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Many nuclear and nucleolar small RNAs are accumulated as nonpolyadenylated species and require 3'-end
processing for maturation. Here, we show that several genes coding for box C/D and H/ACA snoRNAs and for
the U5 and U2 snRNAs contain sequences in their 3’ portions which direct cleavage of primary transcripts
without being polyadenylated. Genetic analysis of yeasts with mutations in different components of the
pre-mRNA cleavage and polyadenylation machinery suggests that this mechanism of 3’-end formation requires
cleavage factor IA (CF IA) but not cleavage and polyadenylation factor activity. However, in vitro results
indicate that other factors participate in the reaction besides CF IA. Sequence analysis of snoRNA genes
indicated that they contain conserved motifs in their 3’ noncoding regions, and mutational studies demon-
strated their essential role in 3’-end formation. We propose a model in which CF IA functions in cleavage and
polyadenylation of pre-mRNAs and, in combination with a different set of factors, in 3'-end formation of

nonpolyadenylated polymerase II transcripts.

snoRNAs belong to a complex family of RNA molecules
localized in the nucleolus, where they participate in rRNA
processing (35) and in the modification of several classes of
RNA substrates: rRNAs (5, 7, 33, 40, 48, 54), snRNAs (24, 30,
55), and possibly mRNAs (13, 20). They work in combination
with specific sets of proteins, forming ribonucleoprotein com-
plexes; both the structure of the particles and their activity are
highly conserved in evolution, as they are present and perform
the same activity in archaebacteria and in eukaryotes (42).
snoRNA coding units have quite a peculiar gene organization:
the majority of metazoan and a few yeast snoRNAs are en-
coded in introns of protein-coding genes, while most yeast
snoRNAs and a few vertebrate ones derive from independent
transcription units, either monocistronic or polycistronic (59).
Despite this heterogeneous organization, snoRNA biosynthe-
sis relies on a common mechanism: entry sites for 5'-3’ and
3'-5" exonucleases are produced from precursor molecules and
allow the release of mature snoRNAs (2, 43, 44, 56). In inde-
pendently transcribed snoRNAs, such entry sites are often
generated by the Rntlp endonuclease (15, 16). In many cases,
however, cleavage sites are absent in the 3’ portion of the
pre-snoRNAs, suggesting that processing starts from the 3’
end of the primary transcript.

Like genes coding for mRNAs, snoRNA genes are tran-
scribed by RNA polymerase II. 3’-end formation of pre-mRNAs
is accomplished by a two-step reaction, which involves endo-
nucleolytic cleavage followed by addition of a poly(A) tail to
the upstream cleavage product (60). The yeast cleavage and
polyadenylation machinery consists of several complexes: for
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specific cleavage, cleavage factor IA (CF IA), CF IB, and CF
II are required, while polyadenylation occurs when CF IA, CF
IB, Paplp, and polyadenylation factor I (PF I) are present (3,
18, 31, 32, 36, 37). A complex containing PF I and CF II activity
(named cleavage and polyadenylation factor [CPF]) has been
isolated from yeast extracts by affinity purification (41). Since
PF I and CF II subunits were found in a stable and stoichio-
metric association, it has been suggested that this complex
forms a functional unit in vivo.

Previously it was shown that the presence of a pre-mRNA-
derived cleavage and polyadenylation signal, such as the one
found in the CYC1 gene, is not compatible with the production
of a functional box C/D snoRNA. In this case, only polyade-
nylated unprocessed RNA molecules which did not associate
with snoRNP-specific factors and which were unable to meth-
ylate their physiological rRNA substrates accumulated (22).
Instead, sequences downstream of the snR13 snoRNA coding
unit were able to direct efficient 3’-end formation of the up-
stream snoRNA, and only the cleavage activity of the pre-
mRNA 3’-processing machinery was required.

In the present paper we show that this is a more general
phenomenon, since box C/D and H/ACA snoRNAs and snRNAs
require this type of 3’-end maturation. Thus, uncoupling of
cleavage and polyadenylation is necessary for the biosynthesis
of a large class of cellular RNAs, in particular for species that
do not require the poly(A) tail but instead require 3'-end
processing.

Analysis of a large number of mutant alleles in CF IA and
CPF components in vivo suggests that CF IA but not CPF is
essential for 3’-end formation of small RNAs. Furthermore,
sequence comparison and mutational analysis have pointed out
the importance of two conserved sequence elements which are
presumptive binding sites for processing factors. These find-
ings suggest that, for snoRNA and snRNA 3’-end formation,
CF IA can work in cooperation with factors different from



1380 MORLANDO ET AL. MoL. CELL. BIOL.
TABLE 1. Strains used in this study
Strain Genotype Reference

W303-1B MATa ura3-1 trpl-1 ade2-1 leu2-3,112 his3-11,15 3

rnal5-2 strain MATa ura3-1 trpl-1 ade2-1 leu2-3,112 his3-11,15 rnal5-2 3

LMS88 MATa ura3-1 trpl-1 ade2-1 leu2-3,112 his3-11,15 rnal4-1 36

Ypapl-5 MATa ura3-1 trpl-1 ade2-1 leu2-3,112 his3-11,15 PAP1::LEU2 [pA papl-5] 36

