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We have patrtially purified the U2 snRNP of Saccharo-
myces cerevisiaddentification of some proteins consist-
ently found in the purified fractions by nano-
electrospray mass spectrometry indicated the presence
of a novel splicing factor named Rselp. TheRSE1l
gene is essential and codes for a 148.2 kDa protein.
We demonstrated that Rselp associates specifically
with U2 snRNA at low salt concentrations. In addition,
we showed that Rselp is a component of the pre-
spliceosome. Depletion of Rselp and analysis of a
conditional mutant indicated that Rselp was required
for efficient splicing in vivo. In vitro Rselp is required
for the formation of pre-spliceosomes. Database
searches revealed that Rselp is conserved in humans
and that it belongs to a large protein family that
includes polyadenylation factors and DNA repair pro-
teins. The characteristics of Rselp suggest that its
human homologue could be a subunit of the SF3
splicing factor.
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Introduction

Removal of introns from nuclear primary transcripts (pre-
mMRNA) occurs by two transesterification reactions that
take place in a multicomponent complex termed the
spliceosome (Mooreet al, 1993). The spliceosome is

built by the ordered association of the U1, U2, U4, U5

snRNP, which interacts with the pre-mRNA branchpoint
region (BP), is added to these early complexes in an
ATP-dependent step, resulting in the formation of the pre-
spliceosome (reviewed by Moot al, 1993). Finally,
U4, U5 and U6 snRNPs, pre-assembled in a single particle,
join in and form the mature spliceosome, in which the
pre-mRNA splicing reaction occurs.

Numerous proteins, which are either components of
snRNPs or free splicing factors, are involved in spliceo-
some assembly. Some of these proteins were identified
genetically in yeast while others were characterized bio-
chemically in various systems. Using these tools, the yeast
Ul snRNP, involved in the earliest step of spliceosome
formation, recently has been characterized extensively
(Neubaueret al, 1997; Gottschalket al, 1998). This
progress resulted in part from important improvements in
protein identification by mass spectrometry (Neubauer
et al, 1997). In contrast, our knowledge of the yeast U2
SnRNP is much more modest. Besides the common Sm
proteins (Salgado-Garridet al., 1999), two U2 snRNP-
specific proteins have been characterized in yeast. The
Yib9 protein (Yib9p) was identified by similarity with its
human homologue UZ2B (Polycarpou-Schwarzt al,
1996) and by genetic means (Taeg al, 1996). More
recently, the Leal protein (Lealp) was shown to be the
homologue of metazoan U2A(Caspary and Saphin,
1998). Both yeast proteins are required specifically for the
formation of the pre-spliceosome (Caspary andagkin,
1998). Biochemical fractionation of human cell extracts
has demonstrated that the multisubunit SF3a and SF3b
factors are required, in addition to U2 snRNP, for the
formation of the pre-spliceosome (reviewed in"Ker,
1996; Will and Lihrmann, 1997). Simultaneously, charac-
terization of the human U2 snRNP revealed the presence
of distinct forms in HelLa nuclear extracts. The 12S
U2 snRNP contains the Sm, U2Aand U2B proteins
associated with the U2 snRNA, whereas the salt-labile

and U6 small nuclear ribonucleoprotein particles (snRNPs) 17S U2 snRNP harbours additional proteins (Behrens
and extrinsic protein factors with the pre-mRNA (reviewed et al, 1993b). These additional factors were found to be

by Mooreet al, 1993; Kraner, 1996; Will and Larmann,

identical to the SF3a and SF3b subunits (Bresial,

1997; Staley and Guthrie, 1998). This process is initiated 1993a; reviewed in Kmaer, 1996; Will and Larmann,

by interaction of U1 snRNP with the pre-mRNA 8plice
site (8SS) leading to the formation of commitment
complex 1 in yeast (CC1; 8a&phin and Rosbash, 1989a,
1991; Rosbash and &gphin, 1991). In the subsequent step,
the non-snRNP splicing factors, BBP/SF1 and Mud2p/
U2AFS5 (Kramer, 1992; Zamoreet al, 1992; Abovich

et al, 1994; Abovich and Rosbash, 1997; Berglund
et al, 1998), recognize downstream regions of the intron,
allowing for formation of yeast commitment complex 2

1997). Both complexes are thought to interact with the
highly conserved 5end of U2 snRNA (Behrenst al,
1993b). The same factors were also identified during
affinity purification of the mammalian pre-spliceosome
(Bennettet al, 1992; reviewed by Hodges and Beggs,
1994). It has been shown that they enter the spliceosome
at the same time as U2 snRNA and remain associated with
the spliceosome until the splicing reaction is completed.
The SF3a complex has been characterized in detail and

(CC2). The spliceosome assembly pathway in mammals has been shown to consist of three proteins named SAP61/

appears to be very similar. E complexes identified in this

SF3&% SAP62/SF3% and SAP114/SF3& (Bennett and

system (Michaud and Reed, 1991) are thought to be Reed, 1993; Broset al, 1993b; reviewed by Kraer,

functionally equivalent to commitment complexes. The U2
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1996; Reed, 1996). These proteins are similar to the yeast
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PRP9 PRP11 and PRP21 gene products which have Ead TR TR Eme

also been shown to associate in a multisubunit complex . g

(Legrain and Chapon, 1993; Rubyal, 1993; Rairet al, b&‘@@@ G:;sp‘"

1996; for reviews see Hodges and Beggs, 1994nitma & & q‘-"i

1996). SF3b consists of at least four subunits, SAP49, —

SAP130, SAP145 and SAP155. Except for SAP130, these 22 = halne

proteins can be cross-linked to the pre-mRNA region

flanking the branchpoint (Gozaret al, 1996, 1998). bl - U | Rselp

Therefore, it has been proposed that these proteins would 115 e

anchor the U2 snRNP to the pre-mRNA (Gozaial, aia .

