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The precise excision of introns from pre-messenger RNA is
performed by the spliceosome, a macromolecular machine con-
taining five small nuclear RNAs and numerous proteins. Much
has been learned about the protein components of the spliceo-
some from analysis of individual purified small nuclear ribo-
nucleoproteins’ and salt-stable spliceosome ‘core’ particles>?.
However, the complete set of proteins that constitutes intact
functional spliceosomes has yet to be identified. Here we use
maltose-binding protein affinity chromatography*’ to isolate
spliceosomes in highly purified and functional form. Using
nanoscale microcapillary liquid chromatography tandem mass
spectrometry®, we identify ~145 distinct spliceosomal proteins,
making the spliceosome the most complex cellular machine so far
characterized. Our spliceosomes comprise all previously known
splicing factors and 58 newly identified components. The spli-
ceosome contains at least 30 proteins with known or putative
roles in gene expression steps other than splicing. This complex-
ity may be required not only for splicing multi-intronic
metazoan pre-messenger RNAs, but also for mediating the
extensive coupling between splicing and other steps in gene
expression.

Spliceosomes undergo multiple assembly stages and confor-
mational changes during the splicing reaction””. To obtain as
complete a spliceosomal proteome as possible, we purified spliceo-
somes from a mixture of all stages of assembly, including spliceo-
somes that had undergone the first or second catalytic steps of the
splicing reaction. In addition, we assembled spliceosomes on two
distinct pre-messenger RNAs (pre-mRNAs; adenovirus major late,
AdML, and Fushi tarazu, Ftz) so that the proteins common to both
could be used as a criterion for identifying splicing-specific proteins.

Representative data for purification of AAML spliceosomes are
shown in Fig. 1. AAML-M3 pre-mRNA contains three hairpins that
bind to the MS2-MBP fusion protein used for affinity purification
(Fig. la: MS2 is a bacteriophage coat protein; MBP is maltose-
binding protein). AAML pre-mRNA, which lacks these hairpins,
was used as a negative control. After adding the MS2-MBP fusion
protein to the two pre-mRNAs, spliceosomes were assembled
in vitro, isolated by gel filtration, affinity-selected by binding to
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amylose resin, and eluted with maltose under salt conditions
optimal for splicing (60 mM KCI)*°. The products of the first and
second catalytic steps of splicing were detected in the gel filtration
fraction for both AAML and AdML-M3 pre-mRNAs (Fig. 1b, lanes 2
and 5). In contrast, after binding to and elution from the amylose-
affinity resin, only the splicing products of AAML-M3 spliceosomes
were detected (lanes 3 and 6). We conclude that the spliceosomes are
highly purified, as there is no detectable non-specific binding of
AdML spliceosomes to the affinity resin. This conclusion is bol-
stered by the observation that spliceosomal small nuclear RNAs
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Figure 1 Isolation of spliceosomes. a, Schematic of pre-mRNAs. b, Total RNAs from the
initial splicing reaction (input), gel filtration fraction (gf fraction), or final elution were
separated on a 15% denaturing polyacrylamide gel. Unspliced pre-mRNA, splicing
intermediates (lariat-exon2 and exon1) and products (lariat and mRNA) are indicated.
¢, Proteins from an RNase-A-treated aliquot of the gel filtration fraction or final elution
were separated on 4-12% SDS—PAGE and stained with silver. The protein markers and
positions of MS2—MBP and RNase A are indicated. d, Analysis of snRNAs. Total RNAs
were extracted from the nuclear extract (NE), AdML, or AML-MS3 elution, **P-end-
labelled (4) or not (-), and fractionated on an 8% polyacrylamide gel. Splicing
intermediates, products and snRNAs are indicated. e, Western blot of nuclear extract (NE)
and the final elutions from AdML, AdML-M3 or H complexes using the indicated
antibodies. f, Spliceosomes were separated on a Sephacryl-S500 gel filtration column
before (triangle) and after (circles) MBP-affinity purification. The positions of the
spliceosome and H complex are indicated. The peak in fractions 68—80 contains
degraded RNAs and free proteins.
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(snRNAs; Ul, U2, U4, U5 and U6) are detected in the AAML-M3
but not the AAML elution (Fig. 1d, lanes 1 and 3). Likewise, analysis
of silver-stained proteins by SDS—polyacrylamide gel electrophor-
esis (SDS-PAGE) revealed a large number of proteins specifically
associated with the AAML-M3 spliceosome, whereas only the MS2—
MBP fusion protein and RNase A are detected in the AAML control
(Fig. 1c, lanes 3 and 4).