SB17 MATa ade?2 leu2 ura3 trpl his3 ythl::TRP] pNOPPATA-ythi-1 8

SB18 MATa ade2 leu2 ura3 trpl his3 ythl1::TRP1 pNOPPATA-ythi-4 8

SB13 MATa ade?2 leu2 ura3 trpl his3 ythl::TRPI pNOPPATA-yth1-7 8

YSHI-1 strain MATa ura3-1 trpl A ade2-1 leu2-3,112 his3-11,15 TRPI::yshl [ysh1-1-HIS3-CEN] Unpublished
YHHI-3 strain MAT? ura3-1 trpIA ade2-1 leu2-3,112 his3-11,15 TRPI::;yhhl [yhh1-3-HIS3-CEN] Unpublished
YAF2 MATo trpI A his3A ura3-52 lys2-801 ade2-101 URA3::U24 NOP56:: TAP::TRP1 22

FWY1 MATo ura3-52 leu2-3,112 senl-1 pep4-3 45

D174 MATa ade2-1 xrnl::URA3 ratl-1 28

those involved in the cleavage and polyadenylation of pre-
mRNAs.

MATERIALS AND METHODS

Strains and media. The Saccharomyces cerevisiae strains used in this study are
listed in Table 1. Standard techniques were used to grow and handle yeast cells.
Epitope TAP tagging of Nop56p (YAF?2 strain) was performed as described by
Rigaut et al. (46). Yeast cells were transformed as described by Villa et al. (57)
and grown in the appropriate selective media.

The induction experiments were performed as described by Fatica et al. (22)
for both the wild-type strains and temperature-sensitive strains. The tempera-
ture- and formamide-sensitive strains were grown in the appropriate selective
media supplemented with 3% formamide.

Oligonucleotides. Sequences of the oligonucleotides used for the different
cloning steps are as follows (5'-3"): R13ter-a, CCGCTCGAGCTTTTAACTTC
CTCGTAGA; R13ter100-b, GGGGTACCCCCAACGTACTAACATCTTT;
R13ter30-b, GGGGTACCGCAGCGCTACGATACAAT; R13ter25-b, GGGG
TACCAAGATTTTCTACGAGGAAGTTA; R13ter100-30-a, CCGCTCGAGC
GCTGCATATATAATGCGT; R50ter-a, CCGCTCGAGACTAATGTAAGAA
ACATTTCC; R50ter-b, GGGGTACCGTTGAAATAATTAGTGGCAAC;
R47ter-a, CCGCTCGAGATATATTTTCGCGTCATTCTTGC; R47ter-b, GGG
GTACCTTTGTACTGCAGATACACAGATTC; R18%ter-a, CCGCTCGAGC
TATTCTTGTTACTCACTGAT; R189ter-b, GGGGTACCCCAATTCATTTC
AACTGTCTAC; RUSter-a, CCGCTCGAGCTCATTTTCTTGTTTCGGT;
RUSter-b, GGGGTACCCGCGAAACTTTAAAAGCGC; RU2ter-a, CCGCTC
GAGTACCACGCAACCAAATATGTA; RU2ter-b, GGGGTACCATTATGA
GATGCTGGAGGTAG; RTLClter-a, CCGCTCGAGATAATAAAGCCCAC
CAAATGG; RTLClter-b, GGGGTACCCAGTACGGACAACATACTTTA; 1-
2a, TCGAGGCGGTAACCTTCTTACATGTAAATCAGAGTAGGTAGC; 1-2b,
CTACTCTGATTTACATGTAAGAAGGTTACCGCC; Ala, TCGAGGCGGTA
ACCACATGTAAATCAGAGTAGGTAC; Alb, CTACTCTGATTTACATGTG
GTTACCGCC; A2a, TCGAGGCGGTAACCTTCTTACACAGAGTAGGTA;
A2b, CTACTCTGTGTAAGAAGGTTACCGCC; Al-2a, TCGAGGCGGTAA
CCACACAGAGTAGGTAC; Al-2b, and CTACTCTGTGTGGTTACCGCC.
Oligonucleotides used for Northern hybridization or primer extension were as
follows (5'-3"): atag, TGCGGACTGCCTGGATCGCG; asnR13, TTCCACAC
CGTTACTGATTT; aU5, CCTGTTTCTATGGAGACAACACCCGGATGGT
TCTG; asnR50, GGGGTACCACGTACTTGTGAAAGTAAATAC; U2,
CCAGTTATGGTGTGTGGCGA; asnR47, GGGGTACCTTTGTACTGCA
GATACACAGATTC; and aTRS31, CGCTTGCTTAGGCCCAACAG.

Plasmid construction. The starting construct GAL/U24* (here renamed
CYC1) and T100 construct were described by Fatica et al. (22). The constructs
used in this study were obtained by removing the CYCI terminator from the
CYC1 construct by XhoI-Kpnl digestion and replacing it with PCR products
obtained with the following oligonucleotides: R13ter-a and R13ter100-b (con-
struct C/D13 [named T100 + 20 in Fig. 9C]); R13ter-a and R13ter30-b (construct
T30 + 20); R13ter-a and R13ter25-b (construct T25); R13ter100-30-a and
R13ter100-b (construct T100-30); R50ter-a and R50ter-b (construct C/D50);
R47ter-a and R47ter-b (construct C/D47); R189ter-a and R189ter-b (construct
ACA189); RUSter-a and RUSter-b (construct U5); RU2ter-a and RU2ter-b
(construct U2); RTLClter-a and RTLClter-b (construct TLC1). To obtainl-2,
A1, A2, and A1-2 constructs, the appropriate oligonucleotides (1-2a and1-2b, Ala

and Alb, A2a and A2b, and Al-2a and A1-2b) were annealed, phosphorylated,
and subsequently cloned in the XholI-KpnlI-digested CYCI construct.

