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Rearrangements within human spliceosomes captured
after exon ligation

JANINE O. ILAGAN,1,2 ROBERT J. CHALKLEY,3 A.L. BURLINGAME,3 and MELISSA S. JURICA1,2,4

1Department of Molecular Cell and Developmental Biology and 2Center for Molecular Biology of RNA, University of California Santa
Cruz, Santa Cruz, California 95064, USA
3Department of Pharmaceutical Chemistry, University of California San Francisco, San Francisco, California 94122, USA

ABSTRACT

In spliceosomes, dynamic RNA/RNA and RNA/protein interactions position the pre-mRNA substrate for the two chemical steps of
splicing. Not all of these interactions have been characterized, in part because it has not been possible to arrest the complex at
clearly defined states relative to chemistry. Previously, it was shown in yeast that the DEAD/H-box protein Prp22 requires an
extended 3′ exon to promote mRNA release from the spliceosome following second-step chemistry. In line with that
observation, we find that shortening the 3′ exon blocks cleaved lariat intron and mRNA release in human splicing extracts,
which allowed us to stall human spliceosomes in a new post-catalytic complex (P complex). In comparison to C complex,
which is blocked at a point following first-step chemistry, we detect specific differences in RNA substrate interactions near the
splice sites. These differences include extended protection across the exon junction and changes in protein crosslinks to
specific sites in the 5′ and 3′ exons. Using selective reaction monitoring (SRM) mass spectrometry, we quantitatively compared
P and C complex proteins and observed enrichment of SF3b components and loss of the putative RNA-dependent ATPase
DHX35. Electron microscopy revealed similar structural features for both complexes. Notably, additional density is present
when complexes are chemically fixed, which reconciles our results with previously reported C complex structures. Our ability
to compare human spliceosomes before and after second-step chemistry has opened a new window to rearrangements near
the active site of spliceosomes, which may play roles in exon ligation and mRNA release.

Keywords: pre-mRNA splicing; spliceosome; mass spectrometry; crosslinking

INTRODUCTION

Pre-mRNA splicing is catalyzed by a macromolecular ribo-
nucleoprotein complex known as the spliceosome. Spliceo-
somes are composed of over 100 distinct components,
including five small nuclear ribonucleoproteins (snRNPs).
Each of the five snRNPs (U1, U2, U4, U5, U6) contains a
small uridine rich RNA and associated proteins. During the
process of splicing, the U snRNPs are sequentially recruited
to a pre-mRNA substrate to assemble spliceosomes, which
undergo ATP-dependent rearrangements to form intermedi-
ates known as E, A, B, Bact, B∗, and C complexes (Will and
Luhrmann 2011).

The association and interactions of components in the
spliceosome is highly dynamic. Proteomic studies have
shown that many proteins join and/or leave the complex at
each assembly stage (Will and Luhrmann 2011). In yeast,
eight members of the DExD/H box RNA-dependent ATPase
family have been shown to promote several spliceosome rear-

rangements. For example, in the activated spliceosome (B∗),
Prp2 activity destabilizes the association of theU2 snRNP sub-
complexes SF3a and SF3b and promotes first-step chemistry
that results in cleavage at the 5′ splice site and formation of
the lariat intron intermediate (Kim and Lin 1996; Silverman
et al. 2004; Lardelli et al. 2010). In later stages, Prp16 promotes
a conformational rearrangement required for second-step
chemistry, which cleaves the 3′ splice and ligate the exons
(Schwer and Guthrie 1991, 1992). After exon ligation, Prp22
promotes mRNA release in an ATP-dependent manner
(Schwer and Gross 1998), followed by the displacement of
the cleaved intron from U2, U5, and U6 snRNPs by Prp43
(Tsai et al. 2005). In the human spliceosome, two additional
predicted DExD/H box ATPases, DDX41 and DHX35, are
also present in catalytic spliceosomes (Jurica et al. 2002).
These proteins do not have clear Saccharomyces cerevisiae
orthologs, and their potential roles in splicing are not yet
known.
During catalytic activation of spliceosomes, structural re-

arrangements must occur to position the pre-mRNA at the
active sites for the two steps of splicing chemistry. In activa-
tion of the spliceosome for first-step chemistry, the complex
must bring the 2′-OH of the branch point adenosine to attack
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the 5′ splice site (5′ ss). To promote this pre-mRNA con-
formation, U2 snRNA base-pairs with the branch point se-
quence (Parker et al. 1987; Wu and Manley 1989), U6
snRNA base-pairs near the 5′ ss (Wu and Manley 1991;
Sawa and Abelson 1992), and both of these snRNAs base-
pair with each other (Datta and Weiner 1991; Madhani and
Guthrie 1992; Wassarman and Steitz 1993; Sun and Manley
1995). Additional contacts to the region upstream of the 5′

