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Large-Scale Proteomic Analysis

of the Human Spliceosome

Juri Rappsilber,! Ursula Ryder,? Angus |. Lamond,? and Matthias Mann'-3

"Protein Interaction Laboratory in the Center of Experimental Bioinformatics, Department of Biochemistry and Molecular
Biology, University of Southern Denmark, DK-5230 Odense M, Denmark; 2Department of Biochemistry, University

of Dundee, Dundee DD1 4HN, Scotland, United Kingdom

In a previous proteomic study of the human spliceosome, we identified 42 spliceosome-associated factors,
including 19 novel ones. Using enhanced mass spectrometric tools and improved databases, we now report
identification of 3ll proteins that copurify with splicing complexes assembled on two separate pre-mRNAs. All
known essential human splicing factors were found, and 96 novel proteins were identified, of which 55 contain
domains directly linking them to functions in splicing/RNA processing. We also detected 20 proteins related to
transcription, which indicates a direct connection between this process and splicing. This investigation provides
the most detailed inventory of human spliceosome-associated factors to date, and the data indicate a number of
interesting links coordinating splicing with other steps in the gene expression pathway.

Biogenesis of proteins in eukaryotes is a multistep process that
involves the concerted action of several complex machineries.
Multiprotein complexes containing RNA polymerase II are in-
volved in transcribing genes into pre-messenger RNA. Most
human genes contain introns that are removed by splicing, a
process orchestrated and catalyzed by the large multiprotein/
RNA complex termed the spliceosome. Polyadenylation of the
mRNA is also catalyzed by a complex processing machinery
before mRNAs are exported to the cytosol, where translation
by ribosomes takes place. Although much is known about the
individual processes in protein biogenesis, how the separate
steps are integrated is much less clear.

The spliceosome is comprised of five small nuclear RNAs
(snRNAs)—U1, U2, U4, US, and U6 snRNA—as well as many
protein factors (Staley and Guthrie 1998). Some of these pro-
teins are tightly associated with the snRNAs, forming small
nuclear ribonucleoproteins (snRNPs) that are thought to as-
semble in a stepwise manner onto the pre-mRNA to form the
spliceosome. Work over the last decade has elucidated the
temporal sequence of recognition of the splice sites by the
respective snRNPs and protein factors (Hastings and Krainer
2001). Interestingly, the view of stepwise assembly of the spli-
ceosome has recently been challenged in favor of a more con-
certed mechanism involving preformed spliceosomes
(Stevens et al. 2002). Besides the snRNP subunits, a large num-
ber of non-snRNP proteins are known, which perform various
functions during the splicing reaction. For example, multiple
members of the DEAD-box helicase family are thought to con-
trol RNA base-pairing interactions at different stages of spli-
ceosome assembly and catalysis, whereas members of the SR
motif family are believed to be link factors promoting pro-
tein—protein interactions during spliceosome assembly. In all,
~100 different proteins have been linked to splicing through
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biochemical and/or genetic evidence (for review, see Will and
Lihrmann 1997). However, it remains unclear how complete
this list might be.

In an alternative systematic approach to the traditional
characterization of single splicing factors, the spliceosome
can be purified and its components identified collectively us-
ing modern proteomic techniques. Initially, heterogeneous
nuclear ribonucleoprotein (hnRNP) complexes assembled on
mammalian pre-mRNA (Calvio et al. 1995) and subunits of
the yeast spliceosome were purified and analyzed by mass
spectrometric methods (Neubauer et al. 1997; Gottschalk et
al. 1998). Subsequently, our groups performed the first large-
scale analysis of a human multiprotein complex on in vitro-
assembled spliceosomes (Neubauer et al. 1998) using 2D gel
electrophoresis followed by nanoelectrospray (Wilm et al.
1996) mass spectrometric analysis. The relation of many of
the newly discovered proteins to splicing was verified by fus-
ing them to the green fluorescent protein, transiently express-
ing them in human epithelial (HeLa) cells, and showing that
they colocalized in vivo with known splicing factors. Further
biochemical studies have confirmed a role in splicing for all of
the novel proteins analyzed so far in our laboratories, show-
ing the specificity of the spliceosome purification method
(Ajuh et al. 2000, 2001; Rappsilber et al. 2001; Lallena et al.
2002).

More recently, other mammalian protein complexes
have also been studied by similar methods, combining pro-
tein affinity purification with mass spectrometry and data-
base searches (Wigge et al. 1998; Zachariae et al. 1998; Rout et
al. 2000; Gavin et al. 2002; Ho et al. 2002). Recently, our
groups have reported the identification and analysis of 271
proteins in the human nucleolus, the largest study of an or-
ganelle to date (Andersen et al. 2002a; Fox et al. 2002).

Mass spectrometric methods and human sequence data-
bases have continued to improve dramatically in recent years,
allowing both increased sensitivity and higher throughput. It
is now possible to analyze mixtures of hundreds or even thou-
sands of peptides by liquid chromatography coupled to tan-
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dem mass spectrometry (LC MS/MS; Griffin and Aebersold
2001; Washburn et al. 2001). Improved software and data-
bases containing most human genes—known or putative—
are also now available, allowing automated data processing of
the large volume of acquired mass spectra.

Building on these advances, we decided to revisit the
large-scale analyses of human spliceosome complexes, using
these enhanced, state-of-the-art techniques. In the present
study, splicing complexes formed on two separate pre-mRNAs
were purified, but the resulting proteins were not separated by
gel electrophoresis; rather, they were analyzed by automated
tandem mass spectrometry of crude peptide mixtures result-
ing from digest of the entire protein mixture. Using differen-
tial mass range pulsing on a quadrupole time-of-flight instru-
ment, a total of 311 proteins were identified. In addition to all
the factors reported in our previous spliceosome study and all
other essential human splicing factors known, we discovered
a further novel 96 proteins about which little or no previous
biological information existed. Many of these proteins have a
domain structure implicating them directly in splicing/RNA
processing. Surprisingly, a number of proteins involved in
transcription and cellular regulatory mechanisms copurified
with the spliceosome, indicating some form of coupling of
these processes to splicing.

RESULTS
Proteomic Analysis of the Human Spliceosome

Preparation of the Spliceosome
A mixture of spliceosomal complexes was assembled on bio-
tinylated, radioactively labeled RNA (see Methods). In con-
trast to our previous investigation, two standard splicing sub-
strates, adenovirus (AD1) and B-globin (AL4) transcripts, were
used in separate experiments. After incubation, which led to
the formation of active spliceosomes and assembly interme-
diates, samples were subjected to gel filtration and affinity
selection of the biotinylated pre-mRNA on streptavidin beads.
To identify proteins binding to the beads directly, we
performed gel filtration of the nuclear extract without labeled
RNA and biotin affinity selection of the same fractions as
above. The protein mixture was then applied to a short, one-
dimensional sodium dodecyl sulfate (SDS)-poly acrylamide
gel electrophoresis (PAGE) gel that allowed removal of SDS,
washing, rebuffering, and efficient digestion according to pro-
tocols previously described (Shevchenko et al. 1996). The re-
sulting complex peptide mixture was then loaded for chro-
matographic separation. Based on Coomassie blue staining,
we estimate that each substrate sample contained ~6-10 ng of
protein in total. This was in agreement with the subsequent
mass spectrometric analyses, which indicated an abundance
range of ~1-100 fmole per tryptic peptide on the column.

