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The Saccharomyces cerevisiae SNP1 gene encodes a protein that shares 30% amino acid identity with the
mammalian Ul small nuclear ribonucleoprotein particle protein 70K (U1-70K). We have demonstrated that
yeast strains in which the SNP1 gene was disrupted are viable but exhibit greatly increased doubling times and
severe temperature sensitivity. Furthermore, snpI-null strains are defective in pre-mRNA splicing. We have
tested deletion alleles of SNPI for their ability to complement these phenotypes. We found that the highly
conserved RNA recognition motif consensus domain of Snpl is not required for complementation of the
snpl-null growth or splicing defects nor for the in vivo association with the Ul small nuclear ribonucleoprotein
particle. However, the amino-terminal domain of Snpl, less strongly conserved, is necessary and sufficient for

complementation.

Pre-mRNA splicing requires the action of the U1, U2, U4/U6,
and U5 small nuclear ribonucleoprotein particles (snRNPs). The
snRNPs function in splicing by associating with one another
and with conserved sequences in the intron (9, 41). snRNPs are
stable, abundant, and highly conserved particles consisting of
small nuclear RNA molecules (snRNAs) complexed with sets
of proteins (30). While many functionally important interac-
tions involving the RNA components of the snRNPs have been
described (21, 27, 31, 38, 40, 48, 60, 63), the functions of the
snRNP proteins in splicing are largely unknown.

During splicing, the U1 snRNP interacts with the 5’ splice
site of the pre-mRNA and interacts as well with the branch site
region (46, 51) and (in some cases) the 3’ splice site (44).
Interaction with the 5’ splice site requires both the 5" end of
the Ul RNA and the protein components of the snRNP (8,
35). This interaction takes place at least in part by RNA-RNA
base pairing (50, 53, 63), but the ways in which the Ul snRNP
proteins contribute to this interaction have not been eluci-
dated.

Metazoan U1 snRNP contains the 164-nucleotide U1 snRNA,
which adopts a conserved secondary structure consisting of
three internal stem-loop structures (36). At least eleven pro-
teins are stably complexed with the Ul RNA, including the
group of Sm proteins (B, B’, D1, D2, D3, E, F, and G) that are
common to all splicing snRNPs (4, 6, 18, 26). These proteins
bind to the conserved sequence AU, (G in snRNAs and are
thought to be required for snRNP stability (20) and nuclear
localization (33).

The Ul snRNP also contains three Ul-specific proteins
called A, C, and 70K (30). The 70K protein binds directly to
stem-loop I of Ul snRNA (17, 42, 57), while the A protein
binds directly to stem-loop II. Protein C is thought to interact
with stem-loop I (17), but it is not known if this interaction is
direct. Interestingly, protein C was shown in vitro to require
the U1-70K protein to assemble with the human Ul snRNP
(37). Biochemically fractionated core Ul snRNPs contain the
full complement of Sm proteins but are stripped of the Ul
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snRNP-specific proteins 70K, A, and C (3). Using in vitro-
translated proteins, it was shown that the U1-C protein is
unable to independently associate with core Ul snRNPs, re-
quiring the 70K protein but not protein A (37).

Among metazoans, 70K is highly conserved (88% amino
acid identity between human 70K and Xenopus laevis 70K [13,
32]) and contains an RNA recognition motif (RRM) consensus
domain, a sequence feature common to many RNA-binding
proteins (2, 12). In addition to the RRM domain, metazoan
70K contains a glycine-rich region downstream of the RRM
domain. The glycine-rich region contains several RGG-like
repeats implicated in RNA binding (11) and may act as an
auxiliary domain for specific RNA binding. The carboxyl tail of
human U1-70K is rich in arginine. An RS domain character-
ized by several arginine-serine dipeptides is embedded within
this region. The RS domain is a hallmark of a family of splicing
factors, including SF2/ASF and U2AF®, that are required for
in vitro splicing (5, 7, 62). The serine residues of the human
U1-70K RS domain are phosphorylated in vitro by a Ul
snRNP-associated kinase activity (61). Furthermore, the phos-
phorylation state of the human U1-70K critically affects a pre-
catalytic step of in vitro splicing reactions (59).

The association of human U1-70K within the Ul snRNP is
bipartite (37). Studies of human U1-70K have defined the
minimal Ul RNA binding domain to be a 110-amino-acid
region containing the RRM domain plus flanking amino acids
including most of the glycine-rich domain (42, 57). This region
is necessary and sufficient to bind the 70K protein to Ul RNA.
However, the amino-terminal region (amino acids [aa] 1 to 97)
of human U1-70K lacking the RRM domain efficiently associ-
ates with core U1 snRNPs (37). The association of the amino-
terminal U1-70K fragment with the core U1 snRNP is presum-
ably dependent on one or more Sm proteins, as it fails to bind
naked Ul RNA (37).

Saccharomyces cerevisiae Ul RNA is homologous to meta-
zoan Ul and is required for viability (25, 54). The stem-loop I
structure of yeast Ul RNA is similar to that of human Ul
RNA, including precise conservation of 9 of 10 nucleotides in
loop I. However, mutagenesis of stem-loop I of yeast Ul RNA
yielded the surprising result that severe mutations in stem-loop
I are viable, although they did cause a moderate reduction in
splicing efficiency (28). These results suggested that the yeast
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TABLE 1. Yeast strains used

Strain Genotype Source

YPH400 MATa/MATo ade2-101/ade2-101 his3-A200/his3-A200 leu2-Al/leu2-Al lys2-801/lys2-801 trp1- J. Milligan
A63/trpI-A63 ura3-53/ura3-53

YPH401 Same as YPH400 except SNPI/snpl::ADE2 This work

2A MATa SNPI segregant of YPH401 This work

2B MATo SNPI segregant of YPH401 This work

2C MATao snpl::ADE?2 segregant of YPH401 This work

2D MATa snpl::ADE?2 segregant of YPH401 This work

a/a100 MATa/MATo ade2-1/ade2-1 canl-100/canl-100 his3/HIS3 his4/HIS4 leu2/leu2 trpl/trpl ura3fura3 V. Smith

a/al05 MATa/MATo ade2-1/ade2-1 canl-100/cani-100 leu2/leu2 trpl/trpl ura3/ura3 his3/HIS3 his4/HIS4 This work
SNPI1/snpl::ADE2

105-2A MATa snpl::ADE?2 segregant of a/a105 This work

Ul snRNP does not require 70K function or that yeast 70K
could remain associated with the U1 snRNP without binding to
stem-loop I, presumably by interacting with other parts of the
U1 snRNA or with other Ul snRNP proteins.