ss by U5 snRNA (Newman et al. 1995), as well as by the U5
snRNP protein Prp8, are proposed to also stabilize the first-
step active site conformation (Wyatt et al. 1992; Teigelkamp
et al. 1995a,b; Chiara et al. 1996; Reyes et al. 1996, 1999).
In preparing for the second step of splicing, spliceosomes

must next bring the 3′-OH of the 5′ exon to attack at the 3′

splice site (3′ ss) for exon ligation. In spliceosomes blocked
for second-step chemistry by either mutation of the 3′ ss or
inactivating Prp16, Prp8 has been shown to crosslink just
downstream from the 3′ ss (Teigelkamp et al. 1995a,b;
Umen and Guthrie 1995; Chiara et al. 1996; McPheeters et
al. 2000; McPheeters and Muhlenkamp 2003). U5 snRNA
also crosslinks with the 3′ exon in the lariat intermediate
(Wassarman and Steitz 1992; Newman et al. 1995). How for-
mation of these contacts relates to second-step chemistry is
unknown.When the second step is blocked by these different
methods, it is not clear whether the spliceosome remains in
first-step active site conformation, has transitioned to sec-
ond-step active site conformation, or exists in an uncharac-
terized intermediate conformation. In order to clarify active
site interactions related to second-step chemistry, a snapshot
of the spliceosome following exon ligation, but prior to
mRNA release, is required.
In this study, we have captured the human spliceosome in

a post-catalytic state that we term P complex. Biochemical
and EM analysis confirms that purified P complex is a large
stable splicing complex that, along with C complex, which
is stalled after the first step of splicing, now allows us to fur-
ther examine the spliceosome before and after exon ligation.
Comparing the protein composition and pre-mRNA interac-
tions of P complex to C complex, we find distinct differences
that speak to the changes in active site structure that occur in
the process of exon ligation. Our studies provide insight into
how spliceosomes rearrange pre-mRNA in the active site to
facilitate the second step of splicing chemistry.

RESULTS

Shortening the 3′ exon stalls the human spliceosome
after second-step chemistry but prior to mRNA release

Previous work in yeast showed that, after the second step of
splicing, Prp22 contacts the 3′ exon and uses its helicase ac-
tivity to promote mRNA release (Schwer 2008). In that study,
the yeast spliceosome was also demonstrated to retain the
mRNA product following second-step chemistry if the 3′

exon is shortened to 13 nt to make the binding site for

Prp22 unavailable. We wondered whether shortening the 3′

exon of the pre-mRNA substrate would also inhibit mRNA
release with the human splicing machinery. To test this hy-
pothesis, we created a series of pre-mRNA substrates with
3′ exons ranging in length from 6 to 40 nt for in vitro splicing
in a HeLa nuclear extract. After denaturing polyacrylamide
gel electrophoresis (PAGE), we examined the radiolabeled
RNA splicing products by phosphorimaging. With all of
the substrates, mRNA appears over time, which indicates
that neither step of splicing chemistry was blocked by short-
ening the 3′ exon (Fig. 1A, lanes 5–9; Supplemental Fig. S1).
We next used glycerol gradient centrifugation to determine

whether the spliceosome releases mRNAwith a short 3′ exon.
We separated the splicing reactions on 10%–30% glycerol
gradients and examined RNA from different fractions by
denaturing PAGE. As a control for the migration of the cat-
alytic spliceosome (C complex) in the gradient, we used a
pre-mRNA substrate with a mutant 3′ ss that blocks splicing
after first-step chemistry. As expected with this substrate, the
free 5′ exon and lariat intermediate comigrate deep in the gra-
dient, consistent with them associating in a large complex
(Fig. 1B, top panel, lanes 10,11). When we used a pre-
mRNA substrate with a wild-type 3′ ss and the normal 51-
nt 3′ exon, both the lariat intron and mRNA peak earlier in
the gradient, which indicates that they have been released
from the spliceosome (Fig. 1B, middle panel, lanes 7,8).
However, when we truncated the 3′ exon of the pre-mRNA
to 19 nt, the mRNA peak is deeper in the gradient and nearly
overlaps with the small amounts of remaining first-step inter-
mediates (Fig. 1B, bottom panel, lanes 10,11). This result is
consistent with retention of the mRNA with the short 3′

exon in a large complex.
We tested additional substrates with 3′ exons of different

lengths (Supplemental Fig. S1). With shorter 3′ exons,
more mRNA was retained in the spliceosome. However, as
the 3′ exons are shortened, there is a decrease in second-
step chemistry. In contrast, with longer 3′ exons, second-
step chemistry increases but with more mRNA release. For
the studies of splicing complexes trapped after second-step
chemistry described below, we chose to use a pre-mRNA
with a 19-nt 3′ exon because it exhibited the highest accu-
mulation of post-catalytic splicing complexes that retain
the mRNA and cleaved intron, which we now refer to as P
complex.
Native gel analysis of splicing reactions using pre-mRNA

substrate with the short 3′ exon confirms normal spliceo-
some assembly (E→A→B→C). However, as the reaction pro-
gresses, a large complex that migrates at the same position as
C complex accumulates (Fig. 1C, lanes 2,5–9). In contrast,
full-length WT pre-mRNA substrate that completes the sec-
ond step and releases mRNP does not show the same accu-
mulation of the C-like complex (Fig. 1C, lane 4). From this
and the glycerol gradient data, we conclude that P complex
is a large stable splicing complex stalled between exon ligation
and mRNA release.

