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More than 200 proteins associate with human spliceosomes, but little is known about their relative abun-
dances in a given spliceosomal complex. Here we describe a novel two-dimensional (2D) electrophoresis
method that allows separation of high-molecular-mass proteins without in-gel precipitation and thus without
loss of protein. Using this system coupled with mass spectrometry, we identified 171 proteins altogether on 2D
maps of stage-specific spliceosomal complexes. By staining with a fluorescent dye with a wide linear intensity
range, we could quantitate and categorize proteins as present in high, moderate, or low abundance. Affinity-
purified human B, B**, and C complexes contained 69, 63, and 72 highly/moderately abundant proteins,
respectively. The recruitment and release of spliceosomal proteins were followed based on their abundances in
A, B, B, and C spliceosomal complexes. Staining with a phospho-specific dye revealed that approximately
one-third of the proteins detected in human spliceosomal complexes by 2D gel analyses are phosphorylated.
The 2D gel electrophoresis system described here allows for the first time an objective view of the relative
abundances of proteins present in a particular spliceosomal complex and also sheds additional light on the
spliceosome’s compositional dynamics and the phosphorylation status of spliceosomal proteins at specific

stages of splicing.

The spliceosome is a highly complex and dynamic megadal-
ton RNP machine. It is comprised of the five snRNPs U1, U2,
U4, US, and U6 and a large number of non-snRNP protein
factors (reviewed in reference 42). Spliceosomes assemble de
novo in a stepwise manner on each new intron to be spliced
and thus pass through a series of distinct complexes (42).
Initially, the U1l snRNP binds the pre-mRNA, forming the E
complex, and after stable U2 snRNP interaction, the A com-
plex is generated. Subsequently, the U4/U6 and U5 snRNPs
associate, as part of the U4/U6.US tri-snRNP, and the pre-
catalytic B complex is formed. Through a series of composi-
tional and structural rearrangements, the B complex is acti-
vated, first yielding the B*** complex. After the action of the
DEXH box protein Prp2, the B* complex is formed, which
catalyzes step 1 of splicing. This involves cleavage at the 5’
splice site (ss) of the pre-mRNA and the ligation of the 5" end
of the intron to the so-called branch site to form a lariat-like
structure. After the first step, the spliceosomal C complex is
formed, and it catalyzes the step 2 of splicing, during which the
intron is excised and the exons are ligated together to form
mRNA.
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Mass spectrometry (MS) analyses have shown that more
than 200 proteins copurify with mixtures of human spliceo-
somal complexes (31, 47). Individual spliceosomal complexes
contain many fewer proteins (e.g., ~125 for B, B**, and C
complexes) and differ from each other considerably in compo-
sition (3, 6, 7, 10). However, the relative abundances of all of
the proteins present within a given spliceosomal complex are
presently not clear. Spliceosomes contain snRNP-associated
and non-snRNP proteins, the latter consisting of, among oth-
ers, members of the SR, hnRNP, PRP, and DEXH/D box
protein families. Many non-snRNP spliceosomal proteins as-
sociate predominantly with a particular complex. For example,
more than 30 non-snRNP proteins are recruited during the
A-to-B-complex transition (3, 10), and ~20 proteins during the
transition from the B to B*** complex (6). Similarly, ~30 non-
snRNP proteins are recruited during the formation of the C
complex. Interestingly, many of these C-complex-specific pro-
teins do not contain homologues in yeast. The role, if any, of a
large number of these non-snRNP spliceosome-associated pro-
teins in splicing is currently unclear. Information about the
relative abundances of these proteins would provide an initial
indication as to which of them are bona fide spliceosomal
proteins that likely play functional/structural roles during splic-
ing. This information is essential in order to decide which of
the numerous proteins of unknown function that associate with
spliceosomes should be characterized in more detail. In addi-
tion, information about the relative abundances of proteins in
a given spliceosomal complex is also relevant for deciding
which of these complexes is the most homogeneous on the
compositional level and thus most amenable to high-resolution
structure studies.

Splicing not only involves dramatic changes in the composi-
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tion of the spliceosome but also changes in the phosphoryla-
tion status of individual spliceosomal proteins. Indeed, revers-
ible protein phosphorylation plays a key role during
spliceosome assembly and the catalytic steps of splicing (re-
viewed in references 28 and 37). Several spliceosomal proteins
are known to be phosphorylated, including members of the SR
protein family, the U1-70K protein, and the UZ2-associated
SF3b155 protein (8, 39, 40). In addition, several human tri-
snRNP proteins, including hPrp28/100K, hPrp6/102K, and
hPrp31/61K, are also phosphorylated, and their phosphoryla-
tion was linked to the stable integration of the U4/U6.U5
tri-snRNP during B complex formation (26, 35). In addition to
these studies, MS studies of nuclear phosphoproteins in HeLa
cells (2) indicated that additional spliceosomal proteins (in-
cluding, among others, SF3b145 and U4/U6.U5-110K/SART1)
are phosphorylated. However, whether they are also phosphor-
ylated in the spliceosome and, if so, whether their phosphor-
ylation status changes during splicing are currently not known
in most cases. Indeed, insight into the dynamics of protein
posttranslational modifications throughout the splicing process
is currently very limited.

The lack of more quantitative data regarding proteins asso-
ciating with different spliceosomal complexes is mainly a con-
sequence of the limitations of those methods currently avail-
able. Although the number of peptides sequenced by MS for a
given protein can provide information about its abundance
when different complexes are compared (e.g., relative quanti-
fication through spectral count reference), this method has
several shortcomings, in particular when analyzing small pro-
teins (<25 kDa), and is not entirely reliable. Likewise, the
emPAI (exponential modified protein abundance index),
which is calculated from the experimentally observed and the-
oretically expected numbers of peptides of a protein detected
by MS, is proportional (on average) to within 63% of the
protein content and thus provides only a rough estimate of
absolute protein amounts (19). Protein quantification via MS
using stable isotope-labeled standard peptides is not amenable
for analyzing complexes with more than 100 proteins (18, 34).
Since these MS approaches have limitations, there is clearly a
need for other methods to determine the stoichiometry of
proteins in very large protein or RNP complexes.

Two-dimensional (2D) gel electrophoresis was used previ-
ously to characterize spliceosomal complexes (4, 15, 27, 29)
and has the added advantage that visual inspection of the 2D
protein maps affords a more rapid means to compare side by
side the complexity and purity of various complexes. However,
isoelectric focusing (IEF), which was used in these studies to
separate proteins in the first dimension, leads to in-gel precip-
itation of proteins, since they are focused at high concentration
close to electroneutrality (30). The tendency of proteins to
precipitate increases dramatically with their molecular mass
and prevents the separation of large proteins. Since the human
spliceosome contains many proteins above 100 kDa, 2D elec-
trophoresis has so far been of only limited value, mainly due to
protein precipitation problems. Over 30 years ago, a 2D elec-
trophoresis method was developed to analyze the ribosome
(20). In contrast to IEF, where proteins reach zero charge, in
this so-called Kaltschmidt-Wittmann system proteins remain
charged throughout the procedure and are therefore less
prone to in-gel precipitation. Since this original 2D system
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used to analyze ribosomal proteins was technically compli-
cated, novel 2D systems which nonetheless follow this principle
(i.e., preventing proteins from reaching zero charge) were de-
veloped (1, 22) and most recently allowed the reliable analysis
of proteins associated with ribosomes without protein loss (1).

Here we have established a novel 2D electrophoresis system
and demonstrated its applicability for characterizing spliceo-
somal proteins. Using this system, proteins with a wide range
of isoelectric points (IEPs) and with masses greater than 300
kDa can be separated without in-gel precipitation. We used
this system to analyze both spliceosomal snRNPs and various
human spliceosomal complexes affinity purified under native
conditions. By staining proteins with a fluorescent dye with a
wide range of signal linearity, we have demonstrated that only
approximately one-half of the proteins previously shown to be
associated with a given human spliceosomal complex, as de-
termined by MS, are present in stoichiometric or near-stoichi-
ometric amounts. Our data also provide new insights into the
compositional dynamics of the spliceosome and changes in the
phosphorylation status of proteins during the splicing process.
This system thus represents an important advance toward an
objective appraisal of core/abundant components of the hu-
man spliceosome.

