59-39S (Fig.
1C) in the context of the DS mutation. This mutant has a 59-
39-terminal stem 6 bp long, obtained by replacing the natural
G z U pair with a C z G pair and by introducing an additional
4 bp.

Finally, the bC mutant (Fig. 1C) (47), carrying substitutions
in the conserved box C that completely impair U18 processing,
was also included as a negative control in the set of mutations
analyzed during the course of this work.

To test their effect on snoRNA accumulation, each mutation
was introduced into plasmid pGALU18wt and into its deriva-
tive pGALU18Cbs, carrying a mutation of the branch nucleo-
tide which abolishes splicing (Fig. 1A) (47). The comparison

between the levels of snoRNA accumulated from these two
precursors allows us to distinguish the contribution of the
splicing-dependent pathway from that of the splicing-indepen-
dent pathway to U18 snoRNA production (47). Each plasmid
was transformed into the wild-type recipient strain CH1462
(23), and expression of the episomal EFB1 gene was induced
by galactose addition. Aliquots were harvested at different
times after transcriptional induction, and the accumulation of
tagged U18 was assessed by Northern analysis (Fig. 2A).

As previously described (47), production of U18 snoRNA
from the Cbs precursor represented about 30% of the amount
of snoRNA released from the wild-type (wt) precursor (Fig.
2A, compare wt and Cbs lanes) and led to accumulation of the
I-2 and I-3 processing intermediates (Cbs lanes). Strikingly,
elimination of the complementarity between sequences A and
B completely abolished U18 snoRNA accumulation from both
the wt/DS and the Cbs/DS precursors (wt/DS and Cbs/DS
lanes). Also, the DS mutation triggered the accumulation of
unspliced wt pre-mRNA (wt/DS lanes) and led to the disap-
pearance of the I-2 and I-3 intermediates (Cbs/DS lanes). Re-
storing the complementarity in mutant RS fully recovered the
tagged U18 processing from both the wt/RS and the Cbs/RS
precursors (wt/RS and Cbs/RS lanes). The reason for the ap-

FIG. 1. Structures of EFB1 episomal constructs expressing the tagged U18 snoRNA. (A) Diagrammatic representation of the pGALU18wt plasmid, containing the
transcriptional unit of the EFB1 gene between the GAL1 promoter and the CYC1 terminator. The Cbs construct is a mutant derivative which carries an A-to-C (shown
in bold) substitution of the branch nucleotide, which abolishes splicing. The dark box within the U18 snoRNA coding region represents the tag sequence (47).
Complementary sequences A and B are indicated. The lengths of the different portions of the constructs are indicated in nucleotides. pA indicates the polyadenylation
site within the CYC1 terminator (term). (B) Representation of the U18 host intron secondary structure. The putative interaction between A and B sequences is shown
along with the U18 box C/D motif formed by the C and D boxes and the adjoining 59-39-terminal stem. Nucleotides belonging to the U18 coding sequence are shown
in bold. Numbering starts from the first nucleotide of the intron, and the positions of the 59 splice site (59ss), branch site (bs), and 39 splice site (39ss) are indicated.
(C) Representation of the putative secondary structures of the different mutants used in this study; mutations are boxed. DS disrupts A-B pairing by inverting sequence
A; RS restores pairing by inverting sequence B to make it complementary to the inverted A sequence; 59-39S lengthens the terminal stem complementarity; bC carries
a mutation (lowercase letters) within conserved box C.
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parent higher efficiency of the processing pathway in the con-
text of RS mutants was not investigated further. We conclude
that complementarity within the U18 host intron is required
for accumulation of the snoRNA from both the splicing-de-
pendent and the splicing-independent pathways.

Interestingly, extension of the terminal stem was able to
partially rescue accumulation of U18 from the wt precursor
only (Fig. 2A, wt/59-39S lanes), whereas the splicing-indepen-
dent release of the snoRNA from the Cbs precursor was still
impaired (Cbs/59-39S lanes). We conclude that the splicing-
dependent release of U18 becomes insensitive to host intron
self-complementarity when the snoRNA is provided with a
strong terminal stem motif. Results with the DS and 59-39S
mutants also rule out the possibility that an alternative folding
of U18 neighboring sequences may supply the function of a
terminal stem.