Post-catalytic spliceosome
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Protection of the mRNA splice junction in P complex

Because P complex maintains its hold on mRNA, regions of
that mRNA that are stably associated with spliceosome com-
ponents will likely not be available to hybridize to com-
plementary DNA probes. To identify these regions, we
performed protection assays against RNase H digestion. In
these assays, we assembled P complex on pre-mRNA sub-
strate with the short 3′ exon in a HeLa nuclear extract and
then added a 100-fold excess of a series of 12- to 16-nt
DNA oligos complementary to sequences along the entire
mRNA (Fig. 2A). If a region of the mRNA is not protected
by spliceosome interactions, then the oligo will form a
DNA/RNA hybrid that makes the mRNA sensitive to diges-
tion at that site by endogenous RNase H in the nuclear ex-
tract. In contrast, if the targeted mRNA region is protected
by a component of the spliceosome, no DNA/RNA hybrid
will form, and the mRNA will not be cleaved. We visualized
mRNA cleavage by phosphorimaging after denaturing PAGE.

In the 5′ exon, regions >30 nt upstream of the exon junction
are largely unprotected, as evidenced by a decrease of mRNA
band intensity after digestion (Fig. 2B, lanes 1–6, compared
to control lane U). In contrast, the entire 30-nt region up-
stream of the exon junction is protected from digestion (lanes
7–9). The exon junction through 9 nt of the 3′ exon is also
protected (lanes 10,11). The extent of protection in the 5′

exon in P complex is similar to that previously shown for C
complex (Ilagan et al. 2009). However, in C complex, the
entire 3′ exon is unprotected (Fig. 2C). The additional pro-
tection in the 3′ exon in P complex could indicate a con-
formational rearrangement of spliceosome components
upon the second step of chemistry. For released mRNA in
mRNP, Le Hir et al. showed protection in an 8-nt region
∼24 nt upstream of the exon junction by the exon junction
complex (EJC) but reported no protection across the exon
junction and 3′ exon (Newman et al. 1995; Le Hir et al.
2000). These results suggest that the exon junction may re-
main situated in the second-step active site in P complex.

FIGURE 1. A short 3′ exon pre-mRNA substrate stalls human spliceosomes between the second step of splicing and mRNA release. (A) Denaturing
PAGE analysis of in vitro splicing reactions with radiolabeled pre-mRNA substrates containing a mutated 3′ splice site and a 51-nt 3′ exon (mut 3′ ss),
wild-type 3′ splice site and a 51-nt 3′ exon (wt 3′ ss), or wild type 3′ splice site and a 19-nt 3′ exon (short 3′ exon). Reaction time points, in minutes, are
noted at the top of the gel, and splicing intermediates are indicated on the left as, from top to bottom, lariat-intron intermediate, lariat intron, pre-
mRNA, mRNA, and 5′ exon. The different positions of pre-mRNA, lariat-intron intermediate, and mRNA with 51- vs. 19-nt 3′ exons are indicated
by brackets. (B) Glycerol gradient (10%–30%) sedimentation of splicing reactions using the same pre-mRNA substrates as in A. All three panels show
denaturing PAGE analysis of fractions collected from top to bottom of the gradient (1–16, respectively). Quantification of indicated band intensities vs.
fraction number is graphed at the right. (C) Native gel analysis of splicing reactions correlating to those shown in A. The position of H/E, A, B, C/C-
like, and mRNP complexes are indicated on the left.
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Changes in protein-exon contacts in P complex

To further examine interactions with pre-mRNA in the spli-
ceosome before and after second-step chemistry, we per-
formed site-specific UV crosslinking experiments targeting
the protected regions that are likely close to the active site
(s) in both C and P complexes. We incorporated a single
32P-label at positions −10 or −2 nt upstream of the 5′ ss
and +1 nt downstream from the 3′ ss in pre-mRNA sub-
strates with either a mutant 3′ ss (to form C complex) or
short 3′ exon (to form P complex) (Fig. 3A). For the +1 cross-
link, both complexes were assembled on a substrate with the
identical truncated 3′ exon. After UV-crosslinking of the
complexes assembled on these substrates, we digested with
RNase A/T1 and separated proteins in the splicing reaction
by denaturing PAGE. We then detected proteins crosslinked
to the radiolabeled nucleotides by phosphorimaging (Fig.
3B). To control for protein binding not specific to splicing,

