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ABSTRACT Here we report the rapid identification of the
proteins of the spliceosomal U1 small nuclear ribonucleopro-
tein (snRNP) from the yeast Saccharomyces cerevisiae by
searching mass spectrometric data in genomic sequence da-
tabases. The Ul snRNP, containing a histidine-tagged 70K
protein, was isolated from cell extracts by anti mzG-cap
immunoaffinity and subsequent nickel nitrilotriacetic acid
chromatography. A Ul snRNP fraction containing 20 proteins
was obtained. Further purification by glycerol gradient cen-
trifugation identified nine U1 snRNP specific and six common
proteins. The Ul snRNP proteins were partially sequenced by
nanoelectrospray mass spectrometry, and their genes were
identified in the data base via multiple peptide sequence tags.
Apart from the already known common proteins D1, D3, F,
and G, the D2 and E homologs were also identified. The same
six common proteins were detected in core U2 snRNP, which
was purified and analyzed separately. The biochemical asso-
ciation of these six proteins with yeast snRNPs is shown here
for the first time. Intriguingly, the Sm B/B’ homolog was not
detected. In addition to the well characterized yeast Ul
specific proteins [U1-70K (Snplp), Ul-A (Mudlp), Prp39p,
and Prp40p] the homolog of the U1-C protein was identified
together with four additional novel U1 specific proteins, which
are not found in mammalian Ul. This is the first time that the
components of a multiprotein complex from an organism with
a sequenced genome have been characterized by mass spec-
trometry. The technique should be applicable to any protein
complex that can be biochemically purified from an organism
whose genome is known.

Many vital functions of the cell are carried out by large protein
complexes. Although sophisticated biochemical purification
methods allow the isolation of such complexes, the character-
ization of their components has been difficult and time con-
suming at best and often precluded altogether by the low
amount of isolated protein available.

Mass spectrometric data can now be obtained from proteins
at a high sensitivity. Recently, methods have been developed
to screen such data against sequence databases (for review, see
ref. 1) and a first large scale protein identification project has
been completed (2). Partial peptide sequence information
obtained by electrospray (3, 4) tandem mass spectrometry can
be assembled easily into a “peptide sequence tag,” basically a
short stretch of amino acids combined with the measured
distance in mass to the N and C termini of the peptide (5). In
this scheme, two to three amino acids are sufficient to identify
a unique peptide in large sequence databases. Using nano-
electrospray mass spectrometry (6, 7) of unseparated peptide
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mixtures, proteins from silver-stained gels can be sequenced in
the subpicomole range (8). The combination of these analyt-
ical tools with complete genome information in model organ-
isms such as yeast now provides a ready route to any gene using
the small amounts of proteins obtained by excision from gels.

A promising field for application of this new technique is the
splicing machinery, especially in the yeast Saccharomyces
cerevisiae. The U1, U2, U4, U5, and U6 small nuclear ribo-
nucleoprotein particles (snRNPs) are essential components of
the spliceosome, the complex that catalyzes the excision of
introns from the primary gene transcripts (refs. 9 and 10 and
references therein). Mammalian snRNPs consist of one RNA
molecule and two sets of proteins. Eight common proteins,
B/B’, D1, D2, D3, E, F, and G (also called Sm proteins) are
associated with all of the snRNPs except U6. In addition, every
snRNP contains several particle specific proteins (11).

Most research on the splicing process is performed in human
(HeLa) cells and the yeast S. cerevisiae. The high copy number
of snRNPs in HeLa cells allows biochemical experiments,
while genetics cannot be performed. In yeast, in contrast, genes
involved in splicing were generally identified by genetics or by
searching for homologs of already characterized human pro-
teins (9).

Recently, the isolation of yeast snRNPs was successfully
performed by anti-m3G-cap affinity chromatography on whole
cell extracts (12). Characterization of the protein components
by SDS/PAGE indicated the existence of common and particle
specific snRNP proteins in yeast, as in the mammalian case.
The identification of individual yeast snRNP proteins was not
possible, due to insufficient material for conventional micro-
sequencing and impurity of the fractions obtained. Moreover,
efficient methods of protein determination, similar to the one
described here, had not yet been developed.