As expected, processing of the U18 snoRNA was totally
absent in the presence of mutations within the conserved box
C (Fig. 2A, wt/bC and Cbs/bC lanes), similar to what was
observed with DS mutants. Interestingly, with respect to wt/DS
mutations, the wt/bC mutant did not accumulate any unspliced
pre-mRNA (wt/bC lanes) (see Discussion).

The intramolecular base pairing does not affect mRNA pro-
duction. Large yeast introns generally contain inverted repeats
whose interaction serves to reduce the effective distance be-
tween the donor site and the branch point to a length similar
to that found in small introns (34). Several studies showed that
disruption of these intron helices has detrimental effects on
splicing efficiency, probably inhibiting early steps of spliceo-
some assembly and leading to a substantial decrease in mRNA
production (14, 17, 27, 30). The complementary elements de-
scribed so far are usually located in close proximity to the 59
splice site and the branch point regions. Instead, the A and B

sequences in the U18 host intron are much more internally
located, close to the snoRNA coding region (Fig. 1B). Never-
theless, when complementarity was disrupted, unspliced pre-
mRNA accumulated (Fig. 2A, wt/DS and wt/59-39S lanes).

To assess the role of A-B pairing in the in vivo splicing phe-
notype of the U18 host pre-mRNA, we analyzed the mRNA
released from the different precursors by primer extension
analysis with a primer specific for the plasmid-borne EFB1
gene (Fig. 3). Production of mRNA from the wt/DS and wt/59-
39S pre-mRNAs was not affected by the loss of the intramo-
lecular interaction (Fig. 3A, wt/DS and wt/59-39S lanes), result-
ing in levels almost identical to mRNA levels released from wt,
wt/RS, and wt/bC pre-mRNAs where pairing was not altered
(Fig. 3A). The above results were also confirmed by Northern
analysis (data not shown). Primer extension analysis of the
corresponding Cbs constructs showed that no mRNA accu-
mulated in all cases, confirming their splicing-deficient pheno-
type (Fig. 3B). In addition, the loss of the signal corresponding
to the I-2 intermediate 59 end confirmed the processing-defi-
cient phenotype of the Cbs/DS, Cbs/59-39S, and Cbs/bC con-
structs (Fig. 3B, Cbs/DS, Cbs/59-39S, and Cbs/bC lanes). These
data indicate that base pairing between sequences A and B in
the U18 host intron is essential for the snoRNA processing
pathway whereas, apparently, it does not affect mRNA accu-
mulation. Nevertheless, we cannot exclude the possibility that
disruption of the external stem also affects splicing, probably as
the result of loosening of the pre-mRNA secondary structure
(see below and Discussion).

Splicing-independent release of the U18 snoRNA relies on
formation of the external stem. A yeast strain lacking the lariat
debranching enzyme (Dbr1p) has been previously used as a
tool to determine the contribution of the splicing-independent
pathway to the release of intronic snoRNAs (33, 35). Indeed,

FIG. 2. (A) Analysis of U18 processing in a wt strain. Total RNA was extracted from strain CH1462 carrying the indicated wt or Cbs constructs (schematically
represented above the lanes) at the indicated times of galactose induction (expressed in hours above the lanes; hr-gal). Total RNA (5 mg) was resolved on a 6%
acrylamide–7 M urea gel, electroblotted onto a nylon membrane, and hybridized with the anti-tag oligonucleotide. The different processing products are diagrammed
on the side (exons are depicted as dark boxes, U18 is shown as an open box, and intronic sequences and the 59 untranslated region are shown as lines). (B) Control
hybridization to U5 snRNA. L and S indicate the long and short forms of U5 snRNA, respectively. The oligonucleotide used is indicated below each panel. Lane M:
pBR322 plasmid DNA, MspI digested; molecular sizes are indicated on the left in nucleotides.
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loss of debranching activity in dbr1-D cells does not affect
endonuclease-mediated release of intronic snoRNAs. Those
analyses showed that in dbr1-D cells, up to 30% of U18 is
yielded as a mature snoRNA, the remainder being trapped
within the lariat (references 33 and 35 and data not shown).
This was consistent with levels of mature U18 snoRNA re-
leased from the Cbs precursor through the splicing-indepen-
dent processing pathway (Fig. 2A) (47).