we also crosslinked to single-labeled pre-mRNA incubated
at 4°C inHeLa extract in the absence of ATP to form so-called
H complex (Fig. 3B, lanes 1,4,7).
With the label at −10 nt upstream of the 5′ ss, a radiola-

beled protein of ∼70 kD is present in both C and P that is
not present in H (Fig. 3B, lanes 2,3). Because there is a small
amount of C complex (10%–20%) remaining in the P com-
plex preparation, we cannot absolutely state that a protein
crosslink identified in both complexes represents a stable in-
teraction resulting from second-step chemistry. Nevertheless,
because the −10 nt position has not been directly examined
before for any splicing complex, this is an interesting obser-
vation. Five proteins in this size range have been identified in
C complex by mass spectrometry: SLU7, CDC40 (Prp17
ortholog), PPWD1, BUD13, and DDX41. Unfortunately,
we have not been able to identify the 70-kD protein because
of the lack of antibodies with good immunoprecipitation ef-
ficiency. We also do not know at what point in spliceosome
assembly this protein first contacts the 5′ exon, although it
is notable that these proteins first stably associate in Bact

(CDC40, BUD13) or C (SLU7, PPWD1, DDX41) complexes.
At the −2 nt position, an ∼250-kD protein weakly cross-

links in both C and P complexes and is not detected in
H. This protein is likely PRPF8, which has been shown to
crosslink at this site in splicing complexes before first-step
chemistry (Wyatt et al. 1992; Teigelkamp et al. 1995a,b;
Chiara et al. 1996; Reyes et al. 1996, 1999). Notably, an
∼30-kD protein strongly crosslinks at −2 nt in P, which is
not detected in C or H complexes (Fig. 3B, lanes 5,6).
Because this crosslink is found only with P complex, it very
likely reflects a conformational change at the 5′ ss after exon
ligation. A protein of this size has never been reported to
crosslink at the 5′ splice site. Our mass spectrometry analysis
of P complex (see below) identified several proteins in the size
range of 26–34 kD that join through spliceosome assembly:
PPIE, SYF2, BCAS2, ISY1, CWC15, C9orf78, SNRPA1 (U2
A′), LENG1, and PQBBP1. To narrow the field, we blotted
the crosslinking gel and performed Western analysis for
four of these proteins: PPIE, SYF2, BCAS2, and ISY1
(Supplemental Fig. S3). The BCAS2 antibody recognized
two bands, both of which migrate lower than the crosslinked
protein, and the band detected by the ISY1 antibody migrated
higher than the crosslinked protein, indicating that, likely,
neither of these proteins is the ∼30-kD protein. Western
blots of NE with a SNRPA1 antibody identify a band of
∼25 kD (data not shown), which suggests that this is also
not the crosslinked protein. In contrast, PPIE and SYF2
bothmigrated to the same position as the crosslinked protein,
making them candidates for the 30-kD crosslink. Unfortu-
nately, the antibodies used for these Westerns are also not
efficient for immunoprecipitation, and so with the low effi-
ciency of UV crosslinking and limited amounts of material,
we have not been able to conclusively identify the protein.
To probe the +1 position in the 3′ exon, we incorporated a

4-thioU adjacent to the radiolabel to increase crosslinking

FIGURE 2. RNase H protection mapping of mRNA in the post-catalyt-
ic spliceosome complex. (A) Sequence of mRNA with short 3′ exon
(gray shaded) and DNA oligos used for RNase H digestion shown in
B. (B) Denaturing PAGE analysis of splicing reactions using a pre-
mRNA substrate with a short 3′ exon to which DNA oligos were added
after 60 min to initiate RNase H digestion of complementary RNA se-
quences. Oligos targeted the mRNA diagrammed at the top in the 5′
exon (lanes 1–9), exon junction of the mRNA (lane 10), and 3′ exon
(lane 11). Lane U is a splicing reaction in the absence of added DNA
oligo. Splicing intermediates are indicated on the left as, from top to bot-
tom, lariat-intron intermediate, lariat intron, pre-mRNA, mRNA, and 5′
exon, and the positions of RNase H cleavage products are shown.
Because digestion products also arise from unspliced pre-mRNA,
RNase H cleavage was determined by comparing mRNA band intensi-
ties with the no-oligo control (U) and reported as % cleaved at the bot-
tom of each lane. (C) Same as B but with spliceosomes assembled on a
pre-mRNA substrate with a 3′ ss mutation.