The yeast SNPI gene encodes the Snpl protein, which has
30% overall amino acid identity to human 70K (56). The RRM
and glycine-rich domains are well conserved from yeasts to
humans, but the arginine-rich carboxyl terminus is not evident
in SNPI. Gene disruption experiments showed that SNPI en-
codes a protein essential for yeast viability (56). We have
previously shown that Snpl binds specifically and directly to
stem-loop I of yeast U1 RNA (22). In addition, coimmunopre-
cipitation experiments showed that Snpl is a stable component
of the U1 snRNP (1).

To determine the function of the 70K protein in splicing, we
initiated a genetic analysis of the SNPI gene in yeast cells. In
contrast to the findings of Smith and Barrell (56), we found
that yeast cells are viable in the absence of an intact SNPI
gene. However, snpl-null cells exhibit a pre-mRNA splicing
defect and dramatically increased doubling times. To map the
functional domains of the Snpl protein, we made a series of
deletions that removed regions within the amino terminus and
the RRM, glycine-rich (Gly), and carboxyl-terminal domains.
snpl alleles that lack the RRM, glycine-rich, and carboxyl-
terminal domains are able to complement the severe pheno-
types of snpI-null cells. In strong contrast, deletions in the
amino-terminal domain abolished complementation activity.
We show that the amino terminus is necessary for complemen-
tation of the splicing defect, the growth defect, and snRNP
association. Thus, the functional regions of Snpl are mapped
to the amino-terminal domain.

MATERIALS AND METHODS

Construction of the snpl disruption allele. The plasmid pD1 containing the
SNPI gene was a gift of V. Smith. A 2,394-bp Spel-Dral fragment that contains
the entire coding region of SNPI plus 707 nucleotides upstream and 787 nucle-
otides downstream was subcloned into Bluescript KS at the Spel and Smal
restriction sites, creating the plasmid BS-SNPI. The snp1::ADE?2 disruption allele
deletes more than 90% of the coding region and replaces it with the ADE?2 gene.
The allele was constructed by subcloning the desired fragments into Bluescript
KS + (Stratagene) in three phases as follows. First, an AfIIII-Xbal fragment of
BS-SNPI encompassing 701 nucleotides of 5 untranslated sequence and 35
nucleotides of the SNPI amino-terminal coding region was subcloned into Blue-
script KS at the Spel-Xbal restriction sites, creating the phase I disruption
construct. Second, an XholI-Pstl SNPI fragment from BS-SNPI encompassing 41
nucleotides of the carboxyl-terminal coding region and 787 bp of 3’ untranslated
sequence was subcloned into the Smal-PstI restriction sites of the phase I dis-
ruption construct, creating the phase II disruption construct. A single BarmHI
restriction site separates the two subcloned SNPI fragments in the phase II
construct. A 3.6-kb BamHI fragment encoding the ADE2 gene was subsequently
subcloned into the BamHI site in the phase II construct, generating the
snpl::ADE2 disruption allele. This allele deletes all but 11 amino-terminal and 13

carboxyl-terminal aa of the SNPI coding region. For integrative transformation
into yeast cells, the disruption allele was cut out with PstI and SstI.

Yeast methods. The yeast strains used in this study are described in Table 1.
YPH400 was derived from YPH399 (P. Hieter) by J. Milligan, and a/a100 and
a/a115 were provided by V. Smith. Standard yeast media were used (52). Yeast
transformations were performed by the method of Ito et al. (19). Integration of
the disruption allele was complicated by the ability of the disruption allele
fragment to be maintained extrachromosomally. We believe this is due to the
presence of an ARS sequence in the SNPI flanking regions. To identify cells in
which the disruption allele fragment had integrated, stable adenine prototrophs
were selected after extended growth in yeast extract-peptone-dextrose medium.
Dissection plates were incubated at 23°C in a humidified chamber, and colony
formation was observed for a period of at least 2 weeks.

Southern analysis. Genomic DNA (2 pg) was digested with Spel (Boehringer
Mannheim Biochemicals) and electrophoresed through a 0.8% agarose gel.
Direct gel hybridization (Clontech protocol) was carried out by using
[«-*?P]dCTP-labeled ([a-3?P]dCTP from Amersham) EcoRV-SstI fragments of
SNPI from BS-SNPI. The probe was synthesized to a specific activity of 10°
cpm/ug by using a random hexamer priming kit (Pharmacia).

RNA analysis. Total RNA was prepared according to the method of Domdey
et al. (10). Primer extension was performed according to the method of Frank
and Guthrie (15). For each sample, 25 pg of total RNA was incubated with 10°
cpm of 3?P-labeled oligonucleotide. Oligonucleotides specific to the transcripts
analyzed are as follows: MATal, 5'-GAATTTATTTAGATCTCATACGTTT-3';
U34/U3B, 5'-CCAAGTTGGATTCAGT-3'; SARI, 5'-TACCATGTTTGTTC
CACAGA-3'; U6, 5'-TGCTGATCATCTCTGTATTG-3'; and U5, 5'-AAGCG
CATAGTAAGAC-3'. For Northern (RNA) blot analysis of snRNAs, the fol-
lowing oligonucleotides were end labeled by T4 polynucleotide kinase and
[y-*PJATP: U2, 5'-AAGAACAGATACTACACTTG-3’; Ul, 5'-GTTACT
GAAGTTACTTGTTAATA-3'; and U5, 5'-AAGCGCATAGTAAGAC-3'.

Splicing extracts. Splicing extracts were prepared according to the method of
Lin et al. (29).