To further define the role of the external and terminal stems
within the U18 host intron, we analyzed the release of tagged
U18 in the dbr1-D strain from several of the precursors de-
scribed above. As expected, no mature U18 snoRNA accu-
mulated from the wt/DS and wt/bC precursors (Fig. 4, wt/DS
and wt/bC lanes), since, as shown, the DS and bC mutations
completely prevent accumulation of mature U18. A faint U18
snoRNA signal was detected in cells carrying the wt/59-39S
construct (wt/59-39S lanes). This small amount of mature
snoRNA very probably arises from exonucleolytic digestion of
the minimal amounts of randomly linearized intron observed
in dbr1-D cells (33). The apparent lower mobility of this U18

band is also consistent with exonucleolytic trimming up to the
base of the extended terminal stem (see also Fig. 2A). Indeed,
Cbs precursors did not produce any U18 in the dbr1-D strain
(data not shown), similar to what is shown in Fig. 2A, confirm-
ing that the splicing-independent release of U18 from the
Cbs/59-39S precursor is impaired. We conclude that the splic-
ing-independent (i.e., Dbr1p-independent) release of U18
snoRNA requires the formation of the external stem within the
precursor molecule. A decrease in the amount of circular in-
tron was also observed upon disruption of the external stem
(Fig. 4, wt/DS and wt/59-39S lanes), again suggesting a second-
ary effect of this structural element on splicing efficiency (see
Discussion).

The Rnt1p endonuclease is not involved in U18 snoRNA
processing. Rnt1p, the yeast homolog of bacterial RNase III,
possesses double-stranded endonucleolytic activity and was
shown to be a key enzyme in the processing of several
snoRNAs encoded by monocistronic or polycistronic transcrip-
tional units (11, 12). Most Rnt1p cleavage sites were shown to
fall within potentially double-stranded regions closed by
AGNN tetraloops (11). Even if tetraloops could not be iden-
tified in the close vicinity of the U18 external stem, the strict
requirement of this element in the splicing-independent re-
lease of U18 prompted us to test the involvement of Rnt1p in
this pathway. The wt and Cbs constructs were transformed into
the isogenic RNT1 and rnt1-D strains (10), and after galactose
induction, the accumulation of tagged U18 was analyzed by
Northern hybridization. Figure 5 shows that similar amounts of
U18 were produced from the wt construct in both the RNT1
and rnt1-D strains (compare wt lanes in each indicated strain).
Importantly, the splicing-independent production of U18
snoRNA from the Cbs precursor was found to be unaffected by
the rnt1-D mutation. The control hybridization with the U5

FIG. 3. Analysis of mRNA production from the different U18 host pre-
mRNAs. Total RNA extracted from strain CH1462 transformed with the indi-
cated wt (A) and Cbs (B) constructs before or 1 h after galactose induction
(hr-gal) was analyzed by primer extension with oligonucleotide E39 complemen-
tary to the downstream exon of the plasmid-borne EFB1 gene (see Materials and
Methods). A schematic representation of the EFB1 pre-mRNA is shown below,
together with the position of the oligonucleotide used for the primer extension.
The different elongation products are indicated on the side. The asterisk marks
the position of a nonspecific stop within the U18 coding sequence, which is
observed upon elongation of full-length pre-mRNA. Lanes M: pBR322 plasmid
DNA, MspI digested.

FIG. 4. (A) Analysis of U18 processing in the debranching-deficient strain
dbr1-D. Total RNA was extracted from strain dbr1-D carrying the indicated wt
constructs (schematically represented above the lanes) at the indicated times of
galactose induction (expressed in hours above the lanes; hr-gal). Total RNA (5
mg) was resolved on a 6% acrylamide–7 M urea gel, electroblotted onto a nylon
membrane, and hybridized with the anti-tag oligonucleotide. The different pro-
cessing products are diagrammed on the side, as in Fig. 2. The lariat species is
depicted as a circle lacking the extension from the branch point to the 39 splice
site, since this is the major form found in strain dbr1-D (13). (B) Control
hybridization to U3 snRNA. The oligonucleotide used is indicated below each
panel. Lanes M: pBR322 plasmid DNA, MspI digested.
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snRNA probe indicates the inactivation of Rnt1p: in agree-
ment with previous work (10), only the shorter form of U5
snRNA accumulated in the mutant strain. We conclude that
the external stem is not a target for the endonucleolytic activity
of Rnt1p and that this enzyme is not involved in U18 snoRNA
processing. These results suggest that another as yet unidenti-
fied nuclease may be responsible for the endonucleolytic re-
lease of U18 from its host pre-mRNA.