1996, 1998; Krener, 1996; Will and Larmann, 1997). 1

Analysis of the SAP49, SAP145 and SAP155 sequences B6.4 e sy 9

revealed that these proteins have homologues in yeast 556 | ﬁ;q

which have been named HSH49 (Igtlal, 1998), CUS1 ail ' =)

(Gozaniet al, 1996; Wellset al, 1996) and ySAP155 355 I - Lealp-TAP

(Wanget al,, 1998), respectively. 20 BRSSO S8 A
We have initiated a biochemical characterization of the 201 B

U2 snRNP. This led to the identification of a novel e = bl

essential splicing factor, Rselp. Rselp is required for 65 s Smb2

efficient splicingin vivo and pre-spliceosome formation 12 M 3 4

in vitro. Surprisingly, Rselp belongs to a large protein Fia 1. Identification of brotei ated with U2 ShRNP. U2 ShRNP
. H H : H 1g. 1. ldentitication ot proteins associated wi sn . sn
fam|ly mCIUdmg polyadenylation factors a‘.nd .DNA repair was partially purified from extracts harbouring either the Lealp—TAP
proteins. Putative Rselp homologues exist in human andoy the Lea1p-TAP-C and SmB-TAP-A fusions. Proteins of the second
Caenorhabditis elegan®ur results suggest that the human and the third final elution fractions were concentrated by TCA

Rselp homologue could be a component of the multi- precipitation and loaded on a 7-25% gradient SDS—polyacrylamide
nit SE licina f r gel. After silver staining, proteins were identified by nanoelectrospray
subunit SF3 splicing facto mass spectrometry. Lealp and Yib9p were also detected by Western
blotting. Identified proteins are shown on the right. In addition to the

Results proteins indicated, we also identified the faint protein band migrating
with an apparent molecular weight of 37 kDa (just above Lealp) as

Identification of Rse1p as a U2 snRNP-associated glyceraldehyde-3-phosphate dehydrogenase. Unfortunately, we could

protein not identify the additional proteins consistently present in the different

. - . preparations (e.g. the band migrating with an apparent mol. wt of
We partially purified the yeast U2 snRNP using the 100 kDa) due to the low amount of material.

TAP (tandem affinity purification) procedure (G.Rigaut,
A.Shevchenko, B.Rutz, M.Wilm, M.Mann and Br@phin,
submitted). For this purpose, we first introduced the TAP specifically after the second step and that the efficiency
tag at the C-terminus of Lealp that encodes the yeastwas quite similar.
homologue of the human UZ2Aprotein (Caspary and Comparison of the proteins recovered by the two
Seaphin, 1998). Starting with 5 | of cell culture, proteins approaches (Figure 1) revealed that the main bands were
and RNAs associated with Lealp were purified following essentially identical. As expected, Lealp that had been
the two-step affinity purification of the TAP method. fused to tags of different sizes migrated with slightly
Primer extension analysis of the RNAs present in the input different apparent molecular weight in the two purifications
and purified fractions revealed that the U2 spliceosomal (Figure 1). Western blot experiments using antibodies
snRNA was selected specifically and that ~5% of the specific for Lealp confirmed this conclusion (data not
starting U2 snRNA was recovered in the partially purified shown). Yib9p could also be identified in the U2 snRNP
fraction (data not shown). The proteins present in these fractions using specific antibodies (data not shown).
fractions were concentrated by trichloroacetic acid (TCA) Although the protein levels were very low, four bands
precipitation and loaded on a 7-25% exponential gradient that were present consistently in several partially purified
SDS—polyacrylamide gel. Proteins were visualized by fractions could be analysed by nanoelectrospray mass
silver staining (Shevchenket al, 1996). Several proteins  spectrometry (Shevchenla al, 1996; Wilm and Mann,
present at low levels could be detected in the second and1996). This confirmed that the 32 kDa protein was the
third fraction of the final elution (Figure 1, lanes 1 and 2). Lealp—TAP fusion protein (four peptides sequenced). The
To verify reproducibility, we used a slightly different two bands running at 14 kDa contained the U2 snRNP-
purification approach. The two different units of the TAP specific Yib9p (upper band; two peptides sequenced;
tag, namely TAP-A and TAP-C (G.Rigaut, A.Shevchenko, Polycarpou-Schwaret al, 1996; Tanget al., 1996) and
B.Rutz, M.Wilm, M.Mann and B.Sephin, submitted), the common snRNP core protein, SmD2 (lower band; two
were fused to two different protein subunits of the U2 peptides sequenced; Salgado-Gargdal., 1999). These
snRNP. In this case, the TAP-A tag was fused to the C- results indicated that the partially purified fraction con-
terminus of the common snRNP core protein SmB and tained significant amounts of U2 snRNP-associated
the TAP-C tag was fused to the C-terminus of Lealp proteins.
(Gottschalket al., 1998). The first step selects for the U1, One peptide sequence from the ~155 kDa protein band
U2, U4 and U5 snRNPs while the second step is specific unambiguously matched the yeast open reading frame
for U2 snRNP. Analysis of RNA purified under these new (ORF) YML049C encoded on chromosome XlII which
conditions indicated that U2 snRNA was again selected recently has been nameRSE1 RSE1lstands for_RNA
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splicing and ER to Golgi transport factor 1, because Rselp | s P
recently was reported to affect protein transport to the P
Golgi apparatus by preventing splicing of the SAR1 pre- g.é“' g&‘" g.‘?‘

MRNA (Chenet al, 1998). The predicted size of the
protein encoded by this ORF (153.8 kDa) was very similar
to the apparent size of the protein on SDS—PAGE gels,
supporting our identification.

Extract & Q"d?‘ Q‘% Q‘-g

U4snRNA —fe

The RSE1 gene is essential

To determine whether th®SE1gene is essential, we
replaced a copy of the corresponding ORF with the
Kluyveromyces lactis URABarker in a diploid strain.
After sporulation, tetrads were dissected. Ten out of 13
tetrads gave rise to two viable spores, while the two
other spores germinated but stopped growing after a few
divisions. For the three other tetrads, only one spore was
growing. In this case, some but not all of the remaining
spores germinated. All growing spores wara3", indicat-

ing that they carried the wild-typdRSE1 gene (data
not shown). Therefore, we conclude thRSElis an
essential gene.