MATERIALS AND METHODS

Purification of human snRNPs, SR proteins, and spliceosomal complexes.
HeLa nuclear extract was prepared essentially as described previously (11). A
mixture of spliceosomal snRNPs was isolated from HeLa nuclear extract via
anti-m3G immunoaffinity purification (21). 12S U1 snRNPs and 25S U4/U6.U5
tri-snRNPs were fractionated on a 10 to 30% glycerol gradient (21). Ul snRNPs
sedimenting in the 12S region of the gradient (together with 12S U2 snRNPs)
were further purified using a heparin column (41) prior to 2D analysis. Tri-
snRNPs peaking in the 25S region of the glycerol gradient were used without
further purification. Native 17S U2 snRNPs were affinity purified from HeLa
nuclear extract via anti-SF3a66 immunoaffinity chromatography essentially as
described previously (43). SR proteins were isolated as previously described (46).
Human spliceosomal B, B**, and C complexes were affinity purified under
physiological conditions (150 mM salt in the absence of heparin) via MS2 affinity
selection as previously described (6, 7, 10). To purify A complexes via MS2
affinity selection, a splicing reaction incubated under conditions optimal for B
complex formation was separated on a 10 to 30% glycerol gradient. The 40 to 45S
peak of the gradient was used for the isolation of B complexes, whereas com-
plexes peaking in the 30S region were used to isolate A complexes. The MINX
pre-mRNA substrate was used for the isolation of A and B complexes (3, 10),
and the PMS5 pre-mRNA (or a truncated version thereof, termed PM5-20) was
used for the isolation of C and B*** complexes, respectively. The MINX substrate
contains a 5’ exon, intron, and 3’ exon plus MS2 aptamers. In order to stall
splicing at the C complex stage, the PMS5 pre-mRNA lacks a 3" exon (and 3’ ss)
and contains a long polypyrimidine tract plus MS2 aptamers (7). By truncating
the latter to within 20 nucleotides (nt) of the branch site (PM5-20), human
spliceosomes can also be stalled at the B*“* stage (6). The purity of the B, B>,
and C complexes obtained was confirmed based on their snRNA composition
and the presence of either unspliced pre-mRNA alone or the intermediates of
the splicing reaction (6, 7, 10; data not shown). In the case of the B complex, the
Ul snRNP was less abundant than all other spliceosomal snRNPs, consistent
with previous results (6, 10).

Sample preparation for 2D gel electrophoresis. Affinity-purified spliceosomal
complexes or snRNPs (10 to 15 pmol) were concentrated by sedimentation at
700,000 X g and 4°C for 6 h. Pellets were resuspended in 20 ul of buffer
containing 1 M NaCl, 2 mM MgCl,, and 0.1 mM EDTA in 50 mM HEPES-KOH
(pH,s 7.9) and incubated with 500 U of RNase T1 (Ambion), 0.5 pg RNase A
(Ambion), and 50 U of RNase I (Ambion) for 1 h at 37°C. In order to achieve
complete RNA digestion, the samples were incubated stepwise with 1 M, 2 M, 4
M and 7 M urea. Each step was followed by a 40-min incubation at 37°C. A fresh
aliquot of RNases was added before incubation in the presence of 7 M urea. In
order to prevent oxidation and subsequent protein loss during 2D electropho-
resis, the sample was treated with iodoacetamide as described previously (1). In
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TABLE 1. Abundances and phosphorylation statuses of proteins detected in the major spliceosomal snRNPs and spliceosomal A, B, B*',
and C complexes”

tri-SnRNP

S. cerevisiae

A" complex gene name

B complex

Bact complex | C complex |

|Spot| proteinl gi number | U1 snRNP I

17S U2 snRNP |
| Pars |

Phospho | PAFs | Phospho | PAFs

Phospho | PAFs

Phospho | PAFs | Phospho | PAFs  Phospho | PAFs | Phospho |

Sm proteins
B* 4507125

SMB1

5902102

SMD1

29294624

SMD2

4759160

SMD3

4507129

SME1

4507131

SMX3.

4507133

SMX2

91129568103

914759156

17S U2 snRNP

3]
9
__1i0] gi[4507127
[ 11]
[ 12]

100.2 |gi|55749531
135.5 |gi|54112121

9i|5032069

9117706326

12.4 |qi|14249398

1gi[ 13775200

YNL138W-A/RCP10/YSF3.

9121361437

cus2

9i|41327773
gi|14249678

|
. 0] 1
13] 88.9 |qi[5032087 |
14| 49.3 |qi21361376 |
58.5 |gi|5803167 |

6] 145.8 |qi|54112117

PRPS

12

1117298690

5032113

6005926

MUD2

115803207

68509926

6 10 PRP43

31] 100 [gil119226260

11122937227

qi|45446747

34] 273.7 |qi|3661610
35| 244.5 |gi|45861372

36| 109.4 |gi|41152056
37] 39.3 |gi|4758560

PRPS’
BRR2
SNU114

38| 106.9 |gi|40807485

39| 16.8 |gi|5729802
40| 95.6 |gi|41327771
41] 37.6 1gi|5174409

LSm proteins

PRPG

LSm2

0i| 10863977

4117657315

9116912486

0i16912488

9i|5919153

917706423

9i|7706425

U4/U6 snRNP I

90K 49| 77.6 |qi|4758556 1 2 PRP3
60K snl 58.4 |gi|45861374 20 | 7 PRP4
20K 51| 20 [gi|5454154 17 | 6 CPR6 or CPR3.
61K 52| 55.4 |qi|40254869 PRP31
15.5K 53] 14.2 qi|4826860 11 | ) SNU13

brief, samples were incubated in 10 mM B-mercaptoethanol for 30 min at 37°C,
followed by the addition of 120 mM Tris-HCI (pH,s 9.0) and 50 mM iodoacet-
amide. After incubation for 3 min at 37°C, unreacted iodoacetamide was
quenched by adding 500 mM B-mercaptoethanol, and the pH was restored to 4
to 4.5 by addition of 4% (vol/vol) acetic acid (AcOH). The sample was dialyzed
against 7 M urea, 2 M thiourea, 40 mM cysteamine, and 50 mM methyl ester of
L-cysteine in 10 mM bis-Tris-acetate (OAc) (pH,s 4.0). The sample was concen-
trated by dialysis against Slide-A-Lyser Concentration solution (Pierce) and
loaded onto the first-dimension gel in 17% (vol/vol) AcOH. Typically, 3 pmol of
a given spliceosomal complex was loaded. The volume of the loaded sample did
not exceed 10 wl. Basic fuchsin was added to the sample as a leading dye.
First-dimension gel electrophoresis. Electrophoresis in the first dimension was
performed in 260-mm-long glass tubes with a 4-mm inner diameter. The sepa-
rating gel contained 2% (wt/vol) acrylamide, 1.4% (wt/vol) methylene bisacryl-
amide, 7 M urea, 4 M thiourea, 40% (vol/vol) formamide in 40 mM Bis-Tris-OAc
(pHss5 5.7). Gel polymerization was induced by methylene blue as described in
reference 23. The polymerized separating gel was overlaid by an ~5-mm stacking
gel. The latter, which contained the same components as the separating gel plus
5% (vol/vol) AcOH, was also polymerized using methylene blue and was overlaid
with 50% (vol/vol) AcOH prior to polymerization. The lower electrode buffer
was 10 mM Bis-Tris-OAc (pH,s 6.0), and the upper electrode buffer was pre-
pared just prior to use and consisted of 20 mM cysteamine and 1% (vol/vol)
B-mercaptoethanol in 10 mM Bis-Tris-OAc (pH,s 3.8). Electrophoresis was

Continued on following page

initially carried out at 0.125 mA per tube for 1 h, followed by 0.375 mA per tube
for approximately 46 h at 15°C.

Second-dimension gel electrophoresis. Electrophoresis in the second dimen-
sion was performed as described previously (33) with the following modifications.
The separating gel contained a linear 6 to 12.5% acrylamide gradient that was
prepared using ammonium persulfate (APS)-N,N,N’,N'-tetramethylethylenedi-
amine (TEMED) for polymerization. The resulting gel was overlaid by approx-
imately 15 mm of a 4% acrylamide stacking gel that was also polymerized with
APS/TEMED. The first-dimension gel was placed on the stacking gel without
equilibration of the buffer and sealed with the stacking gel with 7% (wt/vol)
acrylamide and 0.23% (wt/vol) methylene bisacrylamide in 40 mM Bis-Tris-OAc
(pH 5.7) polymerized using methylene blue. The cathode buffer contained 0.3%
(wt/vol) SDS and 0.08% (vol/vol) mercaptoacetic acid. After electrophoresis, gels
were fixed with 10% AcOH in 60% methanol.