Inhibition of the 5*33* exonuclease Rat1p partially restores
accumulation of U18 snoRNA from an intron lacking the ex-
ternal stem. The role played by the external and terminal stems
on the accumulation of U18 snoRNA was also investigated
in the rat1-1 yeast strain (1), which carries a thermosensitive
allele of the gene encoding the nuclear 59339 exonuclease
Rat1p. We reasoned that loss of snoRNA accumulation in the
absence of intramolecular base pairing could result from im-
proper folding of the U18 coding region, probably leading to
its inefficient assembly with snoRNP components and in turn
to its exonucleolytic degradation. In other words, the produc-
tion of U18 may be the result of a competition between effi-
cient assembly of a snoRNP particle and turnover of the pre-
snoRNA molecule. If this holds true, it would be expected that
stabilization of U18 precursors in the absence of Rat1p activity
would allow more time for reaching the appropriate confor-
mation and allow the assembly into a stable snoRNP particle.

Expression of the different U18 precursors was induced after
transfer of rat1-1 cells to the restrictive temperature of 37°C for
2 h, and RNA was subjected to Northern analysis (Fig. 6A). As
previously reported (47), inhibition of Rat1p activity led to
decreased decay rates and increased accumulation levels of
pre-mRNAs and linearized lariat without impairing U18 pro-
cessing (Fig. 6A, wt and Cbs lanes). This indicates that in the
absence of 59339 exonucleolytic processing, endonucleolytic
cleavage(s) allows the formation of a mature U18 59 end as
described previously (47).

Interestingly, U18 snoRNA was accumulated in rat1-1 cells
also from the wt/DS precursor, although at low levels (Fig.
6A, wt/DS lanes). In contrast, the splicing-independent U18
snoRNA processing from the cognate Cbs/DS precursor was
still completely inhibited in this strain (Cbs/DS lanes). We con-
clude that in the rat1-1 strain, processing of U18 in the absence
of the external stem can be rescued only from the released
intron.

Similar to what was observed in wt cells, in rat1-1 cells the
59-39S mutation allowed the accumulation of U18 only through
the splicing-dependent processing pathway (Fig. 6A, compare
wt/59-39S and Cbs/59-39S lanes). Also in agreement with results
obtained with wt cells, both the wt/bC and Cbs/bC precursors
were unable to produce mature U18 snoRNA (wt/bC and
Cbs/bC lanes).

Interestingly, when we compared the levels of accumulation
of the tagged U18 snoRNA released from the different wt
constructs in the wt (Fig. 6C, lanes 1, 4, and 7), rat1-1 (lanes 2,
5, and 8), and dbr1-D strains (lanes 3, 6, and 9), we reproduc-
ibly found that U18 snoRNA accumulation was increased
when the nuclear 59339 exonuclease Rat1p was inhibited. Tak-
en together, these data strongly support our view of a role of
the external stem in assisting correct and productive folding of
the U18 coding region, thus preventing its exonucleolytic deg-
radation.

The external stem present in most yeast box C/D snoRNA
host introns is required for processing. We next asked whether
the presence of an external stem surrounding the snoRNA
coding region was a peculiar feature of the U18 host intron or
a more general feature of introns hosting box C/D snoRNAs.
For this reason, we searched for potential intramolecular base
pairing within known yeast host intron sequences. The results
of this analysis are presented in Table 1 (see also Materials and
Methods). Interestingly, five out of six yeast host introns, in-
cluding the U18 one, display complementary sequences ($10
nt) in close proximity to the snoRNA coding region. Impor-
tantly, the corresponding 5 snoRNAs all lack a canonical ter-
minal stem (59-...NR[boxC]---[boxD],,,-39) (2, 3). It is
also interesting that all five of these snoRNAs display partial
insensitivity to the dbr1-D mutation, indicating the existence of
a processing pathway independent of splicing.