U1 snRNP is the first snRNP contacting the pre-mRNA by
base pairing of the 5’ end of its RNA with the 5’ splice site of
the pre-mRNA (9, 10). The yeast Ul snRNP is larger (18S
particle) and contains more proteins (at least 15) than its
human counterpart (12S particle, 11 proteins) (12). The dif-
ferent size and protein composition of human and yeast Ul
snRNPs might well reflect differences in the early steps of the
splicing process between the two species (12).

Several yeast U1 snRNP proteins have already been iden-
tified by genetic means or homology searches in the yeast
genome sequence. The yeast Ul specific proteins Snplp
(homolog of the human U1-70K protein), Mudlp (homolog of
the human U1-A), Prp39p, and Prp40p, which have no known
human counterpart, are well studied (13-16). Some of the
homologs of human Sm proteins have been identified also: D1,
D3, F, and G (17-19). These four proteins have been cloned,
and an association with yeast snRNAs was demonstrated by
immunoprecipitation assays (17-19). Yeast homologs of the

Abbreviations: snRNP, small nuclear ribonucleoprotein particle; Ni-
NTA, nickel nitrilotriacetic acid.
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Sm proteins B/B’, D2, and E, as well as the U1 snRNP specific
protein C, however, have not been described yet.

Here we report the preparative isolation of Ul snRNPs
from yeast using a strain that expresses the Ul specific
protein Snplp with a histidine tag on its N terminus. Highly
purified Ul snRNP particles were isolated, their proteins
were partially sequenced by nanoelectrospray mass spec-
trometry, and the corresponding genes were identified in the
database. The D1, D2, D3, E, F, and G proteins were all
identified unequivocally. The association of D2 and E with
yeast snRNPs is shown here for the first time. In a separate
analysis, U2 snRNP was shown to contain the same six
common proteins as Ul snRNP. Surprisingly, no Sm B/B’
homologs appear to be present in the yeast snRNPs analyzed
so far. Among the specific proteins of the yeast Ul snRNP,
we clearly detect U1-70K (Snplp), U1l-A (Mudlp), Prp39p,
and Prp40p. In addition, we have identified the homolog of
the human U1-C protein and four novel specific proteins of
molecular masses of 52, 55, 57, and 77 kDa. The correspond-
ing genes of all of them were found in the data base.

MATERIALS AND METHODS

Preparation of Extracts, Immunoaffinity, Affinity, Mono-Q
Chromatography, and Gycerol Gradients. Yeast strain
BSY283 (MATa, ade2, arg4, leu2-3, 112, trp1-289, ura3-52,
snpl::LEU2) carrying plasmid pBS357 (SNPI with N-terminal
hexahistidine tag, CEN, TRPI) was grown at 30°C in 16 liters
of YPD medium (1% yeast extract/2% peptone/2% dextrose)
to ODgop = 3. Whole cell extracts were prepared as described
(12). Extracts were dialyzed against buffer D200 [20 mM
Hepes-KOH (pH 7.9)/200 mM KCl/8% glycerol/0.5 mM
DTT/0.5 mM phenylmethylsulfonyl fluoride/4 ug/ml pepsta-
tin]. For the purification of snRNPs, anti-m3G chromatogra-
phy was performed as described (12), except that EDTA was
omitted from all buffers. Nickel nitrilotriacetic acid (Ni-NTA)
affinity chromatography was performed as follows. The salt
concentration of the snRNP eluate was raised to 300 mM KCIL.
Total snRNPs were passed over a 500-ul bed volume Ni-NTA—
agarose column, preequilibrated with buffer D300 (as buffer
D200, but containing 300 mM KCI and 10 mM 2-mercapto-
ethanol instead of DTT). After washing with 12 bed volumes
of buffer D300 containing 0.8 mM imidazole and with 8 bed
volumes of buffer D300 containing 8 mM imidazole, Ul
snRNP was eluted with buffer D300 containing 40 mM
imidazole, yielding 10-20 ug of U1 snRNP.