The C/D13 was digested with BamHI and Kpnl, and the inserts obtained were
cloned in the BamHI and Kpnl sites of the Bluescript plasmid to obtain a
substrate for in vitro transcription. The recombinant plasmid were linearized
with Kpnl. The CYCI substrate was described by Minvielle-Sebastia et al. (37).

RNA analysis. Total RNA was extracted from exponentially growing yeast
cultures by the hot-phenol method as previously described (47). RNA concen-
trations were calibrated by absorbance at 260 nm and normalized by hybridiza-
tion with snR13- and U5-specific oligonucleotides. For Northern blot analysis,
typically 5 pg of total RNA was resolved on 6% polyacrylamide-7 M urea gels
and electrotransferred at 4°C to Amersham Hybond-N" filters in 0.5X Tris-
borate-EDTA buffer for 16 h at 10 V. All hybridizations and primer extensions
were carried out as previously described (57). Oligonucleotides (10 pmol) were
routinely 5'-end labeled with 30 pCi of [y->*P]ATP.

Yeast extract and immunoprecipitation experiments were performed as pre-
viously described (23, 34).

Preparation of extracts and CPF and CF IA. Extracts competent for in vitro
3’-end processing (processing extracts) were prepared as described previously
(12) by cell homogenization in liquid nitrogen (4). For production of whole-cell
extracts, the fractionation step using 40% ammonium sulfate was omitted.

CPF was obtained by affinity purification from yeast extracts as previously
described (41). Briefly, extracts from cells expressing protein A-tagged Pfs2p
fusion protein (strain MO20) were first incubated with immunoglobulin G (IgG)-
agarose, the matrix was extensively washed, and bound proteins were released by
cleavage with TEV protease (46). The purification of CF IA will be described
elsewhere (B. Dichtl and W. Keller, unpublished results).

In vitro transcription and in vitro cleavage assays. Runoff transcription to
obtain internally 3*P-labeled RNAs was performed as described in reference 37.
Conditions for in vitro cleavage of pre-mRNAs were as previously described
(36). For processing with factors, 1 pul of CPF and 1 ul of CF IA were incubated
in either the absence or presence of 100 ng of glutathione S-transferase (GST)-
Nabdp (CF IB) (38) with 20 fmol of labeled RNA for 1 h at 30°C (36). When
extracts were assayed, approximately 10 pg of total protein in processing extract
or whole-cell extract, respectively, replaced purified factors. To allow cleavage
only, magnesium acetate was replaced by EDTA and ATP was replaced by CTP.

RESULTS

Downstream regions of different small RNA genes direct
efficient 3'-end processing. A model system which allowed the
analysis of the activity of different 3" downstream regions on
the biosynthesis and processing of a specific sSnHoORNA was re-
cently described (22). Plasmid GAL/U24* (22) (here renamed
CYC1) contains the yeast U24 snoRNA (6) placed under the
control of the inducible GAL1 promoter and the CYC1 cleav-
age and polyadenylation signal of vector p416GALI (39). Be-
cause no processing sites are present in its flanking regions,
only trimming from the ends of the primary transcript can
produce the U24 snoRNA from this construct. In order to
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FIG. 1. Schematic representation of the constructs used in this
study. The GAL1 promoter and the U24* coding region are boxed.
The lengths of the regions downstream of the mature 3’ end of the
corresponding transcript are indicated (in nucleotides [nt]); in the case
of U2 and U5, the regions 3’ to the Rntlp site were utilized. All these
fragments were amplified by PCR and were cloned in the GAL/U24*
backbone.

distinguish the snoRNA derived from the transforming plas-
mid from the endogenous species, a tagged U24 snoRNA
(U24*) was utilized. The tag was previously shown to affect
neither snoRNP formation (58) nor U24 processing and sta-
bility (22).The cleavage and polyadenylation cassette was re-
moved from the CYC1 construct and replaced with different 3’
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downstream regions. Figure 1 shows the GAL1-U24* back-
bone as well as the lengths and names of all the regions tested
in this work.

The lengths of the regions analyzed were chosen on the basis
of their distance from the 3’ downstream open reading frame.
In S. cerevisiae, intergenic distances, including the promoter
sequences, are quite short: on average, only a few hundred
nucleotides. In the case of the RNAs analyzed here, these
values ranged from 280 (snR13) to 820 (snR50) nucleotides.
Because of this short distance between the 3'-flanking region
of the upstream coding sequence and the downstream open
reading frame, mechanisms preventing readthrough must op-
erate quite efficiently.

Figure 2 shows the behavior of the sequences present in the
3’ downstream regions of several snoRNA genes: snR13 (C/
D13), snR50 (C/D50), and snR47 (C/D47) belong to the box
C/D family, whereas snR189 (ACA189) is a member of the
H/ACA class. The constructs were expressed in strains carrying
temperature-sensitive mutant alleles for the RNA1S (rmal5-2)
and PAP1 (papl-5) genes and in the isogenic W303 strain.
After a 1-h shift to the nonpermissive temperature, transcrip-
tion was induced by addition of galactose (time zero), and the
cells were grown for 2 h more. 3’-end processing can be mon-
itored by the accumulation of product B, whose 3’ end corre-
sponds to the 3’ end of the mature U24* snoRNA. This species
still contains the 5’ trailer sequences present in the construct
utilized. Since the 5’ end of this RNA is capped and no endo-
nucleolytic cleavage sites are present, 5'-3" exo-trimming can
occur only after decapping. For this reason the accumulation
of a U24 snoRNA with a matured 5’ end (band U24%) is quite
inefficient.

