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Identification of a Regulated Pathway
for Nuclear Pre-mRNA Turnover

the nuclear 59→39 exoribonuclease Rat1p (Amberg et
al., 1992; Henry et al., 1994; Petfalski et al., 1998). Rat1p
is essential for cell viability (Kenna et al., 1993; Johnson,
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1997) and is functionally conserved from yeast to higherICMB
eukaryotes (Shobuike et al., 1995).University of Edinburgh

Control of mRNA stability is an important step in theKing’s Buildings
regulation of gene expression. Two general cytoplasmicEdinburgh EH9 3JR
mRNA decay pathways have been characterized inScotland
yeast. In both, the initial step is shortening of the poly(A)
tail to A10 or less (see Mitchell and Tollervey, 2000 and
references therein). In the major pathway, this triggers

Summary removal of the 59-cap structure by the decapping en-
zyme Dcp1p (Beelman et al., 1996; LaGrandeur and Par-
ker, 1998), exposing the body of the transcript to degra-We have identified a nuclear pathway that rapidly de-
dation by the cytoplasmic 59→39 exonuclease Xrn1pgrades unspliced pre-mRNAs in yeast. This involves
(Decker and Parker, 1993; Hsu and Stevens, 1993; Muhl-39→59 degradation by the exosome complex and 59→39
rad et al., 1994, 1995), which is highly homologous todegradation by the exonuclease Rat1p. 39→59 degra-
the nuclear exonuclease Rat1p (Johnson, 1997). An al-dation is normally the major pathway and is regulated
ternative 39→59 degradation pathway follows deadenyl-in response to carbon source. Inhibition of pre-mRNA
ation and requires the activities of at least four exosomedegradation resulted in increased levels of pre-mRNAs
components, Rrp4p, Rrp41p/Ski6p, Mtr3p, and Rrp44pand spliced mRNAs. When splicing was inhibited by
(Jacobs Anderson and Parker, 1998; P. Mitchell and

mutation of a splicing factor, inhibition of turnover D. T., unpublished).
resulted in 20- to 50-fold accumulation of pre-mRNAs, Aberrant mRNAs, including unspliced pre-mRNAs
accompanied by increased mRNA production. Splic- that escape to the cytoplasm, are rapidly degraded by
ing of a reporter construct with a 39 splice site mutation pathways of mRNA surveillance or nonsense-mediated
was also increased on inhibition of turnover, showing decay (NMD) (for reviews see Hentze and Kulozik, 1999;
competition between degradation and splicing. We Hilleren and Parker, 1999; Mitchell and Tollervey, 2000).
propose that nuclear pre-mRNA turnover represents In the yeast cytoplasmic NMD pathway, the context of
a novel step in the regulation of gene expression. the termination codon is sensed by a surveillance com-

plex including Upf1p, Upf2p, and Upf3p. This can trigger
rapid decapping and degradation by Xrn1p, indepen-Introduction
dent of deadenylation (see Hilleren and Parker, 1999;
Mitchell and Tollervey, 2000 and references therein).The yeast exosome is a protein complex that contains at
There are no reports of a role for the exosome or theleast ten essential components (Rrp4p, Rrp40p, Rrp41p/
nuclear exonuclease Rat1p in this pathway.Ski6p, Rrp42p, Rrp43p, Rrp44p/Dis3p, Rrp45p, Rrp46p,

The existence of a nuclear turnover pathway forMtr3p, Csl4p); all except Csl4p are known or predicted
poly(A)1 RNA in yeast has been proposed but neverto be 39→59 exoribonucleases (Mitchell et al., 1997; All-
demonstrated (Burgess and Guthrie, 1993; de la Cruzmang et al., 1999a). The exosome and its human coun-
et al., 1998; Burkard and Butler, 2000). Consistent withterpart, the PM-Scl complex (Mitchell et al., 1997; Baker
the existence of a such a pathway, mutated splicinget al., 1998; Shiomi et al., 1998; Allmang et al., 1999a),
reporter constructs are rapidly degraded in wild-typeare found both in the cytoplasm and the nucleus. The
cells (Burgess and Guthrie, 1993), and many yeast splic-

cytoplasmic exosome participates in mRNA turnover, ing mutants show a strong reduction in mRNA levels
whereas the nuclear exosome is involved in the processing without a corresponding accumulation of the unspliced
and degradation of small nuclear RNAs (snRNAs), small precursor. Once intron-containing transcripts have been
nucleolar RNAs (snoRNAs), ribosomal RNAs (rRNAs), recognized and committed to splicing by commitment
and pre-rRNA spacer fragments (Mitchell et al., 1997; complex formation, they are restricted to the nucleus
Jacobs Anderson and Parker, 1998; Allmang et al., even when not spliced (Legrain and Rosbash, 1989; Rain
1999b, 2000; van Hoof et al., 2000). An additional exo- and Legrain, 1997), indicating that they are degraded
some component, Rrp6p (PM-Scl 100), was specifically within the nucleus.
localized to the nucleus by immunofluorescence (Briggs Using either a temperature-sensitive (TS) allele encod-
et al., 1998; Allmang et al., 1999a; Burkard and Butler, ing the splicing factor Prp2p or reporter constructs with
2000). Consistent with its nuclear localization, strains 39 splice site mutations, we demonstrate the existence
mutant for Rrp6p do not exhibit defects in cytoplasmic of a discard pathway for unspliced pre-mRNAs. In some
mRNA turnover (van Hoof et al., 2000). cases, inhibition of pre-mRNA degradation increased

59-end processing of snoRNAs and 5.8S rRNA as well the accumulation of spliced mRNA, suggesting that it
as the degradation of rRNA spacer fragments involve competes with the splicing machinery. This discard

pathway comprises two degradation mechanisms: a
major 39→59 pathway requiring Rrp41p, Mtr3p, Rrp44p,*To whom correspondence should be addressed (e-mail: d.tollervey@
and Rrp6p, and most probably the entire exosome, anded.ac.uk).
a minor 59→39 pathway involving Rat1p. The nuclear† Present address: Dipartimento di Genetica e Biologia Molecolare,

Universita “La Sapienza” 00191 Roma, Italy. localization of this pathway is shown by the involvement
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of the nuclear exonucleases Rat1p and Rrp6p, the sup-
pression of splicing defects and the lack of equivalent
effects on inhibition of the cytoplasmic NMD pathway.
Nuclear pre-mRNA turnover appears to compete with
splicing in wild-type cells and to be subject to metabolic
control, indicating that it normally functions as a regu-
lated step in gene expression.

Results

Existence of a Nuclear Pre-mRNA Degradation
Pathway Involving the Exosome
Component Rrp41p
Strains depleted of Rrp41p/Ski6p, or carrying the ski6–
100 TS mutation, are inhibited for 39 processing of
snRNAs, snoRNAs, and 5.8S rRNA, and for degradation
of pre-rRNA spacer fragments (Mitchell et al., 1997; de
la Cruz et al., 1998; Allmang et al., 1999a, , 1999b, 2000).
The 39 degradation pathway for cytoplasmic mRNAs is
also inhibited by mutations in Rrp41p, but this does not
lead to increased mRNA half-lives (Benard et al., 1998;
Jacobs Anderson and Parker, 1998) since the cyto-
plasmic 59 decay pathway is normally more active. RNA
processing was initially analyzed under semipermissive
conditions for Rrp41p expression. The GAL::ProtA-
rrp41 strain is able to grow in noninducing, nonrepress-
ing raffinose, sucrose (RS) medium, but Western blot
analysis on total protein showed that under such growth
conditions, the level of the Protein A-Rrp41p fusion pro-
tein is strongly reduced (data not shown), leading to
defects in 39 processing of exosome substrates (Mitchell
et al., 1997; Allmang et al., 1999a, 1999b, 2000).