To verify whether the external stems of other yeast box C/D
snoRNA host introns are also involved in processing events, we
analyzed the effect of external stem disruption on the accumu-
lation of a tagged snR38 snoRNA. snR38 also belongs to the
class of snoRNAs devoid of the terminal stem structure (Table
1) (2). To this end, plasmids pGAL38wt-tag and pGAL38DS-
tag (carrying the host wild-type TEF4 gene and a mutant de-
rivative lacking the external stem, respectively [see Materials
and Methods]) were transformed in the wt CH1462 and mu-
tant dbr1-D strains. Expression of the pGAL38wt-tag and
pGAL38DS-tag constructs was induced by galactose addition,
and the accumulation of tagged snR38 was assessed by North-
ern analysis (Fig. 7). Similarly to U18 snoRNA, disruption of
the external stem drastically impaired snR38 processing in the
CH1462 strain and completely inhibited the release of snR38
in the dbr1-D strain (Fig. 7, compare 38wt and 38DS lanes in
each indicated strain). These results complement those ob-
tained by sequence comparison and strongly suggest a func-
tional conservation of intronic processing elements in yeast box
C/D snoRNA host introns.

An exception to this arrangement is represented by the
BEL1 intron hosting U24, where no external stem could be
found: instead, the U24 snoRNA can form a strong 8-bp ca-
nonical terminal stem. Interestingly, this is the only yeast box
C/D snoRNA whose biosynthesis is entirely dependent on the
debranching activity (Table 1) (33). When the terminal stem of
U24 was reduced to 2 bp, as in the case in U18, processing
could be restored when an external complementarity of 14 nt
was introduced in the flanking intron sequences (data not
shown).

In contrast to the arrangement found in yeast, most human
box C/D snoRNAs form a canonical 59-39-terminal stem and
their host introns do not display long external complementary

FIG. 5. Analysis of U18 processing in the RNT1 and rnt1-D strains. Total
RNA was extracted from strains RNT1 and rnt1-D carrying the indicated wt or
Cbs constructs at the indicated times of galactose induction (expressed in hours
above the lanes; hr-gal). Total RNA (5 mg) was resolved on a 6% acrylamide–
7 M urea gel, electroblotted onto a nylon membrane, and hybridized with the
anti-tag oligonucleotide. U18 snoRNA is indicated on the side. (B) Control
hybridization to U5 snRNA: L and S indicate the long and short forms, respec-
tively, of U5 snRNA (10).
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sequences (data not shown). In a few cases (U30, U37, U39,
and U44), where the sequences neighboring the C and D boxes
do not produce canonical terminal stems, surrounding comple-
mentary sequences within the host introns can be found, sug-
gesting that they may act as functional equivalents of the yeast
external stems (data not shown).

DISCUSSION

The biosynthetic pathway of intron-encoded snoRNAs, in
both yeast and higher eukaryotes, has been studied in detail.
These analyses established that intronic snoRNAs can be ma-
tured via two pathways. The major pathway is dependent on
the linearization of the spliced lariat by a debranching activity
and subsequent exonucleolytic digestion of the flanking se-
quences to produce the correct 59 and 39 termini (8, 9, 20, 26,
33, 35, 45, 46, 47). The minor pathway relies on endonucleo-
lytic cleavage of unspliced host pre-mRNA, producing process-
ing intermediates that are further matured by exonucleases (6,
33, 35, 37, 47). Correct processing from both pathways and
stable accumulation of mature box C/D snoRNAs are depen-
dent upon a terminal core motif formed by the conserved C
and D boxes and the short RNA helix structure ($4 bp) found