Post-catalytic spliceosome
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efficiency. In C complex, we detect relatively weak crosslinks
to proteins of ∼75 and 130 kD and a very weak crosslink to a
250-kD protein (Fig. 3B, lane 9). In P complex, there are sim-
ilar weak crosslinks to ∼75- and 130-kD proteins, but the
∼250-kD protein crosslink was much stronger (Fig. 3B,
lane 8). Again, the 250-kD protein is likely PRPF8, which

was shown to crosslink in this region in complexes blocked
for second-step chemistry by inactivation of Prp16 (Teigel-
kamp et al. 1995a,b; Umen and Guthrie 1995; Chiara et al.
1996; McPheeters et al. 2000; McPheeters and Muhlenkamp
2003). We cannot confidently attribute the difference in
crosslinking efficiency of the protein between C and P as a
conformational change in the spliceosome. Instead, the diffe-
rence may reflect the 3′ ss mutation used to trap C complex.
Our previous studies indicated that a mutated 3′ ss does not
stably occupy the second-step active site (Ilagan et al. 2009).
Therefore, the difference in crosslinking to the 250-kD pro-
tein between P and C may be due to the modified substrate,
although second-step chemistry may still have an impact.

Affinity purification of P complex

To isolate P complex, we assembled spliceosomes on a short
3′ exon pre-mRNA and, as previously described, carried out
affinity purification via an MS2-tag in the intron (Jurica et al.
2002). We hypothesized that, as suggested by our glycerol
gradient analysis, mRNAwould copurify along with the affin-
ity-tagged lariat intron in P complex. Denaturing PAGE of
radiolabeled RNA isolated from the purified complex con-
firmed that the mRNA is indeed present after affinity purifi-
cation (Fig. 4A, short 3′ exon elution), showing that we have
isolated a post-catalytic splicing complex.
To compare the RNA composition of P complex, we also

isolated C complex and mRNP by the same MS2-affinity
tag in the intron or 3′ exon, respectively (Fig. 4A, right two
panels). We analyzed RNA extracted from the three complex-
es by SYBRGold staining after denaturing PAGE (Fig. 4B). As
expected, we observed U2, U5, and U6 snRNAs in C complex
(Jurica et al. 2002) and no snRNA association with mRNP
(Merz et al. 2007). P complex also contained the U2, U5,

FIGURE 3. UV crosslinking of proteins to exons in P complex. (A)
Schematic of mRNA produced by a short 3′ exon (dark gray) pre-
mRNA containing a single 32P (marked by an asterisk) at indicated nu-
cleotide positions relative to the eventual exon junction (marked by
the black bar). The labels at the same positions were also included in a
pre-mRNA with a longer 3′ exon (light gray) and mutant 3′ ss. For the
+1 label, a 4-thio-uridine residue (marked by a black dot) was also in-
cluded, and the mutant 3′ ss substrate also had a short 3′ exon. (B)
SDS-PAGE of proteins crosslinked near the indicated single 32P label
by UV irradiation following in vitro splicing with the short 3′ exon
pre-mRNA (P) or mutant 3′ ss pre-mRNA (C). As a control for proteins
that bind in the absence of splicing, the labeled pre-mRNA was also in-
cubated in splicing reactions lacking ATP at 4°C, followed by UV cross-
linking (H). Positions ofmolecular weightmarker proteins are indicated.
Crosslinked protein bands detected only with the short 3′ exon pre-
mRNA that accumulates P complex are marked by an asterisk (∗).

FIGURE 4. Affinity purification of P complex. Affinity purification was carried out usingMS2-MBP tagged pre-mRNA substrates labeled as in Figure
1. (A) Denaturing PAGE analysis of RNA from in vitro splicing reaction time points (0′, 60′), following RNase H-mediated cleavage of substrate that
did not incorporate into splicing complexes (indicated by ∗) as detailed in Jurica et al. (2002) (80′), the material loaded onto amylose affinity column
(load), or eluted from the affinity column with maltose (elution). (B) Denaturing PAGE analysis of RNA extracted from purified spliceosome com-
plexes, which are visualized by SYBRGold staining. RNA from nuclear extract (NE) contains U2, U1, U4, U5, and U6 snRNAs as labeled. (• indicates
tRNA in the extract and ∗ indicates pre-mRNA digestion product.) RNA from purified C complex (C), mRNP complex (M), and P complex (P) as-
sembled on the three pre-mRNA substrates shown in panel A, respectively. The positions of cleaved 5′ exon and short mRNA that copurify are noted.

Ilagan et al.
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and U6 snRNAs, indicating that these
components are maintained in the spli-
ceosome after exon ligation.