2D electrophoresis of proteins with molecular masses less than 25 kDa. To
improve the resolution of smaller proteins, two modifications were introduced.
First, the separating gel contained 4% (wt/vol) acrylamide and 0.15 (wt/vol)
methylene bisacrylamide. Furthermore, the second-dimension gel consisted of a
10 to 15% acrylamide gradient.

Gel staining and mass spectrometry. Gels were stained first for phospho-
proteins with Pro-Q Diamond (Invitrogen) according to the manufacturer’s
instructions. Spot fluorescence was monitored by a FujiFilm FLA-7000 scan-
ner, and phosphorylated proteins were separated into two groups according
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TABLE 1—Continued
spot| protein| gi number U1 snRNP 175 U2 snRNP | tri-SnRNP I "A" complex | B complex | Ba<t complex € complex Sg::f:a'f'"a:
U4/U6.U5 snRNP N kD PAFs Phospho PAFs Phospho PAFs Phospho PAFs Phospho PAFs Phospho PAFs Phospho PAFs Phospho
110K 54| 90.2 |9i[13926068 S T 3 SNUGG
65K 55 65.4 ]qi|56550051 20 17| 19 SADI
RNA binding proteins
YB-1 9134098946
ASR2B 100 |gi|33383233
ELAV gi|38201714
LOC124245 gi|31377595
PABP gi|693937
o binding conmiox ||
61] 18 [oi110349727] T | T T T ==
62| 918 |gij4505343 | [ 1 | | [ ST01
SR proteins
SRSF1 63]_27.8 [oi[5902076
SRSF7 64| 27.4 |gi|72534660
SRSFO*** 65 25.5 |0i|4506903
SRSF10%** 66| 31.3 |gi|5730079
SRSF6 67] 39.6 |gi|20127499
hTra-2 beta*** 68| 33.7 Joija750008
SR related proteins
SRM160 69] 102.5 [gi|42542379 | [ 1 | | | 1 | | | | 11 2
Shmsos ol oo faremr s —————
hnRNP I
hnRNP A1 71]_38.7 |ail4504445 _ 7 22
hnRNP A/B 72[ 36 |qi|12803583
PCBP1 73| 37.5 |qi|5453854 HEKZ
hnRNP U 74] 90.6 |gi|14141161
hnRNP A3 75| 39.6 |gi|34740329 I 10
hnRNP A2/B1 76| _37.4 |qi|14043072 29
hnRNP C (C1/C2) 77|_33.7_|qi|4758544 [ .. |
hnRNP G 78] 42.4 |gi|56699409 11 7 22
hnRNP D 79| 38.4 |qi|14110420
hnRNP UL-2 / SAF-A2 of 85 |gil118601081
hnRNP Q 1] 69. 9i|15809590 4
hnRNP R — 82| 70.9 |qi|5031755
E1B-AP5 3| 95.7 |qil21536326 6
|hnrNP A0 al 309 Joij1011429 i1
Abundant first or only
present in A complex
THRAP3 (THRAP150) 85]_108.7 [9i[167234419 1c RN
CCARL 86| 132.8 |qi|46852388
RBM5/LUCA15 B7| 92.1 |gi|5032031 15
$164 (fSAP94) 88| 100.1 |gi|4050087 26
103.5 |gi|12644371 25 11 MSL5/BBP1/YSF1
68.3 |gi|42544130 21
109 |gil88953744 10 | |
72.5 |0i|33469964 s | | YNL224C (7)
[ai7657381 12 PRP19
111067747 2 CEFL
5031653 SNT309
14505895 PRP4G
CCAP2 (hspc148, AD-002) 17705475 cwcis
catenin, g-like 1 (CTNNBL1) ER] 18644734
CCAP1 (hsp73) m 70.4 gi 5729877 6 3 8 27 Ssa/Ssb families
Npw38BP 70 _Jail7706501 I | I | I | I 15 7 | I | ] |
Npw38 30.5 |0i|5031957 | [ 1 | 1 | 1 | I 25 ] 1 I 1 I 1

to spot intensity as determined by eye. Weakly stained proteins (barely over
background fluorescence) are not included in Table 1. Gels were stained
subsequently for total protein with Sypro Ruby (Invitrogen), also according to
the manufacturer’s instructions, with subsequent fluoroimaging. Finally, for
mass spectrometry, gels were stained with silver essentially as described
previously (36), except that the silver concentration was lowered to 6 mM and
the developing step was performed with 190 mM sodium carbonate. Visible
spots were cut out of the gel and digested with trypsin, and peptides were
analyzed on a liquid chromatography (LC)-coupled ESI-LTQ-Orbitrap
(ThermoFisherScientific) mass spectrometer under standard conditions, ex-
cept that the separation time of the applied liquid chromatography gradient
(7% to 38% solvent B) was shortened to 17 min, where solvent A was 0.1%
(vol/vol) formic acid and solvent B consisted of 80% (vol/vol) acetonitrile and
0.1% formic acid. Proteins were identified by searching fragment spectra
against the NCBI nonredundant (nr) database using Mascot as a search
engine.

Calculation of the PAF. The fluorescent images of equally loaded gels,
obtained with scanner settings such that all spot intensities were in the linear
range, were analyzed by the Fujifilm Science Lab 2003 Image Gauge software
program, version 4.22. The linear concentration range was initially deter-
mined by analyzing several different amounts of a given spliceosomal complex
after staining with Sypro Ruby. Individual protein spots were encircled man-
ually, and the corresponding value of total intensity in linear arbitrary units
(LAU) was determined. The background value of intensity in LAU was
determined using the very same shape used for quantification of a spot
containing a protein but quantitating an area of the gel lacking any protein
spots, and this value was deducted from the individual protein spot intensity.

Continued on following page

The resulting value was divided by the protein molecular mass in kDa to
generate the protein abundance factor (PAF). The results were reproduced in
at least three independent 2D electrophoretic separations with at least two
independently purified spliceosomal complexes/snRNPs. PAF values for a
given protein varied maximally by +20%.

RESULTS

Establishment of a novel 2D electrophoresis system. To
characterize the composition of human spliceosomes on a
more quantitative basis, we set out to establish a 2D electro-
phoresis system suited for the separation of spliceosomal pro-
teins. We initially based our method on a recent 2D system
used to analyze ribosomal proteins which employs charge-
driven electrophoresis (as opposed to IEF) (1). However, un-
der these conditions, separation of proteins from the U4/
U6.U5 tri-snRNP resulted in extensive precipitation of the
high-molecular-mass U5 proteins (i.e., U5-220K, U5-200K,
and US5-116K) at the edge of the first-dimension gel (see Fig.
S1A in the supplemental material). Similar precipitation prob-
lems were also observed when proteins from human spliceo-
somal B complexes (see Fig. S1B) or HeLa nuclear extract
were analyzed (data not shown).
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TABLE 1—Continued

