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Mass spectrometry and EST-database searching allows
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Many important cell mechanisms are carried out and regulated
by multi-protein complexes, for example, transcription and RNA
processing machinery, receptor complexes and cytoskeletal
structures. Most of these complexes remain only partially char-
acterized due to the difficulty of conventional protein analysis
methods. The rapid expansion of DNA sequence databases now
provides whole or partial gene sequences of model organisms,
and recent advances in protein microcharacterization via mass
spectrometry allow the possibility of linking these DNA
sequences to the proteins in functional complexes1. This
approach has been demonstrated in organisms whose genomes
have been sequenced2, such as budding yeast. Here we report
the first characterization of an entire mammalian multi-protein
complex using these methods. The machinery that removes
introns from mRNA precursors—the spliceosome— is a large
multi-protein complex3,4. Approximately half of the compo-
nents excised from a two-dimensional gel separation of the
spliceosome were found in protein sequence databases. Using
nanoelectrospray mass spectrometry, the remainder were iden-
tified and cloned using public expressed sequence tag (EST)
databases. Existing EST databases are thus already sufficiently
complete to allow rapid characterization of large mammalian
protein complexes via mass spectrometry.

Human splicing complexes from HeLa nuclear extracts were
assembled on a biotinylated, 32P-labelled, pre-mRNA substrate
and purified by gel filtration and affinity chromatography5–7. A
mixture of fully assembled spliceosomes and partially assembled
pre-spliceosome complexes was analysed, because some factors are
present in a subset of complexes and some dissociate during the
assembly pathway8. These include the ATP-dependent complexes
A, B and C, but not the ATP-independent H complex, as verified by
parallel native gel analysis of fractions from the gel filtration col-
umn7. Purification conditions were chosen to maximize selection
of proteins specifically associated with the pre-mRNA substrate,
however, some weakly bound splicing factors may have been lost
during purification. Protein factors that stably co-purified
with the pre-mRNA substrate were analysed by gel elec-
trophoresis (Fig. 1). Sixty-nine separate protein spots were
excised, in-gel digested with trypsin and analysed using
nanoelectrospray mass spectrometry9,10. Several of the
spots were also analysed by high mass accuracy peptide
mass mapping using MALDI (refs 11,12).

These data were screened against a non-redundant
protein database that identified 41 of 69 spots, corre-
sponding with 25 separate proteins, as the products of
previously characterized genes (Table 2).

As many of the proteins were not identified in the pro-
tein database, the search algorithm13 was adapted to
allow direct screening of EST databases. Translating the
amino acid sequence used to construct the peptide

sequence tag into the corresponding degenerate oligonucleotide
sequence avoided the need to translate the EST sequences into
different reading frames. An example of protein identification in
the EST database is shown (Fig. 2). EST clones were further con-
firmed by matching multiple peptide sequence tags either to the
initial database sequence or to extended sequences obtained
both by assembling independent ESTs and by direct sequencing
of EST clones. Separate peptide tags were sometimes matched to
different reading frames in the original EST entry.

In three cases, the initial match was to a mouse EST fragment
and the human protein was only found later or by homology
searching of the full mouse sequence against the EST data-
base. Characterization of EST clones was also aided by compar-
isons with homologous proteins in other organisms, such as
the extensive sequence information already available from
Caenorhabditis elegans.

Abundant spots in the purified spliceosome were identified as
known components of the splicing apparatus, including snRNP
proteins and SAPs (Fig. 1, Table 2). We also identified fainter spots
as known splicing factors, for example, the 65-kD and 35-kD sub-
units of U2AF (Fig. 1, spots 34, 35, 36 correspond with the 65-kD
and spots 19 and 20 with the 35-kD subunit). There are several rea-
sons for the variation in stoichiometry. First, core snRNP proteins
are present in each of the four snRNP subunits, causing multiple
copies to appear in the spliceosome. Second, some factors assemble
at different stages of complex formation and are therefore differen-
tially represented in the mixture of splicing complexes analysed.
Third, there will be intrinsic variation in the binding stability of
different proteins, such that those more weakly associated may be
less abundant due to losses during purification.

During the preparation of spliceosome-associated proteins,
we identified the majority of previously known splicing factors.
Analysis of silver-stained bands from a one-dimensional gel
also identified Sm proteins in the molecular weight range below
that covered in Fig. 1 (Sm D1, Sm D2, Sm F; data not shown).

Two-dimensional gel of the
spliceosome. Full gel showing purified
spliceosome-associated factors (a). The
area marked with the broken line is
enlarged in (b). The numbered spots
were excised and analysed by mass
spectrometry (Tables 1,2). 
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Factors that were absent include members of the SR family,
such as ASF/SF2 and SC-35, which are known to be easily disso-
ciated during purification6, and several helicase-like proteins
suggested to have a role in splicing, including HRH1, a homo-
logue of the Saccharomyces cerevisiae splicing factor Prp22p
(refs 14−17). SR proteins were identified in preparations of
splicing complexes isolated using less stringent conditions
(unpublished observations). These studies were done using a
single pre-mRNA substrate, and it is possible that some splicing
factors may bind with higher affinity to alternative intron
sequences. Nonetheless, the very high coverage of known pro-
tein splicing factors observed argues that this analysis includes
the majority of core spliceosome proteins.