Mono-Q FPLC was performed as described (20). The
flow-through of the Ni-NTA column was diluted with buffer
DEO [20 mM Tris'HCI (pH 6.8)/1.5 mM MgCl,/0.5 mM
DTT/0.5 mM PMSF] to a final concentration of 100 mM KCI.
After loading onto a 100-ul Mono-Q column (Pharmacia),
elution was performed using a three-step salt gradient from 50
to 1000 mM KCl in buffer DE. 100-ul fractions were collected.

Glycerol gradient centrifugation was performed as de-
scribed (12), except that all buffers contained 0.01% Nonidet
P-40. About 10 pg of Ul snRNPs were loaded on a linear
10-30% (wt/vol) glycerol gradient. After centrifugation,
500-ul fractions were taken from the top, and proteins and
RNA were analyzed by gel electrophoresis. Identical gradients
loaded with total yeast RNA and/or with T7 Ul RNA as
sedimentation markers were run for comparison.

In Gel Digestion of snRNP Proteins. A Ni-NTA fraction
containing about 5-10 ug of proteins was extracted using
phenol/chloroform/isoamylalcohol (50:49:1); proteins were
precipitated from the organic phase with acetone, fractionated
by 12% SDS/PAGE, and stained with colloidal Coomassie
blue (Sigma). The same was done for fractions containing core
U2 snRNP. In gel digestion and subsequent extraction of the
peptides was carried out as described previously (8, 21). The
protein bands were excised, washed, in gel-reduced, and alky-
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lated, followed by in gel digestion with trypsin (Boehringer
Mannheim, sequencing grade). The resulting peptides were ex-
tracted in several steps and dried down in a vacuum centrifuge.

Nanoelectrospray Mass Spectrometry. The peptide mixture
was desalted in a capillary needle as described (7, 8). The
unseparated peptide mixture was step-eluted with a total
volume of 0.5-1 ul of 50% methanol/5% formic acid directly
into the spraying needle of the nano electrospray ion source
developed in our group (6, 7). All experiments were carried out
on a Sciex API III triple quadrupole instrument (Sciex,
Perkin—-Elmer). Sequencing time per peptide mixture was
30-60 min on a sample volume of about 0.5-1 ul.

Database and Homology Search. PEPTIDESEARCH (5), a
program for correlating mass spectrometric information with
sequence data bases, was used to search peptide sequence tags
in a comprehensive nonredundant data base, which currently
contains about 200,000 entries. No constraints on protein
molecular weight or species of origin were specified. Homol-
ogy searches were performed using BLITZ, BLAST, and FASTA.

RESULTS

Purification of Ul snRNPs. Ul snRNPs were highly en-
riched by a two-step purification. In the first step, all of the
m3G-capped snRNPs (including nucleolar snRNPs) were iso-
lated from whole cell extracts by anti-mzG immunoaffinity
chromatography as described previously (12), except that a
strain was used that expresses a histidine-tagged U1-70K
(Snplp) protein. From this mixture of snRNPs, U1 snRNP was
specifically purified by Ni-NTA chromatography. Fig. 14
shows the RNA analysis of the Ni-NTA column. The Ul
snRNA is by far the predominant RNA species in the fraction
eluted with 40 mM imidazole. In addition to Ul RNA, U5
RNA is also detected, however, to a much lesser extent, as
compared with the U1 RNA. Co-isolation of some U5 snRNP
with the U1l snRNP on the Ni-NTA column may be due either
to an U1-US interaction or to the presence of a histidine-rich
sequence in one of the U5 specific snRNP proteins. The
Ni-NTA eluate exhibits 20 protein bands that have the appar-
ent molecular weights listed in Fig. 1B. When the Ni-NTA
eluate was further subjected to glycerol gradient centrifuga-
tion, the Ul and U5 snRNP particles could be separated at
least in part (Fig. 1C, RNA analysis), resulting in a pure Ul
snRNP preparation (fractions 16 and 17, Fig. 1C). Fig. 1D
shows the protein composition of these snRNP fractions. We
observed 15 proteins that clearly co-sediment with the yeast
U1 RNA. These 15 proteins have apparent molecular masses
of 9,10, 11, 12, 15, 18, 31, 32, 34, 37, 52, 55, 57, 69, and 77 kDa.
Fraction 13 and 14 contained mainly U5 RNA and US5 proteins
(Fig. 1 C and D). The two proteins of 36 and 38 kDa (Fig. 1B,
asterisks) were found at the top of the gradient (data not
shown). Thus, they are likely contaminants.