U2snRNA —i SR e

USsnANA —is & & e

Rselp is associated specifically with the U2 snRNA
To test whether Rselp is associated specifically with U2
snRNA, we performed immunoprecipitation experiments
with extracts containing a tagged version of Rselp. We
first constructed a tagged version of Rselp by fusing a
cassette containing t2AL promoter and two IgG-binding
domains of theStaphylococcus aureysotein A (ProtA,;
Lafontaine and Tollervey, 1996) to the predicted translation
start site of the YML0O49C ORF. This fusion did not
generate any phenotype, indicating that it was fully func-
tional. However, when we attempted to deplete the tagged
protein by incubating the corresponding strain in glucose-
containing medium, growth (monitored for several days; Fig. 2. Co-immunoprecipitation of U2 snRNA by ProtA-Rselp.
data not shown) and splicing of endogenous pre-mRNAs E;‘:L%Cﬁ;mmr;ecigw?;W"ed;ﬁpseei’ef}grif";é\év;))"?Afl‘gr: strain
were not affected even though the tagged protein level immunoprgezgpitated WitﬁglgG—agar%se beads. Thep extracted RNAs of
analysed by Western blot was reduced far below 1% of jhpyt (lanes 1 and 2), supernatant (lanes 3 and 4) and pellet (lanes 5
the initial level (data not shown). Comparison of the Rsel and 6) fractions were analysed by primer extension with specific
protein sequence with the sequences of related proteingprimers for U1, U2, U4, U5 and U6 snRNAs. The positions of the
(see also below) indicated that the first 50 N-terminal corresponding signals are shown on_the left. R_NA from 10 times more
residues of the YMLO49C ORF were not present in the extract was used for the pellets relative to the input and supernatant
fractions.
related proteins (see Figure 6), suggesting strongly that
they were also unlikely to be present in the endogenous
Rselp. This fusion was therefore likely to contain 150 bp shown). Primer extension analysis revealed that the U2
of genomic DNA upstream of the natural Rselp transla- sSnRNA was the only spliceosomal snRNA co-precipitated
tional start site, and this sequence was possibly sufficientwith ProtA-Rselp (Figure 2, lane 6). This co-precipitation

UssnANA —f

U1snRNA —fi

1 234586

to drive expression of untagged Rselp which would
explain our result.

To avoid this problem, we generated a new strain in
which theGAL promoter—protein A cassette was fused to
residue 51 of the YML049C ORF. A haploid strain
carrying this new fusion protein (ProtA—Rselp) had a
growth rate comparable with that of an isogenic wild-type

was specific since no signal could be detected with the
control extract derived from a wild-type strain (Figure 2,
lane 5) and since only background levels of U1, U4, U5
and U6 snRNAs were detected in the pellet (Figure 2,
lane 6). Quantification of the signals present in the input
and pellet fraction indicated that only ~10% of the
total U2 snRNA was co-precipitated with ProtA—Rselp

strain in galactose medium, indicating that the tagged (Figure 2, lanes 2 and 6; note that 10 times more material
protein was fully functional. Extracts prepared from these was used in the pellet fraction). For comparison, ~50%
cells (ProtA—RSE1) and from an isogenic wild-type strain of the U2 snRNA can be co-precipitated with a Lealp—
(negative control) were incubated with IgG—agarose beads.ProtA fusion (Caspary and &gphin, 1998). This suggested

The bound (pellets) and unbound (supernatants) fractions,that Rselp might be only partially associated with the U2
as well as the starting extracts (input) were analysed for sSnRNA and/or that the 150 mM NaCl present during the
their protein and RNA content (Figure 2, and data not immunoprecipitation prevented efficient interaction. To

shown). Western blot analysis confirmed that the ProtA— test the latter possibility, we repeated the immunoprecipi-
Rselp was expressed and precipitated efficiently (data nottation experiment at various salt concentrations. At 50 mM
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spliceosomes. To test this possibility, we repeated this
experiment using extracts that had been pre-incubated in
the presence of a DNA oligonucleotide complementary to
U6 snRNA. This treatment leads to RNase H-mediated
U6 snRNA degradation (the level of U6 snRNA was
determined by primer extension, data not shown) and
prevents mature spliceosome assembly (Fabriial.,
1989). Pre-spliceosomes formed under these conditions
were shifted in the presence of IgG (data not shown).
These data indicated that Rselp is at least a component
of the pre-spliceosome.

Rse1p is required for efficient splicing in vivo

The data presented above indicate that Rselp is likely to
be a splicing factor. To test this possibility, we first
used a strain containing a C-terminal TAP- (G.Rigaut,
A.Shevchenko, B.Rutz, M.Wilm, M.Mann and B1@ehin,
submitted) tagged Rselp (Rselp-TAP). A haploid strain

LR carrying this construct was viable but thermosensitive,
Fig. 3. Rselp is a component of the pre-spliceosome. Splicing suggesting that this particular protein fusion was only
complexes were assembled on radioactively labelled wild-type pre- partially functional (data not shown). This strain, as well
mRNA in the presence of ATP using extracts from either wild-type as an isogenic wild-type strain for comparison, was
(WT) or ProtA-Rselp (ProtA—RSE1)-harbouring strains. Complexes . - s
were incubated with (lanes 2 and 4) or without (lanes 1 and 3) IgG tranSfor_med with . a ?et Of repo”ef plasmlds con_talnlng
and fractionated by native gel electrophoresis. Pre-/spliceosome RP51Aintron derivatives inserted into thiacZ coding
indicates the position of the non-shifted pre-spliceosome and sequence (Teem and Rosbash, 1983). Four reporter con-
spliceosome in this system; U indicates the free pre-mRNA and structs were selected. They contained either the wild-type

unspecific protein—pre-mRNA complexes (§ghin and Rosbash,

1989b) RP51Aintron or a mutatedRP51Aintron with a strong

mutation in the 5 splice site (5SS; GUAWU, mutated
base in lower case and bold) and/or a weak mutation in
salt concentration the specificity was lost while at 300 mM the branchpoint region (BP; UAJAAC). The mutated
salt concentration co-precipitation of U2 snRNA was reporter constructs made the assay more sensitive, allowing
reduced to nearly background level (data not shown). also for the detection of subtle defects in splicing. An
Similar results were obtained with the construct carrying empty vector was used as a negative control. Transformants
the 50 extra amino acids between ProtA and Rselp (datawere shifted to 37°C (overnight) and RNA splicing was
not shown). These experiments demonstrate that Rselpassayed by followin@-galactosidase production (data not
associates specifically with the U2 snRNA. However, this shown) as well as through direct RNA analysis by primer
interaction is salt sensitive and the association is probably extension (Figure 4A). ThRSELTAP allele only mildly

only partial and/or transient. This suggests that Rselp is affected production of the endogend@B51AMRNAS as

not a core U2 snRNP protein. well as wild-type and branchpoint mutant reporters (Figure
4A, lanes 1, 2, 4, 6, 8 and 10). Splicing of the dplice
Rselp is a component of the pre-spliceosome site mutant pre-mRNAs was, however, affected in the