Mass Spectrometric Analysis of the Spliceosome

The peptides bound to the high-performance liquid chroma-
tography (HPLC) column were eluted with an organic gradi-
ent into the ion source of a quadrupole Time Of Flight (PE-
Sciex) instrument capable of high resolution and mass accu-
racy. A test run with 10% of the material indicated that the
material was sufficient for three LC MS/MS experiments.
Therefore, for each of the substrates, we performed three sepa-
rate, identical chromatographic runs with a third of the ma-
terial each. The pulsing ability of the QSTAR instrument
(Chernushevich 2000) was used to selectively amplify a dif-
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ferent region of the peptide mass range for each of the runs
(Andersen et al. 2002b). Amplification ranged from a factor of
10 for the lower mass range to a factor of ~4 for the largest
mass range. The average resolution and mass accuracy
achieved in the six runs were 8000 and 27 ppm, respectively.
Figure 1 shows an overview of the analysis for one of the
substrates and all three mass ranges. Figure 1, panels Al, B1,
and C1 represent the summed ion currents of all peptides
eluting at a specific time in the 100-min gradient. The Figure
1 inset shows the ion current of a particular peptide eluting
around the marked position. Peptides typically eluted in 20-
sec peaks (full width at half-maximum) from the chromato-
graphic column. Figure 1, panels A2, B2, and C2 show the
mass spectrum at the elution time marked in the first row of
panels. Several peptides coelute, and up to four are automati-
cally selected for sequencing in order of intensity. The acqui-
sition software was directed to select only peptides in the
amplified mass ranges for sequencing (mm/z = 350-550 in Fig.
1A, m/z = 550-750 in Fig. 1B, and m/z = 750-1400 in Fig. 1C).
The inset of the second row of panels shows the isotopic struc-
ture of a peptide ion peak, showing high resolution and un-
ambiguous charge state determination. Figure 1, panels A3,
B3, and C3 contain the fragment ion spectra of the peptide
ion peak marked with asterisks in the middle panels. The frag-
ments contain amino acid sequence information and were used
to determine the identity of the peptides as described below.

Data Analysis and Verification

More than 7000 ion peaks were fragmented. After acquisition,
fragment mass lists were generated under script control
(Analyst, PE-Sciex), added for all six experiments, and sub-
mitted to automated database searches using the Mascot
search engine (Perkins et al. 1999). The peptide sequences
retrieved from the database were assembled into protein
matches by Mascot. The resulting protein list contained more
than 1000 entries with a summed peptide score of at least 30.
This list was manually verified in the following way: All en-
tries with less than three high-scoring peptides (peptide score
>30) were manually inspected and verified. In this manual
interpretation, the mass error, the presence of series of frag-
ment ions, the expected prevalence of C-terminus containing
(Y-type ions) in the high mass range, and features such as the
particular cleavage pattern at proline were all taken into ac-
count. As a result of manual verification, a total of 311 pro-
teins were determined with high confidence to be present in
our spliceosomal preparation.

The presence of numerous protein isoforms is a practical
and recurrent problem in proteomics (Rappsilber and Mann
2002). In determining the list of spliceosome proteins, we
used peptides that distinguished between isoforms and/or
splice variants when possible. Although information regard-
ing novel splice variants is present in the data, interpretation
was beyond the scope of this study.

To generate the complete list of peptides that can be
assigned with high confidence to the 311 proteins, we filtered
the 9791 peptides first retrieved from the database as follows:
First, 4480 peptides that were not the top-ranked sequence for
the fragmentation spectrum in question were discarded. A
further 1434 peptide matches whose score was <20 were also
discarded. Subtracting the peptide matches that did not
match to the above list of 311 proteins and removing peptides
that matched to several fragmentation spectra (e.g., because
of different charge stages selected for sequencing) yielded a
final group of 2025 peptides (listed at http://www.pil.sdu.dk).
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63 peptides from U5 small nuclear ribonucleoprotein 220 kDa sequenced coveting 44% of the protein sequence
18 peptides fram DEAD/H box BNA helicase 15 sequenced covering 32% of the protein sequence
18 peptides from Splicing factor 3A subunit 61 kDa sequenced covering 57% of the protein sequence

311 Proteins in total

Figure 1 On-line LC MS/MS mass spectrometric analysis of the spliccosome. (A7) Sum of the ion intensity measured by mass spectrometry at
any point in the chromatogram for the mass range m/z = 350-550 (total ion chromatogram[TIC]), (BT) m/z = 550-750, and (C1) m/z = 750-1400.
(Insets) Current for an ion of specific mass (m/z window 0.2) eluting around the marked time in the chromatogram. (A2,B2,C2) Mass spectra
obtained at the marked time in the corresponding upper panels. Several peptides coelute. (Insets) Zoom of the peak marked with an asterisk.
(A3,B3,C3) Fragmentation spectra of the peak marked with an asterisk in the corresponding mass spectra above. The insets show that there was
high resolution and the ability to determine the charge state by the differences between isotopic peaks. Open circles mark the peaks corresponding
to predicted fragments for the peptide sequence retrieved by the database search. The insets show that there was high-quality data for the
fragments, which aided the database search and validation. (D) The proteins identified by the peptides shown in A-C are also independently
identified by a large number of other peptide fragmentation spectra, leading to substantial sequence coverage of 32%-57% for these three

proteins.

The peptide matches per protein ranged from 63 for the U5
snRNP-specific 220-kD protein to a few proteins that were
confidently identified on the basis of only one peptide. The
vast majority of proteins, however, were identified on the
basis of three or more peptides.

Relative Abundance of the Different Classes of Proteins

For the interpretation of the results in a large-scale study in-
volving hundreds of proteins and very high sensitivity, it is
important to obtain some measure of quantification. The
mass spectrometric signal for any given peptide is determined

by many factors, most importantly its ionizability in electro-
spray. Therefore, direct quantification of proteins in an LC
MS/MS experiment is difficult. However, there is a general
correlation between the number of peptides sequenced per
protein and the amount of protein present in the mixture.
Because larger proteins can give rise to more peptides, we
defined a protein abundance index (PAI), which represents
the number of peptides identified divided by the number of
theoretically observable tryptic peptides. Figure 2 plots the
index for the seven different protein classes, which are ex-
plained below.

Genome Research 1233

www.genome.org



Downloaded from www.genome.org on November 20, 2006

Rappsilber et al.

PAI

*e
L AR

1.5

+ 00

a

K o

P ¢ 0

0.5

‘_
3
{
1§

<,

mmes oo o0

(20 00 om0 o

O o seormsns mi peovims smn 5 b

; \3 WO e
e ‘\?_\i (:.5\(\ =y
= A 1»9‘006 5&@: ey

ot

g

novel proteins

Figure 2 Protein abundance index (PAI) for the identified proteins. Plot of PAl index, which is defined
as the number of identified peptides divided by the number of calculated, observable peptides, plotted
for the identified proteins in seven different classes. The individual spots represent the PAI for each
protein in the category. The bar shaded in gray extents to the average value of the PAI for each
category. The white bar encompasses 95% of the proteins in each category.

Categorization of Spliceosome-Associated Factors

We first subtracted 20 proteins (see Methods) from the list of
identified proteins, for the following reasons: 16 proteins,
mainly keratins, were also identified in the background frac-
tion (beads only). One protein appears in a separate database
entry as the C-terminal part of one of these 16 background
proteins and was also removed. Finally, one protein that is
also abundant in human keratinocytes, like the keratins, and
two proteins with a very similar domain structure were also
discarded. The remaining 292 proteins identified in this large-
scale analysis of the human spliceosome were grouped into
eight functional categories (Fig. 3). The low number of cyto-
skeletal, nuclear matrix, and heat-shock proteins usually
highly abundant in less specific protein purifications indi-
cates that our spliceosomal preparation is highly specific.

Known Splicing Factors, hnRNPs, and Other RNA-Processing Proteins
More than 40 percent of the identified proteins have a known
function related either directly to splicing or more generally
to RNA processing (Fig. 3; Table 1). Encouragingly, all the
spliceosomal proteins identified in our previous proteomic
characterization were also identified here. All of the core sn-
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RNP proteins (Sm proteins) that are
present in U1, U2, U4, and US sn-
RNPs were identified. These pro-
teins are small and thus difficult to
detect by standard 2D gel electro-
phoresis, having required separate
one-dimensional gel analysis in our
previous study (Neubauer et al.
1998). Six of the seven Lsm proteins
that substitute for Sm proteins in
the U6 snRNP (Seraphin 1995) were
also detected. The complete protein
complement of the U1, U2, and U6
snRNPs was identified, together
with all but three proteins from the
US, U4/U6, and U4/U6 - U5 snRNPs
(Will and Lihrmann 2001, and ref-
erences therein). The three proteins
that were not observed, Lsm5 (9800
D), US snRNP 15 kD (16,775 D),
and U-snRNP-associated cyclo-
philin (USA-CyP) (19,196 D), were
small and were presumably not
identified because they generate
few detectable tryptic peptides, be-
cause of the low relative protein
amount in the sample, and because
of the complexity of the peptide
mixture resulting in competition of
peptides for MS sequencing.