In contrast to CYCI1, the other test constructs show efficient
accumulation of correctly 3’-processed U24 (band B) and only
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FIG. 2. Analysis of different 3" downstream regions on snoRNA processing. The rmal5-2 and papl-5 mutant strains and the isogenic strain
W303 were transformed with the constructs indicated above each panel. After a 1-h shift to the nonpermissive temperature (0 h), cultures were
induced with galactose for the indicated times. Northern blot analysis of 5 wg of total RNA was performed with a *?P-labeled tag-specific
oligonucleotide (atag). A schematic representation of the A*, B, and U24* molecules is given on the far right. A" bands correspond to
polyadenylatedproducts, while B and U24* molecules have mature 3’ ends. The lower panels show control hybridizations with a snR13
snoRNA-specific probe (asnR13). The migration of the size marker (MspI-digested pBR322) is indicated on the far left; sizes are in nucleotides.
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FIG. 3. Polyadenylated snoRNAs are unstable and do not associate
with snoRNP proteins. (A) W303 cells were transformed with the
C/D50 construct and grown in 2% raffinose-0.08% glucose (lane 1).
Cultures were shifted to 2% galactose for 2 h (lane 2) and then
transferred to 4% glucose-containing medium and incubated for 1 h
more (lane 3). Northern blot analysis of 5 pg of total RNA was
performed with a 3?P-labeled tag-specific oligonucleotide (atag). The
lower panel shows a control hybridization with a snR13 snoRNA-
specific probe (asnR13). (B) Strain YAF2, containing the NOP56-
TAP fusion, was transformed with the C/D50 construct. After 2 h of
growth in galactose, cells were lysed and immunoprecipitated with IgG
beads. RNA was extracted from pellets (P) and supernatants (S) and
run on a 6% polyacrylamide—urea gel. Lane T, RNA extracted from
nonimmunoprecipitated extracts. Northern blot analysis was per-
formed with atag. The lower panel shows a control hybridization with
a U5 snRNA-specific probe («US5) which monitors the specificity of the
immunoprecipitation. The migration of the size marker (MspI-digested
pBR322) is indicated on the left; sizes are in nucleotides.

minor amounts of polyadenylated transcripts (bands A™); fur-
thermore, no accumulation of 3'-end-processed U24* RNA
was observed in rnal5-2 mutant strains, while a papl-5 strain
had no adverse effect. These data indicate that 3’-end forma-
tion of snoRNAs requires CF I activity and not Papl, consis-
tent with previous results (22).

The presence of polyadenylated species originating from the
same coding unit prompted us to check whether these mole-
cules have a different fate than the 3’-processed transcripts. To
test whether these species represent stable and functional
RNAs, we performed a transcription pulse-chase experiment
and an immunoprecipitation analysis. C/D50 was chosen be-
cause it showed the highest abundance of A™ products. After
2 h of growth in galactose-based medium, cultures were shifted
to glucose-containing medium, and the accumulation of the
A" and B molecules was tested after one additional hour of
incubation. As shown in Fig. 3A, the A" band completely
disappeared after 1 h, whereas the B band remained stable.
Construct C/D50 was also expressed in strain YAF2 (22),
which contains the Nop56p protein, a box C/D-specific factor,
fused to the TAP tag (46). The incorporation of the different
RNA species into snoRNPs was tested by IgG immunoprecipi-
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tation. Figure 3B shows that the RNA present in band B is
coprecipitated with the Nop56p, whereas the polyadenylated
species is not. The observation that the A™ species is not found
in snoRNP complexes argues against the possibility that it is
rapidly converted into B molecules. Further support for the
hypothesis that A" molecules do not chase into B molecules
comes from the observation that the A" transcripts produced
by the CYC1 construct are not converted to 3'-processed U24
RNA (Fig. 2) (22).

We therefore conclude that snoRNA transcripts which are
polyadenylated are directed to a degradative pathway. The
disappearance of A" molecules in glucose-containing medium
is in agreement with the finding that the RNA-degradative
pathways are very active under these growth conditions (11).

The 3’ downstream regions of snoRNA genes are sensitive to
CF I but not to CPF. The pre-mRNA cleavage and polyade-
nylation machinery in yeast is made up of many different fac-
tors associated in complexes which have been separated bio-
chemically and classified on the basis of their in vitro activity
(60). To test whether CPF activity was required for 3’-end
formation of snoRNAs, we expressed the C/D13 construct in
strains carrying temperature-sensitive mutant alleles for indi-
vidual CPF components. As controls, the same strains were
transformed with construct CYCI. Figure 4 shows that several
mutant alleles of the YTHI gene, which codes for a CPF com-
ponent (8), show a strong reduction of the A™ species tran-
scribed from the CYCI1 construct (lanes ythl-7, ythi-1, and
yth1-4). Similarly, alleles with mutations of the CPF compo-
nent Yhhlp have a lower level of transcript A*. As expected,
rnal4-1, mal5-2, and papl-5 display strong inhibition of A™-
RNA accumulation (22). The levels of the A" CYCI1 tran-
scripts were the same in all strains following growth at the
permissive temperature (not shown). In comparison to CYCI,
the construct containing the 3’ downstream region of the
snR13 gene is affected only by mutations in proteins belonging
to the CF IA complex (rnal4-1 and rnal5-1), and it is totally
unaffected by mutations within CPF subunits.

