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ABSTRACT

Small nucleolar RNAs (snoRNAs) play important roles in ribosomal RNA metabolism. In Saccharomyces cerevisiae, box C/D
snoRNAs are synthesized from excised introns, polycistronic precursors, or independent transcription units. Previous studies
have shown that only a few independently transcribed box C/D snoRNAs are processed at their 5� end. Here we describe 12
additional independently transcribed box C/D snoRNAs that undergo 5�-end processing. 5� Extensions found in the precursors
of these snoRNAs contain cleavage sites for Rnt1p, the S. cerevisiae homolog of RNase III, and unprocessed precursors
accumulate in vivo in the absence of Rnt1p. Rnt1p cleavage products were identified in vivo when the 5� → 3� exonucleases
Xrn1p and Rat1p are inactivated (xrn1� rat1-1) and in vitro using model RNA substrates and recombinant Rnt1p. Some of these
snoRNAs show increased levels of unprocessed precursors when the rnt1� deletion is combined to the xrn1� rat1-1 mutation,
suggesting that these exonucleases participate in the 5� processing or the degradation of the snoRNA precursors. Unprocessed
precursors are not significantly destabilized in the absence of the trimethylguanosine capping enzyme Tgs1p, suggesting that a
5� monomethyl cap is sufficient to ensure stabilization of these precursors. These results demonstrate that the majority of
independently transcribed box C/D snoRNAs from the yeast genome undergo 5�-end processing and that the Rnt1p endonucle-
ase and the Xrn1p and Rat1p 5� → 3�exonucleases have partially redundant functions in the 5�-end processing of these snoRNAs.
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INTRODUCTION

Small nucleolar RNAs (snoRNAs) are essential cofactors in

ribosomal RNA (rRNA) metabolism. A few snoRNAs are

necessary for cleavage steps in the maturation of the 35S

rRNA precursor, but most of them are required to guide

bases or sugar modifications within the rRNA precursor

(Tollervey and Kiss 1997; Kiss 2001). Small nucleolar RNAs

are subdivided in two major structural families (Balakin et

al. 1996; Ganot et al. 1997b). Box C/D snoRNAs guide the

methylation of the ribose 2� hydroxyl groups of nucleotides
in the 35S rRNA precursor (Cavaille et al. 1996; Kiss-Laszlo

et al. 1996). H/ACA snoRNAs guide the conversion of uri-

dines to pseudouridines in the rRNA precursor (Ganot et al.

1997a; Ni et al. 1997).

Small nucleolar RNAs are usually produced by posttran-

scriptional processing from precursors species (Tollervey

and Kiss 1997). Although most mammalian snoRNAs are

encoded within intron sequences and processed from either

unspliced precursors or lariat species, only a few yeast

snoRNAs are intron encoded (U18, U24, snR34, snR38,

snR39, snR44, snR54, and snR59). Most yeast small RNAs

are either generated from independent transcription units

or initially transcribed as polycistronic units. In the case of

polycistronic transcription units, processing intermediates

are generated by RNase III cleavage in the spacer separating

each snoRNA from the other (Chanfreau et al. 1998a,b; Qu

et al. 1999). The resulting intermediates carrying only one

snoRNA sequence are further processed by exonucleases

(Petfalski et al. 1998; Qu et al. 1999) to generate the mature

ends.

The initial transcripts of independently transcribed box

C/D snoRNAs all possess a trimethylguanosine (TMG) cap.

The snoRNAs that are not processed at their 5� end such as

U3, snR4, and snR13 will retain the TMG cap structure

(Samarsky and Fournier 1999). Those that undergo 5�-end
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processing, such as snR39b, snR40, snR47, and snR79 (Z9),

will lose the TMG cap structure (Chanfreau et al. 1998a). In

these documented cases, the yeast ortholog of RNase III,

Rnt1p, cleaves the 5� extension found in the precursor of

these snoRNAs, and provides an entry site for exonucleo-

lytic digestion. The exonucleases responsible for the final

trimming step have not been identified, but have been

speculated to be Xrn1p and/or Rat1p (Chanfreau et al.

1998a).