Loss and stabilization of spliceosome
proteins after second-step chemistry

To determine the protein composition of
P complex, we affinity-purified spliceo-
somes and identified components by tan-
dem mass spectrometry (MS/MS). Like
the U snRNAs, many proteins associated
with C complex are present in P complex
(Table 1). These included U5 snRNP
proteins, the Prp19 complex, and sec-
ond-step factors. We did not identify
any proteins that were not previously
found in C complex and thus appear to
be specifically recruited to the spliceo-
some following second-step chemistry.
In order to compare C and P complex

components quantitatively, we used se-
lective reaction monitoring (SRM) mass
spectrometry, which measures the
amount of specific peptides in a complex
mixture and allows relative amounts of
individual proteins between two samples
to be determined. For 38 spliceosome-
associatedproteins,weidentifiedtwopep-
tides consistently sequenced in previous
MS/MS analysis of spliceosomes and de-
termined their liquid chromatography
elution timing. We then used SRM to
quantify these peptides in C and P com-
plexes, which resulted in a list of peak ar-
eas for each peptide. We compared these
areas for individual peptides between C
and P as a log2 ratio. The log2 ratio values
of 87% of protein peptide pairs were
within one standard deviation of the
mean, indicating that the data are, by
and large, robust, and these are shown
in Table 1 (peptide sequences are shown
in Supplemental Table S2). The five
peptide pairs that did not track closely
together were not used for further anal-
ysis. Previously identified post-transla-
tional modifications (PTM) or protein
degradation, which would result in dif-
ferential loss of a peptide signal, are plau-
sible explanations for the difference
between them.
For the remaining proteins, the aver-

age P/C log2 ratio was 0.6 with a standard
deviation of 1.2, and the distribution

TABLE 1. Mass spectrometry analysis of purified C and P complexes

Acc
Gene
symbol aka

MW
(kD)

C P P/C log2 P/C log2

#unique
peptides pep 1 pep 2

SM proteins
P14678 SNRPB Sm B/B′ 23.7 4 4 0.4 0.3
P62314 SNRPD1 Sm D1 13.3 3 2
P62316 SNRPD2 Sm D2 13.2 5 5 0.7 1.4
P62318 SNRPD3 Sm D3 13.9 4 5 0.0 0.4
P62304 SNRPE Sm E 10.8 3 2
P62306 SNRPF Sm F 9.7 4 2

U2 snRNP proteins
P09661 SNRPA1 U2-A′ 28.4 19 19 1.1 1.6
P08579 SNRPB2 U2-B′ ′ 25.5 10 13
Q15459 SF3A1 Prp21 88.9 12 16
Q15428 SF3A2 Prp11 49.3 4 8
Q12874 SF3A3 Prp9 58.8 12 16 0.8 1.1
O75533 SF3B1 SF3b155 87.4 28 43
Q13435 SF3B2 SF3b145 100.2 12 26 2.4 2.8
Q15393 SF3B3 SF3b130 135.6 29 39 1.9 2.4
Q15427 SF3B4 SF3b49 44.4 2 3
Q9BWJ5 SF3B5 SF3b10 10.1 3 5
Q9Y3B4 SF3B14 p14 14.6 4 7
Q7RTV0 PHF5A SF3B14b 12.4 5 8

U2 snRNP-associated
O43143 DHX15 Prp43 90.9 8 8
Q8IWX8 CHERP SCAF6 103.7 1 2

U5 snRNP proteins
Q6P2Q9 PRPF8 U5-220 k 273.6 123 127 0.7 0.8
O75643 SNRNP200 U5-200 k 244.5 91 93 −1.4 −0.3
Q15029 EFTUD2 Snu114 109.4 59 66 −0.6 −0.1
Q96DI7 SNRNP40 U5-40 k 39.3 17 18 0.7 1.4

PRP19 complex
Q9UMS4 PRPF19 Prp19 55.2 32 32
Q99459 CDC5 L Cefl 92.3 42 47
O75934 BCAS2 Snt309 26.1 17 19 −0.9 0.3
Q9P013 CWC15 Cwf15 26.6 10 10
O43660 PLRG1 Prp46 57.2 15 15
Q8WYA6 CTNNBL1 65.2 4
Q9Y2W2 WBP11 NPWBP 70 1 7
P11142 HSPA8 Ssa4 53.5 18 19 −0.8 −0.5
O60828 PQBP1 NPW38 30.5 2

Prp19-associated
Q9BZJ0 CRNKL1 Clf1 100.5 44 41 0.9 1.5
Q13573 SNW1 Prp45 61.5 31 34
Q9ULR0 ISY1 Cwf12 33 16 18 0.0 0.1
Q9HCS7 XAB2 Syf1 100 54 56 0.5 1.9
O60306 AQR IBP160 171.3 61 53 0.9 1.2
Q9NW64 RBM22 Cwc2 46.9 16 16 0.5 1.5
P41223 BUD31 Cwf14 17 12 11
Q9UNP9 PPIL1 Cyp1 18.2 5 6
Q9Y3C6 PPIE Cyp33 33.4 10 12

RES complex
Q9BRD0 BUD13 fSAP71 70.5 4 8 0.3 0.8
Q8TAD8 SNIP1 45.8 5 9
Q9Y388 RBMX2 CGI-79 37.3 5 9

Recruited at B
Q2TAY7 SMU1 57.5 5 7
P55081 MFAP1 52 3 6
Q13123 IK Red 65.6 4 6
Q9UBB9 TFIP11 Ntr1 96.8 2 2