FIG. 6. (A) Analysis of U18 processing in the 59339 exonuclease-deficient strain rat1-1. Total RNA was extracted from strain rat1-1 carrying the indicated wt or
Cbs constructs (schematically represented above the lanes) at the indicated times of galactose induction (expressed in hours above the lanes; hr-gal). Strain rat1-1 was
shifted to the restrictive temperature of 37°C for 2 h before addition of galactose. Total RNA (5 mg) was resolved on a 6% acrylamide–7 M urea gel, electroblotted
onto a nylon membrane, and hybridized with the anti-tag oligonucleotide. The different processing products are diagrammed on the side, as in Fig. 2. (B) Control
hybridization to U3 snRNA. The oligonucleotide used is indicated below each panel. Lanes M: pBR322 plasmid DNA, MspI digested. (C) Levels of accumulation of
U18 in the wt (CH1462; lanes 1, 4, and 7), rat1-1 (lanes 2, 5, and 8), and dbr1-D (lanes 3, 6, and 9) strains. Total RNAs extracted from the different strains transformed
with the indicated constructs 1 h after galactose induction were analyzed by primer extension with the anti-tag oligonucleotide. Strain rat1-1 was shifted to the restrictive
temperature of 37°C for 2 h before the addition of galactose.

TABLE 1. Presence of inverted repeats within yeast
box C/D snoRNA host introns

Host
intron

Intron
size (bp) snoRNA

Length (bp) of: Dbr1p-
independent

releasecTerminal
stema

External
stemb

EFB1 366 U18 2 14 1
BEL1 273 U24 8 2 2
TEF4 326 snR38 2 11 1
YL8A-II 467 snR39 2 15* 1
YM9958.06c 408 snR54 2 10 1
YL8B-II 407 snR59 2 12 1

a Includes base pairs extending within the precursor molecule. 2, absence of
a canonical terminal stem.

b 2, absence of an external stem (see Materials and Methods); *, presence of
a mismatch. Note that the snR39 external stem sequences are clearly distinct
from those of the complementary elements which positively affect splicing effi-
ciency of the host intron (18).

c Dbr1p-independent release indicates whether an intronic snoRNA is accu-
mulated in a dbr1-D strain above background levels (reference 33 and our
unpublished data), indicating the existence of an endonucleolytic pathway inde-
pendent from splicing.
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in the close vicinity of these elements (7, 8, 19, 25, 48, 49,
51). Since this motif is common to all eukaryotic box C/D
snoRNAs, independent of their genomic arrangement, it is
assumed that it represents a recognition signal for snoRNP
core proteins. The assembled snoRNP complex protects the
snoRNA from exonucleolytic digestion, thus providing the
information to specify the ends of the mature molecule.
Interestingly, these are the same requirements for nucleolar
targeting of this class of snoRNAs (24, 41), suggesting that
processing, stability, and trafficking are highly interdependent.

Our results show that processing of yeast intronic box C/D
snoRNAs lacking a canonical terminal stem must be assisted
by elements external to the mature snoRNA. This has been
shown for U18 and snR38 snoRNAs, whose host introns con-
tain complementary sequences outside the snoRNA coding
region. The role of the external stem has been extensively
studied in the U18 snoRNA. Disruption of this complementa-
rity leads to loss of U18 processing from both the splicing-
dependent and the splicing-independent pathways. While the
release of U18 from the pre-mRNA uniquely relies on the
presence of the external stem, processing from the released
intron can be restored if a canonical terminal stem is provided.
This implies that the box C/D motif of yeast U18 is not suffi-
cient to direct processing of the snoRNA. Thus, it appears that
the lack of a canonical terminal stem is compensated for by
structural elements within the host intron. Very likely, the
external stem mimics the function of the terminal stem by
helping the initial assembly with box C/D snoRNP factors,
thereby preventing progression of exonucleases within the
snoRNA coding region. Consistently, inhibition of the nuclear
59339 exonuclease Rat1p allows a partial recovery of U18
snoRNA release from the spliced intron lacking the external
stem. This is a clear indication that one essential function of
the external stem in the splicing-dependent U18 processing
pathway is to provide the structural information needed for the

assembly of a snoRNP complex (41). Since natural yeast U18
snoRNA lacks a 59-39-terminal stem, it follows that the stable
association of U18 snoRNP core proteins depends entirely on
conserved C and D boxes. We suggest a model in which the
accumulation of U18 snoRNA is the result of a competition
between the exonucleolytic degradation of the linearized host
intron and the efficiency of U18 snoRNP assembly (Fig. 8).
Indeed, inhibition of Rat1p activity leads to increased accumu-
lation levels of U18 snoRNA.