Because of the limited number of independently tran-

scribed box C/D snoRNA genes described, it is not clear

whether 5�-end processing is a common pathway or limited

to a few snoRNAs. In this study, we examine the question of

the processing of recently identified independently tran-

scribed box C/D snoRNAs. We show that most of them

undergo 5�-end processing by a combination of endonu-

cleolytic cleavage by Rnt1p and exonucleolytic digestion by

Xrn1p and/or Rat1p. These results show that the majority of

independently transcribed box C/D snoRNAs undergo 5�-

end processing, and that the enzymes involved in their pro-

cessing have partially redundant functions.

RESULTS

In silico detection of putative Rnt1p target sites
upstream from recently identified box C/D
snoRNA genes

We analyzed the predicted secondary structure of sequences

found upstream of box C/D snoRNA gene sequences iden-

tified through computational screening (Lowe and Eddy

1999; Samarsky and Fournier 1999). This analysis revealed

the presence of putative stem–loop structures upstream

from the independently transcribed box C/D snoRNAs

snR50, snR52, snR58, snR60, snR62, snR63, snR64, snR65,

snR66, snR68, snR69, and snR71 (Fig. 1). Most of these

stem–loop structures are capped by tetraloops showing the

consensus sequence AGNN. One exception was snR71,

which showed a GGUU tetraloop se-

quence. In three cases (snR50, snR60,

and snR69), the predicted secondary

structures were formed by coaxial stack-

ing of a short stem–loop carrying the

AGNN tetraloop onto a longer stem

(Fig. 1). The Saccharomyces cerevisiae

homolog of RNase III, Rnt1p, specifi-

cally cleaves double-stranded structures

capped by tetraloop with the sequence

AGNN, and the enzyme selects the

phosphodiester bond to be cleaved be-

tween 13 and 16 bp from the tetraloop

(Chanfreau et al. 2000). Thus, the pres-

ence of predicted dsRNA structures car-

rying AGNN terminal tetraloops up-

stream from these novel independently

transcribed box C/D snoRNA sequences

suggested that these snoRNAs undergo

5�-end processing through Rnt1p cleav-

age.

5�-end processing of box C/D
snoRNAs by Rnt1p cleavage and
exonucleolytic digestion

Theoretical RNA folding of sequences

found upstream of these snoRNAs sug-

gested that Rnt1p might play a role in

the 5�-end processing of these C/D

snoRNA species. To test this hypothesis,

we analyzed the 5� end of these snoRNAs

by primer extension of RNAs extracted

from a wild-type strain and from a yeast

strain in which the RNT1 gene was

deleted (rnt1�). To get conclusive evi-

FIGURE 1. Secondary structure prediction of RNA sequences found upstream of box
C/D snoRNAs. Shown are secondary structures corresponding to one of the 5% subop-
timal structures calculated by Mfold (Mathews et al. 1999). The distance to the mature
snoRNA sequence is indicated on the 3� end of the structure. Cleavage sites mapped in
vitro are indicated by black triangles and cleavage sites mapped in vivo are indicated by
gray triangles.

5�-end processing of box C/D snoRNAs
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dence for Rnt1p cleavage in vivo, we also sought to detect

Rnt1p cleavage products in vivo. These cleaved intermedi-

ates are normally unstable because they are rapidly de-

graded by exonucleases. To detect these species, we used

yeast strains carrying deletion or mutant versions of the

5� → 3� exonucleases Xrn1p and Rat1p. Xrn1p is cytoplas-

mic and is not essential (Johnson 1997), whereas Rat1p is

nuclear and is essential (Amberg et al. 1992; Johnson 1997).

Although Xrn1p is in majority cytoplasmic, full inactivation

of 5� → 3� exonuclease activities in the yeast nucleus re-

quires inactivation of both Rat1p and Xrn1p, possibly be-

cause of a small nuclear fraction of Xrn1p that can func-

tionally complement some of the roles of Rat1p (Petfalski et

al. 1998; Danin-Kreiselman et al. 2003). A yeast strain car-

rying both the xrn1� disruption and a rat1 thermosensitive

mutation (xrn1� rat1-1, provided by D. Tollervey, Univer-

sity of Edinburgh) was analyzed by primer extension. If

snoRNA precursors are cleaved by Rnt1p, cleaved interme-

diates should become detectable upon shift of this strain to

a nonpermissive temperature (Petfalski et al. 1998; Qu et al.