A further 39 non-snRNP pro-
tein splicing factors were identified,
including early-acting factors such
as splicing factor 1 (SF1) (Kramer
1992) as well as late factors such as
SLU7 (Frank and Guthrie 1992;
Zhou and Reed 1998) and Aly
(Zhou et al. 2000), which are re-
quired for the second catalytic step
of the splicing reaction and for RNA
export, respectively.

A total of 20 hnRNP proteins
were identified in this analysis. The hnRNP proteins are de-
fined by a common RNA-binding motif (Dreyfuss et al. 1993)
and are thought to have diverse functions in RNA protection
and processing. Some hnRNPs are known to be splicing fac-
tors, such as GRY-RBP/hnRNP Q (Mourelatos et al. 2001),
which was also identified here. Furthermore, 27 other RNA-
processing-related proteins are listed in Table 1. Of these, a
number have functions closely associated with splicing. As an
example, we identified the 5’ cap binding proteins (CBP) 20
and CBP 80 (Izaurralde et al. 1994), as well as the cleavage and
polyadenylation factor (CPSF) (Keller and Minvielle-Sebastia
1997).

As can be seen from Figure 2, the group of known splic-
ing factors spans a wide range of abundances, with the least
abundant factors at the lower detection limit. There are sev-
eral reasons that the isolated spliceosome proteins are not
expected to be observed in stoichiometric amounts. First,
some factors such as Sm proteins are present in multiple cop-
ies in the spliceosome. Second, to ensure maximum coverage
of splicing factors, we have deliberately analyzed a mixture of
fully assembled, active spliceosomes and partially assembled
spliceosome intermediates that all bound to the pre-mRNA
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96 novel of which 55 with sequence

based implication for splicing/RNA processing

—

32 Translation

19 Transcription

27 Other RNA
processing

20 hnRNP

Figure 3 Classification of the identified proteins into eight functional classes.

bait. Some proteins that assemble early are therefore likely to
be present in higher levels than factors only assembled at later
stages of spliceosome formation. Third, some proteins are less
tightly associated with the spliceosome than others, leading
to differential losses during purification. Fourth, not all pro-
teins are detected with equal efficiency during MS analysis.

Novel Proteins

In addition to the expected splicing and RNA-processing fac-
tors, we discovered a large group of novel proteins with no
known function (Table 2). We have also included proteins in
this category that were previously observed in large-scale
screens or that were cloned because of their homology to a
known factor, if no further biological information was avail-
able (18 and 5 proteins, respectively). These 96 proteins were
submitted for homology and domain searches. Interestingly,
this analysis resulted in 55 proteins with sequence similarity
to known splicing factors or domains that implicate them in
RNA processing.

Listed at the top of Table 2 are 12 proteins with extensive
sequence identity to known splicing factors. Two of these are
likely orthologs of known yeast splicing factors (Schizosaccha-
romyces pombe Prp4 [Rosenberg et al. 1991] and Saccharomyces
cereviseae Isylp [Dix et al. 1999]), and others are similar to
snRNP and hnRNP proteins. Because protein identification is
performed on the basis of tryptic peptides, in some cases high
sequence identity between known and novel proteins could
confound the analysis. However, in all cases listed in Table 2,
peptides were sequenced that unambiguously identified the
novel protein. For example, we identified the hypothetical
protein ENSP00000272417 that is identical to U5 snRNP 200
kD in 1627 of 1701 amino acids on the basis of eight peptides
that only occur in the novel protein (MLLQSSEGR, TLVEDL-
FADK, FLYQLHETEK, LLSMAKPVYHAITK, LIILDEIHLLHDDR,
MDTDLETMDLDQGGEALAPR, QVLDLEDLVFTQGSHEF-
MANK, and LIILDEIHLLHDDRGPVLEALVAR).

Other groups of novel proteins with evidence linking
them to splicing were 8 helicases containing a DEAD- or
DEAD/DEAH-box motif (Luking et al. 1998), and 17 proteins
containing an RNA-recognition motif (RRM; Shamoo et al.
1995) or other domains typical of splicing factors, such as
proline-tryptophan-isoleucine motif (PWI) (Blencowe and
Ouzounis 1999) or G patch (Aravind and Koonin 1999).

The novel proteins were further analyzed for localization
signals. As expected, none of the proteins scored high for

secretory signal sequences. In 21
proteins, a bipartite nuclear local-
ization was apparent. Based on
—— their domain structure, a number of
the proteins are predicted to func-
tion in signaling or in gene expres-
sion. Figure 2 indicates that the
novel proteins either with similar-
ity to known splicing factors, or
with domains previously associated
with RNA-processing factors, show
a similar abundance pattern to the
known RNA-processing proteins.

78 Splicing

Proteins with a Function in Transcription
Table 3 lists proteins with a known
function in transcription or transla-
tion, that is, the cellular processes
that occur upstream and down-
stream of splicing during gene expression. Among the tran-
scription factors, we found two subunits of RNA polymerase
II, members of the histone H2A and H2B families, histone
acetylase and deacetylase. Several initiation factors were also
present.

Figure 2 indicates that the translation factors detected
were generally of lower abundance than the splicing factors.
Because many of these factors were close to the threshold of
detection with only one or a few peptides sequenced, it is not
surprising that only selected members of these complexes ap-
pear in the list. This is also the case for some of the other
complexes that were observed in the spliceosomal fraction
and that are described below.

Ribosomal Proteins and Associated Factors

A number of ribosomal proteins, particularly from the 40S
subunit, were identified in the preparation. We furthermore
identified several proteins from the signal recognition par-
ticle, which binds to the nascent protein chain as well as
elongation factor 1.

Proteins with Other Previously Described Functions

Seven proteins with potential regulatory roles were identified.
Among these were several signaling-related proteins and cell
cycle-associated proteins. The remaining proteins include nu-
cleoprotein TPR, a component of the nuclear pore complex;
several cytoskeleton-associated factors; and nucleolin, which
is an abundant component of the nucleolus.

DISCUSSION

Mass Spectrometric Analysis of the Spliceosome

In this study we have used enhanced MS technology to char-
acterize the protein composition of human spliceosomes. To
ensure maximum coverage of basal human splicing factors,
we analyzed a combination of active spliceosomes and inter-
mediate splicing complexes that formed on each of two sepa-
rate pre-mRNA substrates derived, respectively, from adeno-
virus (AD1) and B-globin (AL4) transcripts. Spliceosomes as-
sembled in vitro were purified, and the resulting protein
mixture was enzymatically degraded to peptides, which were
analyzed by liquid chromatography coupled on-line with
mass spectrometric sequencing.
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Table 1. Proteins With a Known Function in Splicing and

RNA Processing

Acc. no.?

Name

snRNP core proteins

SWISS-PROT: Q15357
SWISS-PROT: Q15356
SWISS-PROT: P08578
SWISS-PROT: P13641
SWISS-PROT: P43330
SWISS-PROT: P43331
SWISS-PROT: P14678

U1 snRNP

Sm G
SmF
SmE
Sm D1
Sm D2
Sm D3
Sm B/B’

SWISS-PROT: P09234
SWISS-PROT: P09012
SWISS-PROT: P08621

U2 snRNP

UT snRNP C
U1 snRNP A
U1 snRNP 70 kDa

SWISS-PROT: Q15427 SAP 49
SWISS-PROT: Q12874 SAP 61
SWISS-PROT: Q15428 SAP 62
SWISS-PROT: Q15459 SAP 114
SWISS-PROT: Q15393 SAP 130
SWISS-PROT: Q13435 SAP 145
SWISS-PROT: 075533 SAP 155
SWISS-PROT: Q01081 U2AF 35 kDa
SWISS-PROT: P26368 U2AF 65 kDa
SWISS-PROT: P09661 U2 snRNP A’
SWISS-PROT: P08579 U2 snRNP B”

U5 snRNP

ENSP00000263694 U5 snRNP 40 kDa
ENSP00000261905 US snRNP 100 kDa
ENSP00000266079 U5 snRNP 102 kDa