Rnal5p is required for 3’-end formation of chromosome-
encoded snoRNAs. In order to verify whether CFIA is involved
in 3’-end formation of endogenous snoRNAs, we tested the
production of snoRNA read-through products in the strain
carrying the rnal5-2 mutant allele when shifted to the nonper-
missive temperature. Primer extension analysis was carried out
with a primer complementary to the TRS31 mRNA which is
transcribed from the gene downstream to the snR13 coding
region (Fig. 5) (52). The data for rnal5-2 in Fig. 5 show that at
the permissive temperature (0 h), a signal corresponding to the
5" end of the TRS31 mRNA is visualized; after a shift to the
nonpermissive temperature, this signal decreases while a pro-
portional increase of a read-through product extending to the
5" end of the snR13 snoRNA is observed (lanes 4 and 8). As a
control, reverse transcription analysis was also performed on
RNA from a senl-1 strain which was previously shown to affect
snoRNA 3’ processing and to have a read-through phenotype
(45, 52): the senl-I lane shows that the read-through product
observed in the rmal5-1 mutant is produced. These results
confirm that RnalSp is essential for 3’-end formation of
snoRNAs transcribed from the chromosomal genes.

The 3’ downstream regions of the US and U2 snRNA genes
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FIG. 4. Analysis of 3'-end processing in mutants with mutations in different components of the pre-mRNA 3’-processing machinery. The C/D13
and CYCI constructs were transformed into the mutant strains and into the isogenic strain W303. After a 1-h shift to the nonpermissive
temperature (0 h), cultures were induced with galactose for 2 h. Temperature- and formamide-sensitive mutants (tfs) were grown in 3%
formamide. Northern blot analysis of 5 pg of total RNA was performed with a **P-labeled tag-specific oligonucleotide (atag). The lower panels
show control hybridizations with a snR13 snoRNA-specific probe (asnR13).

behave like those of snoRNAs. U5 snRNA is found in two
forms that differ in length at their 3’ ends (USL and USS). A
temperature-sensitive mutation in the endonuclease Rntlp
was shown to block accumulation of the USL form in vivo,
whereas the production of US5S was unaffected (14, 57). To
analyze whether the U5 snRNA gene contains sequences able
to direct 3’-end formation similarly to those for snoRNA
genes, 170 nucleotides downstream of the Rntlp recognition
hairpin were inserted into the reporter construct (Fig. 1) and
tested in vivo. The U5 construct directs efficient 3'-end forma-
tion of U24* snoRNA, and only minimal accumulation of
polyadenylated species occurs (Fig. 6A, W303 lanes). Expres-
sion of this construct in the different strains carrying mutant
alleles in CF IA and CPF components and analysis of the RNA
products indicated a behavior similar to that of C/D13, in that
only mutations in CF IA components resulted in inhibition of
accumulation of 3’-processed U24 molecules.

The U2 snRNA also needs 3'-5" trimming for 3’-end forma-
tion. As is the case for US snRNA, the U2 primary transcript
contains an Rntl cleavage site. In the absence of Rntlp-me-
diated cleavage, both mature and extended polyadenylated
forms accumulate (1). A total of 562 nucleotides downstream
of the U2 Rntlp site were cloned into the test construct and
were tested for U24* 3'-end formation. Figure 6B shows that
the majority of the transcripts accumulate as correctly 3'-pro-

cessed molecules, whereas only a minority are found as
poly(A)* species. Furthermore, the U2 3’ downstream region
is also sensitive to mutations in CF I (rnal5-2 lanes) and not in
Papl (papi-5 lanes).

So far, only one small nuclear RNA has been described as
being transcribed as a poly(A)™ species; this is the RNA com-
ponent (encoded by the TLC1 gene) of telomerase (17). It was
shown that the synthesis of TLC1 RNA under the control of a
GAL-inducible promoter produced at the steady-state level
60% of polyadenylated RNA that was then converted into
poly(A) ™ molecules (17). A 195-nucleotide sequence, derived
from the 3’ downstream region of the TLC1 gene, was cloned
in the U24* reporter plasmid and tested for the ability to
produce correctly 3’-processed U24* molecules. Figure 7
shows that all observed transcripts accumulate as poly(A)™
species. In agreement with this, the accumulation of the tran-
scripts is affected not only by the rmal5-2 mutation but also by
papl-5. This suggests that 3’-end formation of the TCL1 RNA
is directed by sequences that respond to the pre-mRNA cleav-
age and polyadenylation machinery.