1999; Danin-Kreiselman et al. 2003). We also used a triple

mutant strain in which the rnt1 knockout was combined to

the xrn1� rat1-1 mutation (rnt1� xrn1� rat1-1). Analysis of

this strain served two purposes. First, we wanted to dem-

onstrate that any product detected upon inactivation of the

Xrn1p and Rat1p exonucleases was dependent upon Rnt1p

cleavage (Danin-Kreiselman et al. 2003). Second, this triple

mutant strain allowed us to analyze whether 5�-end pro-

cessing was more affected by inactivation of both Rnt1p and

the 5� → 3� exonucleases than by inactivation of Rnt1p

alone. Primer extension analysis was performed on RNAs

extracted from each of these four strains grown at 25°C or

shifted to 37°C. This analysis revealed several features ob-

served for all snoRNAs examined (Fig. 2). For all of them,

5�-extended species were detected in the rnt1� strain (lanes

2 and 6), showing that Rnt1p plays a role in the 5�-end
processing of these RNAs, as predicted from the secondary

structure analysis described in Figure 1. In most cases, we

could clearly detect a product in RNAs extracted from the

xrn1� rat1-1 strain shifted at 37°C (labeled as Cl-, Fig. 2,

lane 7) that was absent in samples extracted from the rnt1�
xrn1� rat1-1 strain (lanes 8) shifted in the same conditions.

These species are likely to correspond to Rnt1p cleavage

products that are stabilized in vivo, because of the inacti-

vation of the 5� → 3� exonucleases. In the cases of snR58

and snR63, cleaved intermediates were found in very low

abundance but were still detectable. The precise location of

these cleavage sites was mapped at the nucleotide level using

sequencing lanes run in parallel and generated with the

same 5�-end-labeled oligonucleotide (Fig. 2). The location

of these cleavage sites is indicated by gray triangles on the

secondary structures on Figure 1. In most cases, cleavage

was observed in the 13- to 16-bp range to the terminal

tetraloop structure, in agreement with the cleavage site se-

lection rules of the enzyme. These results show that deple-

tion of Rnt1p affects 5�-end processing of these snoRNAs,

and that cleaved processing intermediates can be identified

in vivo using exonucleases mutant strains.

The amount of mature species accumulating in the rnt1�
strain was strikingly variable depending on snoRNAs. Some

snoRNAs such as snR50, snR64, and snR69 showed almost

no accumulation of mature snoRNA in the absence of

Rnt1p (Fig. 2, cf. lanes 1 and 2). Others, such as snR52 and

snR58, showed no perturbation in the level of mature

snoRNA produced in the absence of Rnt1p. These results

show that the major mechanism to ensure mature snoRNA

production differs significantly depending on individual

snoRNA species. Some snoRNAs are strictly dependent on

Rnt1p cleavage for mature snoRNA production, whereas

some others seem to be able to overcome the lack of Rnt1p

cleavage through exonucleolytic digestion (although we

cannot rule out that another, yet unidentified, endonuclease

may play a role as well).

We also noticed some differences in the mature 5� end
generated through the endonucleolytic cleavage pathway

followed by exonucleolytic digestion compared to the 5�
end generated exclusively through the exonucleolytic path-

way (identified in the rnt1� strain). In the latter case, the

mature end was sometimes shifted by 1 nt upstream com-

pared to the end generated through Rnt1p endonucleolytic

cleavage followed by exonucleolytic digestion (Fig. 2). The

basis for this observation remains unclear.

The analysis of the triple mutant strain revealed that in

some cases, the fully extended unprocessed precursors were

more abundant in the rnt1� xrn1� rat1-1 triple mutant

strain than in the rnt1� strain. This phenotype was often

detectable at 25°C (compare lanes 2 and 4 for snR52, snR60,

snR64, snR66, snR68, and snR71), even before complete

inactivation of Rat1p. Although fully unprocessed precur-

sors are hardly detectable in the xrn1� rat1-1 mutant strain

at any temperature, this result suggests that the role of the

Xrn1p and/or Rat1p exonuclease is not limited to digesting

the Rnt1p cleavage product, but that they also function in

processing full-length precursors when these species accu-

mulate in the absence of Rnt1p. This is consistent with the

fact that some mature snoRNA levels are barely affected by

Rnt1p absence (e.g., snR52 and snR66). These results show

that the endonucleolytic and the exonucleolytic pathways

have partially redundant functions in the 5� processing of

some of these snoRNAs.