The experiments described above identified Rselp as atagged strain, as shown by the accumulation of reporter
U2 snRNP-associated protein. It was, however, unclear pre-mRNA and the decreased levels of reporter mRNA
whether Rselp was involved in pre-mRNA splicing or (Figure 4A, compare lanes 3 and 5 with 7 and 9,
rather in some steps of sSnRNP metabolism. To addressrespectively). Quantitative analysis of splicing efficiencies
this question, we tested whether Rselp is present in(ratio of MRNA to pre-mRNA, M/P; Pikielny and Rosbash,
splicing complexes. Splicing extracts prepared from either 1985; Figure 4A, bottom) confirmed that processing of
a wild-type strain or a strain carrying the ProtA—Rselp the 5 splice site mutant pre-mRNA was affected most by
construct (see above) were incubated with a radioactively the tagged Rselp. The other reporters were also affected,
labelled wild-type pre-mRNA to allow spliceosome assem- although to a lesser extent (Figure 4A, bottom). Similar
bly. IgG was added to these reactions and splicing com- results were obtained by measuringrgalactosidase
plexes were detected following native gel electrophoresis activity (data not shown). At 30°C, the overall effect was
(Figure 3). Pre-spliceosomes and spliceosomes (pre-/quantitatively weaker, consistent with the thermosensitive
spliceosomes) formed in the wild-type extract migrated phenotype of the strain (data not shown).

with the same mobility in the presence or absence of IgG  We also depleted the ProtA—Rselp that was under the
(Figure 3, lanes 1 and 2). In contrast, pre-/spliceosomescontrol of theGAL promoter by incubating the correspond-
formed in the extract containing the ProtA—Rselp were ing strain in glucose-containing medium. The strain
clearly shifted upwards in the presence of IgG (Figure 3, stopped growing after ~30 h with concomitant reduction
compare lanes 3 and 4). This demonstrates that Rselp iof the ProtA—Rselp level (see below). ProtA-RSE1 and
a component of the pre-/spliceosome. However, as the pre-control wild-type cells were therefore collected at three
spliceosome and mature spliceosome cannot be resolved owifferent time points after transfer to glucose medium,
this native gel system (8&phin and Rosbash, 1989a), we and splicing of the endogenous U3 precursor snoRNAs
could not conclude whether Rselp was present in pre-was analysed by primer extension. At all three time points,
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Fig. 4. Rselp is involved in splicingn vivo. (A) Reporter constructs were introduced into a wild-type strain (WT) and a strain harbouring the
C-terminal tagged Rselp (RSE1-TAP). These reporters were: control, vector without reporter gene (lanes 1 and 10); WT,RRisl1t#jmeron

(lanes 2 and 6); S, B splice site mutation (GUABU) in the RP51Aintron (lanes 3 and 7); BP, branch point mutation (WAAC) in the RP51A

intron (lanes 4 and 8); and SS + BP, combination of the two mutations (lanes 5 and 9). The different extension products are labelled on the right.
Signals were quantified using a phosphoimager (Fuji). The ratio of mMRNA to pre-mRNA was calculated and is indicated below the figure (M/P).
Background signals in control lanes were not analysBilU3 precursor RNA accumulates in genetically ProtA—Rselp-depleted strains. A ProtA—
Rselp-containing strain (ProtA—RSE1) and an isogenic wild-type strain (WT) were grown in glucose medium. Total RNA was extracted at the
indicated time points, and U3 precursor and mature RNA were analysed by primer extension.

only the mature U3 snoRNA was detected in the wild- glutathione—agarose beads (Figure 5A, lanes 3 and 5)
type strain (Figure 4B, lanes 1-3). The same situation while far more than 99% of the protein was removed by
was observed for the ProtA—RSEL1 strain grown in glucose incubation with IgG—agarose beads (Figure 5A, lanes 3
medium for O or 8 h (Figure 4B, lanes 4 and 5). However, and 4; protein levels were determined by comparing the
after 30 h of growth in glucose medium, we observed signal of the depleted extract with signals from serial
accumulation of the U3 precursor snoRNAs (Figure 4B, dilutions of the complete extract; data not shown). ProtA—
lane 6). As both a condition&SE1lallele and depletion  Rselp removal was relatively specific since the levels of
of Rselp lead tan vivo splicing defects, we conclude Lealp and U2 snRNA in these extracts were only weakly

that Rselp is a novel general splicing factor. reduced (Figure 5A, bottom; data not shown). These
results indicated that U2 snRNP was not co-depleted

Rse1p depletion prevents pre-spliceosome guantitatively with ProtA—Rselp. Splicing complex forma-

formation tion was assayed in these various extracts. Pre-/

To establish the role of Rselp in splicing, we prepared spliceosomes assembled efficiently in both the untreated
extracts depleted of Rselp. For this purpose, a splicingwild-type and ProtA-RSE1 extracts (Figure 5B, lanes 1
extract containing the ProtA—Rselp fusion was incubated and 3). CC2 and to a lesser extent also CC1 accumulated
with IgG—agarose beads. To control for non-specific deple- in the ProtA—Rselp-depleted extract, whereas no pre-/
tion and inactivation of the extract during the depletion spliceosomes could be detected (Figure 5B, lane 4). This
procedure, the same extract was incubated in parallel with effect was dependent on ProtA—Rselp depletion as it was
glutathione—agarose beads and a wild-type extract wasnot observed either when the wild-type extract had been
incubated with IgG—agarose beads. Proteins and RNAsincubated with IgG—agarose beads (Figure 5B, lane 2) or
remaining in the extracts after the depletion procedure when the ProtA—Rselp extract was mock depleted with
were analysed by Western blotting and primer extension, glutathione—agarose beads (Figure 5B, lane 5). This sug-
respectively (Figure 5A; data not shown). The level of gested a role for Rselp in pre-spliceosome formation.
ProtA—Rselp was not affected by the mock depletion on  To confirm the function of Rselp in pre-/spliceosome
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Fig. 5. Rselp is required for pre-spliceosome formatidk). In vitro depletion of Rselp. ProtA-Rselp and Lealp levels were analysed by Western
blotting in wild-type and ProtA—Rselp-containing extracts before (lanes 1 and 3) and after treatment with either IgG— or glutathione—agarose beads
(lanes 2, 4 and 5). Proteins were detected using either IgG or Lealp-specific antibByliestracts treated as described in (A) were tested for

