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We have used suppressor genetics to identify factors that interact with Saccharomyces cerevisiae Ul small
nuclear RNA (snRNA). In this way, we isolated PRP40-1, a suppressor that restores growth at 18°C to a strain
bearing a cold-sensitive mutation in U1 RNA. A gene disruption experiment shows that PRP40 is an essential
gene. To study the role of PRP40 in splicing, we created a pool of temperature-sensitive prp40 strains. Primer
extension analysis of intron-containing transcripts in prp40 temperature-sensitive strains reveals a splicing
defect, indicating that Prp40 is a general splicing factor. In vitro heat inactivation and complementation assays
demonstrate that Prp40 plays a direct role in pre-mRNA splicing. In addition, U1 RNA coimmunoprecipitates
with Prp40, indicating that Prp40 is bound to the Ul small nuclear ribonucleoprotein particle in vivo.
Therefore, we conclude that PRP40 encodes a novel, essential splicing component that associates with the yeast

U1 small nuclear ribonucleoprotein particle.

Pre-mRNA splicing takes place in a multicomponent com-
plex called the spliceosome (5, 14, 15). Spliceosomes assemble
in a highly ordered pathway that is mediated by the association
of small nuclear ribonucleoprotein particles (snRNPs) with
one another and with conserved sequences in the intron (7, 35,
43). snRNPs are stable, abundant, and highly conserved parti-
cles consisting of small nuclear RNA molecules (snRNAs)
complexed with sets of proteins. snRNP-snRNP and snRNP-
intron interactions are thought to identify the ends of the
intron and bring them into a catalytically active configuration
(35).

Early in splicing, the Ul snRNP binds to the 5’ splice site
(24, 33, 34, 46, 50). In both Saccharomyces cerevisiae and mam-
malian systems, this binding occurs in the absence of ATP and
any other snRNP. Recognition of the 5’ splice site by the Ul
snRNP relies in part on RNA-RNA base pairing between Ul
RNA and the intron (49, 54, 58). This recognition event also
requires the Ul snRNP proteins (36). An intact 5’ splice site
and an intact branch site are necessary for the formation of this
complex, which is committed to splicing and is a functional
precursor to the mature spliceosome (51). After Ul snRNP
binding, the U2 snRNP binds to the branch site in an ATP-
dependent manner. Subsequently, the U5 and U4/U6 snRNPs
associate as a tri-snRNP to form an snRNP complete splicing
complex, which undergoes conformational rearrangements
and the addition of non-snRNP proteins to become a mature
spliceosome.

Metazoan Ul snRNPs contain a single 164-nucleotide U1l
RNA complexed with at least 11 proteins. A set of common
proteins, called the core or Sm proteins, binds near the 3’ end
of U1 RNA. These proteins are also present in the U2, U5, and
U4/U6 snRNPs (29) and are thought to be involved in snRNP
stability (21) and nuclear localization (32). In addition to the
Sm proteins, the metazoan Ul snRNPs contain three Ul-
specific proteins called A, C, and 70K.

Phylogenetic comparison of Ul RNAs from diverse species
indicates that the Ul RNA folds into a conserved cruciform
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structure with four prominent stem-loop structures (37). The
70K protein binds directly to stem-loop 1 of Ul RNA (17, 44,
57), while the A protein binds directly to stem-loop 2 (30). The
C protein binds stem-loop 1 as well and requires the 70K
protein in order to associate with the Ul snRNP (39).

Despite only limited sequence homology, S. cerevisiae Ul
RNA (568 nucleotides) is fundamentally analogous to human
Ul RNA. The first 10 nucleotides are precisely conserved
between S. cerevisiae and humans: this is the sequence that
base pairs with the 5 splice site (49, 54). Also conserved are 9
of 10 residues in stem-loop 1, the binding site for 70K. Fur-
thermore, yeast U1 RNA forms an equivalent cruciform struc-
ture that places the conserved 5’ end, stem-loop 1, and Sm-
binding site in the same configuration (23).

Yeast Ul snRNPs contain the core Sm proteins (53) and
homologs of the 70K (55) and A (26) proteins. The yeast 70K
homolog, encoded by the SNPI gene, has 30% overall amino
acid identity with human 70K (55). We have shown that Snpl
binds to stem-loop 1 of Ul RNA (22).

The MUDI gene product has sequence homology with the
human U1A protein and, like Snpl, associates with the Ul
snRNP in vivo. Unexpectedly, neither SNPI (19) nor MUDI
(26) is required for yeast viability. Prp39, the third yeast Ul
snRNP-specific protein identified to date, differs from Snpl
and Mudl in that it is required for viability and has no known
mammalian homolog (28). Prp39 functions early in spliceo-
some assembly to facilitate the Ul snRNP-5" splice site inter-
action (28). The yeast U1 snRNP contains additional proteins
as well: biochemical purification of yeast Ul snRNPs reveals
the presence of at least nine Ul-specific proteins (12).

To extend our understanding of the functions of the Ul
snRNP, we have employed suppressor genetics to identify new
Ul snRNP proteins. Starting with a cold-sensitive point muta-
tion in the 5’ end of U1 RNA, U1-4U, we isolated suppressor
mutations in the PRP40 gene. Here, we describe PRP40, a
novel essential gene encoding a splicing factor that interacts
genetically and physically with the yeast Ul snRNP.