Recombinant Rnt1p cleaves model substrates
containing box C/D snoRNA 5� extensions

To demonstrate directly that the cleaved intermediates

identified in vivo by primer extension in the xrn1� rat1-1

strain at a nonpermissive temperature correspond to bona

fide Rnt1p cleavage sites, we generated model transcripts of

∼ 200 nt containing the stem–loop structures, and we incu-

Lee et al.
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bated these unlabeled transcripts with bacterially expressed

purified recombinant Rnt1p or with a catalytically inactive

mutant (E320K). Cleavage site(s) were mapped by primer

extension analysis with reverse transcriptase in parallel to a

sequence ladder generated with the same 5�-end-labeled oli-
gonucleotide. In all cases, incubation with recombinant

Rnt1p resulted in major cleavage products that were not

observed upon incubation with buffer alone or with the

mutant enzyme (Fig. 3). Mapping of the cleavage site with

a sequencing ladder revealed that cleavage occurred 13 to 16

bp downstream from the AGNN tetraloops, in agreement

with the cleavage site selection rules of the enzyme (Chan-

freau et al. 2000) and in agreement with the results observed

in vivo (Fig. 1). Some sites mapped in vitro were located on

the 3� side of the stem–loop, whereas the corresponding

sites mapped in vivo were located on the 5� side of the loop
(Fig. 1, compare gray and black arrowheads) in a staggered

location. Although the staggered cut on both sides of the

double-stranded RNA is consistent with properties of

RNase III endonucleases, it is possible that for these species,

5� extended products are stabilized in vivo due to the pres-

ence of the stem–loop, as described previously (Henry et al.

1994), whereas concerted double cleavage in vitro leads to a

most prominent primer extension block on the 3� side of
the molecules. For two snoRNAs (snR52 and snR58), we

could detect a downstream cleavage product 12–14 bp from

the cleavage site located closer to the tetraloop. This second

cleavage was detected either in vivo (snR52) or in vitro

(snR58). These observations suggest that Rnt1p may cleave

sequentially dsRNA when the duplex following the te-

traloop is long. We also noticed that the sequence of the

tetraloop found in the target stem–loop upstream of snR71

differs from the AGNN consensus described for yeast RNase

III. However, a GGUU tetraloop is likely to adopt the same

FIGURE 2. Primer extension analysis of 5�-end processing of box C/D snoRNAs in wild-type and rnt1�, xrn1� rat1-1, and rnt1� xrn1�
rat1-1 mutant strains. (Lane 1) Wild-type strain, 25°C. (Lane 2) rnt1� strain, 25°C. (Lane 3) xrn1� rat1-1 strain, 25°C. (Lane 4) rnt1� xrn1�
rat1-1 strain, 25°C. (Lane 5) Wild-type strain, shifted to 37°C. (Lane 6) rnt1� strain, shifted to 37°C. (Lane 7) xrn1� rat1-1 strain, shifted
to 37°C. (Lane 8) rnt1� xrn1� rat1-1 strain, shifted to 37°C. In some cases, the oligonucleotide used cross-hybridized to another RNA
species (indicated by an asterisk) on the figure. The mature species are indicated by “M”, and the precursors are indicated by “P”. Cleaved
intermediates detected in the xrn1� rat1-1 strain, shifted to 37°C (lanes 7) are indicated by Cl-.

5�-end processing of box C/D snoRNAs
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tetraloop conformation described for an AGUU sequence

(Wu et al. 2001). In addition, we recently identified Rnt1p

cleavage sites in the introns of RPS22B and RPL18A that

contain GGUU terminal tetraloop structures (Danin-Krei-

selman et al. 2003). These results show that yeast RNase III

can accommodate a variety of sequences at the first posi-

tion, as long as the tetraloop can adopt an AGNN-type

conformation. In conclusion, the data obtained from the in

vitro cleavage experiments were usually consistent with the

cleavage sites observed in vivo, and further confirmed that

the stem–loops located upstream of these snoRNA se-

quences correspond to Rnt1p cleavage sites. These data also

confirmed that the primer extension stop detected in the

xrn1� rat1-1 strain shifted to 37°C correspond to the

cleaved intermediates.