|Spot| protein| gi number

U1 snRNP

17S U2 snRNP

tri-SnRNP

"A" complex |

B complex

Ba<t complex

€ complex

S. cerevisiae
gene name

hPRP19/CDC5L related

PAFs__| Phospho

PAFs__| Phospho

PAFs Phospho PAFs__| Phospho

hisyl (fSAP133) 01120149304

PAFs

RBM22 (fSAP47) .9 |qi[8922328

Cyp-E .4 |9i|5174637

CRNKL1/hSYF3 9i|30795220

Phospho

ISY1
CWC2 + ECM2

CLF1

PPIase-like 1 (PPIL1) .2 |gil7706339

hSYF1 (XAB2) gi|55770906

SKIP 0116912676

G10 (fSAP17) 9i[32171175

KIAA0560 (fSAP164) 9i| 38788372

SYF1
PRP45
BUD31/CWC14

0118922679 6
i|50726968 7 12
1110835234 3 4
116005948
21389511 SNU23
1124762236 PRP38
118393259 8 SPP382/YLR424W/NTR1
gi|89276756 7 YAKL (7]
complex
NY-CO-10 X 64276486
MGC20398 1149472814
MGC23918 . 21389497
PPIL2/Cyp-60 X 7657473
GPKOW (T54, GPATCS) .2 |gi[15811782
115902158
7706657
114503293
KIAA1604 (fSAPb) 55749769
PRCC 40807447
PPIase-like 3b gi| 19557636
139.3 gi|4826690 | | 1 | | 1 | | | | |
gil27477111 | [ | [ [ | | | [ | |
gil4506123 | | 1 [ I 1 I 1 I 1 I PRPIS
Abundant or found
only in C complex
GCIP p29 (fSAP29) 91146371998 9 SVF2(7)
Abstrakt .8 |9i[21071032
CXorf56, FL122965 | 135 .6 |gi| 11545813 10
(L LGOI PINNTEIRE 136] 33.7 |0i7706557
DDX35 13 .9 |gi[20544129
Clorf55 (FL135382) .3 |gi[ 148664216 FT)
NOSIP 9i|7705716
KIAA0073 (CyP64, PPWD1) 9i|24308049
FAMS0A (HXC-26,XAP5) i|4758220
cactin (c190rf29) 9i| 126723149
9i| 16950647
0i| 153791298
0i|24308289
91174732921
gi|42560244
148] 46.9 [9i17661920 15 H FALL (7)
149| 19.9 |qi|4826972 7
1sn| 17.2 |gi|4505087
151 17.4 |gi|5032067 20 17
152] 151.8 |9i|7662238 <1 <1 <1
RES complex
SNIP1 45.8 |gi|21314720 | i 1 | | 1 | | 11 17 YLRO16C/PML1(?)
MGC13125 (fSAP71) lgil14249338 | | 1 | | 1 | | 2 22 16 BUD13
CGI-79 gi|4929627 | | 1 | [ | T | NF | 1 NF NF IST3/SNU17(?)
miscelleneous proteins |
ERH** 155] 12.3 [qi|4758302 w
SKIV2L2, KIAADO52 (fSAP11 156 117.8 |9i|193211480 17 14 4 6 MTR
zccHes 157| 78.6_|0i|38044290 11 2 1
HsKin17 158| 45.4 |qi|13124883 a4 RTS2
TCERG1 (CA150) 159| 123.9 |gi|21327715 4 [ YPRI152C, URN1(?)
matrin 3 160| 94.6 |qi|21626466 5 EcM13
DHX36 161| 114.8 |gi|18497286
THOCS 9150959110 7
LOC51325 (GCFC, fSAP105) 9i|22035565 4
T1P-28 i|5730023 16 14 RVB2
EEF1A1 4i|31092 9 9
eIF3510 9i|4503509 3
eIF3s9 i|3123230 5
RPSA 119845502 5
alpha tubulin 9i|37492 16 7 24 17
beta tubulin 11338695 18 21 29

“ SnRNPs and spliceosomal complexes were purified, and their proteins were analyzed by 2D gel electrophoresis as described in Materials and Methods. A and B complexes
were formed on MINX pre-mRNA, whereas B** and C complexes were formed on PM5-20 and PM5 pre-mRNA, respectively. Proteins (common name given at the left) are
grouped according to snRNP/spliceosomal complex association or function and are followed by the number of their corresponding spot on the 2D gels. The detection of a given
protein is indicated by a number (or “+”) which represents its protein abundance factor (PAF) value. The PAF values shown are the averages of multiple determinations. They
were determined by staining with Sypro Ruby and represent staining intensity (in linear arbitrary units) divided by the molecular mass. Proteins with PAF values >75 (indicating
that a protein is highly abundant) are highlighted in red, those with PAF values from 30 to 75 (indicating moderate abundance) are highlighted in magenta, and those with
values <30 (indicating low abundance) are shown in pink. Phosphorylated proteins are indicated in the lanes right of those showing PAF values by one (highlighted in light
blue) or two (highlighted in purple) dots based on their relative Pro-Q Diamond staining intensity, where use of one and two dots indicates moderate or strong phosphorylation,
respectively. NF, not found. *, SmB and its isoform SmB’ migrate as distinct spots but are designated by one spot number, and only one PAF value for both was determined.
xk, due to its highly basic nature, SmD3 runs out of the first-dimension gel. *#, these proteins are also abundant in A and/or B complexes formed on the PM5 pre-mRNA.
s, acinus is visible on the 2D gels only if the fluorescence intensity is greatly increased.

We thus optimized/changed several parameters to improve
protein solubility during the electrophoresis run in the first
dimension (see Fig. S2 in the supplemental material). These
included the following: (i) increasing the gel pore size by de-

creasing the amount of acrylamide and increasing the cross-
linker methylene-bisacrylamide (MBA) (32), (ii) using differ-
ent hydro-organic solvents (e.g., dimethyl sulfoxide [DMSO]
and formamide) in which the gel was prepared, and (iii) using
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FIG. 1. 2D gel electrophoresis of human Ul snRNP proteins. Ul snRNPs were purified as described in Materials and Methods, and
Ul-associated proteins were separated by 2D gel electrophoresis using the conditions for the analysis of low-molecular-mass proteins and then
stained with Sypro Ruby (A) or with Pro-Q Diamond to detect phosphoproteins (B). Spots were visualized by fluoroimaging. The major spots
visible after silver staining were analyzed by mass spectrometry, and the identified proteins are indicated by their common name and a number

subsequently used to identify them in Fig. 4 to 8 (see also Table 1).

a wide variety of powerful protein denaturants, including thio-
urea. For polypeptides above 25 kDa, the best separation in
the first dimension was observed when electrophoresis was
carried out under strongly denaturing conditions at acidic pH
in a gel matrix with large pores (i.e., when 2% acrylamide—
1.4% methylene bisacrylamide was used). Under these condi-
tions, polymerization could not be initiated with the commonly
used TEMED-persulfate but instead required photopolymer-
ization with methylene blue (23). The best results were ob-
tained with gels containing 7 M urea, 4 M thiourea, and 40%
(wt/vol) formamide. Similar conditions were used to analyze
smaller proteins (i.e., below 25 kDa), except that the size of the
gel pores was reduced. In the second dimension, proteins were
separated on a linear 6 to 12.5% or 10 to 15% (for proteins
under 25 kDa) polyacrylamide gradient gel. Using this system,
proteins with a wide range of isoelectric points (IEPs) and with
masses up to 300 kDa could be separated without in-gel pro-
tein precipitation.

2D gel analyses of spliceosomal snRNPs. To test the reli-
ability of our 2D gel system, we first analyzed the major spli-
ceosomal snRNPs (12S Ul and 17S U2 snRNPs and the 25S
U4/U6.U5 tri-snRNP), whose protein compositions are gener-
ally well documented. After extensive RNase treatment, RNA-
free protein samples were separated by 2D gel electrophoresis.
The gel was then stained consecutively for phosphoproteins
(Pro-Q Diamond), for all proteins (Sypro Ruby), and last, to
identify proteins via LC-tandem MS (LC-MSMS), the gel was
stained with silver to enable spots to be visualized and excised
from the gel. The fluorescent dye Sypro Ruby has a wide (more
than 3 orders of magnitude) linear signal intensity range (5),
and thus it is particularly useful for quantitating the relative
amounts of proteins within an snRNP or spliceosomal com-
plex. For semiquantitative comparison of protein composition,
we calculated the protein abundance factor (PAF), which is
defined as the single-spot intensity in linear arbitrary units
(LAU) divided by the protein’s molecular mass (in order to

compensate for the difference in staining for large versus small
proteins) (Table 1). On the basis of their PAF values, proteins
identified were divided into three groups: (i) abundant pro-
teins (PAF > 75), meaning that the protein is likely present in
at least one copy per complex, (ii) proteins present in moder-
ate amounts (PAF of 30 to 75), and (iii) proteins present in
small amounts (PAF < 30). This last group may include loosely
associated proteins that are partially lost during purification or
proteins that simply associate with only a small subset of
snRNPs or spliceosomal complexes. In the case of the U1, U2,
and U4/U6.U5 snRNPs, only predominant spots (after silver
staining) were analyzed by MS; thus, protein components pres-
ent in small amounts were not analyzed.