MATERIALS AND METHODS

Yeast strains. Strain 19SS [MATa ATRPI AHIS3 ura3-52 lys2-801 ade2-101
snr19:LYS2 (YCp50-SNR19)] has a disruption of the chromosomal Ul RNA
gene and a wild-type Ul gene carried on the URA3-CEN plasmid. Strain
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19SS-4U is derived from strain 19SS by replacing YCp50-SNR19 with pSE358-
UI-4U via plasmid shuffle. Strain 19SSW differs from 19SS by the mating type
and deletion of the LEU2 gene. 19SSW-4U is derived from 19SSW by plasmid
shuffle as described above. The PRP40 gene disruption was carried out in a
homozygous diploid strain, TR1 (MATa/MATo ura3-52/ura3-52 trp1-289/trp1-289
his3-352/his3-352 lys2-801/lys2-801 ade2-101/ade2-101). A pSE360-PRP40 plas-
mid was used to transform the PRP40 heterozygous strain TR1-40AD (the same
as TR1 except prp40::HIS3/PRP40). Stable transformants were isolated and
sporulated, and tetrads were dissected to create the haploid plasmid-shuffling
strain PRP40-SS [MATa ura3-52 trp1-289 his3-352 lys2-801 ade2-101 prp40::HIS3
(pSE360-PRP40)]. Strain PRP40-001 with a low-copy-number PRP40 plasmid
(pSE358-PRP40) and strain PRP40-002 carrying a high-copy-number overex-
pression plasmid (pG1-PRP40) were derived from strain PRP40-SS by plasmid
shuffle. Temperature-sensitive strains prp40-10, prp40-12b, and prp40-23 were
also derived from PRP40-001 by transformation of a bank of mutagenized PRP40
plasmids prior to plasmid shuffling.

UV mutagenesis. Strain 19SS-4U was grown to mid-log phase, collected, and
resuspended in sterile deionized water. A total of 107 cells were exposed to
25,000 pJ on yeast extract-peptone-dextrose plates, causing 65% killing. Imme-
diately after UV-irradiation, the plates were wrapped with tinfoil to prevent
exposure to visible light. The plates were then incubated at 18°C, and viable
colonies were isolated after 5 days.

Deoxyoligonucleotides. Oligonucleotides were synthesized by Karin Musier-
Forsyth at the University of Minnesota, by National Bioscience (Hopkins, Minn.)
or by Amitof (Boston, Mass.). The oligonucleotides used were as follows. The
mutagenic oligonucleotides used for Ul mutagenesis were U13G4U, 5'-GAT
ATCTTAAGGTAAACATGAGGATTTTA-3'; U13G5A, 5'-GATATCTTAA
GGTATGCATGAGGATTTTA-3'; Ul4USA, 5'-GATATCTTAAGGTATAT
ATGAGGATTTTA-3'; and U15'D, 5'-CTCTGATATCTTAAATGAGGATTT
TAA-3’; and that used for PRP40 mutagenesis was 64(HA)s/Notl, 5'-TCAGA
ATCAATAGCGGCCGCCGTCCAATTCCA-3'. The PCR oligonucleotides were
64AUG, 5'-TCTGGATCCCATATGTCTATTTGGAAGGAA-3'; and 64C, 5'-
TTCTGAGTGTCGATGAGGGT-3'. The primer extension oligonucleotides
were Ul, 5'-CAAGGGAATGGAAACGTCAGC-3"; U4, 5'-AGGTATTCCAA
AAATTCCCTAC-3'; U5, 5'-AAGCGCATAGTAAGAC-3'; U6, 5'-TGCTGAT
CATCTCTGTATTG-3'; RPL32, 5'-GTGGACTTGTAACCTAAGGTG-3'; and
SAR1461, 5'-TACCATGTTTGTTCCACAGA-3'.

Library construction. Genomic DNA was prepared from the suppressor strain
as previously described (45), except that instead of CsCl gradient purification, the
DNA was gel purified and electroeluted from a 0.8% agarose gel. After phenol
extraction and ethanol precipitation, the DNA was partially digested with Sau3A.
Inserts with sizes between 10 and 15 kb were gel purified, electroeluted, and
ligated to a BamHI-linearized, CEN-based URA3 plasmid, pSE360. The ligation
mixes were transformed into Escherichia coli MC1066 to generate a library
representing six genomes. To clone PRP40-1, 10 genomes were screened.

Plasmid construction. A 3.2-kb Spel fragment containing PRP40 was sub-
cloned into the Bluescript KS+ vector (Stratagene), generating plasmid BS-
PRP40Spe. This plasmid was digested with PstI and Nsil and self ligated, to yield
plasmid BS-PRP40, which contains 440 bp upstream and 194 bp downstream of
the PRP40 coding sequence in addition to the PRP40 coding region. Derivatives
of plasmids pSE358, pSE360 (11), and pRS306 (52) that lack an SstI site were
constructed by digestion of these plasmids with SstI, Klenow treatment, and self
ligation. A 2.3-kb EcoRI fragment was released from BS-PRP40 and subcloned
into plasmid pSE358ASstI, pSE360ASstI, and pSE306ASst1, generating plasmids
pSE358-PRP40, pSE360-PRP40, and pSE306-PRP40, respectively. BSABamHI
was constructed from Bluescript KS+ (Stratagene) by BamHI digestion, Klenow
treatment, and self ligation. A PCR fragment, generated by primers 64AUG
(which creates a BamHI site 3 nucleotides upstream of the start codon) and 64C,
was digested with BamHI and AflII and swapped into BamHI-AflII-linearized
PpSE358-PRP40, generating plasmid pSE358-PRP40AUG. A 1.75-kb BamHI-Sall
fragment containing the PRP40 coding sequence from pSE358-PRP40AUG was
inserted into BamHI-Sall-linearized pG1 (47), a high-expression, multicopy plas-
mid, to create plasmid pG1-PRP40. This 1.75-kb BamHI-Sall fragment was also
inserted into the BamHI-Sall-cut plasmid pQ30 (Qiagen) to create a (His)s-
Prp40 fusion construct.