Northern blot analysis was performed on total RNA
extracted from the GAL::ProtA-rrp41 strain and the iso-
genic wild-type (YDL401) grown in liquid RS medium
(Figure 1A). Accumulation of all tested unspliced pre-
mRNAs was observed in the Rrp41p-depleted strain
(shown for ACT1, RP51a, RPL30, RPS11a, and RPS11b
in Figure 1A). Moreover, this was accompanied by mod-
est increases in the spliced mRNAs as compared to the
nonspliced PGK1 mRNA. Figure 1B shows PhosphorIm-
ager quantification of the data in Figure 1A. Quantitation
showed that on depletion of ProtA-Rrp41p the ACT1
pre-mRNA accumulated from 5- to 8-fold in different
experiments, while RPS11a pre-mRNA accumulated 3-
to 4-fold and RPS11b accumulated 1.8- to 2.6-fold. The
corresponding mRNAs were also mildly accumulated
(1.3- to 1.7-fold). In Figure 1A, RNA loading is standard-
ized to total RNA. In Figure 1B, the signals have been
standardized to the nonspliced PGK1 mRNA in the same
samples. Very similar results were obtained in each

the mRNA. For RPL30, a 5-fold longer exposure is shown. In all
figures, the panels for each probe show lanes from a single Northern
with the same exposure.
(B) PhosphorImager quantification of Northern hybridization data

Figure 1. Depletion of Rrp41p Stabilizes pre-mRNAs from (A). Checked bars correspond to the WT strain and striped
(A) Northern blot analysis of total RNA extracted from the GAL::rrp41 bars to the GAL::rrp41 strain. All pre-mRNA and mRNA levels have
(P118) and the isogenic wild-type (WT: YDL401) strains grown at been normalized to the corresponding PGK1 mRNA. The pre-mRNA
238C in medium containing raffinose plus sucrose. The blot was and mRNA levels are expressed as a percentage of the correspond-
hybridized successively with probes directed against intron con- ing pre-mRNA and mRNA WT levels, respectively.
taining pre-mRNAs, ACT1 (400), RP51a: RP51a (419), RPL30: RPL30 (C) Northern blot analysis of total RNA extracted from strain prp2–1
(421), and RPS11a and RPS11b: RPS11a1b (420) and the intron (YCBA20) and prp2–1; GAL::rrp41 (YCBA30) grown in YP medium
less PGK1 mRNA (418). The positions of the precursor (P) and mature containing raffinose plus sucrose, either at 238C (lanes 3 and 5) or
(M) RNAs are indicated. For ACT1 and RPS11a and RPS11b, panels for 3 hr at 378C (lanes 4 and 6) to inactivate splicing. Hybridization
showing the precursor form were exposed 2.5-fold longer than for was as for (A).
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case. The increased mRNA levels make it likely that pre-
mRNA accumulation is nuclear and unlikely that this is
due to a splicing defect. The large magnitude of the
increase in pre-mRNA levels, and discrepancy between
pre-mRNA and mRNA, make it most unlikely that this is
due to increased transcription.

Much more dramatic pre-mRNA accumulation was
observed when partial depletion of Rrp41p was com-
bined with a prp2–1 TS mutation (Figure 1C). Prp2p is
a member of the DEAH box family of putative ATP-
dependent RNA helicases that is required prior to the
first transesterification reaction and is released from the
spliceosome following ATP hydrolysis (Plumpton et al.,
1994). Prp2p is not required for spliceosome assembly
and the spliceosome remains intact and associated with
the pre-mRNA in prp2–1 strains (King and Beggs, 1990;
Kim and Lin, 1996). Pre-mRNA and mRNA accumulation
was compared in prp2–1 and prp2–1; GAL::rrp41 strains
at 238C and 3 hr after transfer to 378C to inactivate
splicing. In the prp2–1 strain at 378C the levels of all
tested spliced mRNAs (ACT1, RP51a, RPL30, RPS9a,
RPS9b, CYH2, RPS11a, RPS11b, SEC14, and SAR1)
were strongly reduced, whereas the level of the non-
spliced PGK1 mRNA was unaffected (Figure 1, lane 4;
Figure 2, lane 6; and data not shown). Little accumulation
of the unspliced pre-mRNAs was seen, consistent with
their rapid degradation. When splicing was inhibited in
the Rrp41p-depleted strain, all tested pre-mRNAs were
strongly accumulated, approximately 20- to 50-fold
(tested for ACT1, RP51a, RPL30, RPS9a, RPS9b, CYH2,
RPS11a, RPS11b, SEC14, and SAR1) compared to the
prp2–1 single mutant (Figure 1C, lanes 4 and 6 and data
not shown). For RPS11a (Figure 1C, lane 6) and CYH2
(Figure 3, lane 4), this was accompanied by a restoration
of the level of the mature mRNA to close to wild-type
levels; some reaccumulation of the RPS9a and RPS9b
mRNAs was also seen (Figure 3). Figure 1C shows
growth in semipermissive RS medium; Figure 3 shows
the effects of transfer from permissive, galactose me-
dium, to nonpermissive, glucose medium.

RPL30 pre-mRNA accumulated strongly in the
GAL::rrp41 strain and in the prp2–1; GAL::rrp41 strain
at permissive temperature (Figure 1C, lane 5; Figure 3,
lane 3). RPL30 encodes ribosomal protein Rpl30p and is
subject to feedback inhibition of splicing by free Rpl30p
(Eng and Warner, 1991; Vilardell and Warner, 1994). The
pre-mRNA is therefore probably normally inefficiently
spliced, with nuclear degradation of the pre-mRNA.

To confirm that the unspliced pre-mRNAs were not
degraded in the cytoplasm, we examined strains defec- Figure 2. Inactivation of Upf1p Does Not Stabilize Pre-mRNAs in a
tive in the cytoplasmic NMD degradation pathway. In Splicing-Deficient Strain
the upf1-D strain (Figure 2, lanes 3 and 4), accumulation Northern analysis of total RNA extracted from WT (D271) (lanes 1
of pre-CYH2, a well-characterized NMD substrate, was and 2), upf1-D (YCBA73) (lanes 3 and 4), prp2–1 (YCBA20) (lanes 5
seen. Accumulation of pre-RPL30 was seen at 238C, but and 6), prp2–1; upf1-D (YCBA75) (lanes 7 and 8), and prp2–1;