SWISS-PROT: Q15029
SWISS-PROT: 075643
ENSP00000254706

U6 snRNP

U5 snRNP 116 kDa
U5 snRNP 200 kDa
U5 snRNP 220 kDa

SWISS-PROT: Q9Y333
SWISS-PROT: Q9Y4Z1
SWISS-PROT: Q9Y470
SWISS-PROT: Q9Y4Y8
SWISS-PROT: Q9UK45
SWISS-PROT: 095777

U4/U6 snRNP

LSm2
LSm3
LSm4
LSmé6
LSm7
LSm8

ENSP00000259401
ENSP00000236015
ENSP00000291763

U4/U6.U5 snRNP

U4/U6 snRNP hPrp4
U4/U6 snRNP hPrp3
U4/U6 snRNP 61 kDa

SWISS-PROT: P55769
ENSP00000263858
ENSP00000256313

SR proteins

U4/U6.snRNP 15.5 kDa
U4/U6.U5 snRNP 65 kDa
SART-1 = U4/U6.U5 snRNP 110 kDa

SWISS-PROT: Q07955
SWISS-PROT: Q16629
SWISS-PROT: Q01130
SWISS-PROT: P23152
SWISS-PROT: Q13242
SWISS-PROT: Q05519
SWISS-PROT: Q13247
TREMBL: Q8WXA9

ENSP00000255590

SF2

9G8

SC35

SRp20

SRp30C

SRp54

SRp55

Splicing factor, arginine/serine-rich 12
Ser/Arg-related nuclear matrix protein

1236 Genome Research
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Table 1. (Continued)

Acc. no.? Name
Other splicing factors

ENSP00000227503 SF1
ENSP00000235397 SPF27
ENSP00000239010 SPF30
ENSP00000263697 SPF31

TREMBL: 075939; Q96GY6 SPF45
ENSP00000265414 CDC5-related protein
SWISS-PROT: Q13573 SKIP

TREMBL: QI9NZAOQ PUF60

TREMBL: 043660 Pleiotropic regulator 1
ENSP00000253363 CC1.3
ENSP00000296702 CA150

SWISS-PROT: Q14562
SWISS-PROT: 043143
SWISS-PROT: 060231

DEAH-box protein 8
DEAD/H-box-15
DEAD/H-box-16

ENSP00000268482 hPRP16

SWISS-PROT: 060508 hPRP17

ENSP00000198939 ERPROT 213-21 (+N-terminal

(+ENSP00000248044) extension of ERPROT)

ENSP00000290341 IGF-Il mRNA-binding protein 1

SWISS-PROT: P23246 PTB-associated splicing factor

ENSP00000266611 IK factor

ENSP00000257528 SLU7

ENSP00000216727 poly(A)-binding protein Il

ENSP00000293531 KH-type splicing regulatory protein

ENSP00000294623 far upstream element-binding
protein 1

ENSP00000227524 nuclear matrix protein NMP200

TREMBL: Q96HBO HCNP protein

ENSP00000278799 crooked neck-like 1

SWISS-PROT: Q9Y3B4 pre-mRNA branch site protein p14

ENSP00000292123 scaffold attachment factor B

ENSP00000261167 SH3 domain-binding protein SNP70

hnRNP

ENSP00000257767 GRY-RBP

SWISS-PROT: Q13151 hnRNP A0

SWISS-PROT: P09651 hnRNP A1l

SWISS-PROT: P22626 hnRNP A2/hnRNP B1

ENSP00000298069 hnRNP A3

ENSP00000261952 hnRNP AB, isoform a

SWISS-PROT: P07910 hnRNP C

SWISS-PROT: Q14103 hnRNP D

ENSP00000295469 hnRNP D-like

SWISS-PROT: P52597 hnRNP F

SWISS-PROT: P38159 hnRNP G

SWISS-PROT: P31943 hnRNP H

ENSP00000265866 hnRNP H3

SWISS-PROT: P26599

ENSP00000297818
SWISS-PROT: P14866
SWISS-PROT: P52272
SWISS-PROT: 043390
Q00839

TREMBL: 076022

RNA processing

Polypyrimidine tract-binding
protein; hnRNP |

hnRNP K

hnRNP L

hnRNP M

hnRNP R

hnRNP U

E1B-55kDa-associated
protein 5

SWISS-PROT: P52298
SWISS-PROT: Q09161
SWISS-PROT: P17844
SWISS-PROT: P35637
SWISS-PROT: Q01844
SWISS-PROT: Q12906
ENSP00000270794

CBP 20 kDa

CBP 80 kDa

DEAD/H-box-5; RNA helicase p68

RNA-binding protein FUS

RNA-binding protein EWS

Interleukin enhancer-binding factor 3

TLS-associated serine-arginine
protein 2

(continued)
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Table 1. (Continued)

Acc. no.? Name

RNA processing

ENSP00000269407 Aly

SWISS-PROT: Q9UBU9 Tap

ENSP00000261600 hHpr1

SWISS-PROT: Q08211 RNA helicase A

ENSP00000264073 ELAV-like protein 1 (Hu-antigen R)

SWISS-PROT: P43243 matrin 3

SWISS-PROT: P55265 Double-stranded RNA-specific adenosine
deaminase (DRADA)

ENSP00000300291 CPSF 25 kDa
ENSP00000292476 CPSF 30 kDa
ENSP00000266679 similar to CPSF 68 kDa

SWISS-PROT: Q9UKF6 CPSF 73 kDa
SWISS-PROT: Q9P2I0  CPSF 100 kDa
SWISS-PROT: Q10570 CPSF 160 kDa
ENSP00000227158 cleavage stimulation factor

subunit 3
SWISS-PROT: P05455 Lupus La protein: Sjogren

syndrome type B antigen
SWISS-PROT: Q06265 Polymyositis/scleroderma autoantigen 1
SWISS-PROT: Q01780 Polymyositis/scleroderma autoantigen 2
SWISS-PROT: Q9Y2L1 Exosome complex exonuclease RRP44
SWISS-PROT: QINPD3 Exosome complex exonuclease RRP41
ENSP00000262489 Dhm-like protein

2SWISS-PROT or ENSEMBL accession numbers are given at http://
srs.embl-heidelberg.de:8000/srs5/ and http://www.ensembl.org.

A quadrupole time-of-flight instrument provided high
resolution and high mass accuracy in the peptide analysis.
More than 7000 ion peaks were fragmented in six separate
runs. Based on these high-quality data, a total of 311 proteins
were identified unambiguously by a combination of auto-
mated database search and manual interpretation of peptide
fragmentation spectra (Fig. 1). This surprisingly large number
of factors is comprised of 125 proteins involved in RNA pro-
cessing, 71 proteins involved in other, previously described
functions, and 96 proteins that have not been functionally
described before.

The larger number of proteins found in the present study
compared with our previous study (Neubauer et al. 1998) is
partly owing to the increased sensitivity of the enhanced pro-
teomics methods now available and partly to the less strin-
gent wash conditions used in this study. The fact that two
substrates were used, furthermore, helped to identify addi-
tional factors. Human sequence databases have also improved
dramatically over the last few years. The previous study used
a combination of 2D gel electrophoresis and nanoelectrospray
mass spectrometry. The much higher throughput provided by
on-line tandem mass spectrometric peptide sequencing com-
bined with automated database searching made it realistic to
deal with thousands of peptide fragmentation spectra and
even allowed multiple analysis conditions.

Figure 4 shows the calculated positions of the identified
proteins in a plot of isoelectric point versus molecular weight
(labeled virtual 2D gel). About 40% of the proteins fall outside
of the coordinates of a standard 2D gel. For example, the Sm
and Lsm proteins are too small, and many other RNA-
processing proteins are too basic or too large to be represented
on a 2D gel. Note that two proteins, which are outside the box
in Figure 4, had migrated anomalously in the previous analy-

sis such that they had been found at positions inside the
coordinates of the previously analyzed 2D gels.