Identification of Yeast snRNP Proteins by Nanoelectro-
spray Mass Spectrometry and Detection of Their Genes by
Database Search. As a source for nanoelectrospray mass
spectrometry of the Ul snRNP proteins we used the Ni-NTA
eluate shown in Fig. 1B, which contained the Ul as well as
some of the U5 proteins. All of the 20 proteins visualized by
Coomassie blue staining were partially sequenced by nano-
electrospray tandem mass spectrometry and their genes iden-
tified by database search (Table 1). The protein bands were
excised from the gel and digested in gel with trypsin after
reduction and alkylation of cysteine residues. The resulting
peptides were extracted and desalted in a single step. The
unseparated peptide mixture was then analyzed by nanoelec-
trospray mass spectrometry (6, 7) on a triple quadrupole mass
spectrometer. For each protein digest, a mass spectrum of the
peptide mixture or “peptide mass map” was acquired by
scanning the first quadrupole Q; (Fig. 24). Then peptide ion
peaks of interest were selected in turn by Q; and fragmented
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FiG. 1. Purification of U1 snRNPs from S. cerevisiae. (A) Silver staining of snRNAs eluted from anti-m3G-cap (m’G eluate) and Ni-NTA affinity
columns (Ni-NTA eluate). The positions of U1l and U5 (long and short form) RNAs are indicated. (B) Proteins of the total snRNPs (m’G eluate)
were stained with silver. The proteins of the Ni-NTA eluate were stained with Coomassie blue and then partially sequenced by mass spectrometry.
We estimate the protein amounts to be between 5 and less than 1 picomole. Proteins of 216, 115, and 42 kDa are associated with U5 snRNPs (see
gradient centrifugation, C and D). The two proteins of 36 and 38 kDa (asterisks) are contaminants. All of the other proteins are Ul
snRNP-associated. The band of 69 kDa contained two U1 specific proteins, Prp39p and Prp40p. The U1-C protein was identified in two bands
of 32 and 31 kDa. Six yeast common snRNP proteins were identified in the low molecular weight region between 9 and 18 kDa. Molecular weights
are indicated in kilodaltons. (C) U1 and US snRNPs were separated on a glycerol gradient, and the snRNAs of the corresponding fractions were
stained with silver. U1 and U5 snRNAs are indicated. 18S U1 snRNP peaks in fractions 16 and 17, whereas 15S U5 snRNP peaks in fractions 13
and 14. The RNA in the U3 region (asterisk), which co-migrates with U5, was not present in the preparation used for the sequencing of proteins.
(D) Proteins of separated U1 and U5 snRNPs were stained with silver. Proteins of 216, 115, and 42 kDa co-migrate with U5 RNA. All of the other
proteins co-migrate with U1 RNA. The common proteins of molecular masses ranging from 9 to 18 kDa co-migrate with U1 as well as U5 RNAs.
U1 snRNP proteins are indicated on the right, U5 proteins on the left. The band at 49 kDa (asterisk) is a RNase inhibitor.

14 -

in the collision cell Q,, and the fragments were separated by The complete peptide sequence is verified by comparing the
the third quadrupole Qs. For each peptide a tandem mass tandem mass spectrum with the predicted one for the
spectrum is thus obtained which contains “nested” sets of retrieved sequence. Since several peptides are fragmented
fragments produced by cleavage at adjacent peptide bonds for each protein, identifications by this method are certain
(one cleavage per peptide ion) and which differ in mass by rather than probable.

the molecular weight of one amino acid residue. As shown in In this way all of the proteins of Fig. 1B have been identified
Fig. 2 B and C, it is straightforward to construct a peptide unequivocally. This method also allows the identification of a
sequence tag (5) from the tandem mass spectrum, which is mixture of two proteins which co-migrate in one single band

sufficient to retrieve the peptide uniquely from the database. (Fig. 3). This is shown for the identification of the U1 specific
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Table 1. Identification of yeast Ul snRNP proteins