Preparation of antisera to the TrpE-Snpl fusion protein. The TrpE-Snpl
fusion protein was overexpressed as described previously (22). To gel purify the
fusion protein, the pellet fraction was resuspended in sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis sample buffer and the proteins were
separated on preparative SDS-7% polyacrylamide gels. The TrpE-Snp1 fusion
protein was excised from the gels and electroeluted in 0.05 M NH,HCO3-0.1%
(wt/vol) SDS (55). The samples were dialyzed against 1X phosphate-buffered
saline (PBS) and concentrated by Centriprep (Amicon). Three rabbits were
injected with 500 g of gel-purified TrpE-Snpl and given a booster shot of 250
ug every 4 weeks by the Berkeley Antibody Company. The rabbit sera were
affinity purified by passage over a TrpE-Snp1 fusion protein-coupled Affi-Gel 10
column (BioRad). Affinity-selected antisera were eluted with 2 M glycine-HCI,
pH 2.5, and then dialyzed against 1X PBS containing 0.02% sodium azide.

Allele construction. Transformer mutagenesis (Clontech kit 1600-1) was used
to engineer blunt-end restriction sites and point mutations into BS-SNPI. Oli-
gonucleotide N-1, 5'-GACTTTTCAAGCCCGGGCCACC-3', generated a Smal
site between aa 18 and 19, converting aa 19 from arginine to glycine. Oligonu-
cleotide N-3, 5'-GACATCAAACTTTCGCGAATCAAAAATGCTC-3', gener-
ated an Nrul site between aa 77 and 78, converting aa 78 from lysine to arginine.
Oligonucleotide N-4, 5'-CCGGAGACTACAAAATGTTAACCCTAACG-3',
generated an Hpal site between aa 92 and 93, converting aa 92 from tryptophan
to valine. Combinatorial subcloning utilizing the engineered, blunt-end restric-
tion sites and an endogenous blunt-end Eco47I1I restriction site (aa 247 and 248)
yielded the alleles A59, A74, A16, A156, and A169. The carboxyl-terminal trun-
cation allele was engineered by utilizing oligonucleotide C-1, 5'-GGAAG
GTTTTGAAGCGCAAG-3', which generated a premature stop codon at amino
acid 220. The mutant Oct allele converted three residues within RNP1 as follows:
a K-to-L mutation at position 148 (K148L), Y150T, and F152L. This allele was
generated by utilizing oligonucleotide mOct, 5'-GAAGAGTCTAGGCACCGC
CTTGATAGTTTTC-3', in transformer mutagenesis. The AGly allele was gen-
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FIG. 1. Disruption of the SNPI locus. (A) The genomic SNPI locus and the snpI::ADE?2 disruption allele are depicted. Also shown are the expected sizes of Spel
fragments from both alleles and the probe used for Southern analysis in panel B. (B) Genomic DNAs of the wild-type strain YPH400, the snpl::ADE2/SNP1
heterozygous diploid YPH401, and the four sister spores of tetrad 2 were digested with Spel and analyzed by Southern blotting. The wild-type SNPI allele is contained
on a 3.7-kb Spel fragment, and the snpI::ADE?2 allele is contained on a 6.4-kb fragment. The blot shows the wild-type fragment of YPH400 (lane 1), one wild-type and
one snpl::ADE?2 disruption allele of YPH401 (lane 2), wild-type SNP! in spores 2A and 2B (lanes 3 and 4), and the snpI::ADE2 disruption allele in spores 2C and 2D
(lanes 5 and 6). (C) Columns 1 to 10 are 10 individual tetrads with spores placed vertically at positions A to D. Three of these ten dissections yielded four-spored tetrads
(2, 6, and 10), each with two fast-growing (SNPI1) and two slowly growing (snpl::ADE2) spores. All available markers were tested and segregated independently.
Wild-type spores at position D appear smaller than those at position A because of depletion of nutrients caused by growth of cells at the center of the plate (not shown).

This difference disappears after isolation to fresh media.

erated by a PCR strategy. First, two PCR fragments that border the glycine-rich
(Gly) domain deletion were generated. A 561-nucleotide amino-terminal frag-
ment that contained an Nhel site at the 3’ end just after aa 181 (PCR oligonu-
cleotides 70K AUG, 5'-GCGGATCCATATGAATTATAATCTATCC-3', and
AGlyl, 5'-CGGGCTAGCGCAGATTCTGTCTTTCATTTGG-3') was ampli-
fied. The 348-nucleotide carboxyl-terminal fragment that contained an Nhel site
at the 5' end just prior to aa 208 (PCR oligonucleotides AGlyIl, 5'-CGGG
CTAGCTATTCCAACAGAGACAGCAGG-3', and 70K F, 5'-TAACTGATGT
GCGGGTAATC-3") was amplified. The two PCR fragments were digested with
Nhel and subsequently ligated to yield an 899-nucleotide fragment carrying an
in-frame deletion of 26 aa within the glycine-rich domain. The regeneration of
the Nhel restriction site codes for two novel amino acids, alanine and serine, at
the deletion junction. This 899-nucleotide fragment was then digested with Ndel
and Xhol to yield a 710-nucleotide fragment and was subcloned into BS-SNP1
Ndel-Xhol. All BS-snpl mutant alleles were sequenced to confirm in-frame
deletions and point mutations. Subsequently, they were subcloned into the cen-
tromere-based plasmid pRS315 and sequenced again to confirm allele identity.

Coimmunoprecipitation of Snpl and Ul snRNA. Affinity-purified anti-TrpE-
Snp1 antiserum (100 wl) was coupled with 40 pl of protein A-agarose (Sigma) in
Ipp500 buffer (500 mM NaCl) for 1 h at 23°C (16). All reactions were performed
in a final volume of 500 pl. Beads were washed three times in Ipp150 buffer (150
mM NacCl) and then incubated with 25 pl of yeast splicing extract in Ipp150 for
1 h at 23°C. After brief centrifugation, supernatants were removed and saved.
Pellets were washed three times in Ipp150, with final suspension in 500 pl of
Ipp150. RNA was recovered from the supernatants and pellets and was then
analyzed for snRNAs by Northern blotting with y->?P-labeled probes. After
autoradiography, the film was analyzed by densitometry to determine the effi-
ciency of Ul RNA coimmunoprecipitation.

In vitro transcription. Plasmid pT719 was a kind gift from D. McPheeters. It
contains the yeast U1 gene under the control of the T7 phage promoter. A Bcll
linearized template was used to in vitro transcribe a 47-nucleotide fragment
encompassing stem-loop I of U1 RNA (U1/BclI) to a specific activity of ~1.1 X
107 cpm/p.g with [a-3?PJUTP as previously described (22, 34).