Inactivation of the trimethylguanosine capping
enzyme Tgs1p does not strongly destabilize the
snoRNA precursors observed in the rnt1
knockout strain

In previous studies, unprocessed precursors detected in the

rnt1� strain were shown to possess a TMG cap (Chanfreau

et al. 1998a,b). One hypothesis proposed to explain the

stability of these species was that the 5� TMG cap protects

these precursors against degradation by exonucleases

(Chanfreau et al. 1998a,b). The TGS1 gene has recently been

shown to encode the trimethylguanosine capping enzyme

(Mouaikel et al. 2002). To test the hypothesis that unpro-

cessed precursors are stabilized because of the presence of the

TMG cap, we generated a rnt1� tgs1� double knockout

strain. A heterozygote tgs1��HIS dis-

ruption was obtained in a heterozygote

rnt1��TRP deletion diploid strain, and

haploid single and double mutant

spores were obtained by diploid sporu-

lation and tetrad dissection. Interest-

ingly, the rnt1� tgs1� double knockout

exhibited slower growth than the rnt1�
knockout, but was still viable at 25°C

(Fig. 4A). We analyzed by primer exten-

sion the levels of unprocessed and ma-

ture snoRNAs in the four spores ob-

tained from this tetrad analysis (WT,

rnt1�, tgs1�, rnt1� tgs1�). The primer

extension profile of three snoRNAs for

which the rnt1 deletion significantly af-

fected mature snoRNA levels (snR50,

snR64, snR69) is shown in Figure 4B.

We did not observe a strong destabili-

zation of these snoRNAs precursors, in

contrast to the stated hypothesis. The

levels of precursors were slightly re-

duced, but not as dramatically as one

could expect if the TMG cap was solely

responsible for stabilizing these precur-

sors.

To confirm the TMG cap status of

these unprocessed precursors, mature

snoRNAs, and cleaved intermediates, we

performed immunoprecipitation ex-

periments on total RNAs extracted from

wild-type, rnt1�, xrn1� rat1-1 strain

shifted to 37°C, and rnt1� tgs1� strains,

using a monoclonal K121 anti-TMG an-

tibody coupled to protein G sepharose

beads. We used the monoclonal anti-

body 12CA5 as negative control. After

incubation with beads and extensive

washing, RNAs were loaded on poly-

acrylamide gels and detected by North-

FIGURE 3. In vitro cleavage of snoRNA precursors model substrates by recombinant
Rnt1p. In vitro transcribed unlabeled RNAs were incubated with buffer alone (lane 1),
recombinant wild-type (lane 3), or mutant (E320K, lane 2) Rnt1p, and used as primer
extension templates.

Lee et al.
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ern blot and hybridization with oligonucleotide probes (Fig.

4C). In RNAs extracted from the rnt1� sample, extended

species of snR64 and snR69, could be immunoprecipitated

by anti-TMG antibodies, but not by the control 12CA5

antibody. The mature snoRNAs detected in the wild-type

and xrn1�rat1-1 strains were not immunoprecipitated by

the anti-TMG antibody, further confirming that these ma-

ture snoRNAs are generated through 5�-end processing.

The cleaved intermediates detected in the xrn1� rat1-1

strain shifted to 37°C were also not immunoprecipitated by

the anti-TMG antibody, confirming that these species cor-

respond to cleavage products. Precursors of snR64 and

snR69 accumulating in the rnt1� tgs1� double knockout

strain were immunoprecipitated less efficiently compared to

the input samples than the precursors accumulating in the

rnt1� strain. Quantification of these Northern blots showed

that between 20 and 25% of the precursors accumulating in

the rnt1� tgs1� strain were immunoprecipitated by the

K121 anti-TMG antibody, whereas immunoprecipitation of

precursors accumulating in the rnt1� strain was quantita-

tive. The same results were obtained with snR50 (data not

shown). This result shows that inactivation of the TMG

capping enzyme results in an inhibition of TMG capping, as

expected (Mouaikel et al. 2002). We note however that a sig-

nificant fraction of unprocessed precursors is immunoprecipi-

tated by the anti-TMG antibody in the rnt1� tgs1� strain.

Because trimethylation is expected to be absent in the

rnt1� tgs1� strain, the level of immunoprecipitation ob-

served for the precursors in this strain might be explained

by the cross-reactivity of the K121 anti-TMG antibody with

monomethylated cap structures. We therefore used another

antibody, R1131 (a kind gift of R. Lührmann, Max Planck

Institute), which reacts more specifically with trimethylgua-

nosine cap structures (Fig. 4C). Unprocessed snoRNA pre-

cursors of snR64 and snR69 were not precipitated by the

R1131 antibody in the rnt1� tgs1� strain, whereas the pre-

cursors found in the rnt1� strain were precipitated. The

same results were obtained with snR50 (data not shown).