GAL::rrp41 (YCBA30) (lanes 9 and 10) grown in YPD at permissivenot at 378C, and no clear accumulation was seen for
temperature (238C) or for 3 hr at nonpermissive temperature (378C).other pre-mRNAs tested (RPS11a, RPS11b, ACT1,
The same blot was hybridized with multiple probes; oligos are asBEL1). In the prp2–1; upf1-D strain at 378C (Figure 2,
described for Figure 1.lane 8), no clear accumulation of any unspliced pre-

mRNA was seen compared to the prp2–1 single mutant
(Figure 2, lane 6). Indeed, pre-CYH2 levels were lower

degrades a fraction of the unspliced pre-mRNAs in wild-in the prp2–1; upf1-D strain than in the upf1-D single
type cells and is very active when splicing is inhibitedmutant; we speculate that the assembly of defective
by the prp2–1 mutation. The degree of accumulation ofspliceosomes in the prp2–1 strain may efficiently target
different pre-mRNAs was not identical, suggesting thatthe pre-mRNA for nuclear degradation.
nuclear pre-mRNAs have different rates of turnover inWe conclude that unspliced pre-mRNAs are rapidly
wild-type cells. This is perhaps analogous to the differ-degraded in the yeast nucleus and that this requires the

activity of the 39→59 exonuclease Rrp41p. This pathway ent turnover rates seen for cytoplasmic mRNAs.
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The Nuclear Decay Pathway Requires
the Activities of the Nuclear Exosome
Complex and Rat1p
Protein A-Rrp41p is predominately present as a com-
ponent of the exosome complex rather than as a free
protein (P. Mitchell and D. Tollervey, unpublished), sug-
gesting that the nuclear exosome complex is responsi-
ble for pre-mRNA degradation. To confirm this, we de-
leted the gene encoding Rrp6p in a prp2–1 strain (see
Experimental Procedures). Rrp6p is associated with only
the nuclear form of the exosome complex and is nones-
sential, although cells lacking Rrp6p are impaired in
growth and TS-lethal (Briggs et al., 1998). Compared to
the single prp2–1 mutant strain, in the prp2–1; rrp6-D
strain ten intron-containing pre-mRNAs tested were ac-
cumulated approximately 5- to 11-fold (shown for ACT1,
RP51a, RPL30, RPS9a, RPS9b, CYH2, RPS11a, and
RPS11b in Figure 3, lanes 6 and 8; plus SEC14 and SAR1
data not shown). Clear reaccumulation of the mature
CYH2 mRNA was also seen. Pre-mRNA accumulation
was stronger on depletion Rrp41p than in the absence
of Rrp6p; greater inhibition of the activity of the nuclear
exosome in pre-snRNA and pre-snoRNA processing
was also seen on Rrp41p depletion (Allmang et al.,
1999b).

Two homologous 59→39 exonucleases, Xrn1p and
Rat1p, participate in RNA processing and degradation.
Rat1p is predominately nuclear (Johnson, 1997) and par-
ticipates in 59 processing of snoRNAs and rRNA, as well
as the degradation of pre-rRNA and pre-snRNA spacer
fragments (Henry et al., 1994; Petfalski et al., 1998). The
prp2–1 mutation was therefore combined with the TS
rat1–1 allele (Amberg et al., 1992). Weaker stabilization
(2.5-fold) of several pre-mRNAs was seen, together with
some increase in the levels of the mature RPL30 and
CYH2 mRNAs (Figure 3, lanes 10 and 12).

We conclude that pre-mRNA degradation involves the
nuclear exosome complex and the nuclear 59→39 exo-
nuclease Rat1p.

Competition between Pre-mRNA Degradation
and Maturation
For several genes tested, inhibition of pre-mRNA degra-
dation was accompanied by increased mRNA levels,
suggesting a competition between the splicing and
degradative pathways. To confirm this, we analyzed the
splicing of reporter constructs with mutations at the
39 splice site. Plasmid pJU83 carries an ACT1-CUP1
reporter construct (Figure 4A), while plasmids pJU97
and pJU98 have single nucleotide substitutions at the
39 splice site that inhibit the second catalytic step of
splicing (Lesser and Guthrie, 1993). These were trans-
formed into strains carrying TS mutations in the exo-
some components mtr3–1 or rrp44–1, the rat1–1 strain

Figure 3. Inactivation of Rrp41p, Rrp6p, or Rat1p Stabilizes Pre- and the wild-type control strain, and analyzed by primer
mRNAs in a Splicing-Deficient Strain extension (Figure 4B).
Northern analysis of total RNA extracted from the prp2–1 (YCBA20), No significant difference in accumulation of mRNA
prp2–1; GAL::rrp41 (YCBA30), prp2–1; rrp6-D (YCBA27) and prp2–1; synthesized from the wild-type ACT1-CUP1 reporter
rat1–1 (YCBA57) strains. Hybridization probes used were as for Fig- construct was seen in the different genetic backgrounds
ure 1, panels for RPS9a and RPS9b (422) and CYH2 (405) have (Figure 4B, lanes 1 to 8). As for endogenous genes, some
been included. For lanes 1 to 4, strains were pregrown in galactose

pre-mRNA accumulation was seen in the rrp44–1 andmedium at 238C, transferred to glucose medium at 238C for 20 hr
rat1–1 strains. No signal was seen for the nontrans-(lanes 1 and 3), and then shifted to 378C for 3 hr (lanes 2 and 4).
formed wild-type strain (data not shown).For lanes 5 to 12, strains were pregrown in glucose medium at 238C

In the wild-type strain, splicing of the ACT1-CUP1(lanes 5, 7, 9, and 11) and then shifted to 378C for 3 hr (lanes 6, 8,
construct was strongly inhibited by the 39 splice site10, and 12).
mutations, although not totally blocked. For both con-
structs, increased mRNA production was seen in the
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mtr3–1, rrp44–1, and rat1–1 strains at 378C (Figure 4B).
Quantification of the data for pJU98 (Figure 4C) showed
that, compared to the wild-type strain, there is 3.8-fold
more mRNA in the mtr3–1 strain, 4.5-fold more mRNA
in the rrp44–1 strain and 3.3-fold more mRNA in the
rat1–1 strain grown at 378C. Very little difference was
seen at 238C.

For both mutant constructs, a primer extension stop
at the intron branch point (IBP) was detected, due to
accumulation of the intron lariat-exon 2 splicing interme-
diate (Figure 4B). Quantitation showed that the level of
the IBP was increased 2- to 3-fold in the exonuclease
mutants compared to the wild-type. The level of the IBP
was reduced 1.3- to 1.7-fold in the mutant strains at
378C compared to 238C; however, a 1.2-fold decrease
was seen in the wild-type and the significance of this
is unclear.

We conclude that the nuclear turnover pathway also
degrades incompletely spliced intermediates. As for the
full-length pre-mRNA, splicing of these intermediates is
in competition with the turnover pathway.

Reporter constructs with mutations at the 59 splice
site and intron branch point region were also analyzed
(see Experimental Procedures for mutations used). In
contrast to the 39 splice site mutations, little or no sup-
pression of splicing of these pre-mRNAs was observed
in the rrp44–1 strain, and pre-mRNA accumulation was
similar to the wild-type construct (data not shown). Mu-
tation of reporter constructs in the 59 splice site and
branch point region are reported to induce a defect in
splicing commitment and allow export of the pre-mRNA
to the cytoplasm (Legrain and Rosbash, 1989; Rain and
Legrain, 1997). We conclude that mutations in Rat1p or
in exosome components lead to stabilization of un-
spliced pre-mRNAs only if they are restricted to the
nucleus.

Relative Contributions of 59 and 39 Degradation
To determine the relative contribution of the 59 and 39
pathways to pre-mRNA turnover, we analyzed the inter-
mediates generated by blocking progression of the exo-
nucleases.