splicing complex formation. Complexes were assembled on a radioactively labelled wild-type pre-mRNA and fractionated by native gel
electrophoresis. Lanes are equivalent to the lanes in (A). The complexes in lanes 3 and 5 running just above CC2 do not correspond to a
characterized splicing complex. In lane M, ATP was depleted by pre-incubation of the wild-type splicing extract with glucose (CC2 marker).
Complexes are labelled as in Figure 3; CC2 indicates the commitment compl€¥ @estern blot analysis of ProtA—Rselp and Lealp levels

during genetic depletion. An extract derived from the ProtA—-RSEL1 strain grown in galactose medium (initial conditions) was diluted 10-, 100- and
1000-fold (lanes 4-7) to compare with the ProtA—Rselp levels after 8 and 30 h. Signals corresponding to ProtA—Rselp and Lealp are indicated on
the right. O) Primer extension analysis of U2 snRNA levels during genetic depletion of ProtA—Rselp. Total RNA was extracted from strains at the
same time points as in Figure 4B and levels of U4 and U2 snRNAs were monit&ednélysis of splicing complex formation during genetic

depletion of ProtA—Rselp. Extracts prepared at the indicated time points (Figure 4B) were incubated with radioactively labelled wild-type pre-
mRNA and fractionated by native gel electrophoresis. CC2 marker was prepared as described in (B). Complexes are labelled as in (B).

formation, we analysed splicing complex formation tion in glucose medium (Figure 5C, top row). This
following in vivo depletion of Rselp. For this purpose, depletion did not affect the level of Lealp (Figure 5C,
extracts were prepared from cells expressing ProtA—Rselpbottom row) and U2 snRNA (Figure 5D; compare lanes
at several time points after transfer to glucose-containing 4—6). Pre-/spliceosomes formed efficiently in extracts
medium (see Figure 4B above). The protein and RNA prepared from a wild-type strain grown in galactose or
contents of these extracts were determined by Westernglucose (Figure 5E, lanes 1-3), the ProtA—RSE1 strain
blot and primer extension analysis. The level of ProtA— grown in galactose (Figure 5E, lane 4) and the ProtA—
Rselp was decreased ~10-fold follogia 8 hincubation RSE1 strain grown for 8 h in glucose medium (Figure
in glucose medium ang-100-fold following 30 h incuba-  5E, lane 5). However, in Rselp-depleted extracts, obtained
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from cells grown for 30 h in glucose medium, pre- idea that the methionine at position 51 is the natural
spliceosome formation was blocked and CC2 accumulatedtranslation initiation site.
(Figure 5E, lane 6). Among the proteins related to Rselp is the 127 kDa
The results of thesén vitro and in vivo depletion subunit of the human UV-damaged DNA-binding protein
experiments strongly suggest that the splicing defect in the (UV-DDB) which is absent in cells derived from indi-
absence of Rselp is caused by a block in the spliceosomeviduals with xeroderma pigmentosum group E DNA
assembly pathway at the transition step from CC2 to pre- repair defect. Two functional UV-DDB homologues from
spliceosome. This conclusion was supported further by monkey Cercopithecus aethiopsand C.elegansare also
our observation that the partially functionRSELXTAP similar to Rselp. Other related proteins have been shown
allele also hindered pre-spliceosome formation (data notto function as the 160 kDa subunit of the cleavage—
shown). Depletion of U2 snRNA and of Lealp have been polyadenylation-specific factor (CPSF) which is involved
reported to prevent pre-spliceosome formationrgphkin in 3" end processing of pre-mRNA. Sequence similarities
and Rosbash, 1989a; Caspary andaghin, 1998). How- between these two protein subfamilies had already been
ever, the block observed in Rselp-depleted extracts cannonoticed (Jenny and Keller, 1995), but the overall similarity
be attributed to decreased U2 snRNA or Lealp levels, asto the Rselp splicing factor had not been reported.
these factors are not or only slightly affected by the Rselp A neighbour-joining tree reflecting sequence similarities
depletion (Figure 5A, C and D). At this stage, we cannot demonstrated that these proteins clearly fall into three
rule out that other factors essential for pre-spliceosome subfamilies (data not shown). One subfamily contains
formation are either co-depleted with Rselp or destabilized the yeast Rselp and its putative human @&hdlegans
in the absence of Rselp and responsible for the observechomologues. Another subfamily contains the human, mon-
phenotype. However, this is unlikely since the same key and D.discoideumUV-DDB (Takao et al, 1993;
defectin pre-spliceosome assembly was detected following Dualanet al, 1995; Alexandert al, 1996) and related
in vivo and in vitro depletion (Figure 5B and C) and proteins from C.elegans Arabidopsis thaliana and
through the analysis of the condition@SELTAP allele Schizosaccharomyces pombénally, the third subfamily
(data not shown). Furthermore, Rselp is a componentcontains known CPSF subunitddmo sapienBos taurus
of the pre-spliceosome (Figure 3). Therefore, it is not Saccharomyces cerevisjaand a putative homologue from
unexpected that the formation of this complex could not S.pombe(Keller et al, 1991; Jenny and Keller, 1995;

proceed in the absence of Rselp. Stumpf and Domdey, 1996). The tree strongly suggests
that the human anc.elegansproteins which are most

Rse1lp is conserved in eukaryotes and is similar to highly related to Rselp are functional homologues and,

polyadenylation factors and DNA repair proteins therefore, could be also involved in pre-mRNA splicing.