In vitro analysis of snoRNA 3’-end formation. Two in vitro-
transcribed *?P-labeled RNAs were used to analyze the 3'-end
processing with purified factors or yeast extracts. CYC1 RNA
is a well-studied pre-mRNA substrate (37), and C/D13 RNA
contains the U24* coding region and 100 nucleotides of snR13
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FIG. 5. Rnal5p is required for 3’-end formation of the chromo-
somal snR13 transcripts. An oligonucleotide complementary to the
coding strand of the TRS31 gene was utilized for primer extension
analysis on RNA extracted from the rnal5-2 and senl-I mutant strains
and from the isogenic strain W303. Cultures were grown at 25°C up to
an optical density of 0.2 and then shifted to 37°C for the indicated
times. As shown schematically below the gel, extended product 1 iden-
tifies the 5" end of the TRS31 mRNA, while product 2 corresponds to
an elongated RNA starting at the 5’ end of the snR13 transcript.
Migration of the size marker (Mspl-digested pBR322) is indicated on
the left; sizes are in nucleotides.

gene 3’ downstream sequences. These RNAs were incubated
with CF IA alone or in combination with CPF in the absence
and presence of recombinant CF IB (GST-Nab4p). Reaction
conditions were chosen to allow cleavage only (see Materials
and Methods). The left panel of Fig. 8 shows that C/D13 RNA
is not cleaved by CF IA alone (lane 2); the addition of CF IA
and CPF (lane 3) produced two bands (A™), one of which is
intensified in the presence of CF IB (lane 4). These cleavages
correspond to the sites that are polyadenylated when construct
C/D13 is tested in vivo (Fig. 2). When processing extracts or
whole-cell extracts are used in the reaction, cleavage is ob-
served at the site which promotes correct 3'-end processing
and which was mapped in vivo on the endogenous snR13
primary transcript (Fig. 8) (22). The right panel of Fig. 8 shows
the results of such an analysis on CYC1 RNA. This substrate
behaves as expected (21) in that specific cleavage is obtained
when CF IA, CPF, and CF IB are incubated together (lane 4).
No cleavage is obtained with CF IA alone (lane 2), and addi-
tional cleavage products were seen in the absence of CF IB
(lane 3); CF IB was shown to act in the selection of the correct
cleavage site in a concentration-dependent manner (38). In
contrast to the snoRNA substrate, CYC1 RNA was processed
with much lower efficiency when unfractionated whole-cell ex-
tracts were used (lanes 5 and 6). These results show that
factors present in unfractionated extracts that are different
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from CPF and CF IB are necessary for cleavage at the site
utilized for 3’ processing of pre-snoRNAs.

Mutant analysis of the snR13 3’ downstream region. In
order to study the sequences involved in this peculiar mecha-
nism of 3’-end formation, we initially performed an alignment
of the cleavage sites of the primary transcripts of different
RNA coding units. This was possible thanks to the identifica-
tion of the 3" cutoff products in a strain depleted of the 5'-3’
Ratlp and Xrnlp exonucleases. Under normal conditions,
such molecules are rapidly degraded in vivo since they are
uncapped; in contrast, their half-life increases in a rat1-1 xrnlA
strain. Total RNA extracted from this strain was subjected to
reverse transcription analysis with primers specific for regions
approximately 200 nucleotides downstream from the 3’ end of
the mature transcript. This analysis was carried out on box C/D
snoRNAs (snR13, snR47, and snR50) and on snRNAs (U2
and US). It was not possible to map such cleavage sites on U5
snRNA, since most of the signals detected corresponded to the
products of USL snoRNA, which is produced by Rntlp cleav-
age (data not shown). Figure 9A shows the alignment of
mapped snoRNA and snRNA downstream regions with re-
spect to the cleavage sites, while Fig. 9B shows an example of
such mappings on the U2 and snR50 genes. Conserved se-
quences can be identified: a TGT/AAAAT element is found in
all four genes at a fixed distance (seven nucleotides) from the
cleavage site (A'Pu). In addition, several CTT repeats were
found upstream and downstream of the cleavage site; however,
this sequence was exclusively found in box C/D snoRNA genes.
To analyze the significance of these elements, we generated
several deletion mutants of the snR13 downstream region and
tested their ability to direct 3’-end formation of the reporter
U24* snoRNA. Figure 9C shows that a 58-nucleotide region
containing all the conserved elements (construct T30 + 20) has
the highest activity in terms of the amount of 3’-processed
molecules. If only the elements upstream of the cleavage site
are maintained (construct T25), cleavage still occurs efficiently,
while if they are deleted (construct T100), processing is less
efficient. The removal of all three conserved elements (con-
struct T100-30) leads to the almost complete absence of pro-
cessed RNA.

In order to dissect more precisely the contribution of the two
conserved sequences, we made additional constructs in which
the two elements (CTTCTT and TGTAAAT) are cloned to-
gether (clone 1-2) or separately (clones Al and A2) in the 3’
downstream region of our model construct. The in vivo analysis
shows that the highest 3'-end formation activity is obtained
when the two elements are present together, while lower ac-
tivity is revealed when they were cloned separately. Quantita-
tive analysis of the bands indicated that the TGTAAAT ele-
ment is at least twice as efficient as the CTT repeat. The
deletion of both elements completely abolishes 3’-end forma-
tion. These results indicate that each single element is able to
drive 3'-end formation even though a synergistic effect is ob-
tained when the two sequences are linked.