M, M, Corres-
(app.) (calc.) Peptides  Protein ponding Accession
(kDa) (kDa) sequenced  name gene number
69 75.1 7 Prp39p PRP39 129224
69 69.1 3 Prp4d0p  PRP40 P33203
37 344 3 Mudlp MUDI P32605
34 344 2 Snplp  SNPI X59986
31 27.0 3 Ul-C SCL8003 17  U17243
18 16.3 3 SmD1 SMDI Q02260
15 12.1 5 SmD2  SCL93283 U17245
12 10.4 1* SmE SC55020 15 U55020
11 9.6 2 SmF SCL9705 11 U25842
10 11.2 4 SmD3  SMD3 P43321
9 8.5 2 Sm G SNP2 P40204

*The identity of this peptide was further ascertained by methylation
and 180-labeling.

proteins Prp39p and Prp40p, which co-migrated in the 69-kDa
band (see Figs. 1B and 3 below).

The Sm Proteins D1, D2, D3, E, F, and G but not B/B’ Are
Found in Yeast Ul and U2 snRNPs. Fig. 1D shows that the low
molecular weight proteins ranging from 9 to 18 kDa co-
sediment, after glycerol gradient centrifugation, with Ul as
well as with U5 snRNAs, making them candidates for the
common Sm proteins. These six proteins were sequenced as
described above and identified as the yeast homologs of the
human Sm proteins D1, D2, D3, E, F, and G (12-19, 23, 24).
The yeast homologs of D2 and E were identified here for the
first time. As it was shown previously for D1, D3, F, and G
(17-19, 24, 25), D2 and E are also evolutionarily highly
conserved. Fig. 4 A and B show an alignment between the
human and yeast E and D2 Sm proteins, respectively. The yeast
Sm E and D2 have apparent masses of 12 and 15 kDa and share
46.7 and 58.3% identity with their human counterpart, respec-
tively. Both proteins possess high homology in the two regions
termed Sm motifs 1 and 2, which are found in all of the known
Sm proteins from diverse organisms (19, 24, 25).

Considering that the yeast Sm proteins D1, D2, D3, E, F, and
G were identified in purified Ul snRNPs, it was unexpected
that no yeast Sm B or B’ proteins were detected. By searching
the database for homologs of the human B/B’, we found a
putative yeast B/B’ Sm protein. However, if present, this
protein must be loosely associated with the yeast snRNPs and
thus dissociates at the salt concentration (300 mM) used during
fractionation.

To investigate whether all of the yeast snRNP preparations
lacked Sm B/B’ or whether this was a peculiarity of the Ul
snRNP, we purified yeast core U2 snRNPs in three chromato-
graphic steps (see Materials and Methods). Core U2 snRNPs
were isolated from the Ni-NTA flow-through by Mono-Q
anion-exchange chromatography at about 600 mM KCI. Again,
six proteins in the molecular weight range of 9 to 18 kDa were
co-isolated with the U2 RNA (data not shown). The Sm
proteins are known to be stably associated with the human
snRNAs, even at high salt concentrations. Sequencing of the
proteins from the yeast core U2 snRNP preparation revealed
that they were identical to the Sm proteins of the yeast Ul
snRNP. Again the yeast Sm B/B’ homolog was not detected.
We conclude that B/B’ is absent from all of our snRNP
preparations, raising the question whether this protein is lost
during fractionation of snRNPs or whether it is not associated
at all with the yeast snRNPs.