To determine whether Rselp is a conserved splicing factor, Furthermore, this shows that proteins involved in processes
we searched protein and nucleic acid sequence databaseas different as DNA repair, polyadenylation and pre-
using the amino acid sequence of Rselp as a probe. ThismRNA splicing may have a common origin. This suggests
revealed several proteins or putative translation productsthat these proteins might have related functions that have
with significant similarity to Rselp. Among them, two not yet been discovered (see Discussion).

proteins of unknown function frort.elegansand human
cells displayed 24 and 25% sequence identity, respectively,
with the yeast Rselp at the amino acid level. These two
proteins were 61% identical to each other. The three Partial purification of the yeast U2 snRNP followed by
proteins were similar over their entire length even though identification of proteins by mass spectrometry revealed
identities were more concentrated in the C-terminal region. a novel factor named Rselp. The essential Rselp interacts
Ten other proteins also showed significant similarity to at low salt concentrations with U2 snRNA and is a
Rselp. However, the level of identity was much lower. component of the pre-spliceosome. Rselp is required for
Multiple sequence alignment revealed that sequence simil- splicingin vivo and appears to be required at the transition
arity was concentrated in several blocks, which in some step from CC2 to pre-spliceosome during splicing complex
cases contain absolutely conserved residues (a subset oformation. Rselp has putative homologues in human and
these blocks is depicted in Figure 6). Interestingly, all C.eleganssuggesting that Rselp is a widely distributed
these proteins (except for thRictyostelium discoideum  general splicing factor. Rselp also belongs to a new
sequence which is probably a partial sequence) have aprotein family containing DNA repair proteins and poly-
closely located translation initiation codon (Figure 6). The adenylation factors.

proposed translation initiation codon of the YMLO049C

ORF was located>55 amino acids upstream of the Rselp is a new U2 snRNP-associated splicing

translation initiation codon of the Rselp-related proteins. factor with properties similar to those of the

Since a Rsel protein lacking the first 50 residues encodedhuman SF3 factor

by the YML049C OREF is fully functional (see above), We have partially purified the yeast U2 snRNP. Nano-
this suggests that the corresponding translation initiation electrospray mass spectrometry analysis revealed the pres-
site had been mis-assigned. Consistent with this possibility, ence of three U2 snRNP proteins (Lealp, Yib9p and
the construct carrying the 50 extra amino acids between SmD2) in the purified fractions. We also identified a new
ProtA and Rselp was associated with U2 snRNA and factor for which the name Rselp had been assigned. Using
pre-/spliceosome but, unlike ProtA—Rselp, its depletion three different tagged versions of Rselp (ProtA—Rselp,
did not block growth and led only to a partial block of pre-/ Rselp-TAP and the construct carrying the 50 extra amino
spliceosome formation (data not shown). This supports the acids between ProtA and Rselp), we demonstrate that it

Discussion
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Fig. 6. Sequence alignment of a subset of conserved regions among the members of a new protein family containing yeast Rs&ly-DIDB

protein homologues. Hyphens indicate gaps. The numbers between the alignment blocks indicate the minimal and maximal number of removed
residues. The specific N-terminal 50 amino acid residues of the RselpSrerevisiaare indicated by ‘50—". Identical amino acids are highlighted
with dark grey, and light grey illustrates conservation of physicochemical properties at that position. Absolutely conserved residuesetdeindicat
star below the alignment. The numbers at the end indicate the total number of residues of each protein.

is associated with U2 snRNP, albeit only at low salt association of Rselp with U2 snRNP is lost when the salt
concentrations<€300 mM). Furthermore, only a fraction concentration is increased to 300 mM. Like Rselp, the
of the U2 snRNA &10%) is associated with Rselp. human SF3 proteins were purified and identified as essen-
In contrast, the U2 snRNP-specific protein Lealp co- tial factors required for pre-spliceosome formation
precipitates ~50% of U2 snRNA at the same salt concentra- (Kramer, 1988; Kianer and Utans, 1991; Brost al,
tions (Caspary and &gphin, 1998; data not shown). This 1993b) and have been shown to be part of the pre-
suggests that Rselp interacts only weakly or transiently spliceosome (Bennett al., 1992; Staknis and Reed, 1994).
with U2 snRNA. In contrast, pre-spliceosomes seem to Biochemical fractionation of the SF3 factor indicated that
be associated quantitatively with Rselp, and depletion it consists of seven subunits associated in two subcom-
experiments suggest that Rselp is required for pre-spliceo-plexes named SF3a and SF3b (Bretsal., 1993b; Kraner,
some assembly. Consistent with these results, Rselp is1996). The three subunits of the SF3a complex (SAP61/
required for efficient pre-mRNA splicinm vivo. SF3&0 SAP62/SF3% and SAP112/SF3&) were found
Several features of Rselp appear to be very similar to to be homologous to the three yeast splicing factors Prp9,
SF3 subunits of the human splicing machinery. The human Prp11 and Prp21, respectively (Behreeis al, 1993a;
SF3 splicing factor is associated loosely with the U2 Bennett and Reed, 1993; Braatial,, 1993a; Chiarat al,,
snRNA. Its components are found in the salt-sensitive 1994; Kraneret al,, 1995). The human and yeast proteins
17S U2 snRNP but not in the more stable 12S U2 snRNP are not only similar in sequence but form related complexes
(Behrenset al, 1993b; Brosiet al, 1993a). Similarly, involving conserved protein—protein interactions (Legrain
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and Chapon, 1993; Rubst al, 1993; Rainet al, 1996; Alexanderet al., 1996). This subunit has been shown to
reviewed by Hodges and Beggs, 1994; ikex, 1996). interact with the damaged DNA (Rearden al, 1993).
Furthermore, in both species, this complex has beenA leucine zipper motif and an adjacent basic region
proposed to interact with the’ ®nd of the U2 snRNA  serving as a putative DNA-binding site (Figure 6, between
and shown to be required for pre-spliceosome formation block 8 and 9) were proposed (Alexandsiral, 1996).
(reviewed by Kianer, 1996). Only three of the four This region is highly conserved between all members of
subunits of the SF3b splicing factor have been character-this subfamily, but this high degree of conservation is
ized, namely SAP49/SF3% SAP145/SF38* and not extended to the other two subfamilies. The second
SAP155/SF3° (Champion-Arnaud and Reed, 1994; subfamily contains the human CPSF160 subunit of the
Gozaniet al, 1996; Schmidt-Zachmaret al, 1998; Wang  human polyadenylation machinery and related homologues
et al, 1998). Homologues of these proteins have been from other species. In most cases, these homologues
identified in yeast (HSH49, CUS1 and ySAP155; Gozani have also been shown to be implicated functionally in
et al, 1996; Wellset al, 1996; Igelet al, 1998; Wang  Polyadenylation (Jenny and Keller, 1995; Stumpf and
et al, 1998). Again, conservation goes beyond sequence Pomdey, 1996). The CPSF complex contains three or four
similarities. SAP145 and Cuslp are required for pre- Subunits and is implicated in specific recognition of the
spliceosome formation (Gozast al, 1996; Wellset al, ~ AAUAAA polyadenylation signal (Murthy and Manley,
1996) and they interact with homologous proteins, SAP49 1995). CPSF160 has been shown to cross-link to the pre-
and HSH49, respectively (Champion-Arnaud and Reed, MRNA substrate (Kelleet al, 1991) and, therefore, has
1994; Igel et al, 1998). Functional conservation of PE&€n proposed to be involved in RNA recognition. The
SAP155 and ySAP155 has not been established yet, butPreésence of a degenerate RNA recognition motif (RNP;
is very likely given that with 50% identity it currently is Burd_ and Dreyfuss, 1994) and of a blpartltg nUCIEar
the most conserved SF3b subunit at the amino acid level!ocalization signal (Jenny and Keller, 1995) in this protein
(Wanget al, 1998). All SF3a components as well as the has been suggested. However, the corresponding sequences