Because the precursors accumulating in the rnt1� tgs1�
strain are precipitated by the K121 antibodies, but not by

the R1131 antibodies, we conclude that these precursors are

monomethylated at their 5� end, and that the precipitation

of unprocessed precursors observed in the rnt1� tgs1�
strain is due to a cross-reactivity of the K121 antibody with

the monomethyl cap structure. Because the unprocessed

precursors detected in the rnt1� tgs1� strain are not

strongly destabilized, we conclude that the monomethyl cap

is sufficient to ensure their stabilization.

FIGURE 4. Analysis of snoRNAs in wild-type, rnt1�, tgs1�, and rnt1� tgs1� strains. (A) Growth of wild-type, rnt1�, tgs1�, and rnt1�
tgs1� strains. Shown are sister spores obtained after dissection of a tetrad. Spores were streaked on YPD medium and grown at 23°C for
6 days. (B) Analysis of the 5� end of the snR50, snR64, and snR69 snoRNAs by primer extension in wild-type, rnt1�, tgs1�, and rnt1�
tgs1� strains. Legend as in Figure 2. (C) Immunoprecipitation analysis of the TMG cap status of precursors and mature snoRNAs in
wild-type, rnt1�, xrn1� rat1-1, and rnt1� tgs1� strains using the K121 and RR131 antibodies. Total RNAs, RNAs selected after binding
to protein G beads coupled to K121 anti-TMG antibodies or to 12CA5 (anti-HA) antibodies, and RNAs selected after binding to protein
A beads coupled to polyclonal R1131 anti-TMG antibodies or anti-GST antibodies were loaded on a 6% polyacrylamide sequencing gel,
transferred to a Hybond N+ membrane, and probed with snR64-Rev and snR69-Rev antisense oligonucleotide probes hybridizing to the
indicated snoRNAs.

5�-end processing of box C/D snoRNAs
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DISCUSSION

A large number of independently transcribed box
C/D snoRNAs undergo 5�-end processing

In this study, we demonstrate that 12 novel box C/D snoRNAs

undergo 5�-end processing. Only four independently tran-

scribed box C/D snoRNAs had been shown to be processed

at the 5� end so far, snR39b, snR40, snR47, and snR79

(Chanfreau et al. 1998a). Other known box C/D snoRNAs

are either TMG capped at their 5� end or processed from

intronic lariats or polycistronic precursors (Samarsky and

Fournier 1999). The 12 additional examples reported here

show that the majority of the 23 monocistronic indepen-

dently transcribed box C/D snoRNAs from S. cerevisiae

undergo 5�-end processing. Some of the stem–loops that

constitute these processing signals are conserved in Hemi-

ascomycetes species other than S. cerevisiae, suggesting that

they correspond to functionally important processing sig-

nals (Chanfreau 2003). Processing of box C/D snoRNAs at

the 5� end is therefore much more widespread than previ-

ously thought. It is worthwhile to note that for the other

major family of snoRNAs (H/ACA), 5�-end processing is

not very common, with only three independently tran-

scribed snoRNAs undergoing 5�-end processing (Chanfreau
et al. 1998a). Most other H/ACA snoRNAs are either TMG

capped or intron encoded. The basis for this difference

in the processing pathways of these molecules is intrigu-

ing. Because the proteins that assemble onto these

snoRNAs differ, and because it is thought that processing

and RNP biogenesis are coupled (see below), the differ-

ences in snoRNP assembly pathways may have dictated a

difference in the requirement for processing of these mol-

ecules.