All of the Known Yeast Ul-Specific Proteins, Including
U1-C and Four Novel Proteins, Are Present in Purified Yeast
Ul snRNPs. All of the known U1 specific proteins previously
identified by genetic means, namely U1-70K (Snplp), Ul-A
(Mudlp), Prp39p, and Prp40p (13-16), were identified in
purified yeast Ul snRNPs. These were found in the protein
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FiG. 2. Identification of the 15 kDa band of Fig. 1B by mass
spectrometry. (4) Part of the mass spectrum of the peptide mixture
obtained after digestion of the protein band. (B) Fragmentation of the
peak at m/z 756.9 in part A. Mass spectrum of the fragments obtained
by scanning the third quadrupole Q3. The prominent fragments in the
high molecular weight region are spaced by amino acid molecular
weights and reveal the partial sequence LEEL as shown by the arrows
(note that the isobaric amino acids leucine and isoleucine are indis-
tinguishable by our method). The sequence stretch, together with its
starting mass, its end mass, and the molecular weight of the peptide are
entered into a database searching program (PEPTIDESEARCH) where
they are converted to a peptide sequence tag. Search of the tag in a
nonredundant database uniquely retrieves the sequence
AELEELEEFEFK from gene 19328.5 (GenBank). The predicted
C-terminal or Y” ion fragments (4, 22) of this peptide are marked in
the spectrum and verify the complete sequence. (C) Protein sequence
of gene 1.9328.5. Five peptides were partially sequenced that identified
peptides from the gene as indicated by underlining (those within the
mass range are also marked by bullets in 4). The partial sequence
deduced from B is in gray and the complete peptide is boxed.

bands of apparent molecular masses of 34 kDa (U1-70K), 37
kDa (U1-A), and 69 kDa (Prp39p and Prp40p, which co-
migrated in the same band) (Figs. 1 B and D and Fig. 3). In
addition to the 70K and A proteins, the human Ul snRNP
contains a third Ul specific protein, U1-C (11). We identified
a homolog of the human U1-C also in yeast Ul snRNP
particles (Fig. 1 B and D). The yeast U1-C migrates as a double
band of molecular masses of 31 and 32 kDa. We do not know
whether this doublet is due to degradation of the U1-C protein
or to posttranslational modifications. In this respect, it is
interesting to note that the human U1-C protein shows,
reproducibly, a similar double band after gel electrophoresis
(11). Fig. 4C shows an alignment of human and yeast U1-C
proteins. The N-terminal 40 amino acids of the two C proteins
show 50% identity. Interestingly, the yeast protein contains the
same zinc finger motif of the CC—HH type with the corre-
sponding amino acids in identical positions (ref. 26; Fig. 4).
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Fic. 3. Identification of Prp39p and Prp40p in the 69 kDa band of
Fig. 1B. Part of the tandem mass spectrum of peptides extracted from
the band. The marked peaks have been sequenced, and their peptide
sequence tags searched in the data base. They mapped to the indicated
sequence range in Prp39p (stars) or Prp40p (bullets). The sequenced
peptides cover 106 and 41 amino acids for Prp39p and Prp40p,
respectively; thus identification of both proteins is certain.

The C-terminal parts of the two proteins show almost no
homology.

Four novel proteins with molecular masses of 52, 55, 57, and
77 kDa were similarly sequenced and identified in the database
(Fig. 1 B and D). These proteins co-migrate exclusively with U1
but not with U5 snRNAs after glycerol gradient fractionation
(Fig. 1D, fractions 15, 16, and 17). Thus, they are good
candidates for additional U1 specific proteins. However, even
though they co-elute with the U1 RNA from Mono-Q columns
(data not shown), their specific association with Ul snRNPs
will have to be demonstrated by additional techniques.

DISCUSSION

The recent advances in mass spectrometry combined with the
availability of completely sequenced genomes open new ex-
citing possibilities in the analysis of protein-containing com-
plexes, as demonstrated here with the S. cerevisiae U1 snRNP.
Mass spectrometry combined with database searching was
applied here for the first time to characterize the components
of a multiprotein complex.

Isolation of the yeast U1 snRNP was performed successfully,
despite the low abundance of snRNPs in yeast. All of the

A
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proteins associated with yeast Ul RNA and their correspond-
ing genes were identified by nanoelectrospray mass spectrom-
etry combined with peptide sequence tag searching. The
extremely low flow rate of the nanoelectrospray ion source
allowed collection of sequence information of low amounts of
peptides out of the unseparated digest mixture, which, together
with the mass information of the peptides, yielded reliable
identification of the proteins. The lack of any chromatographic
procedures for the separation of the peptides makes this
method fast and robust, which allowed us to analyze the whole
complex in a few weeks. In no case did additional analytical
techniques have to be employed for the certain identification
of protein bands.