Primer 64(HA)s/Notl was used to introduce a NotI site by Transformer mu-
tagenesis (Clontech) at the penultimate codon of PRP40 in plasmid pSE358-
PRP40. A 111-bp Notl fragment encoding three copies of the hemagglutinin
(HA) epitope, a kind gift from Jim Umen and Christine Guthrie, was inserted to
generate plasmid pSE358-PRP40(HA ).

Genetic manipulations. All genetic experiments including medium prepara-
tion, diploid selection, sporulation, dissection, cis and trans tests, and the plasmid
shuffle were performed as previously described (16). Yeast transformation was
carried out by the method of Schiestl and Gietz (48).

Integration and pop-out. Plasmid pRS306-PRP40 was linearized with SstI and
transformed into parental strain 19SS-4U (diagrammed in Fig. 2). Stable inte-
grants were selected on —Ura minimal medium (minimal medium lacking uracil)
and confirmed by Southern blot analyses. The pop-out experiment was per-
formed on 5-fluoro-orotic acid (5-FOA) plates and confirmed by Ura™ pheno-
type and Southern blot analyses. The pop-out integration strain was used for all
phenotypic analyses of prp40-1, because we can be certain that its genome
contains no other UV-induced mutations.
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Genomic sequencing. Genomic DNA prepared from parental strain 19SS-4U
was digested with Accl, and 1- to 2-kb fragments were gel purified and electro-
eluted. Cycle sequencing was performed according to the protocol of Epicentre
Technologies except that regular dGTP, 10X PCR buffer, and Tag polymerase
(Perkin-Elmer) were used. For one reaction, 5 ng of 3P-labeled primer 64C (5
X 10° cpm) and 3 pg of genomic DNA were used. Reaction mixtures were
denatured at 92°C for 15 s, annealed at 60°C for 15 s, and extended at 71°C for
1 min for 30 cycles.

Gap repair. Plasmid pSE360-PRP40 was cut with AfIII and Ss¢I within PRP40,
creating an internal 457-bp deletion which contains the suppressor mutation
C1421-T (a C-to-T mutation at position 1421; diagrammed in Fig. 2). The
linearized plasmid was transformed into parental strain 19SS-4U. Ura™ colonies
were selected on a —Ura plate, and URA3 plasmids were recovered for sequenc-
ing.

Gene disruption. Plasmid BSABamHI-PRP40 was digested with StyI and Agel
and treated with Klenow fragment prior to the addition of BamHI linkers and
self ligation. A 1.8-kb BamHI fragment containing the HIS3 gene was inserted.
The resulting plasmid was cut with EcoRI, releasing a PRP40 disruption allele
fragment (diagrammed in Fig. 2). This fragment was used for transformation into
a homozygous strain, TR1. Stable His™ colonies were selected and sporulated,
and tetrads were dissected.

Hydroxyamine mutagenesis. Twenty micrograms of plasmid pSE358-PRP40
was incubated with 1 M hydroxyamine-50 mM NaPO, (pH 7.0)-2 mM EDTA-
100 mM NaCl at 75°C for 30 min. The reaction was stopped by a 10-min
incubation at 0°C and followed by the use of two G-25 spin columns to remove
hydroxyamine. The mutagenized plasmid was phenol extracted, ethanol precip-
itated, and used to transform E. coli MC1066. The mutation rate was determined
by screening Ap" colonies for the Trp phenotype. Approximately 1% of the
transformants failed to grow on E. coli —Trp minimum plates. A total of 15,000
E. coli transformants were collected. This library was transformed into strain
PRP40-SS, and 34,000 transformants were screened for a temperature-sensitive
phenotype.

Primer extension. Yeast total RNA was isolated at a cell optical density at 600
nm of 0.5 to 1.0 as previously described (10). Primer extension was carried out
according to the method of Frank and Guthrie (13) with the oligonucleotides
described above.

In vitro splicing, heat inactivation, and complementation. Splicing extracts
were prepared and fractionated as described by Cheng and Abelson (6). Splicing
reactions were carried out according to the method of Lin et al. (27). For heat
inactivation, 4 wl of extract was preincubated at 37°C for 35 min. Complemen-
tation was performed by adding 1 wl of the 40W fraction [supernatant fraction of
40% (NH,),SO, precipitation] to heat-treated extracts prior to a 20-min splicing
assay at 23°C.

Preparation of antisera to the (His)s-PRP40 fusion protein. The (His)y-
PRP40 fusion protein was overexpressed and purified according to the manu-
facturer’s instructions (Qiagen). The column-purified protein was further puri-
fied as previously described (19). Anti-(His),-PRP40 antibodies were prepared
by the Berkeley Antibody Company. The rabbit serum was affinity purified as
previously described (19), except that a (His)s-PRP40-coupled CNBr-activated
Sepharose column was used.

Coimmunoprecipitation of Ul snRNA. Affinity-purified anti-(His)s-PRP40 an-
tiserum was coupled to protein A-agarose beads (GIBCO/BRL) in IPP150 buffer
(10 mM Tris-HCI [pH 8.0], 150 mM NaCl, 0.1% Nonidet P-40, 0.1% sodium
azide) and washed four times before use. Twenty-five microliters of antibody-
coupled beads was incubated with 5 pl of splicing extract in 200 pl of IPP150
buffer on a Nutator at 25°C for 40 min. The supernatant was saved, and the pellet
was washed five times with 600 pl of IPP150 buffer. RNA was recovered from the
immune supernatants and immune pellets by phenol extraction and ethanol
precipitation. The presence of snRNAs in the immune supernatants and immune
pellets was assayed by primer extension by using a cocktail containing oligonu-
cleotides specific for the U1, U2, U4, U5, and U6 RNAs.