To further examine the purity of the MBP-purified spliceosomes,
we performed western blotting using antibodies that recognize
representative splicing factors (Fig. le). As an additional control
for specificity, we examined MBP-purified H complex, which
contains heterogeneous nuclear ribonucleoproteins (hnRNPs) and
assembles nonspecifically on RNAs in splicing extracts'®. The U2
small nuclear ribonucleoprotein (snRNP) protein B’, two U5
snRNP proteins (of relative molecular mass 116,000 and 40,000
(M, 116K and 40K, respectively))', and SC35, a member of the SR
family of splicing factors'', were detected in the AAML-M3 elution,
but not in the AAML or H complex elution (Fig. le). In contrast,
hnRNP Al is enriched in the H complex'. These data indicate
that the MBP-affinity purification is specific for AAML-M3 pre-
mRNA. The data also show that the MBP-purified spliceosomes are
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associated with the spliceosomal snRNAs as well as with a complex
set of proteins. The purified spliceosomes are not significantly
contaminated with the H complex or with HeLa nuclear extract
proteins. Finally, MBP-purified spliceosomes elute in the same gel
filtration fractions before and after affinity purification (Fig. 1f).
Together, these data show that the MBP-isolated spliceosomes are
both highly purified and intact.

To determine whether the MBP-purified spliceosomes are func-
tional, we isolated spliceosomes that had not yet undergone the first
catalytic step of splicing, and used them in an in vitro complemen-
tation assay. The complementing extract was specifically depleted
of the splicing factor SF3a®, which is a component of U2 snRNP
and required for early spliceosome assembly™®. Thus, the depleted
extracts do not support the assembly of the early spliceosome,
but contain factors necessary to chase the pre-mRNA in a pre-
assembled spliceosome to spliced product. To distinguish between
complementation and de novo splicing, we used a mixture of
MBP-purified spliceosomes and ‘naked’ pre-mRNA (lacking hair-
pins). As shown in Fig. 2a and b, splicing products were detected
only from MBP-purified Ftz-M3 or AAML-M3 spliceosomes in
the SF3a-depleted extract, but not from the corresponding naked
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Figure 2 The MBP-purified spliceosomes are functional in an /n vitro complementation
assay. a, Purified early spliceosomes assembled on Ftz-M3 pre-mRNA were mixed with
Ftz pre-mRNA lacking hairpins, and incubated with either buffer alone (lanes 1 and 2),
with SF3a-depleted nuclear extract (lanes 3 and 4), or with SF3a-depleted extract plus
recombinant SF3a protein (lanes 5 and 6) under splicing conditions for 25 min (lanes 1, 3
and 5) or 50 min (lanes 2, 4 and 6). Ftz pre-mRNA (lanes 7 and 9) or Ftz-M3 pre-mRNA
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(lanes 8 and 10) were incubated under standard splicing conditions in nuclear extract for
0 or 50 min to serve as markers for the splicing products. b, Same as a except that AdML
or AdML-M3 pre-mRNA was used. Total RNA was extracted and separated on an 8% (Ftz)
or 16% (AdML) denaturing polyacrylamide gel. Splicing intermediates and products are
indicated.
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pre-mRNAs (lanes 3 and 4). We conclude that the MBP-purified
spliceosomes assembled on both AAML-M3 and Ftz-M3 pre-
mRNAs are functional.