Similar to its human counterpart, the yeast Ul snRNP is
composed of common and specific proteins. We have identi-
fied unequivocally only six yeast common proteins: D1, D2, D3,
E, F, and G as compared with the human counterpart, which
contains two additional Sm proteins: B and B’ (11). Of these,
D2 and E were identified as Ul components for the first time,
while the others were identified previously by other means
(17-19). Since D2 and E were also identified in purified U2
snRNPs, it is likely that they are associated with the other
m3G-capped yeast snRNAs as well (i.e. U4 and US5; Fig. 1D).
The identification of these six proteins in yeast snRNPs is
shown here for the first time by a direct biochemical approach.
Like D1, D3, F, and G, D2, and E are evolutionarily highly
conserved (about 50% identity with their human counterparts;
Fig. 4 4 and B). Considering the structural conservation of the
six Sm proteins, it is surprising that we were unable to identify
a yeast homolog of the vertebrate Sm B/B’ protein. We
exclude that the yeast B/B’ was not detected because of
possible co-migration in the gel with one of the other Ul
proteins, since the mass spectrometry technique would have
been able to detect the B/B’ candidate even at a molar ratio
of 1:5. As a positive control, we have been able to identify
Prp39p and Prp40p in the same protein band (Fig. 3). We
cannot finally answer the question whether yeast U1 snRNPs
contain a counterpart of the human B/B’ protein or whether
B/B' is only loosely associated with U1 snRNPs and dissociates
from the particle during the biochemical fractionation. We
have identified a candidate for a yeast B/B’ counterpart in the
data base (22.4 kDa, accession no. P40460, data not shown),
however, we do not know yet whether the putative Sm B/B' is
a bona fide yeast homolog. Additional experiments, such as
tagging of its gene, would be required to show co-
immunoprecipitation of the putative yeast Sm B/B’ with
snRNAs.

1 MSNKVKT--- -KAMVPPINC IFNFLQQQTP VIIWLEEQIG IRIKGKIVGF DEFMNVVIDE AVEBIPVNSAD GKEDVEKGTP [LGKL: GDN TTEITSAD 94 scC
M K MV PIN IF LQ WL, EQ RI G I GF DE MN V. D A EI K 5 s
1 MAYRGQGQKV QKVMVQPINL IFRYLQNRSR IQUWLYEQUN MRIEGCIIGE DEYMNLVLDD AEEIHSKTKS RKQ-—---—- T N TTLHQSVSN 92 Hs

1 MKITL----—- LKRAELEELE EFEFKHGPMS LINDAMVTRT BVITSLRNNH KITARVRAFD RHCRMVLENV KEDWTE )
M EL EEEF GP S T I RNN K RVKAFD RHCNMVLENV KE WTE ISK  FLRGDSVIVV
1 MSLLNKPKSE MTPEELQKRE EEEFNTGPLS VLTQSVKNNT QVLINCRNNK KLLGRVKAFD RHCNMVLENYV KEMWTEVPKS GKGKKKSKPV -NKDRYLSKM FLRGDSVIVY LRNPLIAGK 118  HS

103 sc

1 MTRY SYLTHDTLSV ‘EI VG LRITADYYRN ----KARDIT NKHNHKRRHI GKRGRKEREN SSQNETL--K VTCLSNKEKR HIMHVKKMNQ KELAQTSIDT LKLLYDGSPG 114 sc
M YLTHD SV RK G DYY p:y I K L M M PG
1 MPKF TYLTHDSPSV RKTHCSGRI KENVKDYYQK WMEEQAQSLI DKTTAAFQQ- GKIPPTPFSA PPPAGAMIPP PPSLPGPPRP GMMPAPHMGG PPM------- MPMMGPPPPG 112 Hs
115 YSKVFVDANR FDIGDLVKAS KLPQRANEKS AHHSFKQTSR SRDETCESNP FPRLNNPKKL EPPKILSQWS NTIPKTSIFY SVDILQTTIK ESKKRMHSDG IRKPSSANGY KRRRYGN 231 sc
P H P P T P G P
113 = e MMPVG PAPGMRPPMG GH--—-—--= —mmmee—e—a—— MPMMPGPPMM RPP-ARPMMV PTRP MTRPDR 159 HS