Our comparative analysis of host introns suggests that this
situation is common in yeast, where five box C/D snoRNAs
lack a canonical terminal stem whereas their host introns pos-
sess external complementary regions. Our results with snR38
indicate that such an arrangement probably reflects a con-
served function of the external stems in directing the process-
ing of yeast box C/D snoRNAs. In contrast, human box C/D

FIG. 7. Analysis of snR38 accumulation in the wt CH1462 and the mutant
dbr1-D strains. Total RNA was extracted from strains CH1462 (left) and dbr1-D
(right) carrying the pGAL38wt-tag and pGAL38DS-tag constructs at the indi-
cated times of galactose induction (expressed in hours above the lanes; hr-gal).
Total RNA (5 mg) was resolved on a 6% acrylamide–7 M urea gel, electroblotted
onto a nylon membrane, and hybridized with the 38 anti-tag oligonucleotide. The
different processing products are diagrammed. Lane M: pBR322 plasmid DNA,
MspI digested.

FIG. 8. Model for intron-encoded box C/D snoRNA processing in yeast. This
model applies to the intronic snoRNAs lacking a canonical terminal stem. The
host intron displays nonconserved complementary sequences (gray inverted ar-
rows). The box C/D snoRNA is depicted as a thick line, and its conserved boxes
C and D are depicted as small open boxes. The host pre-mRNA mainly under-
goes splicing (symbolized by the association with U1 and U2 snRNPs), releasing
mRNA and the lariat. This is quickly linearized by Dbr1p, producing free 59 and
39 ends readily attacked by exonucleases (represented as “Pacmen”; the nuclear
59339 exonuclease is Rat1p). Concomitantly with or immediately following lin-
earization, formation of the external stem directs proper folding of the pre-
snoRNA molecule (base pairing interactions are depicted by horizontal bars),
allowing association of snoRNP factors with boxes C and D. Nevertheless, it
cannot be excluded that snoRNP assembly may begin at some previous steps
during the splicing process. This assembly protects the pre-snoRNA from exo-
nuclease digestion and specifies the snoRNA mature ends. In the concurrent
splicing-independent pathway, whose existence is evidenced by the partial insen-
sitivity to the dbr1-D mutation, folding of newly synthesized host pre-mRNA
molecules induced by the external stem ensures their recognition as pre-snoRNA
substrates. Association with snoRNP factors is proposed to direct the endonu-
cleolytic cleavages of the snoRNA-flanking sequences (arrowheads; their posi-
tion is based on earlier results with U18 snoRNA [47]).
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snoRNAs generally share the presence of a consensus termi-
nal motif (44, 50). In a few cases, external complementary
sequences may reinforce and/or compensate for suboptimal
terminal interactions. This suggests some functional inter-
changeability of the external and terminal stems. Indeed, yeast
U24, which has an optimal terminal stem similar to human
snoRNAs, can be efficiently processed from a mutated host
intron if deprived of its terminal stem and provided with in-
tronic external complementarity (data not shown).

Disruption of the external stem in the U18 host intron also
induces an increase of pre-mRNA accumulation. It is largely
documented that complementary sequences within large yeast
introns positively influence splicing efficiency, contributing to
early spliceosome assembly (14, 17, 18, 27, 30, 34, 36). Never-
theless, even if EFB1 pre-mRNA accumulates, this increase
does not result in any manifest change in the level of mRNA,
indicating that splicing is not limiting in the production of
EFB1 mRNA (36). It is then more likely that the pre-mRNA
accumulation reflects the defect of U18 processing, since the
splicing-independent processing pathway completely depends
on the extended base pairing provided by the external stem and
cannot be supported by the shorter interaction of the terminal
stem. This strict dependence on the external stem raises the
possibility that this element is required for the endonucleolytic
cleavage of pre-mRNA, possibly by Rnt1p, the yeast homolog
of bacterial RNase III. However, when the wt and Cbs con-
structs are expressed in mutant yeast strains lacking Rnt1p
activity, neither the splicing-dependent nor the splicing-inde-
pendent U18 processing pathway is affected, also consistent
with previous observations (11). It is then more likely that the
external stem is required for another purpose or as a target for
an unidentified endonuclease.