Many snoRNAs are encoded within introns of pre-
Figure 4. Splicing of Mutant ACT1-CUP1 Reporter Constructs Is mRNAs and are released by processing (reviewed in
Increased by Inhibition of Nuclear Pre-mRNA Degradation Venema and Tollervey, 1999). The U24 snoRNA is pro-
(A) Structure of the ACT1-CUP1 construct. Exon 1 and the intron of cessed from the intron of the BEL1 gene after its release
the ACT1 gene are fused to the CUP1 ORF (Lesser and Guthrie, by splicing and debranching of the intron lariat (Petfalski
1993). A 6 nt deletion (D6nt) in the actin intron removed a cryptic et al., 1998). The mature snoRNA is generated by exo-
branchpoint (Vijayraghavan et al., 1986). Sequences of the 59 splice

nuclease digestion from both ends of the intron, cata-site (59SS), the intron branch point (IBP) and the 39 splice site (39SS)
lyzed by Rat1p and the nuclear exosome (Petfalski etare in bold and underlined. The construct is under control of the
al., 1998; Allmang et al., 1999b), with final 39 trimmingGPD promoter (GPD prom) on a LEU2-2m plasmid.
by the Rrp6p component of the exosome (Allmang et(B) Primer extension analysis. A wild-type (pJU83) construct and two

constructs with 39SS mutations (pJU97 and pJU98) were analyzed in al., 1999b; van Hoof et al., 2000). Since nuclear pre-
wild-type (WT, D271), mtr3–1 (YCBA55), rrp44–1 (P213), and rat1–1 mRNA degradation and snoRNA maturation involve the
(D162) strains. RNA was extracted following growth at the permis- same exonucleases, it appeared probable that the pres-
sive temperature (p) of 238C or 3 hr after transfer to the nonpermis- ence of an intronic snoRNA and associated proteins
sive temperature (n) of 378C. Positions of reverse transcriptase stops would stall pre-mRNA degradation.
corresponding to the 59 end of the pre-mRNA (P), the 59 end of the

The degradation of BEL1 was analyzed in prp2–1mRNA (M), and the intron branch point (IBP) are indicated. Primer
strains depleted of Rrp41p (prp2–1; GAL::rrp41), lackingextension was performed with oligo 425, complementary to 134 to
Rrp6p (prp2–1; rrp6-D), or with the TS Rat1p mutation111 of the CUP1 ORF.
(prp2–1; rat1–1). Probes used are numbered 1–5 in Fig-(C) PhosphorImager quantification of pre-mRNA and mRNA levels

of pJU98 at 238C and 378C from panel (B). The levels of pre-mRNA ure 5A. In the prp2–1 strain at nonpermissive tempera-
(gray gradient bars) and mRNA (striped bars) are shown relative to ture (Figure 5B lanes 2, 6, and 10) four RNA species
the corresponding RNAs in the wild-type strain, arbitrarily set at were detected—the full-length pre-mRNA (P), two 39
100. truncated intermediates (A and A9), and the 59 truncated

intermediate (B). Primer extension analysis (not shown)
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revealed that species A extends to the 59 end of the
transcript, while B extends to the 59 end of U24. The 59
end of A9 was mapped at position 1141 within the 59
exon, most likely due to endonuclease cleavage.

In the prp2–1 strain depleted of Rrp41p the A and A9
intermediates were lost, while the pre-mRNA (P) and the
B intermediate were substantially accumulated (Figure
5B, lanes 2 and 4). The absence of Rrp6p resulted in a
similar, but somewhat weaker, phenotype (Figure 5B,
lanes 6 and 8). The residual A band appeared wider and
was shifted up the gel (labeled A(An)). Polyadenylated
forms of the precursors to other snoRNAs and snRNAs
are observed in strains lacking Rrp6p (Allmang et al.,
1999b; van Hoof et al., 2000), and A(An) probably corre-
sponds to polyadenylated forms of species A. In both
the Rrp41p and Rrp6p depleted strains, band B was
wider and shifted down the gel (labeled B* in Figure 5).
Primer extension analysis showed that the 59 end of B*
was unaltered (data not shown). It is very likely that the
accumulated B intermediate is slowly degraded from its
39 end by a residual exonuclease activity, as has been
observed for several other substrates in exosome mu-
tants (Jacobs Anderson and Parker, 1998; Allmang et
al., 1999b).

In the prp2–1; rat1–1 strain at 378C, levels of P, A and
A9 were increased, as judged by Northern hybridization
or primer extension (data not shown), consistent with
the inhibition of 59 degradation. However, the B form
was still detectable, indicating residual 59 processing
activity (Figure 5B, compare lanes 10 and 12). Xrn1p
is the only other known 59→39 exoribonuclease, and
we therefore constructed a triple mutant strain carrying
the prp2–1 and rat1–1 TS alleles together with an
URA3::xrn1 gene disruption (strain prp2–1; rat1–1;
xrn1-D). In this strain the B intermediate was no longer
detected by Northern hybridization, showing strong inhi-
bition of the 59 degradation pathway (Figure 5B, lane 14).

The processing of several other Rat1p substrates is
more inhibited in strains also lacking Xrn1p. These in-
clude RNAs that are believed to be exclusively nuclear,
the 27SA3 pre-rRNA, pre-rRNA spacer fragments and
several pre-snoRNAs (Henry et al., 1994; Petfalski et al.,
1998), indicating that there is a nuclear pool of Xrn1p,
at least in rat1–1 mutant strains.

Analysis of the degradation of TEF4, the host gene of
the snoRNA snR38, also identified three decay interme-
diates, corresponding to P, A, and B (data not shown,
but see Figure 6C). As for BEL1, the TEF4 pre-mRNA is
subject to both 59 and 39 degradation, with the 39 path-
way substantially more active. An A9 form was not pres-
ent for TEF4, indicating that its degradation is entirely

Figure 5. Degradation of a Pre-mRNA Containing an Intronic exonucleolytic.
snoRNA The Northern data for the prp2–1 strain at 378C was
(A) Schematic representation of the pre-mRNA degradation interme- quantified by PhosphorImager analysis (see legend to
diates observed for BEL1 (the host gene for U24). P: full-length pre-
mRNA; A: product of 39→59 degradation that extends from the 59 end
of the transcript to the 39 end of U24; A9: intermediate A truncated at

at nonpermissive temperature (378C, even numbered lanes). Theposition 1141. B: product of 59→39 degradation, that extends from
the 59 end of U24 to the 39 end of the transcript. B*: intermediate B positions of the degradation intermediates are indicated (A, A9, B,

B*, and A(An)). Each vertical set of panels corresponds to the samepartially digested from its 39 end. The locations of the hybridization
probes are indicated. 1 (U24–59ex: 784), 2 (U24–59int: 785), 3 (U24: Northern blot hybridized with the 5 different probes. Probe numbers

are on the left of the panels. To determine the relative levels of A,214), 4 (U24–39int: 213), and 5 (U24–39ex: 423).
(B) Northern blot analysis of RNA extracted from strains prp2–1 A9, and B by PhosphorImager quantification, the filter was hybridized

successively with probe 1, to quantify A and A9 (from lane 2), probe(YCBA20) (lanes 1, 2, 5, 6, 9, and 10), prp2–1; GAL::rrp41 (YCBA30)
(lanes 3 and 4), prp2–1; rrp6-D (YCBA27) (lanes 7 and 8), prp2–1; 5 to quantify B (from lane 2), and probe PGK1 as a loading control.