Construction of trpE-snpl mutant alleles and fusion protein expression. Con-
struction of the pATH3a-trpE-SNP1 fusion allele was previously described (22).
A PCR strategy was employed to amplify the entire coding region of each of the
BS-snpl mutant alleles. The amplified products were then swapped into the
corresponding region of pATH3a-trpE-SNPI. The oligonucleotides used in the
PCRs were 70K AUG, 5'-GCGGATCCATATGAATTATAATCTATCC-3', and
70K F, 5'-TAACTGATGTGCGGGTAATC-3'. The resulting PCR products
were subsequently digested with BamHI and Xbal and swapped into the vector
backbone of a BamHI-Xbal-digested pATH3a-trpE-SNPI construct. The trpE-
AS59, trpE-AT74, trpE-mOct, trpE-AGly, trpE-mOct-AGly, trpE-A156, trpE-A169,
and #pE-AC-1 constructs were each sequenced to confirm the in-frame fusion of

the mutant snp! allele to #7pE and the identity of deletion or mutant alleles.
Overexpression of the TrpE-Snpl mutant proteins was carried out as previously
described (22, 23) with the bacterial strain CAG456.

Mobility shift assay. For each reaction, 0.5 to 1.0 pmol of in vitro-synthesized
U1/Bcll RNA (stem-loop I) was denatured at 70°C and slowly renatured in 1.5
mM MgCl,. Approximately 5 pg of fractionated extract from each trpE-snpl
mutant-transformed strain was incubated with denatured-renatured U1/Bcll
transcript for 30 min in 10 mM Tris (pH 8.0)-60 mM NaCl-10% glycerol-0.05%
Nonidet P-40 in a 20-pl reaction mixture. Protein-RNA complexes were resolved
by electrophoresis in a 5% acrylamide gel (acrylamide-bisacrylamide, 29.2:0.8) as
previously described (22). The gels were dried and visualized by autoradiogra-

phy.

RESULTS

snpl-null strains are viable. The snpl::ADE?2 disruption al-
lele (Fig. 1A) was used to disrupt a single copy of SNP! in the
diploid strain YPH400, generating the snpl:: ADE2/SNPI het-
erozygous diploid YPH401. Integration of a single copy of the
snpl::ADE?2 disruption allele at the SNPI locus on one chro-
mosome was confirmed by Southern analysis (Fig. 1B, lane 2).

Strain YPH401 was sporulated, and tetrads were dissected
onto yeast extract-peptone-dextrose plates. Spores inheriting
the wild-type SNPI gene formed visible colonies within 2 days
at 23°C. In contrast, sister spores inheriting the snpl::ADE2
allele formed visible colonies approximately 10 days after dis-
section (Fig. 1C). The Ade2* and slow colony formation phe-
notypes cosegregated. Southern analysis of the tetrads re-
vealed the 2:2 segregation of the SNPI and the snpl::ADE2
alleles (Fig. 1B, lanes 3 to 6). The presence of intact disruption
alleles indicates that the viable spores did not result from loss
of the disruption allele by gene conversion. In this dissection,
50% of the snp1-null spores yielded viable colonies. We believe
that snpI-null spores are on the threshold of viability and that
the low spore viability reflects their difficulty in getting through
germination into vegetative growth. Interestingly, YPH401 tet-
rads dissected onto galactose medium resulted in approxi-
mately 90% snpI-null spore viability (data not shown). Thus, in
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FIG. 2. snpl deletion alleles. Diagrammed are the domains of Snpl and of the mutant Snpl proteins. The borders of the RRM and glycine-rich domains were
assigned on the basis of alignment to metazoan U1-70K. Thin lines represent the deleted regions of each protein, with the positions of the bordering amino acids
indicated. The construction of each allele is described in Materials and Methods. The allele names correspond to the number of deleted amino acids within the indicated
domains with the following exceptions: the AC-1 allele converted an alanine at position 220 to a UGA stop codon; the mOct allele converted three (in boldface type)
of the eight highly conserved RNP1 amino acids (from KGYAFIVF to LGTALIVF); and the AGly allele removed 26 aa in the glycine-rich region but introduced two
novel amino acids, alanine and serine, at the deletion junction. The ability to complement the snpI-null growth and temperature sensitivity phenotypes at various
temperatures is indicated to the right of each mutant allele. The large, medium-sized, and small plus signs indicate wild-type, intermediate, and poor growth,
respectively. The plus-minus combination indicates very poor growth, and the minus sign indicates failure to grow.

contrast to an earlier report (56), we found that yeast cells can
be viable in the absence of an intact SNPI gene.

To reconcile these results, we obtained strain a/a100 from V.
Smith and disrupted that strain with the snpl:: ADE?2 allele to
yield the heterozygous SNPI/snpl::ADE2 diploid, a/al05.
When dissected onto glucose medium, this strain does not give
rise to viable snpI-null colonies. However, we were able to
recover viable snpI-null strains when a/a105 was dissected on
galactose medium. Once recovered from galactose medium,
the a/a105-derived snpI-null strains are viable in glucose me-
dium, with growth rates that parallel those of the YPH401-
derived snpI-null strains. We believe that one difference in the
viability of YPH401 and a/a105 snpI-null strains is due to the
presence of a preexisting suppressor in the YPH401 genetic
background and that the activity of this suppressor is carbon
source dependent (17a).

Though viable, the snpI-null spores derived from both
YPH401 and a/a105 strains grow very slowly in glucose me-
dium. The doubling times of YPH401-derived snpI-null strains
2C and 2D are approximately fivefold longer than those of the
wild-type sister strains 2A and 2B at 25°C (data not shown).
This growth defect is not due to destabilization of Ul RNA, as
snpl-null strains contain levels of Ul RNA similar to those of
SNP]I strains (see Fig. 6, lanes 1 and 4). The snpI-null strains

are also strongly temperature sensitive, growing very slowly at
30°C and failing to grow at 33°C (see below).

Mapping the functional domains of SNP1. To characterize
the functional domains of the yeast 70K protein, we con-
structed a set of deletion alleles that remove various regions of
Snpl. The deletion alleles are diagrammed in Fig. 2. We first
tested each deletion allele for the ability to complement the
growth defect and the temperature sensitivity of snpl-null
strains. We transformed the a/a105-derived snpI-null strain,
105-2A, with each of the mutant snp! alleles. The null strain
was also transformed with the wild-type SNPI allele and, as a
negative control, was transformed with the pRS315 vector
alone. Transformation with the wild-type SNPI allele provides
wild-type growth, whereas the pRS315 vector-transformed
strain displays the null phenotype: slow growth at 25°C, ex-
tremely slow growth at 30°C, and no growth at 33°C (Fig. 3).