(continued )
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is shown in Supplemental Figure S4.
Seventy-six percent of peptides have a
log2 ratio within one standard deviation
of the mean, suggesting their parent pro-
teins are equally represented in both sam-
ples. These include Sm proteins, some
U2 snRNP proteins, U5 snRNP, and
Prp19 complex proteins, as well as sec-
ond-step factors. DHX8 (the human
Prp22 ortholog) also is equally represent-
ed in both samples. MS/MS peptide
counts correlate with these results in
most cases.
Six proteins showed an average P/C log2

ratio outside one standard deviation of
the mean. Five of these predicted enrich-
ment in P complex relative to C complex:
RNF113A, SF3B2, SF3B3, PRP38A, and
CACTIN. In contrast, DHX35 peptide
ratios predicted high enrichment in C
complex relative to P complex. Notably,
MS/MS peptide counts also followed the
same trend of enrichment for these
proteins.
In order to confirm the SRM results,

we performed Western analysis for six
proteins that showed differential enrich-
ment or no enrichment between C and
P complexes (Fig. 5). We loaded the gel
with 0.5 pmol of each complex (based
on the amount of radiolabeled RNA
splicing products) and then probed the
same blot with different antibodies. We
confirmed that there is some enrichment
of SF3B3 in P complex and that DHX35
association is significantly reduced. The
Western blot showed a very slight increase
in the amount of PRPF8 inP complex, but
the amounts of PRPF19, EIF4A3, and
ISY1 were essentially equal, as predicted
by the SRM and/or MS/MS analyses.
One possible explanation for the loss of
DHX35 is the difference in 3′ exon length
of the substrate that we used to assemble
the complex (55 vs. 20 nt). However,
previous MS/MS analysis of C complex
from which the 3′ exon is short or
has been removed yielded a large number
of DHX35 peptides (Ilagan et al. 2009;
Bessonov et al. 2010; Agafonov et al.
2011). The difference in exon length
only affected the amount of hnRNP and
general RNA binding components and
not the proteins that join through splice-
osome assembly.

TABLE 1. Continued

Acc
Gene
symbol aka

MW
(kD)

C P P/C log2 P/C log2

#unique
peptides

pep 1 pep 2

Q8NAV1 PRPF38A Prp38 37.5 3 6 2.6 1.9
P62310 LSM3 LSm 3 1 2
Q9Y4Z0 LSM4 LSm 4 15.3 3

Recruited at Bact

Q9HCG8 CWC22 fSAPb 105.5 25 26 0.7 0
O15541 RNF113A Cwc24 38.8 3 5 3.1 3.3
Q96NB3 ZNF830 CDC16 42 3 11
Q6UX04 CWC27 SDCCAG10 53.8 6 2 0.18 0.7
O60231 DHX16 Prp2 119.3 13 6
Q8WUD4 CCDC12 CG15525 19.2 8 9 1.3 0.9
Q13356 PPIL2 Cyp60 58.8 2 9
Q92917 GPKOW GPATCH5 52.2 3
Q92733 PRCC 52.4 7
Q9BRR8 GPATCH1 ECGP 103.3 14

Second-step factors
O60508 CDC40 Prp17 65.5 28 30
O95391 SLU7 hSLU7 68.4 16 24
Q14562 DHX8 Prp22 139.3 35 44 −0.6 0.3

Recruited at C
O95926 SYF2 fSAP29 28.7 14 13
Q9H5Z1 DHX35 KAIA0875 78.9 14 −3.7 −3.3
Q8WUQ7 CACTIN C19orf29 88.7 4 27 1.6 2.4
Q9UJV9 DDX41 Abstrakt 69.8 3 34
Q96DF8 DGCR14 DGSI 52.6 14 11 −0.5 0.2
Q96BP3 PPWD1 KIAA0073 73.6 ∗ 3 0.3 0.3
Q9H2H8 PPIL3 CypJ 18.2 8 10
Q13427 PPIG SR-Cyp 88.6 1 2
Q6IQ49 C1orf55 49.7 ∗ 8
Q9NZ63 C9orf78 HSPC220 33.7 ∗ 12 0.0 1.3
Q9Y421 FAM32A OTAG12 13.2 7 10 −0.4 −0.4
Q14320 FAM50A XAP-55 40.2 ∗ 9
Q70Z53 FRA10AC1 C10orf4 37.5 7 4
Q9H5V9 CXorf56 FLJ22965 25.6 ∗ 10 0 0.3
Q9BRX9 WDR83 MORG1 34.3 3
Q96BZ8 LENG1 30.5 7 4
Q9UQ35 SRRM2 Srm300 299.6 41 47 0.0 0.1