We observed a wide variation in the apparent quantity of
the spliceosomal proteins (see Fig. 2). The more abundant
factors were identified with dozens of sequenced peptides,
whereas some of the least abundant factors were identified on
the basis of a single peptide. This variation does not only
reflect different stoichiometry in the different spliceosomal
complexes that were purified, but is also a result of the differ-
ential response of the peptides in the analytical method used.
To obtain a rough visualization of the abundance of different
proteins, we defined a simple protein abundance index (PAI)
as the ratio between the sequenced peptides of a protein and
the total number of tryptic peptides predicted from the pro-
tein sequence (see Methods). Although the PAI in the form
presented here is by no means an accurate measure of protein
amount, it can be used as a guide for relative classification in
abundant and less abundant proteins. For example, the novel
proteins G10 protein homolog (EDG-2) and hypothetical pro-
tein ENSP00000292314 have a very high index and as such
would be excellent candidates for detailed functional studies
even though they lack sequence similarities to proteins pre-
viously found in splicing/RNA processing. Other proteins
with a high index and sequence similarity to known splicing/
RNA-processing proteins are the hypothetical proteins similar
to US snRNP 200 kD, the hypothetical protein similar to U2
snRNP A’, the cyclophilin CGI-124 protein, and the RRM do-
main-containing Arsenite-resistance protein 2. Among the
proteins involved in transcription, Interleukin enhancer-
binding factor 2, which binds to the RNA-processing protein
Interleukin enhancer-binding factor 3, and the nuclease-
sensitive element binding protein 1 also appear to be abun-
dant.

We originally expected that the proteins identified in our
previous investigation would have been the most abundant of
the much larger number of proteins identified here. However,
the average PAI of that group was only moderately higher
(0.85 compared with 0.61; data not shown), and many of the
previously identified proteins were of low abundance, as in-
dicated by the present analysis. This may reflect the fact that
2D gel electrophoresis with subsequent nanoelectrospray pep-
tide sequencing is also very sensitive for the subgroup of pro-
teins that are readily focused and visualized on the gel.

Proteins associated with the two different substrates were
largely identical, especially for the core spliceosomal compo-
nents. Differences in those components mainly occurred for
proteins that were identified with very few peptides, indicat-
ing that these were missed in the other purification. However,
there were also significant differences in non-core splicing
proteins that appear to be unrelated to the analysis and that
may have functional significance. As an example, among the
clearest differences were the Fuse binding proteins (FBP) 1, 2
and 3, which are unique to the AL4 substrate. FBPs bind to the
single-stranded far upstream element (FUSE) upstream of the
c-myc gene. In addition to its transcriptional role, FBP1 and its
closely related siblings FBP2 and FBP3 have been reported to
bind RNA and participate in various steps of RNA processing,
transport, or catabolism. Interestingly, the insulin growth fac-
tor (IGF)-Il mRNA-binding protein 3 was also detected exclu-
sively attached to AL4 and is known to recognize c-myc and
IGF-II mRNA, respectively, and to regulate their expression
posttranscriptionally. These substrate-specific factors will be
the subject of a future investigation. Altogether, 79 factors
were unique to the AL4 substrate and 44 to the AD1 substrate.
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Table 2. Novel Proteins

Acc. No.?

Name

Comments®

Novel proteins and proteins with unclear functions with sequence similarities implicating them in splicing/mRNA processing

ENSP00000295270
ENSP00000272417
ENSP00000301345
TREMBL: QINUYO
SWISS-PROT: Q13523
ENSP00000296630
ENSP00000266057
ENSP00000273541
XP_013029
ENSP00000286032
ENSP00000301786
ENSP000000301784
ENSP00000261832

ENSP00000244367
ENSP00000215824
ENSP00000234288
ENSP00000282972

SWISS-PROT: Q9UNP9
ENSP00000261308

SWISS-PROT: Q92841
ENSP00000274514
ENSP00000242776

SWISS-PROT: Q92499
SWISS-PROT: Q9NR30
SWISS-PROT: Q9UJV9
ENSP00000218971

SWISS-PROT: P38919

ENSP00000297920
ENSP00000263115
ENSP00000277477

ENSP00000295749

ENSP00000298643
SWISS-PROT: Q9Y580
SWISS-PROT: 043251
ENSP00000295971
ENSP00000266301
SWISS-PROT: Q9Y388
SWISS-PROT: Q02040
ENSP00000262632
ENSP00000293677
SWISS-PROT: Q9BXP5
ENSP00000220496
TREMBL: 000425
ENSP00000262710
TREMBL: Q96SC6
ENSP00000295996
ENSP00000199814
SWISS-PROT: P98175
ENSP00000261972
(+ENSP00000261973)

TREMBL: Q9UQ35
ENSP00000247001
ENSP00000299951
ENSP00000281372
TREMBL: Q96KR1
ENSP00000239893

Hypothetical protein

CDNA FLJ13778 fis
Hypothetical protein

CDNA FLJ11063 fis
Serine/threonine-protein kinase
Hypothetical protein

CDNA FLJ10998 fis
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein DKFZp434E2220

CGI-124 protein

CYP-60

PPIL3b

Serologically defined colon cancer
antigen 10

Cyclophilin E

KIAA0073 protein

Probable RNA-dependent helicase p72
RNA helicase
Hypothetical protein

DDX1

DDX21

DEAD-box protein abstract homolog

DDX26

Eukaryotic initiation factor 4A-like
NUK-34

Hypothetical protein FLJ11307

Hypothetical protein

Far upstream element (FUSE) binding
protein 3

KIAA 1604 protein

PRO1777

RNA-binding protein 7

RNA-binding protein 9

Hypothetical protein FLJ20273

KIAA 1649 protein

Hypothetical protein CGI-79.B

B-lymphocyte antigen precursor

Hypothetical 47.4 kDa

Hypothetical protein

Arsenite-resistance protein 2

Hypothetical protein FLJ10634

Putative RNA-binding protein KOC

KIAA0670 protein

OTT-MAL

KIAA0332 protein

Hypothetical protein FLJ10290

RNA-binding protein 10

Hypothetical protein S164
(+N-terminal extension: CDNA:
FLJ22454 fis, clone HRC09703)

RNA-binding protein

F23858 1

Hypothetical protein

HsKin17 protein

Putative Zinc finger protein

OPA-interacting protein OIP2

Similar to U5 snRNP 200 kDa

Similar to U5 snRNP 200 kDa

Similar to U5 snRNP 220 kDa

Similar to arginine/serine-rich 4

Ser/Thr protein kinase family, similar to S. pombe PRP4

RRM domain, bipartite NLS, similar to arginine/serine-rich 11

Similar to RNA lariat debranching enzyme

Similar to Isy 1p, a potential splice factor in yeast

Similar to U2 snRNP A’

Similar to hnRNP A3

Similar to hnRNP U

Similar to hnRNP U

BASIC, basic domain in HLH proteins of MYOD family, PSP,
proline-rich domain in spliceosome-associated proteins, zinc
finger CCHC, zinc knuckle

Cyclophilin-type peptidyl-prolyl cis-trans isomerase

Cyclophilin-type peptidyl-prolyl cis-trans isomerase

Cyclophilin-type peptidyl-prolyl cis-trans isomerase

Cyclophilin-type peptidyl-prolyl cis-trans isomerase, bipartite NLS

Cyclophilin-type peptidyl-prolyl cis-trans isomerase, RRM domain
Cyclophilin-type peptidyl-prolyl cis-trans isomerase, G-protein beta

WD-40 repeats
DEAD/DEAH-box helicase
DEAD/DEAH-box helicase

Similar to nuclear RNA helicase, DECD variant of DEAD-box helicase

family
DEAD/DEAH-box helicase, SPRY domain
DEAD/DEAH-box helicase, bipartite NLS
DEAD/DEAH-box helicase, zinc finger CCHC type
DEAD-box, von Willebrand factor type A domain
DEAD-box helicase

Double-stranded RNA-binding domain (DsRBD)
G-patch domain
KH domain

MIF4G, middle domain of eukaryotic initiation factor 4G and
MA3 domain, bipartite NLS

PWI domain

RRM domain

RRM domain

RRM domain

RRM domain

RRM domain

RRM domain

RRM domain, ATP/GTP-binding site motif A (P-loop)

RRM domain, Bipartite NLS

RRM domain, Bipartite NLS

RRM domain, DNA| heat shock protein, bipartite NLS

RRM domain, KH domain

RRM domain, SAP domain

RRM domain, SAP domain

RRM domain, Surp domain, Bipartite NLS

RRM domain, Zinc finger C-x8-C-x5-C-x3-H type

RRM domain, C2H2 type zinc finger, bipartite NLS

RRM domain, PWI domain, bipartite NLS, Spectrin repeat
(ENSP00000261973 encodes the N-terminal extension of
ENSP00000261972)