The slow growth and temperature sensitivity defects are
complemented by many snpl deletion alleles (Fig. 3). For
example, AC-1, which lacks the C-terminal 80 aa, restores
wild-type growth to the snpI-null strain. Deletions in the ami-
no-terminal domain, however, result in stronger phenotypes.
The A59 allele removes 59 aa within the amino terminus and
complements the growth defect of the snpZ-null strain at 25
and 30°C but allows only poor growth at 33°C. A larger dele-
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FIG. 3. Growth of snpl mutants. The snpl-null strain 105-2A was trans-
formed with each mutant snp1 allele as well as the wild-type SNP! allele and the
pRS315 vector containing no SNPI insert. Single transformants were colony
purified and subsequently assayed for their corresponding growth phenotypes at
various temperatures. Shown are the results of growth of each of the wild-type
SNPI, mutant snpl, and snpI-null (pRS315) strains. Approximately 15,000 cells
from each strain were spotted onto selective media and incubated at the indi-
cated temperature for 48 h. The key on the left indicates the arrangement of
strains on the plants.

tion in the amino terminus, A74, displays a growth pattern
identical to that of the null strain, indicating that this allele fails
to complement at all. These results indicated that the amino-
terminal domain contains residues important for Snp1 function
and suggested that a region of the amino-terminal domain
retained in A59 but removed in A74 was especially critical for
Snpl1 activity. To test this proposal, we constructed A16, which
deletes only this overlap region. However, A16 complements
fully, suggesting that redundant functional domains exist in the
Snpl protein and that A74 disrupts both of these functional
domains. Alternatively, the A74 allele may have failed to pro-
duce a stable protein. By Western blot (immunoblot) analysis
of Snpl mutant proteins in fractionated splicing extracts, we
are able to confirm the stable expression of the Snpl, Al6,
mOct, mOct-AGly, AGly, and AC-1 proteins (data not shown).
However, because of epitope loss and cross-reactive, comigrat-
ing proteins, we cannot conclusively demonstrate the stable
expression of A59, A74, A156, and A169. Since three of these
alleles (A59, A156, and A169) complement the wild type at
30°C, we are confident that all four snpl mutant proteins are
stably expressed.

A second set of mutant snpl alleles was targeted to the
highly conserved RRM and glycine-rich domains as specific
mutations, deletions, or combinations of mutations and dele-
tions. The mOct allele substitutes 3 aa at the first, third, and
fifth positions (in boldface type) of the highly conserved RNP1
octapeptide (KGYAFIVF to LGTALIVF). Amino acids 49 to
349 of human U1-70K, which contain the RNP1 octamer, allow
efficient binding of a 70K-LacZ fusion protein to human Ul
RNA in vitro (57). However, mutation of the first position in
the RNP1 octamer of this fusion protein results in failure to
bind Ul RNA. The co-crystal structure of a related RRM-
containing protein (U1A protein-U1l RNA stem-loop II) shows
multiple hydrogen bond interactions of octamer positions 3
and 5 with other RRM residues (39). Therefore, mutation of
these 3 aa is predicted to disrupt U1 RNA binding and proper
formation of the RRM structure. Surprisingly, the mOct allele
gives full complementation at all temperatures (Fig. 3).

The AGly allele deletes 26 aa within the glycine-rich region
that in human U1-70K protein forms part of the minimal Ul
RNA binding domain (42). The mOct-AGly double mutant is
predicted to completely ablate association of Snpl with stem-
loop I of Ul RNA. However, like the mOct allele, both AGly
and mOct-AGly also complement the growth of the snpl-null
strain, albeit less well at 37°C. These results demonstrate that
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the highly conserved RNP1 and glycine-rich domains are dis-
pensable for Snpl function.

To extend this observation, we constructed two alleles, A156
and A169, that completely remove the RRM and glycine-rich
domains. Strikingly, both of these alleles allow near-wild-type
growth up to 33°C (Fig. 3). The A156 allele complements as
well as AGly at 37°C, demonstrating conclusively that the
RRM and glycine-rich domains are not required for 70K func-
tion in vivo. The near-wild-type phenotypes of the RRM and
glycine-rich domain deletion alleles correlate with the viability
of the Ul RNA stem-loop I deletion strain (28). Both exper-
iments indicate that the conventional protein-RNA interaction
between the RRM domain of Snpl and Ul RNA stem-loop I
is not functionally critical.

To test if the amino-terminal domain is both necessary and
sufficient for in vivo function, we constructed the A156-C2
mutant snpl allele. This allele differs from A156 in that it
expresses only 8 carboxyl-terminal aa (aa 248 to 255) because
of an engineered stop codon at aa 256. The growth phenotype
and temperature sensitivity of the A156-C2 strain parallels
those of the A156 strain, including slow growth at 37°C (data
not shown). It is unlikely that the 8 carboxyl-terminal aa are
contributing function to the A156-C2 protein, as these residues
can be deleted without loss of function in the AC-1 protein. We
cannot rule out the possibility, however, that these 8 aa provide
a function redundant in the wild-type protein yet are critical in
the A156 context. Among the 8 carboxyl-terminal aa are two
serines and a threonine, which may be phosphorylation sites
that modulate the activity of Snpl. As yet, unlike the case for
human U1-70K (59, 61), we have no evidence for the regula-
tion of Snp1 activity by phosphorylation. Taken together, these
results strongly suggest that the amino-terminal domain of
Snpl is alone necessary for function.