Values for A, A9, and B were expressed relative to band P to correctrat1–1 (YCBA57) (lanes 11 and 12), and prp2–1; rat1–1; xrn1-D

(YCBA58) (lanes 13 and 14). Strains were grown in glucose medium for probe efficiency and normalized to the corresponding PGK1
value to correct for loading.at permissive temperature (238C, odd numbered lanes) or for 3 hr
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stabilization of all tested pre-mRNAs during growth in
galactose medium (Figure 6A). Increased mRNA levels
were seen for RPS11a and RPS11b, indicating that this
is not a consequence of a further impairment in splicing
on galactose medium. Transcription of ribosomal pro-
teins is reduced on nutritional downshift due to the re-
duced growth rate (see Warner, 1989), and this pre-
mRNA and mRNA accumulation is therefore probably
being seen against a background of reduced synthesis.
Growth on galactose medium did not inhibit other activi-
ties of the nuclear exosome; pre-rRNA processing and
pre-rRNA spacer degradation (de la Cruz et al., 1998),
processing of pre-snRNAs and pre-snoRNAs (data not
shown).

Similar pre-mRNA stabilization was observed in the
prp2–1 strain grown in medium containing acetate (Fig-
ure 6B; lane 8 and data not shown) or maltose (data not
shown) but not RS medium (Figure 1). Growth rates in
galactose, maltose, and RS medium are similar, showing
that this phenotype is not the consequence of slow
growth. Notably, raffinose (a trisaccharide of galactose-
glucose-fructose) and sucrose (a disaccharide of fruc-
tose and glucose) are metabolized by extra-cellular
enzymes to release glucose, whereas galactose and
maltose (a disaccharide of glucose) are converted to
glucose by intracellular enzymes.

The decay intermediates of the TEF4 pre-mRNA, the
host gene for snR38, were also analyzed by Northern
hybridization (Figure 6C); these data were quantified by
PhosphorImager analysis (Figure 6D). During growth in
galactose medium, the full-length precursor (P) was 2.5-
fold more abundant than in glucose medium, while the
59 processed species (B) was 1.4-fold more abundant.
In contrast, the 39 processed species (A) is 1.4-fold less
abundant. The increased levels of P and B and de-
creased level of A reflect an inhibition of 39→59 degrada-
tion and increased 59→39 degradation in galactose

Figure 6. The 39 Nuclear Pre-mRNA Decay Pathway Is Regulated based medium.
by Carbon Source

Northern blot analysis of RNA extracted from strain prp2–1 (YCBA20) Discussion
grown in medium containing, as sole carbon source, galactose (gal),
glucose (glu) or acetate (ac) following growth at permissive tempera-

A Nuclear Pre-mRNA Turnover Pathway Competesture (238C) or 3 hr after transfer to 378C. (A and B) Analysis of intron-
with Splicingcontaining pre-mRNAs. Probes used were as described in Figure
Here we report the identification of a regulated pathway1. Position of the precursor (P) and mature form (M) are indicated.
for the degradation of unspliced pre-mRNAs. This in-(C) Analysis of the TEF4 pre-mRNA (the host gene for snR38) with

a probe directed against the snR38 snoRNA (255). (D) PhosphorIm- volves two mechanisms: 39→59 degradation by the exo-
ager quantification of data from (C). Values for RNAs from strains some complex and 59→39 degradation by the exo-
grown in galactose based medium are expressed relative to the nuclease Rat1p. 39→59 degradation is the major pathway
same intermediates observed upon growth in glucose medium, arbi- and was shown to require the activity of Rrp6p, Rrp41p,
trarily set at 100. Rrp44p, and Mtr3p, four components of the nuclear exo-

some complex, and presumably involves the entire
complex.

Figure 5). For BEL1 the sum of A plus A9 was z10-fold There are clear similarities between the nuclear pre-
the level of B. For TEF4 the A form was z6.5 times more mRNA degradation pathway and cytoplasmic mRNA
abundant than B. We conclude that the BEL1 and TEF4 turnover. Both pathways involve 39→59 degradation by
pre-mRNAs are subject to both 59 and 39 degradation. the exosome, while 59→39 degradation is carried out by
In contrast to cytoplasmic mRNA turnover, 39→59 decay two homologous exonucleases: Rat1p in the nucleus
is the major nuclear pre-mRNA degradation pathway. and Xrn1p in the cytoplasm (Hsu and Stevens, 1993;

Muhlrad et al., , 1994, 1995; Jacobs Anderson and Par-
ker, 1998). A clear difference is that cytoplasmic mRNANuclear Pre-mRNA Degradation

Is a Regulated Process is predominately degraded 59→39 (Jacobs Anderson and
Parker, 1998), whereas nuclear pre-mRNA is predomi-In yeast, many pathways are subject to regulation de-

pendent upon the available carbon source, and this is nately degraded 39→59.
The in vitro activity of Rat1p is blocked by the pres-also the case for pre-mRNA turnover. Northern blot anal-

ysis of total RNA extracted from the prp2–1 strain grown ence of a cap structure (Stevens and Poole, 1995), sug-
gesting that the 59→39 degradation pathway involves ain galactose and glucose medium revealed a strong
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Table 1. Yeast Strains Used in This Study

Strain Genotype Reference/Note

D150 MATa ura3-52 leu2-3,11, ade1-100 his4-519 Mitchell et al., 1997
D271 MATa ade2 his3 leu2 trp1 ura3 Venema and Tollervey, 1996
YDL401 MATa his3D200 leu2D1 trp1 ura3-52 gal2 galD108 Lafontaine and Tollervey, 1996
DJY36 MATa ura3-52 prp2-1 Plumpton et al., 1994
P118 MATa his3D200 leu2D1 trp1 ura3-52 gal2 galD108 GAL10:: protA-RRP41 Mitchell et al., 1997
YCA12 MATa ade2-1 his3D200 leu2-3,112 trp1-1 ura3-1 can1-100 Kl TRP1::rrp6 Allmang et al., 1999a
D162 MATa ura3-52 leu2D1 his3D200 rat1-1 Amberg et al., 1992
D172 MATa URA3::xrn1 rat1-1 Henry et al., 1994
D342 MATa ura3-52 mtr3-1 Kadowaki et al., 1995
D348 MATa ura3-52 lys2 rrp44-1 P. Mitchell, A. Tartakoff, and D.T., submitted
YCBA20 MATa ade his3 ura3 leu2 trp1 prp2-1 This study: DJY36xD271-21c
YCBA21 MATa ade his3 ura3 leu2 trp1 prp2-1 This study: DJY36xD271-21d
YCBA27 as YCBA20 but Kl TRP1::rrp6 This study
YCBA30 as YCBA20 but GAL10::protA-RRP41 This study
YCBA55 his3 leu2 trp1 ura3 mtr3-1 This study: D342xD271-5d
P213 MATa leu2 rrp44-1 P. Mitchell: D348xD150-3a
YCBA57 ura3 leu2 his3 prp2-1 rat1-1 This study: D162xYCBA21-2c
YCBA58 prp2-1 rat1-1 URA3::xrn1 This study: D172xYCBA21-2a
YCBA73 as D271 but URA3::upf1 This study
YCBA75 as YCBA20 but URA3::upf1 This study

nuclear decapping activity. Whether this is the cyto- Several lines of evidence show that pre-mRNA turn-
plasmic decapping enzyme Dcp1p (LaGrandeur and over takes place in the nucleus. Two components re-
Parker, 1998) remains to be determined. It is notable quired for this pathway, Rat1p and Rrp6p, are specifi-
that in many resident nuclear RNAs the cap structure is cally localized in the nucleus (Johnson, 1997; Allmang
hypermethylated to trimethyl-guanosine. We speculate et al., 1999a; Burkard and Butler, 2000). Moreover, muta-
that one function of this modification is to resist nuclear tions in Rrp41p/Ski6p or Rrp6p do not increase the sta-
decapping and subsequent degradation. bility of mRNAs in the cytoplasm (Benard et al., 1998;