Several known proteins that had not previously been proposed
to have a role in splicing also co-purified with the spliceosome
(Table 2), including the prototypic human DEAD-box protein
p68 (ref. 18) and a putative homologue of the yeast cell cycle
mutant cdc5. A number of yeast genes essential for splicing

encode members of the DEAD/DEAH family of putative RNA
helicases19,20. Our data suggest that the function of cdc5-related
protein, poly(A) binding protein and p68 (ref. 18) should be reex-
amined in light of their association with human spliceosomes.

Analysis of the complex gel pattern (Fig. 1) showed the benefits
of the mass spectrometric approach, as it provided detailed and
unambiguous identification of each spot. In many cases, separate
protein spots mapped to the same gene. This includes clusters of
spots that probably correspond with different phosphorylation
states of the same protein (for example, Fig 1. spots 38 and 39,
U1-snRNP 70 kD), although in other cases, clusters of spots do
not represent the same protein. For example, spot 32 contains a
different protein than spots 34, 35 and 36 (34−36 contain the
same protein), whereas spot 33 contains a mixture of these two
proteins (Fig. 1b). The same gene can also have widely separated
spots on the gel image. For example, spots 40, 46, 52, 55 and 56
(Fig. 1b) were mapped to the same EST, and the separate spots
may be due to alternative splicing. These examples illustrate the

Table 1 • Novel spliceosome-associated proteins identified by mass spectrometry as EST sequences

Apparent/ EST Protein 
calculated accession accession

Spot molecular number number Genetic Protein name or 
numbers weight (GenBank)a (GenBank) mappingb homologue Comments

4 24 /26.6 R20293 AF081788 – SPF 27 no function assigned
9 28/26.9 N30391 U89876c – ‘ALY’ RRM domain

(mouse) two RGG motifs
10 27/29.9 T91668 AF083385 – SPF 30 partial homology to survival motor

neuron protein
15 28/30.8 W56224 AF083190 + SPF 31 Dna j-like domain

E/D-R/K−rich region
22 30/38.4 AA014692 AF083383 – SPF 38 β transducin-like; seven WD-domainsd

(mouse)
27 34/32.8 R89115 AF026029e + Poly A tail binding evidence for Arg methylation; 

protein II N-terminal acetylation; RRM2-domain
28 40/45.2 AA052680 AF083384 – SPF 45 DNA damage repair protein 

(mouse) (A. thaliana)
N-terminal acetylation; RRM domain;
E/D-R/K−rich regiond

29 42/– AA289699 50% – U23412 (C. elegans) similar to Prp19 in yeast
(mouse) sequence obtained at least three WD domainsf

30 44/57.2 N57351 AF044333e – PRL-1; phosphatase seven WD domainsg

regulatory subunit 
(A. thaliana)

32,33 46/58.5 R19664 AF001687e + Hprp4 Prp4-like
U4/U6 60-kD protein 6−7 WD domains

40,46, 50–60/69.6 W16579 AF037448e + Gry-Rbp possibly alternatively spliced;
52,55,56 three RRM domains

one RGG motif
54 55/– Z42055 80% – IK factor, S74221 IK factor sequence is identical to the

sequence obtained central 40% of the sequence of 
protein 54

57, 58 58/68.7 AA346837 AC004475e – ‘F23858 1’ two SURP domains
59 60/77.5 AA192518 AF016370e – hprp3p Prp3-like

U4/U6 associated
splicing factor

61 75/92.3 R13357 U86753e – Cdc 5 related protein two Myb-kinase domainsd

62 80/95.6 H24106 AF026402e + U5 snRNP DEAD box RNA helicase;
100-kD protein similar to Prp28 (S. cerevisiae)

64 90/100.2 AA056357 U94836e – Erprot 213-21 mRNA unknown function
67, 68 100/124 W16921 AF017789e + CA150 putative transcription factorg

69 120/– AA317471 15% – — —
sequence obtained

aThe EST numbers refer to the database entries with which the protein was identified. bThe mapping information can be found bracketed by Généthon markers
(http://www.ncbi.nlm.nih.gov/UniGene/). cHighly homologous protein sequence from M. musculus. dColocalization of GFP-fusion protein with snRNPs. eAfter
identification of the EST, the protein was cloned by other researchers. fData from assembled EST sequences. gGFP-fusion proteins shown to colocalize with splic-
ing snRNPs in vivo using confocal fluorescence microscopy of transiently transfected HeLa cells expressing the cognate GFP fusion proteins and double-labelled
with either anti-Sm or anti-U1A antibodies to detect splicing snRNPs.
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importance of direct protein analysis in avoiding false assump-
tions about protein spot identity.