snpl-null strains exhibit a defect in pre-mRNA splicing.
Although SNPI is a nonessential gene, the snpl::ADE2 gene
disruption strongly perturbs growth. To determine if this
growth defect is due to a reduction in pre-mRNA splicing
efficiency, we analyzed pre-mRNA splicing in the YPH401-
and a/a105-derived snpl-null strains. Surprisingly, primer ex-
tension analysis of efficiently spliced introns, including ACTI
and RPL32, revealed that these transcripts are spliced as effi-
ciently in the snpl-null strains as they are in the wild-type
strains (data not shown). A pre-mRNA splicing defect in the
snpl-null strains became apparent when we examined a num-
ber of transcripts characterized as inefficiently spliced. Primer
extension analysis of the MATal transcript revealed that
YPH401-derived snpl-null strains accumulate unspliced
MATal precursor RNA and splicing intermediates (data not
shown). Likewise, in the a/a105-derived snpl-null strains, the
splicing efficiency of the U34 and U3B pre-mRNAs is reduced,
as shown by the accumulation of precursor transcripts (Fig. 4,
compare lanes 1 and 2). Furthermore, we note that the accu-
mulation of the SARI mature transcript is greatly reduced in
these strains (see Fig. 5, lanes 1 and 2). The SARI transcript
contains a small intron that is very sensitive to alterations in U1
snRNP activity (22a). Accumulation of unspliced SARI pre-
mRNA is not concomitant with the reduced level of mature
SARI (data not shown). We presume that the SARI pre-
mRNA, if not efficiently spliced, is rapidly degraded. Thus, the
reduced steady-state level of SARI mRNA likely results from
the failure to splice SARI pre-mRNA. The reduced splicing
efficiency of these three transcripts demonstrates that Snpl is
involved in pre-mRNA splicing.

The amino-terminal domain complements the snpl-null
splicing defect. We examined each allele for the ability to
complement the snpl-null splicing defect. Again, we assayed
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FIG. 4. U3 splicing efficiency in snpI mutants. 105-2A strains carrying various
snpl alleles were grown to an A4y, of 0.5 at 25°C and then shifted to 30°C for 6
h. RNA was harvested from each snpl mutant strain and analyzed by primer
extension, using an oligonucleotide complementary to the pre-U34 and pre-U3B
genes. RNA from a prp2 strain shifted to 37°C is included for comparison of
splicing efficiency. The positions of unspliced pre-U34 and pre-U3B precursor
RNAs and of mature U3 RNA are indicated. Also indicated is the primer
extension product from a U6 oligonucleotide included as an internal control.
Shown are the primer extension products from RNA of each of the following
strains: lane 1, 105-2A-SNPI; lane 2, 105-2A-pRS315; lane 3, 105-2A-A59; lane
4, 105-2A-A74; lane 5, 105-2A-A16; lane 6, 105-2A-mOct; lane 7, 105-2A-mOct-
AGly; lane 8, 105-2A-AGly; lane 9, 105-2A-A156; lane 10, 105-2A-A169; lane 11,
105-2A-AC-1; lane 12, prp2 shifted at 37°C for 2 h.

splicing of the U34, U3B, and SARI transcripts by primer
extension analysis. In all cases, the ability of each allele to
complement the splicing defect correlates with its complemen-
tation of the growth defect. For example, A74, which fails to
complement the growth defect, also fails to complement the
snpI-null splicing defect and accumulates unspliced pre-U3A4
and pre-U3B transcripts (Fig. 4, compare lane 4 with lane 1
[SNPI] and lane 2 [Null]). The alleles that complement the
growth defect well, SNP1, A59, A16, mOct, mOct-AGly, AGly,
A156, A169, and AC-1 (Fig. 4, lanes 1, 3, and 5 to 11, respec-
tively) also significantly complement the splicing defect, al-
though the A156 and A169 alleles complement less well.
Similar results were obtained by primer extension analysis of
the SARI transcript. In this case, splicing efficiency was mea-
sured by the accumulation of SARI mRNA. SARI mRNA fails
to accumulate in a cold-sensitive U1 RNA mutant (Fig. 5, lane
12). Like the null strain, A74 accumulates little SARI mature
mRNA (Fig. 5, compare lane 4 with lane 1 [SNPI] and lane 2
[Null]), while A156 and A169 accumulate an intermediate
amount of spliced product (Fig. 5, lanes 9 and 10). All other
alleles show wild-type levels of the SARI mature transcript
(Fig. 5, lanes 1, 3, 5 to 8, and 11). These results show that the
growth and temperature sensitivities observed with snpl-null
strains correlate with a pre-mRNA splicing defect and, impor-

MoL. CELL. BIOL.

5
(O]
<
- = o
n._la;-rto(."o:g.o 3
Z 5 o ~ -~ O O © 2 2 +~ 2
w Z 49 <9 < E E 9« <« <9 O D
us
SAR1

1 2 3 4 5 6 7 8 9 10 11 12

FIG. 5. Abundance of SARI mature mRNA in snp] mutants. 105-2A strains
carrying snpl mutant alleles were grown to an A4 of 0.5 at 25°C and then shifted
to 30°C for 6 h. RNA was harvested from each snp! mutant strain and analyzed
by primer extension of an oligonucleotide complementary to the SAR! mRNA.
As a control, RNA was prepared from 105-2A strains carrying a wild-type SNPI
gene (lane 1) or vector alone (Null, lane 2). Also, RNA was prepared from a
strain carrying the UI-4U mutation that was shifted to 18°C for 6 h, conditions
under which this cold-sensitive strain fails to splice SAR! transcripts (lane 12).
The position of mature SARI mRNA is indicated, along with that of the primer
extension product from a U5 oligonucleotide included as an internal control.
Shown are the primer extension products from RNA of each of the following
strains: lane 1, 105-2A-SNPI; lane 2, 105-2A-pRS315; lane 3, 105-2A-A59; lane
4, 105-2A-A74; lane 5, 105-2A-A16; lane 6, 105-2A-mOct; lane 7, 105-2A-mOct-
AGly; lane 8, 105-2A-AGly; lane 9, 105-2A-A156; lane 10, 105-2A-A169; lane 11,
105-2A-AC-1; lane 12, strain U1-4U.

tantly, that the amino-terminal domain of Snpl is necessary to
complement these defects.