SAP49, SAP145 and SAP155 SF3b subunits have been2f€ not conserved in all members of this subfamily
shown 'to cross-link with the pre-mRNA close to the (Figure 6; data not shown). The third subfamily contains
branch point (Gozanet al, 1996). The only uncharacter-  <S¢1P _an(? relr?ted pr(%).tems fro@ktlelegz?nshand human.
ized subunit of the SF3b splicing complex has an approxi- Int:arestlr:g_y, ttﬁ ttwr? |rstbbranc hes 0 tt % tree_gon:_aml
X L only proteins that have been shown to have identica
g]laEeBeT\?étrvett 0; 1310955 aéﬁﬂegioﬁ?zfga%gd aa;]r:d aéﬁé((:j functions in different species or putative homologues that

. ; have not been characterized functionally yet. It is likely,
1994). Interestingly, the putative human Rselp homologue ; -
that we identified has a predicted mol. wt of 135.6 kDa therefore, that the human ar@elegansproteins, which

and a calculated pl of 5.13. This strongly suggested that together with the yeast Rselp belong to the third branch,

are also functional homologues in these species.
Rselp could be the yeast homologue of SAP130/S#3b The observation of sequence conservation between these
This hypothesis has now been confirmed (A,

S various proteins suggests that they may have related
personal communication). Further support for the presencesnctions. However, given that one group of proteins is

of Rselp in the yeast SF3-like complex comes from jnyolved in DNA repair while the other groups are involved
saturating two-hybrid screens in which Rselp was found j, RNA metabolism, it is unclear what this function could

among a dozen proteins interacting with Prp9 (Fromont- he On the one hand, these various proteins could be
Racineet al, 1997). Although the significance of this conserved because they interact with nucleic acids. This
interaction was not clear (Fromont-Racieeal, 1997), is indeed the case for UV-DDB and CPSF160. In contrast,
it suggests that Rselp and its human homologue could besap130/SF310, the putative human Rselp homologue,
located at the interface between the two SF3 subcomplexescould not be cross-linked to the pre-mRNA (Gozanhal.,
1996). However, it remains possible that it interacts with
Rselp belongs to a new protein family containing another RNA (e.g. U2 snRNA). On the other hand, all
polyadenylation factors and UV repair proteins characterized proteins of the family have been shown to
Database searches revealed that Rselp is related to severéke present in multimeric complexes. Similarly, Rselp is
proteins. Even though the overall level of similarity likely to interact with other protein splicing factors (see
between these various proteins was low, multiple sequenceabove). The sequence conservation might therefore reflect
alignment indicated the presence of conserved blocks of the conservation of protein—protein interaction interface(s).
sequences with significant similarities. Nevertheless, the However, the proteins that have been found to interact
various related proteins are quite large (120-160 kDa) with UV-DDB and CPSF160 and the proteins of the SF3
and only very few residues are absolutely conserved complex have not been reported to share any obvious
(Figure 6). While the sequence similarity is distributed similarity. It is, nevertheless, possible that proteins of the
over the complete length of these proteins, itis significantly Rselp family all interact with other proteins commonly
stronger close to the C-terminus. Consistent with this involved in nucleic acid metabolism such as DNA/RNA
observation, the introduction of a tag at the C-terminus helicases. Further work will be required to establish the
of Rselp generated a partially functional allele displaying significance of the sequence similarity observed between
a thermosensitve phenotype. the various members of the Rsel protein family.
An unrooted neighbour-joining tree, built from the
multiple sequence alignment, revealed that this protein Materials and methods
family is composed of three distinct subfamilies. One of Strai
e . . . . . rains
the subfamilies contains a subunit of a dimer-binding For the c-terminal tagging of Rselp, Lealp and SmB and the disruption
UV-DDB (Takao et al, 1993; Dualanet al, 1995; of the RSE1gene, the haploid wild-type strain MGD453-13D (Sghin
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et al, 1988) and the isogenic diploid strain BSY320 were used. For
the N-terminal tagging of Rselp, th8AL-deficient strain YDL401

(Lafontaine and Tollervey, 1996) was used. All yeast transformations
were performed as described previously (Soni and Carmichael, 1993).

Native gel mobility shift assay

Yeast splicing extracts were prepared as described previousigp(@e
and Rosbash, 1989a). Pre-mRNA was generated bigro transcription
of the RP51Aintron derivative contained in plasmid pBS195 (&ghin

To tag Lealp and Rselp at the C-terminus, a construct containing TAP and Rosbash, 1991) after digestion wittiel. Native gels were according

(G.Rigaut, A.Shevchenko, B.Rutz, M.Wilm, M.Mann and B&gshin,
submitted) together with thK.lactis TRP1marker (E.Bragado-Nilsson
and B.Seaphin, unpublished) was inserted in the genome downstream
of, and in-frame with, th& EA1andRSE1ORFs by transformation with
PCR fragments (Puigt al., 1998). FolLEAL, this fragment was generated
by amplification from plasmid pBS1479 with oligonucleotides FC9-1
(5'-TTAGAAGAGATTGCCAGGCTGGAAAAACTACTCTCTGGTG-
GTGTTAAGAGAAGATGGAAAAAGAA-3') and FC1-2 (described in
Caspary and Sephin, 1998). The PCR product was transformed into
the strain MGD453-13D, generating strain BSY678. RBE] the
oligonucleotides FC15 (BAGTGGAGGATATAATTCAAACAAT-
CAACGAAGTCAGAACAAATTACATGCCATGGAAAAGAGAAGA-
3) and FC14-2 (5AGAAAATACATTAACACGCCTTTATACTT-
GGTATTATTACTGTAAAATCATACGACTCACTATAGGG-3') were
used, generating strain BSY737.