The protein composition of the purified, intact and functional
spliceosomes assembled on AAML-M3 and Ftz-M3 pre-mRNAs was
then determined by liquid chromatography tandem mass spec-
trometry® (LC-MS/MS). The AAML H complex was purified and
sequenced for comparison. Proteins that are shared between AAML
and Ftz spliceosomes are shown in Supplementary Tables I-IIL
(These tables contain the GenBank accession number for each
protein, with live links to the protein sequence and the SWISS-
PROT protein data bank. Other names for each protein are also
listed.)

A total of ~145 distinct proteins were identified as shared
between the two spliceosomes, including 88 known splicing fac-
tors/snRNP proteins/spliceosomal proteins (Supplementary Tables
I and II). The proteins listed in Supplementary Table III were
abundant in the H complex, and thus were not counted as spliceo-
some proteins. The proteins in Supplementary Table I are presented
in functional groups, listing those that associate with the spliceo-
some earlier followed by those that associate later. Previous work'
identified 43 distinct proteins in U1, U2, U4, U5 and U6 snRNPs. Of
these, 41 were identified in our spliceosomes (Supplementary Table
I; hLSm5 was not detected, and hLSm8 was detected only in the
AdML spliceosome). The additional 47 proteins in Supplementary
Table I correspond to previously known splicing factors and
spliceosome components’™. Among these are all known canonical
members of the SR family of splicing factors''~", all known DExD
box splicing factors’, all proteins found in the salt-stable spliceo-
some ‘core’*?, all known second catalytic step splicing factors', and
known components of the spliced messenger ribonucleoprotein
(mRNP) that promotes mRNA transport to the cytoplasm'’
(Supplementary Table I). A number of factors encoded by genes
implicated in genetic diseases, ranging from retinitis pigmentosa
(U4/U6-61K'*'7; U4/U6-90K'®; U5-220K") to cancer (WTAP?),
are also associated with the spliceosomes (Supplementary Tables I
and II).

We also found 58 proteins that have not been previously ident-
ified as spliceosomal proteins in humans. These are listed in
Supplementary Table II, and are organized according to the motifs
in each protein. Some of these proteins (36) have previously
described names and/or functions. The remainder are uncharacter-
ized, and have been designated ‘functional spliceosome associated
proteins’ (fSAPs). Among the already named proteins are 5 cyclo-
philin-like proteins (Supplementary Table II). Recent studies
revealed a role for one cyclophilin (U4/U6-20K) in splicing®, and
our data raise the possibility that cyclophilins (prolyl-isomerases)
may have a general function in mediating conformational changes
in the spliceosome. Data from several observations suggest that
most, if not all, of the 58 new proteins are specifically associated
with spliceosomes. First, all 58 are common to spliceosomes
assembled on two different pre-mRNAs. Second, these proteins
are either not detected or not enriched in the purified H complex.
Third, our data (Fig. 1) show that the spliceosomes are highly
purified from HeLa nuclear extract contaminants. Fourth, the new
proteins are present in the spliccosome with the same relative
certainty as the known splicing proteins (based on the number of
unique peptides identified; compare Supplementary Tables I and
II). Fifth, a large number of the proteins have domains, such as RNA
recognition motifs or DExD boxes, which are hallmarks of splicing
proteins. Sixth, some of the proteins are known to co-localize with
splicing factors in nuclear speckles and/or to localize in the
nucleus™ (see Supplementary Table II). Last, many of the proteins
(26) have known, or apparent, yeast counterparts that function in
mRNA processing in Saccharomyces cerevisiae”> (Supplementary
Table II).