RS domain

Surp domain, G-patch domain

U1l-like zinc finger, bipartite NLS

C2H2 zinc finger

C2H2 zinc finger

3’ exoribonuclease family

Novel proteins without similarities implicating them in splicing/mRNA processing

SWISS-PROT: Q9C0J8
ENSP00000253952

WDC146
Hypothetical 34.8 kDa protein

G-protein beta WD-40 repeats
G-protein beta WD-40 repeats
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Table 2. (Continued)

Acc. No.? Name Comments®

ENSP00000263222 Hypothetical 57.5 kDa protein G-protein beta WD-40 repeats

ENSP00000156471 KIAA0560 protein ATP/GTP-binding site motif A (P-loop)

SWISS-PROT: Q9UHO06 Hypothetical 12.4 kDa protein PHD-finger (C4HC3 zinc finger) belongs to the UPF0123
family of hypothetical proteins

ENSP00000216252 BK223H9

ENSP00000260210 Hypothetical protein MGC13125 Bipartite NLS, ankyrin similarity

ENSP00000257181 Hypothetical protein FL|14936 Bipartite NLS, similar to unknowns

ENSP00000290008 Hypothetical protein Bipartite NLS

SWISS-PROT: QINZB2 C90rf10 protein Bipartite NLS, similar to unknowns

ENSP00000247026 Hypothetical 66.4 kDa protein Bipartite NLS

ENSP00000236273 GCIP-interacting protein p29 Bipartite NLS, similar to unknowns

ENSP00000292314 Hypothetical protein Bipartite NLS, similar to unknowns

ENSP00000266923 C210rf70 Bipartite NLS, similar to unknowns

ENSP00000221899 NY-REN-24 antigen Bipartite NLS, Ezrin/radixin/moesin family; similar to

SWISS-PROT: Q14331 FRG1 protein (FSHD region gene 1
protein)

SWISS-PROT: P42285 KIAA0052 protein

ENSP00000221413 CGl-46 protein

ENSP00000222969 G10 protein homolog (EDG-2)
ENSP00000279839 Adrenal gland protein AD-002
ENSP00000278702 Similar to nuclear mitotic apparatus

protein 1

SWISS-PROT: Q92733 Proline-rich protein PRCC

ENSP00000263905 KIAA1461 protein
XP_089514 Hypothetical protein
ENSP00000258457 Hypothetical 25.9 kDa protein

TREMBL: Q8WYA6
TREMBL: Q13769
SWISS-PROT: Q9Y5B6

Nuclear associated protein
Hypothetical protein

homolog

SWISS-PROT: Q9Y224 Hypothetical protein CGI-99

GC-rich sequence DNA-binding factor

Drosophila cactin

Bipartite NLS, Lipocalin-related protein and Bos/Can/Equ
allergen domain

SKI2 helicase family

DnaB helicase family

G10 protein family

GTP-binding signal recognition particle (SRP54) G-domain

Involucrin repeat, G-protein gamma subunit, DNA
gyrase/topoisomerase 1V, subunit A, M protein repeat, bZIP
(Basic-leucine zipper) transcription factor family

Proline-rich extension

PWWP domain, Methyl-CpG binding domain

Similar to nucleophosmin

Similar to Xenopus ashwin

Similar to Bos taurus P14

Similarity to intermediate filament b [Dugesia japonica]

Similar to C-TERMINAL OF GCF/TCF9 and other putative
transcription factors

Similarity to putative transcription factors

Uncharacterized protein family UPF0027
Similar to unknowns
Similar to unknowns

ENSP00000216038 Hypothetical 55.2 kDa protein
ENSP00000289509 Hypothetical 80.5 kDa protein
ENSP00000245838 Hypothetical protein LOC57187
ENSP00000289996 Hypothetical protein
ENSP00000252137 DiGeorge syndrome critical region gene
DGSI protein
ENSP00000256579 Hypothetical protein FLJ10330
ENSP00000245651 C200rf158 protein
SWISS-PROT: Q9BWJ5 Hypothetical protein MGC3133
ENSP00000272091 Hypothetical protein XP_089191
ENSP00000297526 KIAA1440 protein
ENSP00000271942 Hypothetical protein FLJ21919

TREMBL: Q9BTU2
TREMBL: Q8WVN3

Hypothetical 31.5 kDa protein
Hypothetical protein

Similar to unknowns
Similar to unknowns

Similar to unknowns
Similar to unknowns
Similar to unknowns
Similar to unknowns
Similar to unknowns
Similar to unknowns
Similar to unknowns
Similar to unknowns

2SWISS-PROT or ENSEMBL accession numbers are given at http://srs.embl-heidelberg.de:8000 and http://www.ensembl.org.

®Domains: RRM: RNA recognition motive; Bipartite NLS: Bipartite Nuclear Localization Signal; SPRY: SP1a/RY anodine receptor SPRY domain;
G-patch: named after seven highly conserved glycines; KH: hnRNP K homology domain; PWI: proline-tryptophan-isoleucine motifs; SAP:
SAF-A/B, Acinus and PIAS motif; RS: Arginine-Serine repeats; Surp: Suppressor-of-white-apricot splicing regulator domain.

Discussion of Identified Factors

Significantly, all known U1, U2, and U6 proteins were iden-
tified in this large-scale study (Table 1). Virtually all of the
other known spliceosomal proteins were also observed, which
includes the SR proteins that were not detected in our previ-
ous study. Five proteins with a described role in U4/U6 and
U4/U6 - US snRNPs were not identified with either substrate
tested. It is possible that these factors are present in the
samples but were missed because of low abundance, weak
affinity, or other technical reasons affecting detection in this
system. Alternatively, it is possible that these proteins are not,
in fact, stable components of the spliceosomes formed on the
pre-mRNAs analyzed.

A large proportion of the proteins that were detected
have a known function in RNA processing. In addition to the
known splicing factors, we identified 20 hnRNP proteins,
some of which are also implicated in splicing. Likewise, there
are several proteins in the category of other RNA-processing
proteins that function in splicing.

Table 2 lists 96 novel proteins present in the spliceo-
somal preparation. At first, this appears to be a surprisingly
large number, considering that the spliceosome has been
studied intensively for many years. However, we note that a
recent analysis of human nucleolar proteins showed that
>30% of the factors detected were novel despite more than
two hundred years of research into nucleoli (Andersen et al.
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Table 3. Proteins Involved in Transcription, Translation, and Other Functions

Acc. no.?

Name

SWISS-PROT: P16991
ENSP00000271939
TREMBL: 015043
ENSP00000266071
SWISS-PROT: P16383
SWISS-PROT: P78347
ENSP00000228251
NP_005325
SWISS-PROT: P49848
SWISS-PROT: P12956
ENSP00000283131
SWISS-PROT: P30876
SWISS-PROT: P24928
SWISS-PROT: P02261
SWISS-PROT: P20670
SWISS-PROT: Q93080
SWISS-PROT: P09429
SWISS-PROT: 015347
ENSP00000275182
SWISS-PROT: Q16576
SWISS-PROT: P23396
NP_000997
SWISS-PROT: P12750
SWISS-PROT: P22090
SWISS-PROT: P46782
SWISS-PROT: P23821
SWISS-PROT: P09058
SWISS-PROT: P46781
SWISS-PROT: P46783
ENSP00000237131
SWISS-PROT: Q02546
SWISS-PROT: P11174
SWISS-PROT: P39027
SWISS-PROT: P17008
SWISS-PROT: P08708
SWISS-PROT: P25232
SWISS-PROT: P39019
SWISS-PROT: P25111
SWISS-PROT: P30054
SWISS-PROT: Q05472
SWISS-PROT: P04643
SWISS-PROT: P46777
SWISS-PROT: P35268
SWISS-PROT: P29316
SWISS-PROT: P12947
TREMBL Q8WTO
SWISS-PROT: P09132
SWISS-PROT: Q9UHB9
TREMBL: Q8WUK2
SWISS-PROT: Q76094
SWISS-PROT: P04720

SWISS-PROT: P12270
SWISS-PROT: P46940
ENSP00000268182
SWISS-PROT: P52292
SWISS-PROT: 075909
SWISS-PROT: P78396
SWISS-PROT: P09874
SWISS-PROT: 043823
ENSP00000262971
ENSP00000296215
ENSP00000234443