BSY677, the strain containing C-terminal TAP-A (G.Rigaut,
A.Shevchenko, B.Rutz, M.Wilm, M.Mann and Bi@ghin, submitted)

to Seaphin and Rosbash (1989a) but using 3% (37.5:1) acrylamide mix
(Protogel; National Diagnostic). To deplete ATP, the reactions were
incubated for 10 min at room temperature with 2 mM glucose prior to
addition of labelled pre-mRNA (Liaet al, 1992). For the shift of
protein A-containing complexes, the splicing extracts were incubated
for an additional 10 min at room temperature withid of IgG antibody.

In vitro depletion and Western blotting

Extracts were made according to Newman (1994). A gbaliquot of
extract was adjusted to 100 mM KCl and 0.1% NP-40 prior to incubation
with 110 pl of either pre-washed (100 mM KCI, 0.1% NP-40, 10 mM
Tris—HCI, pH 8.0) IgG-Sepharose or glutathione-Sepharose beads
(Pharmacia) for 2 h at 4°C. Supernatants were used for further analysis.
For Western blot analysis, proteins were resolved on 10% SDS-
polyacrylamide gels and detected using the peroxidase—anti-peroxidase
complex (Sigma) and the ECL detection system (Amersham). Antibodies
were raised against recombinant Lealp and Yib9p (Caspary and

tagged SmB was constructed as described above using plasmid pBS147G5ggphin, 1998).

(KL-URA3marker) and the oligonucleotides FC8-1{6CTCAAACA-
AGGAAGTTTCAGCCCCCACCAGGTTTTAAAAGAAAAGAGAA-
TTTGTATTTTCAGG-3) and JS61 (5AAGTATACGGAAAC-
TATATTAGACTACACTACATCAACCTACGACTCACTATAGGG-3).
BSY677 was used additionally to tag Lealp with TAP-C at its C-terminus
(G.Rigaut A.Shevchenko, B.Rutz, M.Wilm, M.Mann and B&ghin,
submitted) using the plasmid pBS15KI(TRPJ) and the oligonucleo-
tides FC9-1 and FC1-2, resulting in the new strain BSY723.

N-terminal tagging of Rselp was according to Lafontaine and Tollervey
(1996). The oligonucleotides used were FC18-1-G&CACCATTA-
GCTTCTTTTCTCGCTTTTTTATAATATTTTCCATCATTAACTCTT-
GGCCTCCTCTAGT-3) and FC18-2 (5GCCGTGTGGGGCGACAA-
GCTTACTACTGCCATTTTGCCACCTCCCCACATATTCGCGTCTA-
CTTTCGG-3) for the YML049C OREF, resulting in BSY749, and
oligonucleotides FC18-1 and FC39-2 '{BTTTCTTTAAAGTAA-
GATGGTACAAGTATAGCTCATCATCTTTAGCAACCATATTCGCG-
TCTACTTTCGG-3) for ProtA—Rselp, resulting in BSY786.

RSElwas disrupted according to Pueg al (1998). The fragment was
generated by amplification from plasmid pBS1365 with oligonucleotides
FC14-1 (B-GGCACCATTAGCTTCTTTTCTCGCTTTTTTATAATAT-
TTTCCATCATTAAAAGCTGGAGCTCAAAAC-3') and FC14-2
(5'-AGAAAATACATTAACACGCCTTTATACTTGGTATTATTACTG-
GTAAAATCATACGACTCACTATAGGG-3'). This PCR fragment was
transformed into the diploid strain BSY320, resulting in BSY736.
Disruption was confirmed by PCR using the primer FC1-2 annealing
inside KL-URA3 (Caspary and Sephin, 1998) and a second primer
FC17 (B-TCTGCTGCCCCTCTCTA-3 annealing upstream dRSE1
One disruptant was sporulated and dissected.

U2 snRNP purification and protein characterization

Two-step native affinity purification was performed according to
G.Rigaut, A.Shevchenko, B.Rutz, M.Wilm, M.Mann and B&#in
(submitted) with the strains BSY723 and BSY737. Purification was
started from 5 | of cell culture grown to OB 3.0 for BSY723 and to
OD = 2.7 for BSY737. Purified proteins were concentrated by TCA

RNA analysis and genetic depletion

Total RNA extraction and primer extension derived from the strains
MGD453-13D and BSY678 were as described previously (Caspary and
Seraphin, 1998). For genetic depletion of Rselp, the strain BSY786 was
incubated in YPD medium containing an additional 2% glucose. The
ODgq Of the culture was measured and the concentration of the cells in
the culture was adjusted to remain below §f= 2.0. Primer extension

of total RNA was performed as described previously (Pikielny and
Rosbash, 1985) using a labelled oligonucleotide complementary to the
second exon of th&)3 gene (Zavanelli and Ares, 1991).

Sequence alignment

For the database searches, WU-BLAST2 (W.Gish, unpublished) and the
GCG package (Deveretet al., 1984) were used. The multiple sequence
alignment was done with Clustal_X (Thompsat al, 1997) and
presented with BOXSHADE 3.21 software. The neighbour-joining tree
was computed, excluding positions with gaps and correcting for multiple
substitutions. The SWISSPROT and SPTREMBL accession numbers of
the sequences are as follows: RSHlsapiens(D1033627),C.elegans
(044985) and S.cerevisiae(Q04693); CPSF:H.sapiens (Q10570),
B.taurus(Q10569) S.cerevisia¢Q06632) and.pombéE1331571); UV-
DDB: H.sapiengQ16531),Cercopithecus aethiog$33194)C.elegans
(Q21554),A.thaliana (049552),D.discoideum(Q23865) andS.pombe
(013807)

Note, however, that the predicted exon—intron structure of the UV-
DBB gene fromC.eleganswas modified to increase the similarity of
the encoded protein to its human and plant homologues. The sequence
presented in Figure 6 therefore differs slightly from the original entry.
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