When human Ul snRNPs were analyzed, all known Ul-
associated proteins (i.e., 70K, A, C, and the seven Sm proteins)
were clearly visible in predominant, well-defined spots (with
little or no smearing) (Fig. 1A). As expected, the aforemen-
tioned proteins were found to be highly abundant components
of the U1 snRNP based on their PAFs (Table 1). Significantly,
the U1-70K protein, which is known to be phosphorylated at
multiple sites and, upon IEF of Ul snRNP proteins, migrates
as 11 to 13 different spots (44), is present in a single spot in our
2D gels. Staining with Pro-Q Diamond confirmed that U1-70K
is indeed phosphorylated (Fig. 1B). Thus, the migration of this
phosphoprotein is independent of its degree of phosphoryla-
tion. This indicates that our 2D system is also suited for ana-
lyzing phosphoproteins and thus for studying the dynamics of
protein phosphorylation during splicing. 2D analyses of human
U4/U6.U5 tri-snRNPs showed that all known components of
the tri-snRNP, with the exception of the 27K protein (which,
due to its highly basic pI [reference 13], runs out of the first-
dimension gel), are abundant components (Fig. 2 and Table 1;
also data not shown). Slightly lower PAFs were found for the
LSmS5, LSmS, 61K/hPrp31, and 110K/hSnu66 proteins. In con-
trast, U5-40K exhibited a very high PAF value, suggesting it is
present in more than one copy.
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FIG. 2. 2D gel electrophoresis of human U4/U6.US tri-snRNP proteins. Tri-snRNPs were purified as described in Materials and Methods, and
their associated proteins were separated by 2D gel electrophoresis under conditions used for high-molecular-mass proteins and analyzed as
described for Fig. 1. (A) Sypro Ruby staining. (B) Pro-Q Diamond staining. Note that the tri-snRNPs analyzed here are not highly pure, and thus

multiple minor spots, which represent contaminants, are also visible.

Similar analyses were performed with immunoaffinity-puri-
fied 17S U2 snRNPs (Fig. 3; for proteins of less than 25 kDa in
mass, data not shown). As expected, in addition to the Sm
proteins, U2-A’" and U2-B” and all subunits of SF3a and SF3b
were abundant. Previous MS analyses of purified human 17S
U2 snRNPs revealed the presence of several additional pro-
teins (denoted “17S U2 related” in Table 1), but their abun-
dance in the 17S U2 snRNP was not clear (43). Significantly,
most of these proteins, with the exception of hPrp5 and tat-
SF1, are apparently present in very small amounts, based on
the fact that they were not among those proteins identified by
MS in the moderately to intensely stained spots on the 2D gel
(Fig. 3A; Table 1). Interestingly, tat-SF1, which previously
escaped detection by MS in human 17S U2 snRNPs (43), is the
human homologue of the CUS2 protein in the yeast Saccha-
romyces cerevisiae, where it is thought to facilitate proper fold-
ing of the yeast U2 snRNA (45). Taken together, these results
demonstrate the power of this method for distinguishing be-
tween core components of a complex and those that are pres-
ent in substoichiometric amounts.

Affinity purification of stage-specific human spliceosomal
complexes. To characterize the relative abundances of spliceo-
somal proteins associated at different stages of the splicing
process, we affinity purified human A, B, B**', and C complexes
formed under splicing conditions in HeLa nuclear extract (3, 6,
7, 10). All complexes were first subjected to glycerol gradient
centrifugation, and gradient fractions containing the respective
peak of each complex were then subjected to MS2 affinity
selection under physiological conditions. The purity of the B,

B**, and C complexes obtained was confirmed based on their
RNA composition. Pure A complexes, in contrast, are difficult
to obtain in preparative amounts (3). Analysis of the RNA
composition of complexes purified from the 30S gradient peak
that we designate A complex indicated that they consist pre-
dominantly (~70%) of A complexes (with equimolar amounts
of unspliced pre-mRNA, Ul and U2 snRNA) but also contain
H complexes (pre-mRNA complexed with general RNA bind-
ing proteins) and traces of B complexes (data not shown).
2D gel analyses of purified spliceosomal complexes. Sypro
Ruby staining of the 2D maps of proteins associated with
partially purified A complexes (i.e., the 30S gradient peak
preceding the B complex peak) and affinity-purified B com-
plexes revealed ~105 and ~145 distinct spots, respectively,
that varied considerably in intensity (Fig. 4A and 5A and Table
2; see also Fig. 8). Of these, 90 proteins (in A complexes) and
116 proteins (in B complexes) were detectable by silver stain-
ing and subsequently could be identified by MS. Approxi-
mately 127 and 136 distinct spots were observed upon Sypro
Ruby staining of the 2D maps of B*" and C complexes, re-
spectively (Fig. 6A, 7A, and 8; Table 2), with 100 (B**") and 116
(C complex) proteins subsequently identified by MS. The ad-
ditional spots detected by Sypro Ruby staining were generally
much less intense and either were proteolytic fragments of
major proteins or were proteins present in very small amounts
and thus not detected by silver staining (and therefore not
analyzed by MS). In previous studies, proteins copurifying with
a given spliceosomal complex were separated by one-dimen-
sional (1D) SDS-PAGE, and entire lanes of the gel were an-
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FIG. 3. 2D gel electrophoresis of human 17S U2 snRNP proteins. 17S U2 snRNPs were purified as described in the Materials and Methods
and their associated proteins were separated by 2D gel electrophoresis under conditions used for high molecular mass proteins and analyzed as
described for Fig. 1. (A) Sypro Ruby staining. (B) Pro-Q Diamond staining.

alyzed; thus, even proteins not visible by silver staining were
analyzed by MS, leading to the identification of proteins pres-
ent in extremely small amounts. In a very limited number of
cases, two proteins overlapped on the 2D maps, e.g., Prp2 (spot
126) and KIAA1604 (spot 127) or 61K (spot 52) and SF3a60
(spot 15), leading to uncertainties in the PAF values calculated
for each individual protein.

Protein composition of the human A complex. Proteins as-
sociated with U1 (70K, A, and C) and U2 (all SF3a/b subunits
and A’ and B") plus the Sm proteins were found to be highly
abundant in our partially purified A complexes, as evidenced
by the intensity of their individual spots on the 2D gels (Fig. 4A
and 9; see Table 1 for the identity of each spot) and based on
their calculated PAF values (Table 1). Tri-snRNP proteins
were also identified but can be attributed to the small amounts
of contaminating B complexes present in the A complex prep-
aration. Most U2-related proteins are abundant components
of A complexes, exhibiting moderate to high PAF values (Ta-
ble 1). Interesting exceptions are hPrp5 and tat-SF1, which are
present in small amounts or entirely absent in our affinity-
purified A complexes despite being major components of the
17S U2 snRNP. Thus, they appear to dissociate for the most
part upon association of U2 with the pre-mRNA. The majority
of non-snRNP proteins reproducibly identified previously in
purified A complexes by MS (3) were also found after 2D
analyses (Table 1, “Abundant first in A complex,“ “RNA bind-
ing,” and “hnRNP” or “SR” proteins). A large number of
hnRNP proteins with various abundances were detected in our
partially purified A complexes. However, since most of them
are no longer present in later spliceosomal complexes, it is

likely that the majority of hnRNP proteins identified are pres-
ent solely in the H complexes that contaminate the A complex
preparation.

Only a subset of the SR proteins previously detected by MS
in purified A complexes formed on the MINX pre-mRNA
were identified by our 2D analyses, namely, SRSF1 and
SRSF7. In addition to these last two SR proteins, A complexes
(as well as later complexes) formed on the PM5 pre-mRNA
substrate additionally contained SRSF9, hTra-2 beta, and
SRSF6 (data not shown) (Table 1); SRSF10 was also found
solely in complexes formed on PMS5 pre-mRNA but was de-
tected first in the B complex. Thus, some SR proteins bind in
a pre-mRNA substrate-specific manner. All of the SR proteins
identified in A complexes (with the exception of SRSF6) were
highly abundant and remained associated with the spliceosome
throughout the first catalytic step of splicing (Table 1). To test
whether the missing SR proteins (e.g., SRSF3, SRSF2, and
SRSF4) are truly absent in the spliceosomal complexes ana-

TABLE 2. Protein spots detected by 2D gel electrophoresis in
spliceosomal complexes

. No. of No. of unique No. of highly/
Complex ;r(;tt‘; ! (Iéo' (r)é protein proteins moderately
P P R b};p fragmentation identified by abundant
uby spots MS (silver) proteins

“A” complex 105 11 90 60
B complex 145 25 116 69
B** complex 127 20 100 63
C complex 136 18 116 72
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FIG. 4. 2D gel electrophoresis of partially purified human spliceosomal A complexes. Spliceosomal complexes were allowed to form on MINX
pre-mRNA and then purified via MS2 affinity selection. Proteins were separated by 2D gel electrophoresis using the conditions for the analysis
of high-molecular-mass proteins (see Fig. 8A for analysis of spliceosomal proteins with molecular masses less than 25 kDa) and then stained with
Sypro Ruby (A) or with Pro-Q Diamond (B). Spots were visualized by fluoroimaging. All spots visible after silver staining were analyzed by mass
spectrometry, and the identified proteins are indicated by a number (see Table 1 for the identities of the numbered spots). MS2-MBP (present in
~6 copies per complex) is labeled. Spots containing proteolytic fragments are indicated by an asterisk, those not identified are indicated by “N,”

and those corresponding to RNases are indicated by “R.”

lyzed here or simply cannot be detected via our 2D gel system,
we purified a mixture of SR proteins from HeLa nuclear ex-
tract and analyzed them using the 2D gel conditions used to
identify proteins with small molecular masses. SRSF3, SRSF1,
SRSF2, SRSF10, SRSF6, and SRSF4 could be identified (see
Fig. S3 in the supplemental material), and thus the lack of
detection of SRSF3, SRSF2, and SRSF4 in the various spli-
ceosomal complexes indicates that they are indeed absent or
are present in very small amounts.