ENSP00000300630
ENSP00000271238
SWISS-PROT: P19338
SWISS-PROT: P55081
SWISS-PROT: P11142

CCAAT-binding transcription factor | subunit A
Interleukin enhancer binding factor 2, 45 kD
Death associated transcription factor 1

Death associated transcription factor-1 isoform b
GC-rich sequence DNA binding factor

general transcription factor Il

Cold shock domain protein A

host cell factor Cl

Transcription initiation factor TFIID 70 kD subunit
ATP-dependent DNA helicase I, 70 kD subunit
SWI/SNF related, matrix associated, actin dependent regulator of chromatin subfamily a, member 6
DNA-directed RNA polymerase Il 140 kD
DNA-directed RNA polymerase Il largest subunit
Histone H2A~

H2A histone family member O

H2B histone family several members possible
High-mobility group protein 1

High mobility group box 4

Histone deacetylase 2

Histone acetyltransferase type B subunit 2

40S ribosomal protein S3

40S ribosomal protein S3A

40S ribosomal protein S4

40S ribosomal protein S4Y isoform

40S ribosomal protein S5

40S ribosomal protein S7

40S ribosomal protein S8

40S ribosomal protein S9

40S ribosomal protein S10

40S ribosomal protein $12

40S ribosomal protein S13

40S ribosomal protein S15

40S ribosomal protein S15a

40S ribosomal protein S16

40S ribosomal protein S17

40S ribosomal protein S18

40S ribosomal protein S19

40S ribosomal protein S25

40S ribosomal protein $29

40S ribosomal protein S30

40S ribosomal protein S11

60S ribosomal protein L5

60S ribosomal protein L22

60S ribosomal protein L23a

60S ribosomal protein L31

Signal recognition particle 9 kD

Signal recognition particle 19 kD

Signal recognition particle 68 kD

Signal recognition particle 68 kD isoform
Signal recognition particle 72 kD

Elongation factor 1

Nucleoprotein TPR

Ras GTPase-activating-like

protein IQGAP1 (P195)

Importin alpha-2 subunit

Cyclin K

Cyclin A1

poly(ADP-ribosyl)transferase

A-kinase anchor protein 8

PIAS1

Smad nuclear-interacting protein 1

Protein kinase, interferon-inducible double stranded RNA dependent activator; protein activator of the
interferon-induced protein kinase

Ubiquitin

Phosphatase 2A inhibitor

Nucleolin

Microfibrillar-associated protein 1

Heat shock cognate 71 kD protein
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Table 3. (Continued)

Acc. no.? Name
ENSP00000286912 Dynein heavy chain
SWISS-PROT: P08670 Vimentin
ENSP00000243115 Tubulin, alpha
ENSP00000259925 Tubulin, beta 5

2SWISSPROT or ENSEMBL accession numbers are given. (http://srs.embl-heidelberg.de:8000/srs5/ and www.ensembl.org)

2002a). More than half of the novel spliceosome-associated
proteins detected here either showed strong similarity to
known splicing factors or had domains such as RRM, DEAD
box. and/or PWI that implicate them in RNA processing. Also,
a cyclophilin, USA-CyP (Horowitz et al. 2002), has been
shown to act in the spliceosome and with six novel proteins
that are likely members of the cyclophilin-type-peptidyl-
prolyl-cis-trans-isomerases. Thus this family may play an even
larger role in splicing than previously thought.

Interestingly, these novel proteins also show a similar
abundance pattern to the known splicing factors (Fig. 2). The
fact that these proteins were identified in a spliceosomal
preparation, combined with the bioinformatic evidence link-
ing them to splicing, strongly indicates that these proteins are
likely to be bona fide splicing factors.

Given the large proportion of proteins implicated in
splicing or related RNA-processing activities, it is likely that
many of the remaining 42 novel proteins are also involved in
these functions. A detailed analysis of all these factors is be-
yond the scope of this study but will be addressed in future
work.

Further studies will be required to assess which of the
newly identified spliceosome-associated proteins are directly
involved in splicing and which are involved in other activities
relating to the synthesis, processing, localization, or transport
of nascent mRNA. In this regard, it is interesting that our
parallel analysis of host cell factor (HCF), identified here as a
spliceosome protein, shows that it is required for splicing in
vivo and in vitro (P. Ajuh and A.I. Lamond, in prep.). How-
ever, it is likely that not all of the novel spliceosome proteins
are directly required for the catalysis of splicing. Rather, we
favor the interpretation that the splicing machinery works in
the context of a larger series of activities required for the pro-
duction and cytoplasmic export of mature mRNA. Thus, some
of the factors identified may have roles in affecting other re-
lated RNA processing, editing, and transport events. Consis-
tent with this idea, the proteins detected include multiple
components of the 3’ cleavage and polyadenylation machin-
ery (Minvielle-Sebastia 1999) as well as the double-stranded
RNA-specific adenosine deaminase (DRADA) RNA-editing en-
zyme that is known to associate with a nuclear protein com-
plex (Zhang 2001). The mRNA export machinery was repre-
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sented by the proteins Aly (Zhou et al. 2000), Tap (Gruter et
al. 1998), hHpr1 (Strasser et al. 2002), and possibly the nuclear
pore protein TPR (Bangs et al. 1998; Frosst et al. 2002). Thus,
our data provide further support for direct linkage between
splicing and mRNA export (Reed and Hurt 2002).

We also identified a number of ribosomal proteins in-
volved in protein translation in the cytosol. At present, we
know of no direct evidence linking ribosomal proteins to
splicing functions. The ribosomal proteins likely copurified
owing to direct binding to the RNA bait, but alternatively may
have bound to the mRNA export complex, components of
which we have identified here. Thus, the significance of the
ribosomal protein data needs to be evaluated cautiously until
further studies can be carried out to test their potential link to
spliceosomes.

Interestingly, a number of transcription-related proteins
including subunits of RNA polymerase II and other transcrip-
tion factors were identified in this analysis. This finding in-
dicates a tight coupling of transcription with splicing, consis-
tent with recent in vivo and biochemical data indicating such
a link (for review, see Bentley 2002). For example, it is already
known that CA150, which was identified in our preparation,
can bind to RNA polymerase II and SF1 (Goldstrohm et al.
2001). Scaffold attachment factor B can bind to RNA polymer-
ase II and SR proteins (Nayler et al. 1998) and thus also rep-
resents a possible direct link between transcription and splic-
ing. In this context, it is interesting to note that Protein in-
hibitor of activated STAT1 (PIAS1) likewise has the
characteristics of a scaffold-attachment factor and has a speck-
led nuclear localization (Tan et al. 2002), which is typical for
splicing factors.

Although it is known that splicing can be tightly regu-
lated, for example, in many instances of alternative splicing
(Graveley 2002), less is known about the mechanisms in-
volved in this regulation. In this regard, it is interesting that a
number of putative regulatory proteins were found in asso-
ciation with the spliceosome. Three Death-box-containing
proteins, one of which is a novel protein, may link the spli-
ceosome to apoptosis. These proteins may, however, have a
function similar to hHrp1, a Death-box-containing protein
acting in mRNA export. Two other proteins that were found,
protein phosphatase II inhibitor, a protein co-immuno-
precipitating with SPF30 (J. Rappsilber and M. Mann, unpubl)
and poly(ADP-ribosyl)transferase indicate other leads into the
regulative mechanisms of the splicing process that will be
followed up in future studies. It is also possible that splicing
activity in vivo may be regulated during the cell cycle. Con-
sistent with this idea, certain spliceosomal proteins were ini-
tially found as cell cycle mutants or have been defined by
their homology to cell cycle proteins, for example, the human
splicing factor CDC5-like protein (Ajuh et al. 2000). This pos-
sible link to the cell cycle may be supported here by the pres-
ence of cyclin Al and K in our spliceosomal preparations. It
will be interesting to determine whether either of these fac-
tors can act on substrates associated with the spliceosome.

Prospects

We have shown here that the use of enhanced, state-of-the-art
proteomic methods facilitate a more detailed characterization
of the human spliceosome than was previously possible, as it
incorporates both high sensitivity and rapid analysis. This
opens up the prospect of detailed proteomic studies address-
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ing the dynamics of the spliceosome, for example, in regula-
tion and in differential splicing, particularly if methods for
direct quantification of the proteins can also be used.