Partial redundance of endonucleolytic and
exonucleolytic digestion pathways

In all the cases reported here, we found evidence of Rnt1p

cleavage sites in the 5� extension. The sizes of the 5� exten-
sions fall within a range of 150 to 200 nt. The location of the

Rnt1p cleavage site in these extensions is variable, ranging

from 21 nt upstream of the mature sequence (e.g., snR62)

to more than 100 nt for snR52. The functional importance

of Rnt1p cleavage is variable depending on the snoRNAs,

ranging from being essential to generate the mature 5� end
(e.g., snR50) to almost dispensable (e.g., snR52). The basis

for this differential requirement for Rnt1p cleavage is un-

known. It is possible that some of the Rnt1p target stem–

loops are not very stable and do not form very efficiently in

vivo. For these snoRNAs, 5�-end processing would rely

more heavily on exonuclease digestion, and depletion of

Rnt1p would not profoundly affect the level of mature

snoRNA production. We have tried to correlate the require-

ment for Rnt1p with the stability of the predicted stem–

loops as estimated by Mfold or with the length of the 5�
extensions, but no correlation could be found. Another un-

expected finding of this study was that the pathway relying

exclusively on exonucleolytic digestion is partially redun-

dant with the pathway that combines endonucleolytic cleav-

age and exonucleolytic digestion. In some cases, we ob-

served an increase of accumulation of unprocessed precur-

sors when both Rnt1p and the 5� → 3� exonucleases are

inactivated. This suggests that these exonucleases can digest

full-length precursors and that this pathway contributes to

production of at least a fraction of the mature snoRNAs in

the cell. Thus, the function of these exonucleases is not

restricted to the digestion of Rnt1p cleavage products. In

addition, these exonucleases are probably also involved in

the degradation of unprocessed precursors that accumulate

in the absence of Rnt1p. Because these exonucleases can

probably not attack full-length TMG capped precursors, it

is likely that a decapping activity must be active for these

exonucleases to function in the processing of unprocessed

precursors.

Is 5�-end processing a quality control step for proper
snoRNP assembly?

Finally, it is interesting to question why such a large number

of independently transcribed snoRNAs undergo 5�-end
processing. In this study, we show that the majority of in-

dependently transcribed box C/D snoRNAs undergo 5�-end
processing. It has been suggested that 3�-end processing of

extensions of the precursors of noncoding small RNAs pro-

vides a way to complete assembly of RNPs before degrada-

tion of the transcripts by cellular exonucleases (Kufel et al.

2000). It is possible that 5�-end processing and the presence
of 5� extensions in the precursors of these small RNAs

serves a similar purpose, and provides a way to avoid

5� → 3� degradation of the transcripts before complete

snoRNP assembly. All the unprocessed precursors of

snoRNA molecules identified in the rnt1 deletion strain are

TMG capped (Chanfreau et al. 1998a; this study). This ob-

servation suggests that TMG-cap synthesis rapidly follows

transcription of the snoRNA sequence. Rapid hypermeth-

ylation of the precursor would be consistent with the fact

that in contrast to most vertebrates sn(o)RNAs, hypermeth-

ylation of the 5� end of yeast small RNAs and of U3 verte-

brate snoRNA seems to occur in the nucleus (Terns and

Dahlberg 1994; Mouaikel et al. 2002). The acquisition of

this TMG cap was proposed to prevent premature 5� → 3�
degradation and protects the snoRNA until snoRNP assem-

bly is completed, or at least delays the action of the exo-

nucleases (Chanfreau et al. 1998a; this study). We note that

in the absence of the TMG capping enzyme, the snoRNA

precursors are not strongly destabilized (Fig. 4B). The re-

sults obtained by immunoprecipitation with the K121 and

R1131 antibodies (Fig. 4C) suggest that the precursors ac-

cumulating in the rnt1� tgs1� strain are partially methyl-
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ated. This result shows that monomethylcaps are sufficient

to ensure stabilization of these precursors, and that com-

plete destabilization would require demethylation and/or

decapping. After snoRNP assembly, the 5� extensions are

removed by cleavage and/or decapping and exonucleolytic

digestion, and the exonucleases will stop at the boundaries

of the snoRNAs, which are already marked by the presence

of the snoRNP proteins. This mechanism would ensure that

most of the snoRNAs produced by the transcriptional ma-

chinery are properly packaged into snoRNPs, and adds to

the list of quality-control mechanisms provided by RNA-

processing reactions.

MATERIALS AND METHODS

Yeast strains

The xrn1� rat1-1 strain was provided by D. Tollervey (Petfalski et

al. 1998). The rnt1� xrn1� rat1-1strain is described in Danin-

Kreiselman et al. (2003). The rnt1� tgs1� double knockout strain

was obtained by disrupting the TGS1 open reading frame using a

PCR-generated HIS marker as described (Longtine et al. 1998) in

a diploid strain heterozygote for the rnt1 disruption (Chanfreau et

al. 1998b). After sporulation and tetrad dissection, several tetrads

were obtained that showed that the rnt1�tgs1�double knockout

strains, prototrophs for both histidine and tryptophan are viable.