Protein composition of the human precatalytic B complex.
Essentially all Ul and U2 snRNP and U4/U6-US5 tri-snRNP
proteins were identified on the 2D map of the B complex,
consistent with its sSnRNA composition. The most abundant
proteins (i.e., PAF > 75) were 17S U2 snRNP proteins, the
tri-snRNP proteins (including LSm proteins 2 to 8), and sev-
eral splicing factors (e.g., MFAP, Smu-1, and SF2/ASF). These
proteins probably represent the structural core of the B com-
plex. Compared to findings for the A complex, the Ul snRNP
proteins are dramatically reduced in the B complex (Table 1),
consistent with the reduced levels of Ul snRNA present (data
not shown). All proteins of the hPrp19/CDC5L complex and
those proteins operationally defined as Prpl9 related are

found in moderate amounts in purified B complexes; since they
were for the most part absent in A complexes, it is clear that
they are first recruited at the time of B complex formation.
Several additional non-snRNP factors (Table 1, “Abundant
first in B”), such as FBP21, RED, hSmu23, and hPrp38, were
found in moderate amounts. U2-related proteins were gener-
ally less abundant in B complexes than in A (Fig. 5A and Table
1). Similarly, proteins denoted “abundant or only present in A
complexes” (e.g., CCAR1, RBMS5, SF1, FBP11, and SF4) were
less abundant or not detected in the B complex, indicating that
they dissociate completely or are further destabilized during
the A-to-B-complex transition. Taken together, our data indi-
cate that numerous non-snRNP proteins previously detected in
purified B complexes by MS are present in very small amounts
and thus unlikely to play functional/structural roles in the spli-
ceosome at this stage.

Protein composition of the human B** spliceosomal com-
plex. The most abundant B*** proteins (i.e., PAF > 75) in-
cluded all 17S U2 snRNP proteins, a subset of U5 proteins
(220K, 200K, 116K, and 40K), and most proteins of the Prp19/
CDCSL complex and Prp19-related proteins (Table 1). Since
the Prp19 complex and related proteins were less abundant in
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FIG. 5. 2D gel electrophoresis of affinity-purified human spliceosomal B complexes. Spliceosomal complexes were allowed to form on MINX
pre-mRNA and then purified and analyzed by 2D gel electrophoresis as described for Fig. 4. (A) Sypro Ruby staining. (B) Pro-Q Diamond staining.

the B complex, it can be concluded that they are more stably
associated with the spliceosome first at the time of its activa-
tion, as suggested by previous studies (6, 7, 24). Prp19 itself has
the highest PAF (i.e., 519) of all spliceosomal proteins, sug-
gesting more than one copy is present per complex, which
correlates well with recent data suggesting it is present in the
human Prp19 complex as a tetramer (17). Consistent with the
loss of Ul and U4 snRNA during spliceosome activation, U1,
U4/U6, and tri-snRNP-specific proteins are absent or strongly
underrepresented in the B*** complex (Fig. 6A and 8C; Table
1). U2-related proteins and the group of proteins designated
“Abundant first in A complex” are also for the most part no
longer detected. Also, those proteins designated “Abundant
first in B complex” are also much less abundant in the B**
complex, indicating that they dissociate or are destabilized
during spliceosome activation. The 2D analysis of the B***
complex also revealed that at this stage a specific set of pro-
teins is recruited or is more abundant (Table 1, “Abundant first
in B*"”). Most of these proteins are present in stoichiometric
amounts, and with the exception of KIAA1604 and Prpl17, they
are less abundant in the C complex as judged by their PAF
values (Table 1), suggesting that they are stably associated
specifically during activation. Several proteins were previously
found by MS in purified B** complexes, albeit with very low
peptide numbers (6). The vast majority of these were not
detected by our 2D system, confirming that they are present in
negligible amounts in the human B*** complex.

Protein composition of the human spliceosomal C complex.
The most abundant C complex proteins included a subset of
US proteins (220K, 200K, 116K, and 40K) and most proteins of
the Prp19/CDCS5L complex and Prp19-related proteins (Table
1), which were also abundant in B*** complexes. Thus, these
proteins remain stable core components of the spliceosome
through the first catalytic step of splicing. In contrast, all 17S
U2 snRNP proteins were reduced by ~70% compared with the
B*“* complex (Table 1). In addition, several second-step factors
are moderately/highly abundant, including hPrp22 (spot 130),
hPrpl7 (spot 125), and hSIu7 (spot 131). In contrast, hPrp18
was present in very small amounts, and hPrp16 was not de-
tected (Table 1), which is in good agreement with the low
numbers of peptides sequenced previously for these proteins
by MS in purified C complexes (6, 7). Several non-snRNP
proteins previously designated C complex specific (i.e., GCIP
p29, Abstrakt, CXorf56, and PPlase-like 3B [Fig. 7A and 8D])
are present in stoichiometric amounts, whereas several other
proteins, including C9orf78, DDX35, Clorf 55, NOSIP,
PPWD1, FAMS0A, and cactin, are moderately abundant (Ta-
ble 1). Since these C complex proteins were not detected or
had only very low PAFs in the B** complex, our results provide
further evidence that they are indeed mainly associated with
the C complex.

Protein phosphorylation detected by 2D electrophoresis. To
investigate the phosphorylation status of proteins present in
human snRNPs and spliceosomal complexes, 2D gels were
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FIG. 6. 2D gel electrophoresis of affinity-purified human spliceosomal B**" complexes. Spliceosomal complexes were allowed to form on
PMS5-20 pre-mRNA and then purified and analyzed by 2D gel electrophoresis as described for Fig. 4. (A) Sypro Ruby staining. (B) Pro-Q Diamond

staining.

stained with the phosphate-specific, fluorescent dye Pro-Q Di-
amond (Fig. 1B to 7B), and those proteins with signals clearly
above the background level were classified as moderately or
strongly phosphorylated. The efficiency of phospho staining
was not proportional to protein molecular mass (compare U5-
220K [spot 34] and U5-200K [spot 35]) or to protein abun-
dance (Fig. 5, compare SF3b130 [spot 18] and THRAP3 [spot
85]); rather, it reflects the total number of phosphate groups
attached to the protein in the spot (38). In nearly all cases, the
position of the protein’s phosphate signal coincided exactly
with the polypeptide signal, confirming that the phospho iso-
forms were not present in separate spots. However, in some
cases (MFAP1, spot 112; LOC124245, spot 59), protein spots
were elongated (as observed with SR proteins), which could
represent unresolved phosphorylated isoforms of the same
protein.