DISCUSSION

mRNA precursors are processed at their 3" ends by a two-
step reaction that involves endonucleolytic cleavage followed
by the addition of a poly(A) tail to the upstream cleavage
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FIG. 6. The U5 and U2 genes contain sequences that respond only to the cleavage activity of the pre-mRNA 3’-processing machinery. The U5
and U2 constructs were transformed into different mutant strains and into the isogenic strain W303. After a 1-h shift to the nonpermissive
temperature (0 h), cultures were induced with galactose for 2 h. Temperature- and formamide-sensitive (tfs) mutants were grown in 3%
formamide. Northern blot analysis of 5 ug of total RNA was performed with a **P-labeled tag-specific oligonucleotide (atag). Migration of the
size marker (Mspl-digested pBR322) is indicated on the left; sizes are in nucleotides. The lower panels show control hybridizations with an snR13

snoRNA-specific probe (asnR13).

product. The poly(A) tail is required for several functions: it
stabilizes the 3’ end of the mRNA (10), it facilitates transport
to the cytoplasm (29), and it increases the efficiency of trans-
lation (53). Small nuclear and nucleolar RNAs are also tran-
scribed by RNA polymerase II; however, they accumulate as
nonpolyadenylated species which are confined to the nucleus
and which require 3’-end processing in order to reach the
mature form.

We showed previously that the presence of a pre-mRNA-
derived cleavage and polyadenylation signal downstream of a
box C/D snoRNA-coding unit was incompatible with snoRNA
maturation and function. Instead, a specific sequence which
directed efficient 3'-end processing of the test snoRNA and
which required only the cleavage components of the CF I
complex and not the Pap1 activity was found (22). This finding
led us to propose that for a specific set of polymerase II
transcripts, the cleavage activity of the pre-mRNA 3’-end for-
mation machinery could be uncoupled from polyadenylation.

In the present paper we extend this mechanism of 3'-end
formation to a larger group of nuclear and nucleolar RNAs.
Several box C/D snoRNA genes were analyzed, as well as box
H/ACA and the U2 and US snRNA genes. In all cases, the 3’
downstream regions of these genes directed efficient 3’-end
processing of a reporter RNA and only minimal amounts of
transcripts accumulated as polyadenylated species. Both U2
and U5 snRNA genes contain a downstream Rntlp cleavage
site that was suggested to be the entry site for 3’ processing.

(U24%)
atag

asnR13

FIG. 7. The telomerase RNA downstream region produces only
polyadenylated transcripts. The TCL1 construct was transformed into
the rmal5-2 and papl-5 mutant strains and the isogenic strain W303.
After a 1-h shift to the nonpermissive temperature (0 h), cultures were
induced with galactose for 2 h. Northern blot analysis of 5 pg of total
RNA was performed with a *?P-labeled tag-specific oligonucleotide
(atag). Migration of the size marker (Mspl-digested pBR322) is indi-
cated on the left; sizes are in nucleotides. A control hybridization with
a snR13 snoRNA-specific probe (asnR13) is shown at the bottom.
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FIG. 8. CPF, CF IA, and CF IB are not sufficient for correct cleavage of a box C/D snoRNA substrate at the in vivo processing site. The RNA
precursors and processing products are indicated on the sides of the panels. Internally **P-labeled RNAs were incubated with CF IA (lanes 2), CF
IA and CPF (lane 3), CF IA, CPF, and 100 ng of GST-Nab4p (lanes 4), processing extract (lanes 5), or whole-cell extract (lanes 6). Input RNA
alone was loaded in lanes 1. RNAs were resolved on a 6% polyacrylamide-8.3 M urea gel. Hpall-digested pBR322 fragments were 5'-end labeled
and served as markers (lane M). A* bands identify the sites that become polyadenylated, while the 5" and 3’ bands are the 5" and 3’ cutoff products
when cleavage occurs at the UA’AU sequence, which is utilized as the entry site for 3" processing in vivo.

Nevertheless, it was found that in strains depleted of the Rntlp
factor, mature U2 and U5 snRNA continued to accumulate,
although to a lower extent (1, 14, 57). This indicated that
processing should have occurred from the 3’ end of the pri-
mary transcript. Regions downstream of the Rntlp site were
cloned in the test construct and were shown to direct 3'-end
processing in a polyadenylation-independent manner.

The only exception among the genes tested is the one en-
coding the RNA component of telomerase. It was previously
shown that when TLC1 was expressed under the control of the
GALL1 promoter, poly(A)™ transcripts accumulated and were
then chased into poly(A)~ species. This suggested a model in
which the telomerase RNA is first polyadenylated and then
rapidly processed to give the stable poly(A)~ form (17). When
the 3’ downstream region of the TLC1 gene was analyzed in
our test system, we found that only polyadenylated RNA spe-
cies were produced. This case represents an exception to a
general model of 3'-end formation by uncoupled cleavage and
polyadenylation, but it demonstrates that the model system we
used is able to respond specifically to the different 3'-process-
ing signals. Analysis of the endogenous transcripts produced in
a rnal5-2 strain at the nonpermissive temperature showed the
accumulation of a read-through RNA extending inside the
gene downstream to the snR13 coding region, showing that CF
IA is indeed involved in the 3'-end formation of chromosomal
snoRNA transcripts.