The splicing machinery is highly conserved from S. cerevisiae to
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mammals. Among the ~145 human spliceosome-associated pro-
teins, ~90 known or putative yeast homologues have been identi-
fied>” (Supplementary Tables I and II). The potentially greater
complexity of the human spliceosome is not unexpected in light of
the vastly greater complexity of splicing in metazoans compared to
yeast. Indeed, most metazoan pre-mRNAs contain multiple introns,
the introns are typically thousands of nucleotides, and the splicing
signals are weakly conserved. Superimposed on this complexity is
the high frequency of alternative splicing, which is in turn further
complicated owing to regulation*. Thus, many of the metazoan-
specific proteins may play roles in the accurate recognition and
joining of exons. The best-characterized example of such proteins is
the SR family of splicing factors, which comprise at least 10 proteins
in the human spliceosome, but is entirely lacking in yeast''~">. SR
proteins are required for both recognition of splice sites and
alternative splicing, neither of which is relevant in yeast''~'***.

Splicing is thought to be coupled to several steps in gene
expression, including transcription, polyadenylation and mRNA
export™’. A significant fraction of the spliceosome proteome, at
least 30 proteins, are either known or candidate proteins for
coupling splicing to other steps in gene expression (names shown
in bold font in Supplementary Tables I and II). For example, the
transcription cofactor TAT-SF1 is in the spliceosome (Supplemen-
tary Table IT). This protein interacts with snRNPs, and is thought to
reciprocally activate transcription elongation and splicing®.
Additional transcription factors (for example, CA150, XAB2 and
SKIP) as well as polyadenylation factors (CF I) are also in the
spliceosome (Supplementary Tables I and II), and may function in
coupling. We also detect Aly and UAP56 in the spliceosome,
proteins that are known to couple splicing to mRNA export"
(Supplementary Table I). Aly, CA150 and SKIP were previously
detected in salt-stable spliceosome cores, indicating that at least
some of the coupling proteins are tightly bound to the spliceosome’.

Both Aly and UAP56 are components of the conserved TREX
complex, which contains proteins that function in transcription
elongation in yeast®. Our data reveal that every protein associated
with the TREX complex is also in the functional spliceosome
(Supplementary Table II), suggesting that transcription, splicing
and export may all be coupled via this complex. In metazoans, most
pre-mRNAs contain small exons and enormous introns. Thus, the
association of the TREX complex with the spliceosome may explain
how mRNA export factors are co-transcriptionally loaded onto
exons, which are destined for export, and excluded from introns,
which are retained in the nucleus.

Although it is possible that more spliceosomal proteins will be
found, our data suggest that the purified functional spliceosomes
contain virtually the complete human splicing proteome. This
proteome includes all of the previously known splicing factors,
snRNP proteins and spliceosomal proteins, as well as a large set of
newly identified proteins. The observation that the spliceosome is
associated with numerous proteins that function in coupling spli-
cing to other steps in gene expression provides compelling evidence
for the emerging concept of an extensively coupled network of gene
expression machines® 7. O

Methods

Plasmids encoding AAML-M3 or Ftz-M3 pre-mRNAs and the purification of
spliceosomes were described previously*®. For peptide identification from database
sequences using tandem mass spectrometry, the proteins in the MBP-purified complexes
were fractionated from the gel origin to a distance of 3 cm into a 10% SDS-PAGE gel and
stained with Coomassie blue. The gel lane was divided horizontally into ~10 slices which
were individually processed to yield in-gel trypsin digestion products. The resulting
peptide mixtures were separated and analysed in an automated system by nanoscale LC-
MS/MS on an LCQ-DECA ion trap mass spectrometer (Thermo Finnigan) using the
vented-column approach®. The data were searched against the non-redundant human
database from NCBI with the Sequest algorithm™. Peptide matches were validated by
previously established criteria, including manual inspection when necessary®. More than
65,000 sequencing attempts (tandem mass spectra) were acquired, resulting in the
identification of 8,400 unique peptides. The proteins identified are presented in
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Supplementary Tables I-III. Tubulin, keratins and ribosomal proteins were found in all
complexes, probably as contaminants.
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