The amino-terminal domain associates with the U1 snRNP
in vive. Deletion of the RRM and glycine-rich domains was
expected to prevent the binding of Snp1 to stem-loop I of Ul
RNA. However, the fact that these alleles complement snpI-
null strain phenotypes suggests that they can still associate with
the Ul snRNP. To test if the snpl deletion alleles are associ-
ated with the Ul snRNP in vivo, we performed immunopre-
cipitations by using antisera raised against a TrpE-Snp1 fusion
protein (Fig. 6). We tested their association with the Ul
snRNP by assaying the immune supernatants and pellets for
the presence of Ul RNA by Northern blotting. When the
snpl-null strain carries a plasmid containing a wild-type copy
of SNP1, 81% of the U1 RNA is detected in the immune pellet
(Fig. 6, lane 2). However, in a null strain that contained the
pRS315 vector, no Ul RNA is coimmunoprecipitated (Fig. 6,
lane 5). Strikingly, the A156 allele permits coimmunoprecipi-
tation of 23% of the Ul RNA (Fig. 6, lane 8). Similar results
were obtained from coimmunoprecipitation experiments done
with 50 and 350 mM NaCl (data not shown). These results
indicate that the amino terminus of Snpl is sufficient to allow
in vivo association with the Ul snRNP. The A59, A16, mOct,
mOct-AGly, AGly, A169, and AC-1 snpI alleles also allow co-
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FIG. 6. Coimmunoprecipitation of Ul RNA with snpl-A156. Splicing extract
was prepared from 105-2A snpl-null strains containing a plasmid with wild-type
SNPI (SNP1-Leu), no SNPI (pRS315), or A156 (A156-Leu). Extracts were
immunoprecipitated in Ipp150 (16) with affinity-purified polyclonal antisera
against TrpE-Snpl. The immune supernatants and immune pellets were ana-
lyzed for the presence of spliceosomal snRNAs by Northern blotting with oligo-
nucleotide probes specific for the U1, U2, and U5 snRNAs. For each sample, the
unprecipitated total RNA (T), immune pellet RNA (P), and immune superna-
tant RNA (S) are shown. Lanes 1 to 3 are fractions of the 105-2A-SNP1 splicing
extracts. Lanes 4 to 6 are the fractions from the snpI-null strain 105-2A (trans-
formed with the vector alone) splicing extract. Lanes 7 to 9 are the fractions of
the 105-2A-A156 splicing extracts. Lanes 2 and 8 show specific coimmunopre-
cipitation of Ul RNA with the SNPI and A156 alleles. The U1 RNA yields two
bands because of partial degradation. Yeast cells contain two forms of the U5
RNA.

immunoprecipitation of Ul RNA (data not shown). The A74
allele fails to associate with the Ul snRNP, commensurately
with its inability to complement the growth and splicing de-
fects. We conclude that the RRM, glycine-rich, and carboxyl-
terminal domains are not required for the association of Snpl
with the Ul snRNP. Presumably, the amino-terminal domain
of Snp1 provides a second U1 snRNP interaction domain that
permits stable association. These results parallel those ob-
served with the human U1-70K protein described by Nelissen
et al. (37), in which an amino-terminal fragment (aa 1 to 97)
effectively associates with U1l core snRNPs.

The RRM and Gly domains are required for binding Ul
RNA in vitro. To address the possibility that the amino-termi-
nal domain binds U1 RNA directly, we tested the snpl deletion
alleles for binding to U1 RNA in vitro. We expressed the snpl
alleles as TrpE fusions in Escherichia coli and used a gel shift
assay to test the binding of the TrpE-Snp1 fusion proteins to an
RNA fragment encompassing stem-loop I of yeast Ul RNA
(Fig. 7). We have previously shown that the binding of the
TrpE-Snpl1 fusion protein to the RNA fragment is specific and
direct (22). The stable expression of the TrpE-Snpl fusions
was confirmed by Coomassie blue staining and Western blot
analysis (data not shown). TrpE fusions of the wild-type, AS9,
and AC-1 proteins bind to stem-loop I of Ul RNA (Fig. 7,
lanes 3, 4, and 10, respectively). However, all alleles that affect
the RRM or glycine-rich domains fail to associate with the
stem-loop I RNA fragment (Fig. 7, lanes 6 to 9). This result
agrees with prior studies of human U1-70K that demonstrated
that the RRM was essential for binding to stem-loop I in vitro
(42). Interestingly, TrpE-A74 does not bind the stem-loop I
fragment (Fig. 7, lane 5) even though this allele retains intact
RRM and glycine-rich domains. It is possible that A74, which
removes aa 19 to 92, perturbs the folding of the Ul RNA
binding domain predicted by alignment to human U1-70K to
begin at aa 96. This interpretation suggests that the A74 allele
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FIG. 7. Invitro binding of snpl mutants to U1 stem-loop I. TrpE-Snp1 fusion
proteins were expressed in E. coli CAG456, partially purified, and incubated with
a radiolabeled 47-nucleotide Ul RNA fragment encompassing stem-loop L.
Complexes were resolved on a 5% native polyacrylamide gel and visualized by
autoradiography. The position of the TrpE-Snp1-U1 RNA complex is indicated,
as is the position of the unbound Ul-stem-loop I RNA (free RNA). Lane 1,
RNA alone. Lane 2, RNA incubated with extract from CAG456 transformed
with the #rpE vector, pATH3a, with no SNPI fusion. Specific complex formation
is shown with the TrpE-SNP1, TrpE-A59, and TrpE-AC-1 extracts (lanes 3, 4,
and 10, respectively). TrpE-A74, TrpE-mOct, TrpE-AGly, TrpE-A156, and
TrpE-A169 (lanes 5 to 9, respectively) fail to form specific complexes with
stem-loop I. The fast-migrating complex with TrpE-A169 (lane 9) is a nonspecific
band, inconsistently seen in some extracts.

has debilitated both the amino-terminus- and the RRM-medi-
ated Ul snRNP association domains of the Snpl protein.

DISCUSSION

In this report we demonstrate that YPH401- and a/a105-
derived snpl-null cells are viable, in contrast to the initial
characterization of SNPI as an essential gene in the a/a100
strain. We also show that the Snpl protein is involved in
pre-mRNA splicing. Inefficiently spliced introns such as
MATal, U3A, and U3B accumulate splicing precursors, and the
abundance of SARI mRNA is drastically reduced in snpl-null
strains. In contrast, it is important to note that the snpl::ADE2
disruption has little influence on the splicing of efficient introns
such as ACT! (data not shown). We believe that the Snpl
protein is a constitutive splicing factor involved in the process-
ing of all introns. Inefficiently spliced introns, whose processing
is sensitive to slight perturbations in the splicing apparatus,
reveal the influence of Snpl on pre-mRNA splicing.