RESULTS

Isolation of suppressors of Ul RNA point mutations. Early
in spliceosome assembly, the 5’ end of U1 RNA base pairs with
the 5’ splice site consensus sequence. Point mutations in the 5’
end of the Ul RNA cause a variety of growth phenotypes
ranging from mild to severe (Fig. 1). However, the severity of
the mutant phenotype does not always correlate with the num-
ber of hydrogen bonds lost between the 5" end of U1 RNA and
the 5’ splice site consensus sequence, suggesting that other
factors might interact with the 5’ end of Ul RNA. We used
suppressor genetics to search for such factors. We started with
a yeast strain carrying a C-to-U transition mutation at the
fourth nucleotide of Ul RNA, U1-4U. This mutation causes
cold sensitivity, preventing growth at 18°C, yet does not greatly
disturb base pairing with the 5’ splice site. Yeast strain 19SS-
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FIG. 1. The growth phenotype of a Ul mutant does not always correlate with
the number of hydrogen bonds lost between the 5" end of Ul RNA and the 5’
splice site. Shown on the left is the base pairing between the yeast 5’ splice site
consensus sequence and the 5’ end of Ul RNA (boldface letters). The growth
phenotypes of selected Ul mutants and the number of hydrogen bonds lost
between Ul RNA and the 5’ splice site are also indicated. CS, cold sensitive.

4U, in which the gene encoding the yeast Ul RNA has been
disrupted (snr19::LYS2) and complemented by the U1-4U mu-
tant on a CEN-based TRPI plasmid, was mutagenized by UV-
irradiation to 35% survival. After incubation at 18°C for 5 days,
30 viable colonies were collected. We focused on three poten-
tial candidates that grew well at 18°C.

To rule out reversion of the U1-4U mutation, we performed
cis and trans tests. In the cis test, TRPI plasmids were isolated
from suppressor strains and retransformed into the plasmid-
shuffling strain 19SS. This strain carries the snrl9::LYS2 gene
disruption and a wild-type Ul RNA gene on a URA3 vector. In
the plasmid shuffle assay, cells that have lost the URA3 plasmid
can be selected by growth on media containing the drug 5-FOA
(3). After selection on 5-FOA plates, the retransformed strains
still exhibit the U1-4U cold sensitivity. Thus, the loss of cold
sensitivity was not due to reversion of U1-4U. In addition, the
presence of the U1-4U mutation in the recovered plasmids was
confirmed by sequence analysis.

We also used a trans test to verify the presence of an un-
linked suppressor mutation. In this test, fresh U1-4U plasmids
were transformed into candidate suppressor strains. These re-
transformed suppressor strains were able to grow at 18°C, and
we therefore concluded that these strains contained extragenic
suppressors of U1-4U. When backcrossed to the parental
strain, all three suppressors showed dominant, single-gene seg-
regation (data not shown). When individual suppressor candi-
dates were crossed to each other and sporulated, all four
spores suppressed the U1-4U cold-sensitive phenotype, indi-
cating that the suppressors are allelic to each other.

One suppressor strain was further analyzed to determine its
effects on other mutations in Ul RNA (Table 1). A total of 13
U1l mutants were tested. While the phenotypes of most Ul
mutants were similar in both wild-type and suppressor strains
(Table 1), the suppressor did rescue the cold sensitivity of
U1-8U at 25°C (Table 1). Intriguingly, the suppressor can also
partially suppress the U1-4U,5A double mutant, which is lethal
in the wild-type background. Thus, from our screen we isolated
a suppressor capable of relieving the growth phenotypes of
several Ul RNA point mutations.

MoL. CELL. BIOL.

TABLE 1. Allele specificity of the PRP40-1 suppressor”

Growth at indicated temp (°C)”:

Ul allele PRPA0 allele
18 25 30 33 37
WT* WT ++ ++ +++ +++ ++
PRPA40-1 ++ ++ +++  +++ ++
4U WT - +/= ++ ++ +
PRPA40-1 + ++ +++ +++ +
8U WT - - + + +/=
PRP40-1 + ++ ++ ++ ++
4U,5A WT - - - - -
PRP40-1 +/— + + ++ +/=

“ Cells were grown on rich media at the temperature indicated. Also tested
were Ul alleles 4A; 4G; 5A; 5C; 8A,; 8G; 3G,4U; 3G,4U,5A; and 5’ end A. The
growth phenotype of these alleles was not suppressed by PRP40-1.

? +/—, doubling time longer than 9 h; +, doubling time longer than 4.5 h; ++,
doubling time longer than 2.1 h; + + +, doubling time less than 2.1 h; —, inviable.

¢ WT, wild type.

Identification of the suppressor genes. To clone the suppres-
sor gene, we constructed a library from one of the suppressor
strains. Genomic DNA was isolated, partially digested with
Sau3A, and ligated to a CEN-based URA3 vector. This library
was transformed into the parental strain 19SS-4U and incu-
bated at 18°C to screen for a clone(s) that rescues the lethality
at 18°C. Ten suppressor clones were recovered and retested for
rescue of the cold sensitivity. On the basis of restriction map-
ping and Southern analyses, these clones were grouped into
two classes. Interestingly, both classes were able to suppress
the U1-4U mutant at 18°C and the U1-8U mutant at 25°C. The
suppressor genes were localized within the suppressor clones
by testing subclones for rescue at 18°C.