Levels of pre-mRNAs were generally low in strains in Jacobs Anderson and Parker, 1998; van Hoof et al.,
which splicing was blocked prior to the first catalytic 2000) and this is presumably also the case for Rat1p.
step by the prp2–1 mutation, indicating high turnover In contrast to the exonuclease mutants, inactivation of
activity. All tested pre-mRNAs were strongly stabilized the cytoplasmic nonsense-mediated decay (NMD) path-
(up to 50-fold) by depletion of Rrp41p and clear but way, that degrades cytoplasmic pre-mRNAs, did not
lower stabilization was seen in the absence of Rrp6p or stabilize pre-mRNAs in the splicing-deficient strain. Fi-
in strains carrying a TS-lethal mutation in Rat1p. In each nally, for many pre-mRNAs, increased splicing was seen
case increased levels of the mature mRNAs were seen upon inhibition of turnover. It is very unlikely that these
for some RNAs, showing competition between splicing RNAs were localized in the cytoplasm, since splicing is
and degradation of the pre-mRNA. This was confirmed a nuclear process.
using constructs in which the actin (ACT1) intron mu-
tated at the 39 splice site was fused to the CUP1 reporter
gene (Lesser and Guthrie, 1993). These mutations do Regulation of Pre-mRNA Turnover
not block spliceosome formation or the first catalytic The availability of glucose, the normal and preferred
step of splicing, forming the intron lariat-39 exon and the

carbon source for yeast, regulates a great number offree 59 exon. TS mutations in the exosome components
metabolic activities via at least two signal transductionRrp44p and Mtr3p or in Rat1p each substantially in-
pathways (for recent reviews see Klein et al., 1998; John-creased mRNA synthesis, indicating that the degrada-
ston, 1999). Analysis of unspliced pre-mRNAs and deg-tion of splicing intermediates is also in competition with
radation intermediates in prp2–1 strains showed thatsplicing.
the activity of the 39→59 pre-mRNA degradation pathwayCompetition between pre-mRNA degradation and
depends upon the carbon source. Degradation activitysplicing may be a normal feature of gene expression.
was substantially higher in media containing glucose orAccumulation of all tested pre-mRNAs was seen in oth-
raffinose 1 sucrose (which are converted to glucoseerwise wild-type strains with reduced levels of Rrp41p.
by extracellular enzymes) than in galactose or maltoseIn the case of actin, a 5- to 8-fold increase in pre-mRNA
(which are converted to glucose by intercellular en-levels was seen, suggesting that a significant fraction
zymes) or acetate. These observations suggest that theof the pre-mRNA is normally degraded. This was accom-
presence of extracellular glucose stimulates the degra-panied by a mild increase in mRNA levels compared to
dative activity of the nuclear exosome on pre-mRNAthe nonspliced PGK1 mRNA, strongly indicating that the
substrates. This effect appears to be specific for pre-increased pre-mRNA levels are not due to a splicing
mRNA degradation; carbon source does not detectablydefect. Whether degradation is specifically activated by
alter “housekeeping” activities of the nuclear exosomethe inhibition of splicing remains to be determined. In
in pre-rRNA processing, snRNA synthesis, snoRNA syn-the particular case of pre-mRNAs in which the intron-
thesis, or pre-rRNA spacer degradation.lariat branchpoint is incorrect, Prp16p is implicated in

It has frequently been observed that strains carryingdetermining whether the pre-mRNA continues along the
TS-lethal mutations in splicing factors can grow atsplicing pathway or is targeted for degradation (Burgess

and Guthrie, 1993). higher temperatures on glycerol or galactose media than
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amplified from strain YCA12 with primers 59RRP6 (834) and 39RRP6on glucose medium (Tung et al., 1992; J. D. Beggs per-
(835) and transformed into YCBA20. Correct integration was con-sonal communication; B. Séraphin, personal communi-
firmed by PCR analysis with primers 39RRP6 (835) and Kl TRP (818)cation), and this is also the case for the prp2–1 strain
and two strains, YCBA27 and YCBA28, were selected for analysis.that we use here (data not shown). We speculate that
Strain YCBA57 was obtained by sporulation of the diploid resulting

a reduced pre-mRNA degradation rate may contribute from crossing YCBA21 with D162. Strain YCBA58 was obtained by
to this suppression by allowing increased time for splic- sporulation of the diploid resulting from crossing YCBA21 with D172.
ing to occur. Strains YCBA55 and P213 were obtained by sporulation of diploids

We conclude that, like all other steps in gene expres- resulting from crossing D342 with D271 and D348 with D150, respec-
tively. For the upf1-D strains, the UPF1 ORF from 280 to 12090sion from transcription to translation, the degradation
was replaced by S. cerevisiae URA3 in strains D271 and YCBA20.of nuclear pre-mRNA is regulated. Alterations in nuclear
Correct integration was confirmed by PCR with primers UPF1–59RNA turnover in response to different physiological con-
(864) and UPF1–39 (865) and restriction digestion of the resultingditions may modulate mRNA synthesis rates. Most re-
PCR product. In each case two strains were selected for analysis,ported analyses of gene expression would not have dis-
YCBA73, YCBA74 and YCBA75, YCBA76. Yeast transformation was

tinguished between changes in transcription rate and performed as described (Gietz et al., 1995), except that 6% DMSO
alterations in nuclear RNA turnover. was added prior to heat shock and the final pellet was resuspended

in 0.15 M NaCl.

Mammalian Pre-mRNA Turnover
and RNA Surveillance Plasmids
It seems probable that the pathway described here will Plasmids pJU83, pJU97, and pJU98 (Lesser and Guthrie, 1993) were

kindly provided by C. Guthrie (UCSF, USA). Vector pJU83 carriesbe conserved to mammals. Four human exosome com-
an ACT1-CUP1 construct with the wild-type 39 splice site (UAG),ponents, hRrp4p, hRrp44p, hCsl4p (Mitchell et al., 1997;
while pJU97 and pJU98 each have a single point mutation; UGGBaker et al., 1998; Shiomi et al., 1998; Allmang et al.,
and UUG, respectively. Other mutants analyzed were at the 59 splice1999a), and hRrp41p (R. Brower, C. Allmang, E. Petfalski,
site; TTATGT (pSB30), CTATGT (pSB32), and GTAAGT (pSB33) andD. Tollervey and W. van Venrooij, unpublished) can each at the intron branchpoint: TACTACC (pSB38), TAATAAC (pSB47),

function in yeast, as can mouse Rat1p (Shobuike et al., TACAAAC (pSB49).
1995). Indeed, this pathway is likely to be even more
significant in humans, where regulated and alternative