Unexpected features of Snpl. Analysis of domain deletion
alleles of Snpl shows several surprising and enlightening re-
sults. First, we show that the highly conserved RRM and gly-
cine-rich domains are not required for Snpl function in vivo.
snpl alleles harboring mutations and deletions within these
regions unexpectedly complement the snpl-null phenotypes up
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FIG. 8. Alignment of the amino-terminal residues of U1-70K proteins. Approximately 100 amino-terminal residues of human, X. laevis, D. melanogaster, and S.
cerevisiae sequences were aligned as previously described (56). Amino acids are grouped according to the method of Taylor (58) as follows: polar nonaromatic charged
(R,K,H); polar nonaromatic, nonpositive charged (T,S,N,D,E,Q); aromatic (H,W,Y,F); small hydrophobic (V,C,P,A,G); and large hydrophobic (F,M,L,1,V). Shaded
boxes represent identical residues in the alignment. Open boxes represent conserved substitutions in the alignment. Highlighted by a thin bracket are the two conserved
regions (1 and 2). Also indicated (by a thick bar) is the region of human U1-70K described as homologous to p305°¢ (43).

to 33°C. Furthermore, these mutant proteins efficiently asso-
ciate with the Ul snRNP in vivo, as shown by the ability to
coimmunoprecipitate Ul RNA when anti-TrpE-Snp1 antibod-
ies are used. These findings now explain the near-wild-type
phenotype of a stem-loop I deletion of U1 RNA (28); Snp1 can
associate with the U1 snRNP without the interaction between
the RRM and stem-loop 1.

snpl alleles with mutations in the RRM or glycine-rich do-
main expressed as TrpE fusions in E. coli fail to associate with
stem-loop I of U1 RNA in vitro. Although other regions of the
Snp1 protein could interact directly with U1l RNA, we are not
able to detect other interactions in vitro. For example, the
TrpE-Snpl and TrpE-A59 fusion proteins efficiently coimmu-
noprecipitate in vitro transcribed full-length Ul RNA, but
TrpE-A156 does not (data not shown).

The stable in vivo association of the RRM and glycine-rich
domain deletion mutants within the Ul snRNP is most likely
due to protein-protein contacts between Snpl and other Ul
snRNP proteins. Thus, analogous to human U1-70K, the as-
sociation of Snpl with the Ul snRNP is bipartite. The RRM
binds stem-loop I of Ul RNA, and the amino terminus inter-
acts with some other snRNP component. Strong candidates for
the protein-protein interaction partner(s) of Snpl are the Sm
proteins. Human U1-70K was shown to chemically cross-link
to Sm D2 and B’/B (37). Four yeast Sm core proteins have
been characterized: Smdl (47), Smd3 (45), and, recently, ho-
mologs of the metazoan F and G Sm proteins (49). It will be of
interest to test if these proteins interact with Snp1.

The Snpl protein tolerates mutations and deletions in all
regions of the protein except the amino terminus. The A59
allele is able to complement the snpI-null strain fully at 30°C,
yet the additional deletion of 16 carboxyl-terminal aa to yield
A74 results in an snpI-null phenotype. The A74 allele is pre-
dicted to have an intact Ul RNA binding domain and to be
able to form a stable complex with stem-loop I of Ul RNA.
Interestingly, A74 fails to associate with the Ul RNA in vivo
and in vitro. We note that the homologous minimal Ul RNA
binding domain of Snpl1 is predicted by alignment to human
U1-70K to initiate just 4 residues downstream of the A74
junction, at aa 96. Therefore, it is possible that this allele has
perturbed, at least locally, the structural arrangement or fold-
ing of the Ul RNA interaction domain. Thus, the A74 allele
deletes the protein-protein interaction domain and likely per-
turbs the stem-loop I interaction domain, resulting in a null-
like phenotype.

Snpl was functionally characterized as the yeast Ul-70K

homolog on the basis of the ability of a chimeric, yeast-human
protein containing the central 188 aa of human U1-70K to
restore viability (56). On the basis of our observations of the
dispensability of the RRM and glycine-rich domains, we be-
lieve that the complementation observed was due to a homol-
ogous functional domain provided within the amino-terminal
region of human U1-70K.

Within the amino terminus of metazoan U1-70K proteins
are two regions found to be highly conserved, depicted as
regions 1 and 2 in Fig. 8. Among humans, Xenopus laevis, and
Drosophila melanogaster, the first region of 32 aa is 100%
conserved, with 75% identity. The second region, located more
centrally within the amino terminus of metazoan U1-70K pro-
teins, is 100% conserved, with 66% identity. Snpl was not
initially recognized as sharing in the strong conservation of
these two amino-terminal regions. Upon further inspection,
however, we believe that significant homology is maintained
within these regions of the amino terminus of the yeast U1-70K
protein. An alignment of the first 100 aa from S. cerevisiae, X.
laevis, D. melanogaster, and human U1-70K proteins is shown
in Fig. 8, and displays, overall, 43% conservation and 15%
identity. Within the first 32 aa, the yeast sequence maintains
59% conservation and 25% amino acid identity with the meta-
zoan U1-70K sequences. The second region is identical in this
alignment at only 13% yet maintains significant conservation,
at 53%. Strikingly, the second conserved region overlaps con-
siderably the p30*® homology region of human U1-70K de-
scribed by Query and Keene (43). Given the functional signif-
icance of the amino terminus of the human and yeast U1-70K
proteins, we are intrigued at the possibility that these two
regions may represent functional domains of the amino termi-
nus.

The carboxyl terminus of Snpl does not share the arginine-
rich domains found in metazoan 70K and is completely dis-
pensable for function (AC-1). The carboxyl RS domain of
human U1-70K participates in a protein-protein interaction
with a similar domain in SF2/ASF (24) and suggests a model
for 5' splice site recognition and association. Thus, in S. cer-
evisiae, other Ul snRNP-associated proteins may be contrib-
uting to the 5’ splice site recognition and association. A recent
biochemical analysis of the yeast Ul snRNP found that it
contains, in addition to the Sm core proteins, nine Ul-specific
proteins (14). One or more of these may be interacting specif-
ically with Snp1 in the U1 snRNP. Identification and functional
characterization of these protein-protein interactions will help
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us understand the roles of snRNP proteins in pre-mRNA splic-
ing.
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