Sequence analysis revealed that each of these suppressor
genes has been previously described. One of the suppressor
genes, SARI, is a single-copy essential gene that encodes a
polypeptide involved in protein transport from the endoplas-
mic reticulum to the Golgi apparatus (2, 38). The SAR! tran-
script contains a single small (139-nucleotide) intron with an
unusually short distance between branch site and 3’ splice site
(18 nucleotides).

We do not believe that SARI is directly involved in pre-
mRNA splicing. First, our SARI suppressor clone contains no
sequence differences from the published sequence. Further-
more, a wild-type SARI clone is able to suppress the U1-4U
mutant at 18°C. Most likely, the SAR! clone rescues the U1-4U
cold-sensitive phenotype by multicopy suppression. That is, by
increasing the SARI copy number, even by one to two copies,
sufficient SARI gene product is made to allow improved
growth. These findings indicate that the SARI gene product is
rate limiting for growth in U1-4U cells at 18°C.

The other suppressor was originally reported by the Yeast
Genome Sequencing Project as YKLI165 (41). We have re-
named this gene PRP40 for its role in pre-mRNA processing
(see below). PRP40 encodes a polypeptide of 583 amino acids
with a predicted molecular mass of 69 kDa. It has no compel-
ling sequence homology to any known protein and contains no
RNA recognition motif (RRM). The original report (41) noted
weak homology to the S. cerevisiae Myo2 protein (20), although
we do not believe this homology is significant (see Discussion).

The PRP40 suppressor clone differs from the published se-
quence at a single nucleotide (1421; TCC—TTC), resulting in
a Ser-to-Phe change in the Prp40 protein (Fig. 2A). To show
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FIG. 2. Constructs for genetic analyses. (A) Restriction map of PRP40. The
translation start codon and termination codon are indicated. The asterisk de-
notes the suppressor mutation C1421-T. Nucleotide positions are assigned ac-
cording to the method of Pascolo et al. (41). (B) Gap repair construct. Plasmid
PpSE360-PRP40 was built as described in Materials and Methods. An internal
deletion within PRP40 was created by AfIII-SstI digestion. This deletion gener-
ated a gap that includes the position of the suppressor mutation, 1421. Note that
the scale is different from that in panel A. (C) Integration and pop-out. Plasmid
pRS306-PRP40 is described in Materials and Methods. An SstI-linearized plas-
mid was used for transformation. The arrow indicates the direction of transcrip-
tion, and the asterisk denotes the suppressor mutation. The stippled and hatched
boxes represent the suppressor and wild-type sequences, respectively. The thick
and thin lines denote chromosomal and plasmid sequences, respectively. In the
example shown here, the wild-type allele is “popped-out,” leaving a suppressor
allele in the chromosome. (D) prp40 disruption allele. The prp40 disruption allele
was generated as described in Materials and Methods.

that this nucleotide change represents a UV-induced mutation,
as opposed to sequence polymorphism, genomic sequencing
and gap repair experiments were performed. Genomic DNA
was isolated from the parental strain 19SS-4U and digested
with Accl. Nucleotide 1421 is contained in a 1.3-kb Accl frag-
ment. We purified Accl fragments with sizes between 1 and 2
kb by gel electrophoresis and used these pooled fragments for
PCR cycle sequencing. We found that the sequence of PRP40
in the 19SS-4U parental strain is identical to the published
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PRPA40 sequence. We also generated a gap repair construct on
a URA3 plasmid in which the AfIII-SstI fragment encompassing
C-1421 was deleted (Fig. 2B). This plasmid was transformed
into the wild-type parental strain 19SS-4U. In order for the
plasmid to replicate, the gap must be repaired by using the
chromosomal copy of PRP40 as a template. Ura™* transfor-
mants were isolated, and URA3 plasmids were recovered for
sequencing. All the recovered PRP40 sequences are also iden-
tical to the published YKL 165 sequence. These results unam-
biguously demonstrate that the nucleotide change seen in the
PRPA40 suppressor allele is a true mutation as opposed to a
sequence polymorphism.

To determine if the cloned PRP40 suppressor is the original
suppressor gene, an integrating plasmid was created (Fig. 2C).
A URA3 plasmid containing the cloned PRP40 suppressor al-
lele was linearized with Ss¢I within PRP40 and transformed
into the parental strain 19SS-4U. This integration resulted in
the duplication of PRP40 with one wild-type allele and one
suppressor allele separated by the URA3 vector (Fig. 2C). All
the integrants could grow at 18°C, consistent with the domi-
nant phenotype of the suppressor strain. Pop-out experiments
were carried out on 5-FOA plates to select against the URA3
marker. In these experiments, recombination occurs between
the two PRP40 alleles, leaving a single PRP40 allele in the
chromosome. Depending on where the recombination event
occurs in PRP40, strains that carry either a wild-type PRP40
allele or a suppressor PRP40 allele are generated. Precise
integration and excision (pop-out) were confirmed by South-
ern analyses (data not shown). As expected, we recovered both
Sup™ and Sup~ pop-out strains. The pop-out strain with the
PRPA40 suppressor phenotype was backcrossed to the original
suppressor strain. This diploid strain was sporulated, and tet-
rads were dissected. Seven four-spored tetrads were recovered;
all spores from these were able to grow at 18°C. These data
prove that PRP40 (C1421-T) is the bona fide suppressor. We
name this allele PRP40-1.