RNA analysis

Secondary structure folding using Mfold (Mathews et al. 1999) was

performed on M. Zuker’s Web site (Zuker 2003). Total RNA ex-

traction from yeast strains was performed as described (Chanfreau

et al. 1998b). Yeast strains were grown on YPD at 25°C, unless

otherwise stated. For temperature shifts to 37°C, the strains were

shifted for 2 h 30 min to 3 h in medium that was pre-equilibrated

at 37°C. Primer extension on total RNAs was performed as de-

scribed (Chanfreau et al. 1998b), using reverse oligonucleotides

specific for each snoRNA (indicated by snR_-Rev on the list).

Unlabeled RNA precursors for in vitro cleavage assays were syn-

thesized by in vitro transcription of templates carrying a T7 RNA

polymerase promoter obtained by PCR using an upstream oligo-

nucleotide containing the T7 promoter (indicated by snR_-T7) on

the list, and the reverse oligonucleotide (snR_-Rev). PCR tem-

plates were transcribed in vitro using the Megashortscript kit (Am-

bion). In vitro cleavage using recombinant Rnt1p and primer ex-

tension mapping on gel-purified RNAs was performed as de-

scribed (Chanfreau et al. 2000; Danin-Kreiselman et al. 2003).

Immunoprecipitations using monoclonal K1212 anti-TMG and

12CA5 antibodies (Calbiochem–Oncogene Research) and acryl-

amide Northern blot analysis were performed as described (Chan-

freau et al. 1998b). The R1131 antibody was a kind gift from R.

Lührmann. Immunoprecipitations using the R1131 and the anti-

GST antibody were performed as described (Kwan et al. 2000).

Oligonucleotides sequences

snR50-Rev: GATTCAATCACGAAAAATCTGCTGC

snR50-T7: CAGGGATCCTAATACGACTCACTATAGGACCTTT

CCCTCCTTCC

snR52-Rev: GGAAGGCAACATAAGTTTTTCTAATCC

snR52-T7: CAGGGATCCTAATACGACTCACTATAGGTGATTA

CATGTACG

snR58-T7: CGGAATTCTAATACGACTCACTATAGGCGAGGAA

GCTAACAGGCC

snR58-Rev: GCGAATTCGGCAATTAACCCTCACTAAAGGTCT

AACGTCTAAAAGTTCG

snR60-Rev: CAGATAGGAGCGAAAGACTAATTTCGATGG

snR60-T7: CAGGGATCCTAATACGACTCACTATAGGCTTGTCC

TTGTCCACG

snR62-Rev: CGGAATTCGGCAATTAACCCTCACTAAAGGGAATT

GTTGATAGTCGTATATC

snR62-T7: CAGGATCCTAATACGACTCACTATAGGGGAGTTTT

AAAGAACTCATGTTGC

snR63-Rev: GAAGTACTTCTGTTCTTAATAGACC

snR63-T7: CGCGGATCCTAATACGACTCACTATAGGTAACAT

AACTCTTCTACTGCAGTC

snR64-Rev: GGCGCCCTAAGCTCTACTAAAAACTGGGC

snR64-T7: CAGGGATCCTAATACGACTCACTATAGGTGTTGTT

ACGCATCTC

snR65-Rev: GTTTGAATGCTTTCAGATACTATCTAGC

snR65-T7: CAGGGATCCTAATACGACTCACTATAGGTGGAA

AAACTTCCCTCCG

snR66-Rev: GGTCAGTAATAAAAAAGCAATCTCGTCC

snR66-T7: CAGGGATCCTAATACGACTCACTATAGGAGCTT

ACTATTCTTGGTCC

snR68-Rev: ACAGCCCCCGTCAATACGATAACGC

snR68-T7: CAGGGATCCTAATACGACTCACTATAGGAGGTT

ACGATCAAGTATC

snR69-Rev: CGAATCGAAGAGCTGGGTTTATAGC

snR69-T7: CAGGGATCCTAATACGACTCACTATAGGAAGAG

AAAATTGGTCC

snR71-Rev: CAATCATATCAAAAGATCTGAGTGAGC

snR71-T7: CAGGGATCCTAATACGACTCACTATAGGCCCAA

TTTATGGCAGC
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