The pre-mRNA cleavage and polyadenylation reaction is a
very well characterized process mediated by the CF I (A and
B) and CPF complexes (38, 41). CPF is essential for both steps

of pre-mRNA 3'-end formation, i.e., cleavage and polyadenyl-
ation (41). Recently we showed that one function of CPF in
pre-mRNA cleavage lies in recognition of the site of polyade-
nylation (21). Clearly, this activity of CPF would not be re-
quired for the recognition of sequences which direct snoRNA
and snRNA 3’-end formation, since those are different from
cis-acting elements which mediate cleavage and polyadenyla-
tion of pre-mRNAs (see below). But it remains unclear
whether the requirement for CPF in cleavage of pre-mRNAs is
limited to substrate recognition or whether CPF is more di-
rectly involved in catalysis of cleavage. Our analysis of mutant
CPF subunits indicates that CPF activity is dispensable for
3’-end processing of snoRNAs and snRNAs. We cannot en-
tirely exclude, however, the possibility that mutations in other
CPF subunits might have an effect. In contrast to CPF, CF 1A
is essential for 3'-end formation of snoRNAs and snRNAs. In
vitro analysis showed that CF IA alone is not able to cleave
pre-snoRNA molecules and that CF IA and CPF together
directed cleavage only at those sites that in vivo become poly-
adenylated and produce nonfunctional molecules. Cleavage at
the specific site that in vivo directs 3’-end processing (22) was
obtained only when the pre-snoRNA was incubated with
whole-cell extracts. Combining these results with the in vivo
data on the requirement of CF IA indicates that factors other
than CPF and CF IB must cooperate with CF IA for the
production of correct 3’-end processing of pre-snoRNA mol-
ecules.

Sequence comparison and mutational analysis revealed the
presence of two conserved motifs (CTT repeat and TGTA
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FIG. 9. Analysis of the sequences required for 3'-end processing. (A) Alignment of the sequences around the cleavage sites mapped in vivo in
the ratl-1 xrnlA strain. The conserved elements are boxed, and their consensus sequences are shown underneath. Grey and black boxes represent
the CTT repeat and the TGTAAAT element, respectively. Numbers indicate distance from the 5" end of the corresponding transcript. (B) Oli-
gonucleotides downstream from the U2 and snR50 coding regions were used as primers for a reverse transcription reaction on RNA extracted from
W303 (lanes 1 and 3) and the ratl-1 xrnlA strain (lanes 2 and 4). A sequence reaction was run in parallel to map the extension of the 3’ cutoff
molecules (arrows). The numbers indicate distance from the 5" end of the corresponding transcript. (C and D) Deletion mutants of the natural
snR13 3’ downstream region (C) and artificial sequences designed on the basis of the two conserved elements found in the snoRNA 3’ downstream
regions (D). Numbers indicate the extension of the cloned regions according to panel A. The different constructs were transformed into W303;
cells were grown in 2% raffinose-0.08% glucose (0 h) and then shifted to 2% galactose for 2 h. Northern blot analysis of 5 g of total RNA was
performed with a **P-labeled tag-specific oligonucleotide (atag). The lower panels show control hybridizations with an snR13 snoRNA-specific

probe (asnR13).

AAT) which are essential for directing 3’'-end processing of
pre-snoRNAs. These elements are clearly distinct from cis-
acting signals which direct 3'-end formation of pre-mRNAs
(21, 26, 27). Consequently, recognition of pre-snoRNA cleav-
age sites is expected to involve a different set of trans-acting
factors. Similar to the elements that are involved in pre-mRNA
processing, the snoRNA elements are redundant and only one
of them is sufficient for 3'-end formation. Our experiments
indicate that the CTT repeat and the TGTAAAT element can
function separately, even though the second is twice as efficient
as the first. A synergistic effect is obtained when the two se-
quences are linked. The CTT repeat was previously described
to be involved in controlling 3'-end maturation of snoRNAs
and to respond to the Senlp factor (45). The TGTAAA se-
quence was shown to produce the appearance of truncated
transcripts when present in an intron downstream of a U6

snRNA coding region. The Nrd1 protein was shown to interact
directly with the UGUAAA element and to mediate 3'-end
formation in concert with the Senl factor (50, 51); Nrd1p was
also shown to physically interact with the C-terminal domain
(CTD) of polymerase II, with the RNA-binding protein
Nab3p, and with the CTD kinase CTDK-1 (19). For this rea-
son, this factor was previously proposed to be involved in
transcription termination or transcription elongation, leading
to a model in which it would act at the interface of transcrip-
tion and processing (19, 49). Recent experiments have proved
that the Nrd1 protein, together with Nab3, Senl, and the CTD
of polymerase II, is an essential factor for poly(A)-indepen-
dent 3'-end formation of snRNAs and snoRNAs (52).
Taking all these data together, we propose a model in which
CF IA not only functions in association with factors involved in
cleavage and polyadenylation of pre-mRNAs but also acts in
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the 3’-end formation of nonpolyadenylated transcripts in co-
operation with a different set of proteins, possibly Nrd1 and its
associated factors. It remains to be shown whether these dis-
tinct complexes occur independently from each other in the
cell or whether they are associated in a highly regulated su-
pramolecular complex. Further work is also necessary for clar-
ifying the role of these factors in processing or termination and
for understanding the relationship between these two events. It
is interesting that many of the components participating in this
reaction also interact with the CTD of the largest subunit of
RNA polymerase II (9, 19). This could indicate that specific
commitments, with respect to 3’-end formation, could occur
very early, possibly during the first steps of transcription. An
important point to be addressed in future experiments is
whether the type of 3'-processing complex, which forms on the
nascent RNA, depends on the type of transcript and on the
protein interactions that occur on it. In the case of snoRNAs it
would be interesting to test whether snoRNP-specific factors,
which are known to bind their substrates at the level of pre-
cursor molecules (22, 25), influence the type of 3'-end com-
mitment complex. It seems reasonable to assume that efficient
3’-end formation should occur only when snoRNPs are
formed; in contrast, when snoRNP particles are not assembled,
the newly transcribed snoRNA would be polyadenylated and
directed to the discard pathway.
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