PRP40 is an essential gene. We have identified PRP40 as a
gene that genetically interacts with yeast Ul RNA. To deter-
mine if PRP40 is required for cell growth, a prp40::HIS3 dis-
ruption allele was constructed. This allele deletes 83% of the
coding region and replaces it with the HIS3 gene (Fig. 2D).
This disruption allele was used to disrupt one allele of PRP40
in the homozygous diploid strain TR1. The resulting PRP40/
prp40::HIS3 diploids were isolated on ~His plates, confirmed
by Southern blot analyses, and sporulated, and tetrads were
dissected. In all cases, only two viable spores were recovered.
Viability always cosegregated with the His™ phenotype, indi-
cating that the prp40::HIS3 allele is lethal. In a complementary
experiment, a URA3 plasmid carrying wild-type PRP40 was
transformed into the heterozygous diploid strain prior to
sporulation. The resulting strain was sporulated, and tetrads
were dissected. Seven tetrads in which all four spores retained
the URA3 plasmid were isolated. Selection on 5-FOA plates
revealed that only two spores in each individual tetrad are able
to grow in the absence of wild-type PRP40. Again, these viable
cells were always His™. Therefore, we conclude that PRP40 is
an essential gene.

The PRP40-1 suppressor affects SARI mRNA accumulation
in the U1-4U mutant at 18°C. To test the effect of PRP40-1 on
splicing in U1-4U cells, we examined the processing of the
SARI transcript in U1-4U cells by primer extension. One com-
mon feature of poorly spliced introns is the short distance
between branch site and 3’ splice site, such as MATal and
SNRI17 (40). We hypothesized that the SARI transcript con-
tains a poorly spliced intron and that the production of SARI
mature transcript is rate limiting for growth in the U1-4U
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FIG. 3. The suppressor allele of PRP40 affects SARI transcript accumulation
in the U1-4U mutant at 18°C. Parental and suppressor strains containing U1-4U
as the only source of Ul snRNA were grown at 30°C to an optical density at 600
nm of 0.5 and shifted to 18°C for 6 h. Total yeast RNA was isolated and analyzed
by primer extension. Unspliced and spliced SARI transcripts are indicated by
arrows. The primer extension of U4 snRNA was used as an internal control.
Lane 1, strain U1-4U with wild-type (WT) PRP40 at 18°C; lane 2, strain U1-4U
with wild-type PRP40 at 30°C; lane 3, strain U1-4U with the PRP40-1 suppressor
at 18°C; lane 4, strain U1-4U with the PRP40-1 suppressor at 30°C.

mutant at 18°C (1); we also hypothesized that by alleviating the
SARI splicing deficiency, PRP40-1 allows production of more
mature SARI transcripts and thereby rescues the U1-4U cold
sensitivity (2). To test our hypotheses, we analyzed SARI splic-
ing in U1-4U strains with and without the PRP40-1 suppressor.
Parental and suppressor strains were grown at 30°C to early log
phase and shifted to 30°C (permissive temperature) and 18°C
(nonpermissive temperature) for 6 h. Total RNA was isolated,
and primer extension was performed. We found that very little
SARI mature mRNA is detected in the U1-4U mutant when
grown at 18°C (Fig. 3, lane 1). We did not observe an accu-
mulation of SARI pre-mRNA, as might be expected if U1-4U
inhibited SARI splicing. However, in the PRP40-1 suppressor
strain, SARI mature mRNA accumulated to normal levels at
both 18 and 30°C (Fig. 3, lanes 3 and 4). Thus, the PRP40-1
suppressor increases the steady-state level of SARI mature
mRNA in U1-4U cells at 18°C.

This observation is consistent with the U1-4U mutant affect-
ing the stability or the splicing of the SARI pre-mRNA. We
believe that the low steady-state level of SARI mature mRNA
in U1-4U cells results from inefficient splicing of the SARI
pre-mRNA and hypothesize that the SARI pre-mRNA does
not accumulate because it is degraded if it is not spliced. This
hypothesis is supported by observations that unspliced pre-
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FIG. 4. In vivo splicing phenotype of prp40 mutant alleles. prp40 mutants
were grown at 25°C to an optical density at 600 nm of 0.4 and shifted to 37°C for
4 h. Total yeast RNA was isolated, and primer extension was performed with an
oligonucleotide specific for RPL32 exon 2. RPL32 pre-mRNA and mRNA are
indicated by arrows. Also included is the primer extension product of U5 snRNA
as an internal control. Lanes 1 and 2, prp40-12b; lanes 3 and 4, prp40-23; lanes 5
and 6, wild type (WT). Lanes 1, 3, and 5, cells grown at 25°C; lanes 2, 4, and 6,
cells shifted to 37°C.

mRNA can be degraded when splicing is inhibited (18, 42). On
the basis of these arguments, we predict that Prp40 increases
the level of SARI mature mRNA by relieving this U1-4U
splicing defect.

PRP40 encodes a general splicing factor. To determine if
Prp40 is a general splicing factor, we created a prp40 mutant
library by hydroxyamine mutagenesis. This library was trans-
formed into a plasmid-shuffling strain (prp40::HIS3 pSE360-
PRPA40). A total of 34,000 yeast transformants were screened
for plasmids bearing a temperature-sensitive prp40 mutation.
After 5-FOA selection, 17 temperature-sensitive clones were
isolated and retested. Among them, three were 37°C sensitive,
one was 30°C sensitive, and the rest were 34°C sensitive. We
tested the in vivo splicing phenotype of these mutant strains by
primer extension analysis of the RPL32 transcript, which has
an intron architecture different from that of the SARI tran-
script and is normally efficiently spliced (8, 9). Temperature-
sensitive strains were grown at 25°C to early log phase and
shifted to 37°C for another 4 h. RNA was isolated and analyzed
by primer extension.