RNA Analysis
splicing events play important roles in gene expression. RNA extraction and Northern hybridization were performed as de-
We predict that observed levels of mRNA synthesis will scribed (Beltrame and Tollervey, 1992). For Northern analysis, RNA
be significantly affected by the balance between splicing was separated on 2% agarose-formaldehyde gels and transferred
and degradation. Overall levels of nuclear pre-mRNA to Hybond N1. For strains prp2–1; GAL::rrp41, prp2–1; rrp6-D,

upf1-D and prp2–1; upf1-D, Northern blot analyses were performed(i.e., hnRNA) degradation may also be much higher in
on RNA extracted from two independent transformants (YCBA29mammals than in yeast. It has been estimated that only
and YCBA30, YCBA27 and YCBA28, YCBA73 and YCBA74, YCBA752% of nuclear pre-mRNA is converted to cytoplasmic
and YCBA76, respectively). Primer extension was performed as de-mRNA in mouse cells (Brandhorst and McConkey, 1974).
scribed (Chanfreau et al., 1994) with minor modifications. 10 mg ofEven allowing for intronic sequences, this suggests very
total RNA was hybridized with 0.25 pmol of primer for 2 min at

active degradation. 1008C before being immediately frozen in liquid nitrogen. Reverse
There has been extensive analysis of mammalian RNA transcription was performed for 1 hr at 428C. Sample loading was

surveillance pathway that rapidly degrade pre-mRNAs standardized to total RNA.
that have undergone inaccurate or incomplete splicing
(reviewed in Hentze and Kulozik, 1999; Hilleren and Par- Oligonucleotides
ker, 1999; Mitchell and Tollervey, 2000). Many reports The complete list of oligonucleotides used can be obtained from
indicate that mammalian RNA surveillance is largely a the authors (d.tollervey@ed.ac.uk) and is also available on the Cell

web site as Supplementary Data (http://www.cell.com/cgi/content/nuclear activity (see Maquat, 1995; Hentze and Kulozik,
full/102/6/765/DC1).1999), and it seems very likely that the mechanism will

involve homologs of the yeast components described
here. Acknowledgments

We would like to thank Christine Guthrie for the ACT1-CUP1 vectors,Experimental Procedures
Jean Beggs for the prp2-1 strain (DJY36), Alan Tartakoff for the
rrp44-1 strain (D348), Helge Grosshans and Ed Hurt for providingStrains and Media
unpublished data, and Phil Mitchell and lab members for criticalRich, YP medium contained 2% peptone, 1% yeast extract and
reading of the manuscript. C. B.-A. was the recipient of an EMBOeither 2% glucose, 2% galactose, 2% maltose, 2% sodium acetate
long-term fellowship. This work was supported by the Wellcomeor 2% raffinose 1 2% sucrose (RS medium). Minimal YNB medium
Trust.contained 0.67% yeast nitrogen base (DIFCO) supplemented as

required and 2% glucose.
Yeast strains used and constructed in this study are listed in Table Received March 16, 2000; revised July 13, 2000.

1. Strains YCBA20 (MATa; prp2–1) and YCBA21 (MATa; prp2–1)
were obtained by sporulation of the diploid resulting from crossing

ReferencesDJY36 with D271. The GAL10::ProtA-rrp41 allele in strains P118 and
YCBA30 encodes a protein A–tagged fusion protein. To make strain

Allmang, C., Petfalski, E., Podtelejnikov, A., Mann, M., Tollervey, D.,YCBA30, the HIS3-GAL10-ProtA-rrp41 cassette was PCR amplified
and Mitchell, P. (1999a). The yeast exosome and human PM-Scl arefrom strain P118 with primers RRP41–1 (842) and RRP41–2 (843)
related complexes of 39-59 exonucleases. Genes Dev. 13, 2148–and transformed into strain YCBA20. Correct integration was con-
2158.firmed by PCR with primers RRP41-HIS3 (803) and RRP41–2. Ex-

pression of the ProtA-Rrp41p fusion was confirmed by Western blot Allmang, C., Kufel, J., Chanfreau, G., Mitchell, P., Petfalski, E., and
Tollervey, D. (1999b). Functions of the exosome in rRNA, snoRNAand two transformants were selected (YCBA29 and YCBA30). To

delete RRP6, a Kluveromyces lactis TRP::rrp6-D construct was PCR and snRNA synthesis. EMBO J. 18, 5399–5410.



Cell
774

Allmang, C., Mitchell, P., Petfalski, E., and Tollervey, D. (2000). Deg- Johnston, M. (1999). Feasting, fasting and fermenting. Trends Genet.
Sci. 15, 29–33.radation of ribosomal RNA precursors by the exosome. Nucleic

Acids Res. 28, 1684–1691. Kadowaki, T., Schneiter, R., Hitomi, M., and Tartakoff, A.M. (1995).
Mutations in nucleolar proteins lead to nucleolar accumulation ofAmberg, D., Goldstein, A., and Cole, C. (1992). Isolation and charac-
poly(A)1 RNA in Saccharomyces cerevisiae. Mol. Biol. Cell 6, 1103–terization of RAT1: an essential gene of S. cerevisiae required for
1110.efficient nuclear cytoplasmic trafficking of mRNA. Genes Dev. 6,

1173–1189. Kenna, M., Stevens, A., McCammon, M., and Douglas, M.G. (1993).
An essential yeast gene with homology to the exonuclease-encod-Baker, R.E., Harris, K., and Zhang, K. (1998). Mutations synthetically
ing XRN1/KEM1 gene also encodes a protein with exoribonucleaselethal with cep1 target S. cerevisiae kinetochore component. Genet-
activity. Mol. Cell. Biol. 13, 341–350.ics 149, 73–85.
Kim, S.H., and Lin, R.J. (1996). Spliceosome activation by PRP2Beelman, C.A., Stevens, A., Caponigro, G., LaGrandeur, T.E., Hat-
ATPase prior to the first transesterification reaction of pre-mRNAfield, L., Fortner, D.M., and Parker, R. (1996). An essential component
splicing. Mol. Cell. Biol. 16, 6810–6819.of the decapping enzyme required for normal rates of mRNA turn-

over. Nature 382, 642–646. King, D.S., and Beggs, J.D. (1990). Interaction of PRP2 protein with
pre-mRNA splicing complexes in Saccharomyces cerevisiae. Nu-Beltrame, M., and Tollervey, D. (1992). Identification and functional
cleic Acids Res. 18, 6556–6564.analysis of two U3 binding sites on yeast pre-ribosomal RNA. EMBO