A number of proteins are phosphorylated in purified human
snRNPs. These include U1-70K (Fig. 1B) and the U2-associ-
ated proteins SF3a120, SF3a60, SF3b145, Prp5, and tat-SF1
(Fig. 3B). A large number of proteins in the tri-snRNP are also
heavily phosphorylated, including U5-200K/Brr2, U5-116K/
hSnul14, US-110K, hPrp28/100K, hPrp3/U4/U6-90K, 65K,
hPrp31, and the 52K protein, making it a major potential
regulatory target during splicing. The phosphorylation status of
these proteins does not change significantly during splicing,
although one cannot rule out that the loss of some of these

proteins during splicing may be triggered by their dephosphor-
ylation/hyperphosphorylation or that the phosphorylation sites
of a given protein change during splicing (see Discussion).
Note that quantitative changes in the phosphorylation of each
of these snRNP proteins from one complex to the next corre-
late with changes in their abundances and thus do not appear
to reflect different levels of phosphorylation. A notable excep-
tion is the U2-associated SF3b155 protein, whose phosphory-
lation increases significantly upon catalytic activation of the
spliceosome. Phosphorylation leads to a change in the spot
position of SF3b155, with it initially being present in a lower
migrating spot (spot 16), both in 17S U2 (Fig. 3A) and the A
complex (Fig. 4A), which exhibits very little phosphopeptide
signal (Fig. 3B), and later upon activation, all of the SF3b155
protein is present in an “upper” heavily phosphorylated spot
(Fig. 6B).

Numerous non-snRNP proteins are also significantly phos-
phorylated in the spliceosome. In total, approximately one-
third of spliceosomal proteins were found to be phosphory-
lated as judged by Pro-Q Diamond staining. Similar to the vast
majority of phosphorylated snRNP proteins, the phosphoryla-
tion status of the non-snRNP spliceosomal proteins does not
appear to change significantly during splicing (note that the
observed changes for the most part reflect changes in the abun-
dances of these proteins). A notable exception is the CDCSL
protein, a component of the Prp19/CDCS5L complex. Although
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FIG. 7. 2D gel electrophoresis of affinity-purified human spliceosomal C complexes. Spliceosomal complexes were allowed to form on PM5
pre-mRNA and then purified and analyzed by 2D gel electrophoresis as described for Fig. 4. (A) Sypro Ruby staining. (B) Pro-Q Diamond staining.

it is equally abundant in the B** and C complex, it is first
heavily phosphorylated in the C complex (Fig. 6 and 7 and
Table 1). Taken together, these results indicate that a large
number of spliceosomal proteins are phosphorylated, but in
most cases their phosphorylation status does not appear to
change significantly during splicing.

DISCUSSION

Recent MS analyses of affinity-purified human spliceosomal
complexes identified more than 200 copurifying proteins, sug-
gesting an unparalleled complexity and molecular masses ex-
ceeding 10 MDa for the splicing machinery. However, based
on the sedimentation coefficient of spliceosomes (~40 to 50S)
and their molecular mass predicted from three-dimensional
(3D) electron microscopy studies, e.g., ~5 MDa for the C
complex (14), it is clear that a large number of the proteins
identified previously must be present in very small amounts.
Here we developed a novel 2D electrophoresis system that has
allowed for the first time an objective view of the relative
abundances of the various proteins present in a particular
spliceosomal complex. This method allowed us to compare (i)
on a near-quantitative level the amounts of a given protein in
different spliceosomal complexes and (ii) on a semiquantitative
basis the amounts of different proteins within the same splicing
complex.

Reliability of our 2D gel electrophoresis method. The gen-
eral reliability of the 2D gel electrophoresis method described
here for identifying and providing quantitative information
about components of the spliceosome is evidenced by several
observations. First, when purified human snRNPs were ana-
lyzed on our 2D gels and their proteins subsequently identified
by MS and quantitated by Sypro Ruby staining, nearly all
known snRNP proteins were found, as expected, to be abun-
dant components (Table 1). A comparison of previous MS and
Western blot analyses of purified spliceosomal complexes with
the results of our 2D analyses also speaks for the general
reliability of this method for identifying and quantitating pro-
teins copurifying with spliceosomal complexes. Though not
strictly quantitative, a comparison of the number of peptides
identified by MS for a certain protein in different complexes
provides a good indication, in most cases, of the relative
amounts of that particular protein present in these complexes
when samples are directly, sequentially analyzed. The relative
intensities (i.e., PAF values) of individual spliceosomal pro-
teins observed via our 2D gel analyses correlates in the vast
majority of cases with protein abundance estimations made
based on peptide numbers and with the results of Western
blotting, which are available for only a limited number of
spliceosomal proteins (3, 6, 7, 10). Again here only a few clear
discrepancies appear to exist. For example, based on the num-
ber of peptides sequenced, previous MS analyses of affinity-
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FIG. 8. 2D gel electrophoresis of low-molecular-mass proteins from affinity-purified spliceosomal A (A), B (B), B*' (C), and C (D) complexes.
Spliceosomal complexes formed on PM5-based pre-mRNA were analyzed by 2D gel electrophoresis using conditions optimal for the separation
of proteins under 25 kDa in mass, and spots were visualized by staining with Sypro Ruby. None of the low-molecular-mass proteins were detected
at levels significantly above background upon staining with Pro-Q Diamond (data not shown). Spot no. 171 corresponds to ALG-2/PDCD6
(gil121948367) and was abundant only in B complexes formed on the PM5 pre-mRNA.

purified B, B**, and C complexes strongly suggested that all
three proteins of the human RES complex are specifically
enriched in the B** complex, with SNIP1 and MGC13125
being abundant components (6). Surprisingly, CGI-79 was not
detected at all on 2D gels, and MGC13125 had a low PAF
value in B, B*', and C complexes. One possible explanation for
this discrepancy could be that these proteins were selectively
lost during sample preparation for 2D gel electrophoresis.
KIAA1604 was also found with only a very low PAF value in
the B*** complex, although based on peptides sequenced by
MS, it appeared in previous studies to be very abundant in both
B* and C complexes (6). Since the vast majority of the
KIAA1604 protein comigrates with hPrp2 on our 2D gels (and
it is thus difficult to distinguish between the signals from each
protein), its PAF value may be artificially low. Finally, previous
MS studies also suggested that the SR-related protein SRm300
is abundant in both B*** and C complexes (6). However, based
on its PAF value, SRm300 appears to be present in small
amounts in the B*** complex, although the amounts detected in
individual B*** complex preparations varied considerably.

A few spliceosomal proteins that are expected to be present
in large amounts, but for which very low peptide numbers
(relative to their molecular masses) were previously sequenced
by MS, exhibited high PAF values. One such example is the
SF3b49 protein, which as a component of the highly stable

SF3b complex is expected to be highly abundant in A, B, and
B*** complexes, as is observed for other SF3b components.
Other examples include several of the LSm proteins. Thus, in
these cases, our 2D gel electrophoresis system clearly is a much
more reliable method for providing quantitative information
about spliceosome-associated proteins.

Human spliceosomal complexes contain only ~60 to 70
highly/moderately abundant proteins. Based on the results
presented here, human B, B**, and C complexes affinity puri-
fied under physiological conditions are comprised of approxi-
mately 63 to 72 abundant/moderately abundant proteins.
Based on these results, the molecular masses of human B, B,
and C complexes are approximately 4.3, 4.0, and 5.1 MDa,
respectively. These values correlate well with the molecular
masses of B*' and C complexes estimated from analytical
ultracentrifugation studies (D. Agafonov, A. Schomburg, and
R. Lihrmann, unpublished data), with measurements made by
quantitative scanning transmission electron microscopy
(STEM) of the C complex (H. Stark, S. Miiller, and R. Liihr-
mann, unpublished data) and with 3D electron microscopy of
human C complexes whose molecular mass was calculated to
be approximately 5 MDa (14). Figure 9 summarizes the major
components of human A, B, B**', and C complexes purified
under physiological conditions. These proteins should account
for the mass of these complexes that is observed under the
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electron microscope, and many of them likely play key struc-
tural and/or functional roles.

The human A complex is comprised of Ul-, U2-, and U2-
related proteins plus only a few non-snRNP proteins (Fig. 9).
The B complex additionally contains the tri-snRNP proteins
and a unique set of 6 non-snRNP proteins (Fig. 9, brown
boxes) but no longer most U2-related proteins (light green
boxes) or A-complex-specific non-snRNP proteins. Prp19 com-
plex proteins and related proteins (red boxes) appear to be
present in smaller amounts. However, it is more likely that our
B complex preparation consists of two subpopulations, one
lacking Prp19 and related proteins and another containing
abundant amounts of them. Indeed, the calculated PAF values
for these proteins suggest they interact in a concerted manner,
and STEM analyses of our B complex preparations have re-
vealed two distinct populations of the B complex with different
molecular weights (H. Stark, S. Miiller, and R. Lithrmann,
unpublished data). Furthermore, it is clear from previous stud-
ies that B complex formation does not require the Prp19 com-
plex (9, 25).