In wild-type cells, RPL32 is efficiently spliced with or without
a temperature shift (Fig. 4, lanes 5 and 6). The prp40 temper-
ature-sensitive mutants prp40-12b (Fig. 4, lanes 1 and 2) and
prp40-23 (Fig. 4, lanes 3 and 4) display the phenotype expected
for a strain defective in pre-mRNA splicing. That is, after
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FIG. 5. In vitro splicing, heat inactivation, and complementation of a tem-
perature-sensitive allele of PRP40. Splicing extracts were preincubated at 37°C
for 35 min; this was followed by complementation and splicing. Lane 1, wild-type
extract without heat treatment; lane 2, wild-type extract with heat treatment; lane
3, prp40-10 extract without heat treatment; lane 4, prp40-10 extract with heat
treatment; lane 5, prp40-10 extract with heat treatment and complemented with
40W fraction from low-copy-number PRP40 extract; lane 6, prp40-10 extract with
heat treatment and complemented with 40W fraction from high-copy-number
PRPA40 extract; lane 7, 40W fraction from low-copy-number PRP40 extract; lane
8, 40W fraction from high-copy-number PRP40 extract.

temperature shift, the level of mature mRNA is reduced, with
a concomitant increase in the level of pre-mRNA. Although
the RPL32 5’ splice site differs from the yeast consensus (/GU
CAGU [the slash indicates the exon-intron boundary, and
nucleotides that differ from the yeast consensus sequence are
in boldface type]), primer extension experiments with the
ACTI pre-mRNA also yielded similar results (data not shown).
Accordingly, we conclude that Prp40 is a general splicing fac-
tor.

Prp40 is required for splicing in vitro. To prove that Prp40
has a direct role in pre-mRNA splicing, wild-type and temper-
ature-sensitive strains were grown at the permissive tempera-
ture (25°C) and splicing extracts were prepared. To heat inac-
tivate the prp40 mutant protein, extracts were preincubated at
either the permissive temperature (23°C) or a nonpermissive
temperature (37°C) for 35 min. Without preincubation at the
nonpermissive temperature, the wild-type and the prp40 mu-
tant extracts are able to splice an in vitro-transcribed ACT1
pre-mRNA (Fig. 5, lanes 1 and 3). Upon heat treatment, the
splicing activity of the extract from the prp40 mutant strain is
greatly reduced (Fig. 5, lane 4). In contrast, the wild-type
extract remains active (Fig. 5, lane 2).

To determine if this inhibition of splicing activity is due to
heat inactivation of the mutant protein, we performed a com-
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plementation experiment. First, we constructed the PRP40
(HA); allele, which contains three copies of the HA epitope at
the PRP40 carboxy terminus. This epitope is recognized by the
12CAS5 monoclonal antibody. The PRP40(HA), allele retains
Prp40 function, as this allele fully complements the prp40 gene
disruption (data not shown). By Western blot (immunoblot)
analysis, we found that Prp40(HA); fractionates to the 40P3
fraction of yeast splicing extract [pellet fraction of 40%
(NH,),SO, precipitation; Ul RNA also fractionates to the
40P3 fraction]. No Prp40(HA); is detected in the 40W fraction
[40% (NH,),SO, supernatant]. However, overexpression of
Prp40(HA); on a high-copy-number plasmid results in partial
fractionation of Prp40(HA); to the 40W fraction.

The 40W fraction was prepared from strains harboring ei-
ther a low-copy-number PRP40 plasmid or a high-copy-num-
ber PRP40 plasmid that overexpressed Prp40. The 40W frac-
tion from the strain with the high-copy-number PRP40 plasmid
is able to restore the splicing activity of a heat-inactivated
prp40-10 extract (Fig. 5, lane 6). However, the 40W fraction
from the low-copy-number PRP40 does not restore activity
(Fig. 5, lane 5). These results indicate that wild-type Prp40
(HA), can complement the heat-inactivated temperature-sen-
sitive Prp40. Moreover, neither 40W fraction is able to support
splicing activity alone (Fig. 5, lanes 7 and 8). In addition, the
40P3 fractions from both the low-copy-number and high-copy-
number extracts can complement the heat-inactivated extract,
indicating that the low-copy-number extract was active (data
not shown). These findings demonstrate that the PRP40 gene
product is directly involved in pre-mRNA splicing.

Prp40 associates with Ul snRNA in vivo. The isolation of
the PRP40-1 allele that suppresses mutations in Ul RNA dem-
onstrates that PRP40 interacts genetically with U1l RNA. We
next asked if the Prp40 protein is physically associated with the
U1 snRNP. To answer this question, we constructed a His-
tagged allele, (Hisq)-Prp40, and purified the tagged protein.
This protein was used to raise rabbit polyclonal antibodies
specific for Prp40. We used the anti-Prp40 serum and preim-
mune control serum to immunoprecipitate Prp40 from splicing
extract. We analyzed the immune supernatants and immune
pellets for the presence of the U1, U2, U4, U5, and U6 RNAs
by primer extension (Fig. 6A and B). The preimmune serum
does not immunoprecipitate any snRNAs (Fig. 6A, lane 3).
However, the anti-Prp40 serum specifically immunoprecipi-
tates Ul RNA (Fig. 6A, lane 5), demonstrating that Prp40 is
associated with the Ul RNA.