J. 11, 1531–1542. Klein, C.J.L., Olsson, L., and Nielsen, J. (1998). Glucose control in
Saccharomyces cerevisiae: the role of MIG1 in metabolic functions.Benard, L., Carroll, K., Valle, R.C.P., and Wickner, R.B. (1998). Ski6p
Microbiology 144, 13–24.is a homolog of RNA-processing enzymes that affects translation
Lafontaine, D., and Tollervey, D. (1996). One-step PCR mediatedof non-poly(A) mRNAs and 60S ribosomal subunit biogenesis. Mol.
strategy for the construction of conditionally expressed and epitopeCell. Biol. 18, 2688–2696.
tagged yeast protein. Nucleic Acids Res. 24, 3469–3472.Brandhorst, B.P., and McConkey, E.H. (1974). Stability of nuclear
LaGrandeur, T.E., and Parker, R. (1998). Isolation and characteriza-RNA in mammalian cells. J. Mol. Biol. 85, 451–463.
tion of Dcp1p, the yeast mRNA decapping enzyme. EMBO J. 17,Briggs, M.W., Burkard, K.T.D., and Butler, J.S. (1998). Rrp6p, the
1487–1496.yeast homolog of the human PM-Scl 100 kDa autoantigen, is essen-
Legrain, P., and Rosbash, M. (1989). Some cis- and trans-actingtial for efficient 5.8S rRNA 39 end formation. J. Biol. Chem. 273,
mutants for splicing target pre-mRNA to the cytoplasm. Cell 57,13255–13263.
573–583.Burgess, S.M., and Guthrie, C. (1993). A mechanism to enhance
Lesser, C.F., and Guthrie, C. (1993). Mutational analysis of pre-mRNA splicing fidelity: the RNA-dependent ATPase Prp16 governs
mRNA splicing in Saccharomyces cerevisiae using a sensitive newusage of a discard pathway for aberrant lariat intermediates. Cell
reporter gene, CUP1. Genetics 133, 851–863.73, 1377–1391.
Maquat, L.E. (1995). When cells stop making sense: effects of non-Burkard, K.T.D., and Butler, S. (2000). A nuclear 39-59 exonuclease
sense codons on RNA metabolism in vertebrate cells. RNA 1,involved in mRNA degradation interacts with poly(A)-polymerase
453–465.and the hnRNA protein Npl3p. Mol. Cell. Biol. 20, 604–616.
Mitchell, P., and Tollervey, D. (2000). mRNA stability in eukaryotes.Chanfreau, G., Legrain, P., Dujon, B., and Jacquier, A. (1994). Interac-
Curr. Opin. Genet. Dev. 10, 193–198.tion between the first and the last nucleotides of pre-mRNA introns
Mitchell, P., Petfalski, E., Shevchenko, A., Mann, M., and Tollervey,is a determinant of 39 splice site selection in S. cerevisiae. Nucleic
D. (1997). The exosome: a conserved eukaryotic RNA processingAcids Res. 22, 1981–1987.
complex containing multiple 39-59 exoribonucleases. Cell 91,Decker, C.J., and Parker, R. (1993). A turnover pathway for both
457–466.stable and unstable mRNAs in yeast: evidence for a requirement
Muhlrad, D., Decker, C.J., and Parker, R. (1994). Deadenylation offor deadenylation. Genes Dev. 7, 1632–1643.
the unstable mRNA encoded by the yeast MFA2 gene leads to

de la Cruz, J., Kressler, D., Tollervey, D., and Linder, P. (1998). Dob1p
decapping followed by 59-39 digestion of the transcript. Genes Dev.

(Mtr4p) is a putative ATP-dependent RNA helicase required for the
8, 855–866.

39 end formation of 5.8S rRNA in Saccharomyces cerevisiae. EMBO
Muhlrad, D., Decker, C.J., and Parker, R. (1995). Turnover mecha-J. 17, 1128–1140.
nism of the stable yeast PGK1 mRNA. Mol. Cell. Biol. 15, 2145–2156.

Eng, F.J., and Warner, J.R. (1991). Structural basis for the regulation
Petfalski, E., Dandekar, T., Henry, Y., and Tollervey, D. (1998). Pro-of splicing of a yeast messenger RNA. Cell 65, 797–804.
cessing of the precursors to small nucleolar RNAs and rRNAs re-

Gietz, R.D., Schiestl, R.H., Willems, A.R., and Woods, R.A. (1995). quires common components. Mol. Cell. Biol. 18, 1181–1191.
Studies on the transformation of intact yeast cells by LiAc/SS-DNA/

Plumpton, M., McGarvey, M., and Beggs, J.D. (1994). A dominantPEG procedure. Yeast 11, 355–360.
negative mutation in the conserved RNA helicase motif ‘SAT’ causes

Henry, Y., Wood, H., Morrissey, J.P., Petfalski, E., Kearsey, S., and splicing factor PRP2 to stall in spliceosomes. EMBO J. 13, 879–887.
Tollervey, D. (1994). The 59 end of yeast 5.8S rRNA is generated by

Rain, J.C., and Legrain, P. (1997). In vivo commitment to splicing inexonucleases from an upstream cleavage site. EMBO J. 13, 2452–
yeast involves the nucleotide upstream from the branch site con-2463.
served sequence and the mud2 protein. EMBO J. 16, 1759–1771.

Hentze, M.W., and Kulozik, A.E. (1999). A perfect message: RNA
Shiomi, T.K., Fukushima, N., Suzuki, N., Nakashima, E., Noguchi,

surveillance and nonsense-mediated decay. Cell 96, 307–310.
E., and Nishimoto, T. (1998). Human Dis3p, which binds to either

Hilleren, P., and Parker, R. (1999). Mechanism of mRNA surveillance GTP- or GDP-Ran, complements Saccharomyces cerevisiae dis3.
in eukaryotes. Annu. Rev. Genet. 33, 229–260. J. Biochem. 123, 883–890.
Hsu, C.L., and Stevens, A. (1993). Yeast cells lacking 59-39 exoribo- Shobuike, T., Sugano, S., Yamashita, T., and Ikeda, H. (1995). Char-
nuclease 1 contain mRNA species that are poly(A) deficient and acterization of cDNA encoding mouse homolog of fission yeast
partially lack 59 cap structure. Mol. Cell. Biol. 13, 4826–4835. dhp11 gene: structural and functional conservation. Nucleic Acids

Res. 23, 357–361.Jacobs Anderson, J.S., and Parker, R. (1998). The 39 to 59 degrada-
tion of yeast mRNA is a general mechanism for mRNA turnover that Stevens, A., and Poole, T.L. (1995). 59-exonuclease-2 of Saccharo-
requires the SKI2 DEVH box protein and 39 to 59 exonucleases of myces cerevisiae. J. Biol. Chem. 270, 16063–16069.
the exosome complex. EMBO J. 17, 1497–1506. Tung, K.S., Norbeck, L., Nolan, S., Atkinson, N., and Hopper, A.

(1992). SRN1, a yeast gene involved in RNA processing, is identicalJohnson, A.W. (1997). Rat1p and Xrn1p are functionally interchange-
able exoribonucleases that are restricted to and required in the to HEX2/REG1 a negative regulator in glucose repression. Mol. Cell.

Biol. 97, 2673–2680.nucleus and cytoplasm, respectively. Mol. Cell. Biol. 17, 6122–6130.



Nuclear RNA Turnover
775

van Hoof, A., Lennertz, P., and Parker, R. (2000). Yeast exosome
mutants accumulate 39-extended polyadenylated forms of U4 small
nuclear RNA and small nucleolar RNAs. Mol. Cell. Biol. 20, 441–452.

Venema, J., and Tollervey, D. (1996). RRP5 is required for formation
of 18S and 5.8S rRNA in yeast. EMBO J. 15, 5701–5714.

Venema, J., and Tollervey, D. (1999). Ribosome synthesis in Sac-
charomyces cerevisiae. Annu. Rev. Genet. 33, 261–311.

Vijayraghavan, U., Parker, R., Tamm, J., Limura, Y., Rossi, J., Abel-
son, J., and Guthrie, C. (1986). Mutations in conserved intron se-
quences affect multiple steps in the yeast splicing pathway, particu-
larly assembly of the spliceosome. EMBO J. 5, 1683–1695.

Vilardell, J., and Warner, J.R. (1994). Regulation of splicing at an
intermediate step in the formation of the spliceosome. Genes Dev.
8, 211–220.

Warner, J.R. (1989). Synthesis of ribosomes in Saccharomyces cere-
visiae. Microbiol. Rev. 53, 256–271.