The human B*** complex is comprised of 17S U2 proteins, a
subset of U5 proteins, stoichiometric amounts of Prp19 com-
plex proteins and related proteins, non-snRNP proteins com-
mon to all complexes analyzed here, plus 10 non-snRNP pro-
teins (Fig. 9, orange boxes) first abundant at this stage. The
human C complex additionally contains step II factors and a
new subset of 10 non-snRNP proteins (Fig. 9, dark purple
boxes) but reduced amounts of all U2 proteins and also of most
of those non-snRNP proteins first abundant in the B*** com-
plex (Fig. 9, orange boxes). Previously, it was not clear in many
cases which complex-specific spliceosomal proteins are indeed
abundant components. During the transition from the human
B*** complex to the C complex, a large number of non-snRNP
proteins are recruited (Fig. 9, dark purple boxes). Most of
these proteins do not have homologs in S. cerevisiae, and thus
they appear to be recruited to the spliceosome solely in higher
eukaryotes. It is also unclear what their role in splicing may be.
Data obtained from our 2D gel electrophoresis studies dem-
onstrate that most of these proteins are indeed highly abun-
dant and thus attractive candidates for future functional stud-
ies to elucidate their potential roles at the late stages of
splicing or in subsequent cellular processes linked to splicing.

Recent MS analyses of purified S. cerevisiae B, B*', and C
complexes demonstrated that the yeast spliceosome is less
complex than the splicing machinery of higher eukaryotes (12).
A comparison of abundant proteins present in the human B,
B**, and C complex, as summarized in Fig. 9, with the corre-
sponding yeast spliceosomal complexes indicates that homo-
logues of most of these human proteins are also present in
yeast spliceosomes and that the dynamics of protein recruit-
ment and release are also largely conserved. However, some
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FIG. 9. Major components of the human A, B, B**", and C spliceo-
somal complexes. Only proteins with PAF values above 30 are shown.
Note that CBP20/CBP80, as well as individual Sm, LSm, SF3a, and
SF3b proteins, are not shown (see also Table 1). The extent of color

shading in each column reflects the abundance of each protein, where
the entire box is colored for proteins with PAFs above 75. Note that
SRSF9, SRSF10, and hTra-2 beta are abundant in A and/or B com-
plexes formed on PMS5 but not on MINX pre-mRNA. In the “S.c.”
column, a “+” indicates that a homolog is present in the yeast S.
cerevisiae.
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notable differences exist, including the absence of SR and
hnRNP proteins and cyclophilins (which for the most part are
completely absent in yeast). S. cerevisiae homologs of several
human B- and B**-complex-specific non-snRNP proteins and,
excluding step II factors, nearly all C-complex-specific non-
snRNP proteins (Fig. 9, brown, orange, and purple boxes; see
also Table 1) also appear to be absent. The function of the
later groups of human spliceosomal proteins is unclear, but
based on their absence in yeast it is tempting to speculate that
some of them may be involved in regulated splicing events
which are seldom observed in S. cerevisiae.

Our data indicate that a large number of proteins previously
detected by MS after 1D SDS-PAGE of affinity-purified spli-
ceosomal complexes are present in negligible amounts. While
the vast majority of proteins not detected by our 2D gel system
are most likely truly low-abundance components and thus in
many cases contaminants, a handful may escape detection (or
appear to be present in small amounts) due to their potential
(i) smearing or separation into multiple spots (potentially due
to posttranslational modifications), (ii) comigration with a
highly abundant protein, and (iii) selective loss during sample
preparation. Since nearly all snRNP/spliceosomal proteins that
are expected to be abundant were in fact shown to have high
PAF values, such cases appear to be very rare. Comigration of
a few spliceosomal proteins was indeed observed, and thus this
method may not be ideal for the analysis of even more highly
complex mixtures of proteins.

The majority of proteins with low PAF values likely do not
play important functional/structural roles in the splicing pro-
cess. It should be noted, however, that some of them may
nonetheless be required for splicing, in particular those with
enzymatic activity. For example, Prp4 kinase is present in small
amounts in B, B**, and C complexes (Table 1) but has been
shown to be required for tri-snRNP addition during B complex
formation (35). The low level of some of these factors may also
reflect the fact that they are very loosely associated with the
spliceosome and thus readily lost during the purification pro-
cess. This low affinity could reflect their potential involvement
in the splicing of only a subset of pre-mRNAs. Likewise, they
could be involved in alternative splicing events whose regula-
tion would be aided by the ease with which they can be re-
cruited or released in response to qualitative or quantitative
changes in the splicing environment. Finally, some of the miss-
ing or low-abundance proteins may interact transiently and be
present in high abundance at a spliceosome assembly or func-
tional stage not analyzed here (i.e., in an intermediate splicing
complex). Future studies aimed at isolating novel assembly
intermediates of the human spliceosome may lead to an even
finer dissection of the spliceosome’s compositional dynamics.

Taken together, the data presented here regarding the rel-
ative abundances of proteins within various spliceosomal com-
plexes are highly valuable for deciding which proteins are good
candidates for more detailed functional studies. They also pro-
vide a rational basis for future structural studies, including
studies of the following: (i) which of the non-snRNP spliceo-
some-associated proteins should be targeted for immuno-elec-
tron microscopy (EM) studies and (ii) which of the human
spliceosomal complexes (due to lower numbers of nonstoichio-
metric components) is best suited for crystallization studies.
The 2D gel electrophoresis system described here also allows a
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visual comparison of the purity and complexity of different
spliceosomal complexes and thus is highly useful for rapid
screening of the effects of splicing inhibitors or different buffer
conditions on spliceosome composition.

A large number of spliceosomal proteins are phosphory-
lated. Reversible protein phosphorylation plays a key role dur-
ing spliceosome assembly and the catalytic steps of splicing
(reviewed in refs 28, 37). Approximately one-third of the spli-
ceosomal proteins identified in the present study were found to
be moderately to heavily phosphorylated, including all whose
phosphorylation or dephosphorylation is known to be func-
tionally relevant during splicing, such as SR proteins (reviewed
in references 28 and 37), U1-70K (39), and CDCSL (16). Al-
though the intensity of phosphostaining of some proteins var-
ied, in the vast majority of cases these changes simply reflected
changes in the abundance of that protein from one spliceo-
somal complex to the next. Thus, differential phosphorylation
was not observed for most of the phosphoproteins detected in
spliceosomes. However, small changes in the number of phos-
phorylated sites could escape detection. Likewise, since Pro-Q
Diamond has a limited linear signal range (i.e., the staining of
phosphoproteins is no longer linear in those cases where more
than 12 sites are phosphorylated [38]), the hyperphosphoryla-
tion of already highly phosphorylated proteins may also elude
detection. Furthermore, our studies provide no information
about which sites are phosphorylated. Thus, qualitative
changes in phosphorylation that do not dramatically effect the
overall number of phospho sites would not be detected by this
method.

Consistent with previous observations (6, 40), spliceosome
activation was accompanied by a significant increase in the
phosphorylation of SF3b155, whereas CDC5L, a component of
the hPrp19 complex, was found to be intensively phosphory-
lated specifically upon C complex formation (Table 1). The
precise function of the stage-specific phosphorylation of each
of these proteins is unclear. Given that the SF3a and SF3b
proteins are stably bound to the B*** complex and SF3b155 is
already fully phosphorylated at this stage, it is unlikely that
phosphorylation of SF3b155 leads to the dissociation of SF3a
and SF3b observed during the B*'-to-C-complex transition.
Since the Prp19 complex is stably bound to the spliceosome at
the B** complex stage and at the same time the CDC5L
protein is not phosphorylated, it is also unlikely that this phos-
phorylation event leads to Prp19 complex stabilization within
the spliceosome. However, in purified human Prpl9 com-
plexes, the CDCSL protein lacks any phospho signal (data not
shown), supporting the idea that its phosphorylation plays a
regulatory role during splicing.

The role of phosphorylation of most of the other phospho-
proteins detected in human spliceosomal complexes (with the
exception of SR proteins) is not known. Interestingly, several
transiently associated non-snRNP proteins are heavily phos-
phorylated. This suggests that phosphorylation may act as a
binding trigger for some of the proteins recruited at a specific
stage, whereas dephosphorylation potentially might lead to
their release from the spliceosome. Taken together, we con-
clude that the 2D electrophoresis system described here is a
powerful new tool for investigating complex and dynamic cel-
lular multiprotein complexes.
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