Fic. 4. (A) Alignment of the yeast and human proteins Sm E. The Sm motifs 1 (boxed in light gray) and Sm motif 2 (boxed in dark gray) are
indicated. (B) Alignment of the yeast and human proteins Sm D2. (C) Alignment of yeast and human U1-C proteins. The four metal binding residues
of a putative zinc finger motif are boxed in gray. Printed in boldface letters are the peptides which were sequenced by mass spectrometry. SC, S.

cerevisiae; HS, Homo sapiens.
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Four of the nine specific proteins detected were known
components of the yeast Ul snRNP: U1-70K, U1-A, Prp39p,
and Prp40p (13-16). Here we also identify the yeast U1 specific
protein C. Yeast U1-C is 50% identical to the human coun-
terpart in the N-terminal 40 amino acids. This part contains a
zinc finger-like domain of the CC—HH type, which was shown
to be necessary and sufficient for incorporation of the protein
into human U1 snRNP (26). The C-terminal region of the yeast
U1-C shows almost no homology, except for a number of seven
to eight proline residues located at regular intervals in the yeast
and human proteins. However, the homology in this region is
very low, suggesting different functions of the two regions in
yeast and man.

In conclusion, the yeast Ul snRNPs not only contain the
previously identified U1 specific proteins, but also four novel
specific proteins that are absent or as yet remain to be
identified in metazoans. Although the genes corresponding to
all of the novel proteins of the U1 snRNP were identified, they
will not be presented here. This will await additional experi-
ments, such as tagging and immunoprecipitation studies, to
further characterize the association of these gene products
with Ul RNA.

Data presented here and in our earlier studies suggest that
the large 18S yeast U1 snRNP could represent a preassembled
complex required for commitment of pre-mRNA to splicing
(ref. 12 and references therein). The differences in the bio-
chemical composition and shape of the yeast and the human
U1 snRNP could reflect functional differences at early steps of
spliceosome assembly. Since the human U1 snRNP is required
for commitment to splicing of a plethora of distinct pre-
mRNAs, it may need more flexibility and therefore need to
recruit specific factors depending on the particular task to be
performed. It would be interesting to identify the vertebrate
homologs of the species-specific yeast U1 proteins (Prp39p and
Prp40p) and to understand whether they play a role as
non-snRNP associated factors in human spliceosomes.

The analysis of the yeast Ul snRNP proteins would have
been very difficult or even impossible with other methods
currently available. Edman degradation would not have been
successful, since at least two proteins, Sm F and U1-A, proved
to be N-terminally blocked and since the amount of material
available would have been insufficient. Another approach is
the identification of gel-isolated proteins by their peptide map,
where low picomole amounts of protein are required. This
approach has been successfully used for the large scale iden-
tification of proteins from yeast (2). However, in the case of the
Ul snRNP, this method would also have failed for many
proteins, because the digestion of small proteins yields only
very few peptides (which were here in some cases also mod-
ified) and some of the bands were mixtures, making certain
identification difficult.

The identification of the genes of yeast U1 snRNP proteins
allows in vivo studies of the functions of the individual gene
products to be performed. The cloning of the corresponding
genes is straightforward once they have been identified and
amplified from yeast genomic DNA by PCR. In vivo studies of
the effects of introduced mutations into yeast U1 snRNP genes
should yield a more complete picture of early steps of the
splicing process and allow the differences between man and
yeast to be clarified.

In addition to a characterized genome, our approach for the
identification of the components of multiprotein complexes

Proc. Natl. Acad. Sci. USA 94 (1997)

only requires a biochemical “handle” to purify the complex
prior to gel separation. The histidine tagging of one of the
components of a particular complex would be one strategy for
the isolation of other such complexes from yeast and other
organisms in which genetics can be performed easily, provided
that at least one of the components is known. If at least 0.1-0.5
pmol of such a complex can be separated by gel electrophore-
sis, it should be possible to rapidly characterize its protein
components by the techniques demonstrated here.
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