Bearing in mind that some of the splicing factors were
identified with only one peptide and that we used only two
separate substrate RNAs and specific purification conditions,
we do not expect the present study to have delivered a final
list of spliceosomal proteins. It will be interesting to study
alternative purification methods for isolating spliceosomes,
including different washing stringencies and different pre-
mRNA substrates, to identify even more splicing factors.

There is supporting evidence for functions in splicing for
many of the novel factors that we have identified here (see
Table 2). For the factors without any domains or sequence
identity that links them to splicing, future localization and/or
functional studies will be performed to address their putative
role in splicing.

The regulatory proteins associated with the spliceosome
also prompt multiple new experimental possibilities to study
the regulation of splicing both in vivo and in vitro, showing
the utility of large-scale proteomic studies as a launch pad for
the design of functional studies in molecular cell biology.

METHODS

Purification of the Human Spliceosome

Human complexes were prepared essentially as described, but
using less stringent wash conditions (Reed 1990; Calvio et al.
1995; Neubauer et al. 1998). Briefly, a mixture of spliceosomal
complexes was assembled on biotinylated, radioactively la-
beled RNA. Two splicing substrates, adenovirus (AD1) and
B-globin (AL4) transcripts, were used in separate experiments.
The substrates were each biotin-labeled and incubated under
splicing conditions with HeLa nuclear extracts in 1-mL reac-
tions at 30°C for 1 h, forming both active spliceosomes and
assembly intermediates. After incubation the samples were
immediately loaded onto a 2.5 X 75-cm S-500 gel filtration
column, and pooled fractions from the spliceosome peak were
affinity-selected on streptavidin beads (Calvio et al. 1995).
Proteins bound to the beads were washed three times in wash
buffer (100 mM NacCl, 20 mM Tris-HCl at pH 7.5), then eluted
in 0.3 mL of elution buffer (2% SDS, 20 mM Tris-HCI at pH
7.5,20 mM DTT). Eluted proteins were precipitated with 1 mL
of methanol together with 12 pg of slipper limpet glycogen
carrier and finally resuspended in 50 uL of elution buffer. This
procedure was repeated 12 times, and the resulting samples
were pooled separately for each of the pre-mRNA substrates.
Based on the staining with Coomassie blue, we estimate that
each fraction contained ~6-10 pg of protein in total.

For the background control, nuclear extract was incu-
bated without labeled RNA, followed by gel filtration as de-
scribed above. Beads were mixed with the fractions that cor-
responded to the ones that contained labeled RNA in the
above-described experiment. Beads were washed, and the
bound material was eluted as above.

Sample Preparation for LCMS/MS

After purification, the volume of the pooled samples was re-
duced in vacuo; 15% glycerin, 100 mM dithiothreitol, and
Bromophenol blue were added; and the samples were run on
a 7.5% SDS-PAGE gel and stained with Coomassie blue. The
lightly stained area containing the total, unseparated spliceo-
somal protein mixture was excised, then the proteins were
in-gel reduced, alkylated, and digested using trypsin following
described procedures (Shevchenko et al. 1996). Peptides were
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extracted using first 70 pL of acetonitrile then 100 pL of 50%
acetonitrile/2.5% acetic acid/0.01% heptafluoro butyric acid.
Extracts were combined with the respective supernatants and
filtered, and the volume was reduced in vacuo to ~25 pL.

LC MS/MS Analysis

Vydac 218MSB3 bulk material (3-um prototype reversed
phase material, a generous gift from Grace Vydac) was packed
into pulled fused silica capillaries (PicoTip, New Objective)
with a 100-pm ID and an 8-um tip opening. Particles formed
a self-assembled particle frit (SAP-frit) at the tapered end ac-
cording to the principle of the stone arch bridge (Ishihama et
al. 2002). Peptides were loaded using a sample loop. The fol-
lowing gradient was used: buffer A (5% acetic acid/0.02% hep-
tafluoro butyric acid) to buffer B (80% acetonitrile/5% acetic
acid/0.02% heptafluoro butyric acid), having the profile:
B7% — B15% (0 — 10 min), B15% — B35% (10 — 70 min),
B35% — B50% (70 — 80 min), B50% — B80% (80 — 85 min),
B80% (90 min). The amount of material was estimated to be
sufficient for three analyses using two initial LC MS/MS analy-
ses of 10% of the sample. Subsequently, three identical LC
separations were performed with the significant difference
that the MS analysis software (aAnalyst, MDS-Sciex) was in-
structed to select only precursors in a certain mass range (m/
z =350-550, m/z = 550-750, or m/z = 750-1400, respectively)
for fragmentation. This was matched by pulsed extraction of
fragments, enhancing on m/z = 400, 600, or 800, respectively,
as described previously (Andersen et al. 2002b). Tandem mass
spectra were acquired for 1.5 sec, and fragmented peptides
were excluded from sequencing for 120 sec. The background
control was less complex and contained less material and was
therefore only run with one LC MS/MS analysis, pulsed in the
central region and with a precursor selection window of
m/z = 350-1400. Scripts in Analyst created peak lists on the
basis of the recorded fragmentation spectra.

Data Analysis

The combined peak lists of all eight runs contained the infor-
mation on 7019 fragmentation spectra. This list was searched
against the International Protein Index (IPI) database (http://
www.ebi.ac.uk/IPI/IPIhelp.html) using Mascot (Matrix Sci-
ence) on our in-house server. The most prominently identi-
fied peptides were then used to recalibrate the data, and the
search was repeated to yield the initial list of identified pro-
teins. All protein entries that were identified with at least
three high-scoring peptide-query matches (individual Mascot
scores above 32) and where the peptides were ranked as the
top candidates were accepted as identified. All others were
inspected manually as described in Results. In cases of ambi-
guity, the corresponding fragmentation spectrum was opened
in Inspector (MDS-Proteomics) and manually interpreted to
yield a peptide sequence tag (Mann and Wilm 1994), which
was then searched against the IPI database using PepSea
(MDS-Proteomics). The following proteins were regarded as
contaminants on the basis of their occurrence in a blank pu-
rification (no biotinylated pre-mRNA added; data not shown):
Von Ebner’s gland protein (SWISS-PROT: P31025); Lysozyme
C precursor (SWISS-PROT: P00695); dermcidin (SWISS-PROT:
P81605); NY-REN-6 antigen (ENSP00000255069); trypsin
(XP_094996); keratin 1 (SWISS-PROT: P04264); similar to
keratin 1 (ENSP00000301445); keratin 2a (SWISS-PROT:
P35508); similar to keratin 2a (ENSP00000252247); keratin 5
(ENSP00000252242); keratin, type II cytoskeletal 6F (SWISS-
PROT: P48669); keratin 9 (ENSP00000246662); similar to
keratin, type I cytoskeletal 10 (SWISS-PROT: P13645); keratin
10 (TREMBL: Q14664); keratin 14 (SWISS-PROT: P02533);
keratin 16 (ENSP00000301653). Also, Huntington-interacting
protein HYPA/FBP11 (ENSP00000288690) was considered to
be a contaminant, because together with NY-REN-6 antigen it

is a fragment of formin-binding protein 3 (NP_061255). Other
proteins identified here were also classified as contaminants
on the following basis: S100 calcium-binding protein A7
(SWISS-PROT: P31151) based on its high expression in kera-
tinocytes (Rasmussen et al. 1992) and the two hypothetical
proteins ENSP00000295258 and ENSP00000271816 based on
their domain structure, which is very similar to calcium-
binding protein A7.

The PAI is here defined as the number of sequenced pep-
tides (fragmentation spectra assigned with significant score
and as the top match to an individual identified protein) di-
vided by the number of its calculated, observable peptides.
Readily observable tryptic peptides were taken to be those in
the mass range 800 to 2400 D. Fragmentation spectra match-
ing the same peptide sequence but with different charge
states, modification state, and containing missed cleavage
sites were counted separately. For this reason, the index can
be >1. The index is an expression describing not only the
abundance of the protein in the sample but also its response
to the measurement procedure. The latter is a complicated
function of the efficiency of digestion, peptide solubility, ex-
traction, ionization, and fragmentation for each protein and
its peptides. In the future, more sophisticated versions of the
PAI could take an increasing number of such factors into ac-
count.
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