We identified 19 new human proteins co-purifying with splic-
ing complexes and assigned them to entries in the EST database,
which raises the practical problem of detailed characterization of
the function of so many proteins. A detailed functional analysis
of all the factors is clearly beyond the scope of any initial study,
and we have instead adopted a generic approach for the initial
characterization of the new clones. Our primary aim was to
establish whether or not they may be genuine splicing factors.

First, we constructed full-length cDNA using existing database
information and by direct DNA sequencing of EST clones avail-
able from the IMAGE consortium. In many cases, the expansion
of the databases facilitated this work by providing overlapping
EST clones that could be assembled into longer cDNA. Homol-
ogy searches showed that two of these genes encode human
homologues of known yeast splicing factors prp-4 (ref. 21) and
prp-19 (Table 1). In other factors we found high sequence iden-
tity to as yet uncharacterized genes in C. elegans and A. thaliana.
This shows that many of the proteins co-purifying with the
spliceosome are highly conserved, consistent with the evolution-
ary conservation of many known splicing factors. The Unigene
database22 provided mapping data for 6 of 19 new genes and for
13 of 23 known genes identified in the spliceosome (Table 1).
Furthermore, according to Unigene, all the factors were ubiqui-
tously expressed, as expected of splicing factors.

Another generic approach to characterize both the new factors
and the known proteins not previously shown to be spliceosome
associated is to determine if they colocalize in vivo with splicing
factors. We fused full-length cDNA clones to green fluorescent
protein (GFP), expressed the fusion proteins in HeLa cells by
transient transfection and performed double labelling experi-
ments using anti-snRNP antibodies (Fig. 3). Initial studies with
several of the new clones show they exhibit a punctate nuclear
staining pattern that colocalizes with snRNPs (Table 2).

The combination of mass spectrometry and database searching
allowed us to rapidly characterize the protein set that co-purifies
with human splicing complexes. Analysis of over 70 gel-separated
protein spots revealed at least 46 distinct factors, of which 19 rep-
resent novel human genes identified via public EST databases.
These new data give a clearer picture of the composition of the
spliceosome and its evolutionary conservation and provide new
reagents for future functional studies on the splicing mechanism.
The public EST databases expanded during the course of this
project to the point where most of the factors could be identified
(65 out of 69 protein spots analysed on the two-dimensional gel,
Fig. 1). Despite the varied estimates of the percentage of human
genes represented in EST databases, and the fact that sequence
information is limited to short fragments with high error rates,
we conclude that they have recently reached the point where they
are sufficient to allow complete characterization of large multi-
protein complexes. Diminishing error rates of the EST data and

Table 2 • Spliceosome-associated proteins identified in protein sequence databases

Spot Apparent /calculated Genetic
numbers molecular weight mappinga Accession number Protein name

Previously characterized spliceosomal proteins
1, 2 23/24.6 + P14678 SwissProt SmB/B’
3 23/25.5 + P08579 SwissProt U2-snRNP B”
6, 7 25/28.6 + P09661 SwissProt U2-snRNP A’
16 27/31.3 – P09012 SwissProt U1-snRNP A
17 29/38.7 – P09651 SwissProt hnRNP A1
19, 20 30/27.9 – Q01081 SwissProt U2AF-35kD
21 30/37.5 + P22626 SwissProt hnRNP A2/B1
22, 23 31/33.4 + P07910 SwissProt hnRNP C
25, 26 35/44.4 – L35013 trembl SAP 49
31 45/58.8 + U08815 trembl SAP 61
34, 35, 36 46/53.9 – P26368 SwissProt U2AF-65kD
37 46/49.5 – L21990 trembl SAP 62
38, 39 48/70.1 + P08621 SwissProt U1-snRNP 70kD
45 48/68.8; 68.6 + Y08765/ Y08766 SF1 isoforms

(GenBank)
48, 49, 50, 51 50−55/77.8 – P52272 SwissProt hnRNP M
63 77/88.9 + X85237 trembl SAP 114
65, 66 100/97.8 – U41371 trembl SAP 145

Potentially new spliceosome-associated proteinsb

8 24/29.5 + P12750 (SwissProt) 40S ribosomal Protein Rps4x
41, 42, 43 50/61.5 + U51432 (trembl) Skipc

43, 44 50/69.2 + P17844 (SwissProt) p68 RNA helicase
47 52/70.5 + P11940 (SwissProt) PolyA binding protein (PAB 1)

Contaminantsd

5 23/49.3 P07219 (SwissProt) Phaseolin
(Phaseolus vulgaris)

12, 13, 14 27/24.5 P02662
27/26.0 P02663 (SwissProt) alpha S1 and S2 caseins (B. taurus)

53 54/51.8 P55081 (SwissProt) Microfibrillar protein

Spots not identified
11, 18, 24, 60
aThe mapping information can be found bracketed by Généthon markers (http://www.ncbi.nlm.nih.gov/UniGene/). bThese proteins have
been characterized in a different biological context, but so far have not been shown to be involved in splicing. cCo-localization of GFP-fusion
protein with snRNPs. dThe contaminants were only detected as very faint spots (Fig. 1), thus their identification reflects the overall sensitivity
of the method.
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