In the experiment whose results are shown in Fig. 6A, 70%
of the Ul RNA was recovered in the immune pellet. In other
experiments (Fig. 6B), the anti-Prp40 antiserum quantitatively
precipitated all the U1 RNA (lanes 5 and 6). We conclude that
all the Ul RNA is associated with Prp40 in vivo. In addition,
we find that Prp40 coimmunoprecipitates Ul RNA just as well
at 300 mM NaCl (data not shown), indicating that Prp40 is
stably associated with U1 RNA. On the basis of these data, we
propose that Prp40 is a component of the Ul snRNP.

DISCUSSION

Our understanding of snRNP function rests primarily on the
discovery of base pairing interactions of the snRNAs with each
other and with conserved sequences within the intron. This
network of base pairing interactions is thought to culminate in
the creation of a ribozyme that catalyzes splicing (31). In con-
trast to our detailed knowledge of the snRNAs, the roles of
snRNP proteins in splicing remain largely unknown.

Here we identify Prp40, a novel component of the yeast
splicing machinery. Prp40 is essential for yeast viability and for
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FIG. 6. (A) Prp40 associates specifically with yeast U1 snRNA in vivo. Splic-
ing extract prepared from wild-type cells was immunoprecipitated with either
preimmune serum or serum specific for (His)4-Prp40. RNAs were extracted from
the unprecipitated total (T), immune supernatant (S), and immune pellet (P)
fractions and analyzed by primer extension by using a cocktail containing oligo-
nucleotides specific for the U1, U2, U4, U5, and U6 RNAs. The primer extension
products for these RNAs are indicated by arrows. Also marked (*) is an artifac-
tual primer extension product caused by the U6-specific oligonucleotide. Lane 1,
total RNA without immunoprecipitation; lane 2, preimmune supernatant; lane 3,
preimmune pellet; lane 4, immune supernatant; lane 5, immune pellet; lane 6,
molecular weight markers (M). (B) All the Ul RNA is associated with Prp40.
Splicing extract was immunoprecipitated as described above and analyzed by
primer extension with an oligonucleotide specific for the Ul RNA. Note that a
different Ul-specific oligonucleotide was used for panel A. Lane 1, molecular
weight markers; lane 2, total RNA without immunoprecipitation; lane 3, preim-
mune pellet; lane 4, preimmune supernatant; lane 5, immune pellet; lane 6,
immune supernatant. M, T, P, and S are as defined for panel A.

the first step of pre-mRNA splicing in vivo and in vitro. We
show that Prp40, originally identified as a factor that sup-
presses mutations in the 5’ end of U1 RNA, associates with the
Ul snRNA in vivo.

Prp40 has weak homology to the S. cerevisiae Myo2 protein;
this homology consists of 31 identical amino acids in a 93-
amino-acid stretch and does not include an ATP binding do-
main. Because of the extensive gaps needed to make this match
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(41), we do not believe that this Myo2 homology is significant.
BLASTP searches revealed several sequences with homology
scores greater than that of Myo2 but still well below a level
generally considered significant. PRP40 does have a stronger
match to ZK1098.1, a Caenorhabditis elegans open reading
frame of unknown function, but does not appear homologous
to any known metazoan or yeast splicing factor.

Further domain searches revealed two copies of a loosely
conserved motif called the WWP domain at the amino termi-
nus of Prp40. The WWP domain was identified as a protein
motif encompassing 38 amino acids found in various structural,
regulatory, and signaling molecules in S. cerevisiae, nematodes,
and mammals (reviewed in references 1, 4, and 56). These
proteins, which have no known common functions, include
human dystrophin, YAP65 (Yes-associated protein), yeast
Rsp5, and ZK1098.1. The WWP domain contains four highly
conserved aromatic residues, including two tryptophans. In
addition, several consensus amino acids are found at conserved
positions (1, 4). This structural feature is proposed to be in-
volved in protein-protein interactions. In Prp40, the suppressor
mutation Ser240-Phe is located downstream of the WWP do-
main.

Is Prp40 a Ul snRNP protein? Fabrizio et al. (12) have
purified yeast Ul snRNPs and analyzed their protein compo-
sition. Intriguingly, they detected a protein of 69 kDa in puri-
fied U1 snRNPs; this size matches the calculated size of Prp40
(69 kDa) closely.

What is the role of Prp40 in splicing? Both in vivo and in
vitro, prp40 mutants block the first step of splicing, as expected
for a factor that functions with the U1l snRNP. A more specific
hypothesis for Prp40 function can be based on the Ul RNA
mutations that are suppressed by the PRP40-1 mutation. Both
position 4 and position 8 of Ul RNA are known to base pair
with their cognate nucleotides in the 5’ splice site. At each
position, the C-to-U transition is the only viable mutation; all
other mutations at positions 4 and 8 are lethal (54). Intrigu-
ingly, both U1-4U and U1-8U cause cold-sensitive as well as
temperature-sensitive growth. The temperature sensitivity of
U1-4U and U1-8U might result from the weakening of base
pairing with the 5’ splice site. However, the cold sensitivity of
these mutants was not anticipated and argues in favor of these
nucleotides of U1 having an additional function besides inter-
action with the 5’ splice site. On the basis of the allele speci-
ficity of the PRP40-1 suppressor, we propose that interaction
with Prp40 is another essential function of these nucleotides of
U1 RNA. Finally, it is interesting that in vitro splicing extracts
prepared from Ul-4U mutants can partially bypass the re-
quirement for ATP in U2 addition (25). Our demonstration
that Prp40 interacts genetically with U1-4U could suggest a
role for Prp40 in U2 snRNP association. Our prp40 mutant
extracts will allow us to test this exciting possibility.
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