In light of the proposed role of complementarity in assisting
the correct folding of a pre-snoRNA molecule (41), the ex-
tended base pairing required for the splicing-independent pro-
cessing correlates with the larger size of the pre-mRNA mol-
ecule, as opposed to that of the intron, in which 6 bp is
sufficient to promote the release of U18. By analogy to splicing,
we propose that the external complementary sequences of the
U18 and snR38 host introns and presumably of the other three
large yeast introns hosting box C/D snoRNAs positively
influences processing efficiency. This contribution is exerted
through base pairing and favors the communication between
the 59 and 39 termini of the snoRNA coding regions. Proper
folding brings together the conserved C and D boxes for in-
teractions with the trans-acting factors that initially recognize
the pre-snoRNA substrate (Fig. 8). In addition to the primary
role on processing, the intramolecular interactions would en-
hance the splicing efficiency, thus promoting efficient conver-
sion of newly synthesized pre-mRNAs into mature products
(i.e., mRNAs and snoRNAs) and contributing to the overall
yeast fitness. One interesting issue of future studies will be to
determine how box C/D snoRNP proteins and/or early splicing
factors modulate the initial recognition of a host pre-mRNA
molecule, thus committing it to a specific maturation pathway.
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8. Cavaillé, J., and J.-P. Bachellerie. 1996. Processing of fibrillarin-associated
snoRNAs from pre-mRNA introns: an exonucleolytic process exclusively
directed by the common stem-box terminal structure. Biochimie 78:443–456.

9. Cecconi, F., P. Mariottini, and F. Amaldi. 1995. The Xenopus intron-encoded
U17 snoRNA is produced by exonucleolytic processing of its precursor in
oocytes. Nucleic Acids Res. 23:4670–4676.

10. Chanfreau, G., S. Abou Elela, M. Ares, Jr., and C. Guthrie. 1997. Alternative
39-end processing of U5 snRNA by RNaseIII. Genes Dev. 11:2741–2751.

11. Chanfreau, G., P. Legrain, and A. Jacquier. 1998. Yeast RNase III as a key
processing enzyme in small nucleolar RNAs metabolism. J. Mol. Biol. 284:
975–988.

12. Chanfreau, G., G. Rotondo, P. Legrain, and A. Jacquier. 1998. Processing of
a dicistronic small nucleolar RNA precursor by the RNA endonuclease
Rnt1. EMBO J. 17:3726–3737.

13. Chapman, K. B., and J. D. Boeke. 1991. Isolation and characterization of the
gene encoding yeast debranching enzyme. Cell 65:483–492.

14. Charpentier, B., and M. Rosbash. 1996. Intramolecular structure in yeast
introns aids the early steps of in vitro spliceosome assembly. RNA 2:509–522.

15. Ganot, P., M.-L. Bortolin, and T. Kiss. 1997. Site-specific pseudouridine
formation in preribosomal RNA is guided by small nucleolar RNAs. Cell 89:
799–809.

16. Ganot, J.-P., M. Caizergues-Ferrer, and T. Kiss. 1997. The family of box
ACA small nucleolar RNAs is defined by an evolutionarily conserved sec-
ondary structure and ubiquitous sequence elements essential for RNA ac-
cumulation. Genes Dev. 11:941–956.

17. Goguel, V., and M. Rosbash. 1993. Splice site choice and splicing efficiency
are positively influenced by pre-mRNA intramolecular base pairing in yeast.
Cell 72:893–901.

18. Howe, K. J., and M. Ares, Jr. 1997. Intron self-complementarity enforces
exon inclusion in a yeast pre-mRNA. Proc. Natl. Acad. Sci. USA 94:12467–
12472.

19. Huang, G. M., A. Jarmolowski, J. C. Struck, and M. J. Fournier. 1992.
Accumulation of U14 small nuclear RNA in Saccharomyces cerevisiae re-
quires box C, box D, and a 59,39-terminal stem. Mol. Cell. Biol. 12:4456–
4463.

20. Kiss, T., and W. Filipowicz. 1995. Exonucleolytic processing of small nucle-
olar RNAs from pre-mRNA introns. Genes Dev. 9:1411–1424.
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