Occasionally detected in Bact or C complex
P13994 CCDC130 44.8 5 2
Q8N5F7 NKAP FLJ22626 47.1 1 5
P43243 MATR3 MPD2 45.7 6 2 −1.1 0.0
Q14331 FRG1 FSG1 29.2 4

EJC/mRNA binding
P38919 EIF4A3 DDX48 46.9 14 17
P61326 MAGOH 17.2 2 7
Q15287 RNPS1 34.2 1 2
O00422 SAP18 17.6 2
Q9H307 PNN Pinin 81.6 1 4

Spliceosome proteins identified by two or more unique peptides in MS/MS analysis of C
and P complexes are listed with Uniprot accession (Acc), human gene name, other
names (aka, also known as), molecular mass, number of unique peptides identified by
MS/MS in C complex (C) and P complex (P), where an asterisk indicates frequent identifi-
cation in previous MS/MS analyses, and the log2 ratio of peptides monitored by SRM
between the two complexes (P/C ratio). Proteins associated irregularly with splicing
or with pre-mRNA independent of splicing (e.g., hnRNP proteins) are presented in
Supplemental Table S1.
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P and C complex have similar global structures
that are stabilized by chemical crosslinking

We visualized negatively stained P complex by transmission
electron microscopy (EM), which revealed monodispersed
particles (Fig. 6A). Class-averaged views of these particles dis-
play similar dimensions (∼30 nm) and overall conformations
as previously seen with C complex (Fig. 6B; Jurica et al. 2002).
There has been a discrepancy between our structure of

human C complex spliceosomes and that reported by the
Lührmann and Stark groups, even though MS analyses by
both groups suggest similar composition (Golas et al. 2010).
Our complexes are distinctly smaller, and there ismore “stuff”
in the background of our EM images. In addition to slightly
different purification methods, the Stark group chemically
fixes samples prior to preparing EM grids. To see if fixation
might account for the structural differences, we briefly treated
samples of both P andC complexwith glutaraldehyde prior to
preparing EM grids. Images of these complexes show larger
particles and a cleaner background, consistent with partial
dissociation of spliceosome components during grid pre-
paration of unfixed samples. Class-averaged views of these
particles show that C and P complex still have very similar
structures and are also similar to “native” C complex images
from the Lührmann and Stark labs (Fig. 6C; Golas et al.
2010). Closer examination of the images of our unfixed com-
plex images shows that they are similar to the 35S U5 snRNP
complex but with some additional density, which may com-
prise U2 snRNP components and/or pre-mRNA. Part of the
density that is missing from the unfixed C complex core is
also missing from the Lührmann and Stark labs’ fixed salt-
washed core of C complex (Golas et al. 2010). This suggests
that the unfixed C complex core structure does not include
proteins that join the spliceosome at Bact and C complex.

DISCUSSION

Understanding the RNA/RNA and RNA/protein interactions
that position splice sites in the spliceosome for the two chem-

ical steps of splicing is key to determining the molecular
mechanisms of this large and dynamic complex. In this
work, we establish a method to stall human spliceosomes fol-
lowing the second step of chemistry but before mRNA release
(P complex). By comparing this post-catalytic complex to one
stalled before the second step (C complex), we have character-
ized changes in spliceosome conformation that give insight
into how the complex rearranges during splicing chemistry.
We accumulated P complex using a pre-mRNA substrate

with a shortened 3′ exon. Work in yeast showed that the
RNA-dependent ATPase Prp22 must contact the 3′ exon in
an ATP-independent manner prior to promoting release of
mRNA and that shortening the exon to <13 nt prevented
this interaction (Schwer 2008). We find that human spliceo-
somes also require an extended 3′ exon in order to couple sec-
ond-step chemistry with mRNA release. In this case however,
at least 20 nt are required for some mRNA release to occur.
This finding suggests that the human ortholog of Prp22,
DHX8, uses a similar mechanism to promote mRNA release
after exon ligation.

FIGURE 5. Western analysis confirms enrichment of SF3B proteins
and decrease of DHX35 in P complex. For Western analysis, equal
amounts of purified C and P complexes were separated by denaturing
PAGE, transferred to nitrocellulose, and the same blot was probed
with the antibodies indicated on the left.

FIGURE 6. P and C complex have similar global structures that are sta-
bilized by chemical crosslinking. (A) Transmission EM micrograph of
negatively stained P complexes after affinity purification. White scale
bar is 100 nm. (B) Two class-averaged views of C and P complex pre-
ferred orientations. (C) Comparisons of fixed and unfixed splicing com-
plexes. “C native” is from Golas et al. (2010). White arrows point out
the location of a density that is present only in fixed samples.
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Comparing affinity-purified spliceosomes arrested before
and after exon ligation (C and P complexes, respectively),
we found both similarities and differences in the two states.
Both complexes maintain the same snRNA components
and nearly all the same proteins. In particular, MS/MS anal-
ysis did not identify any new proteins that stably associate
with P complex spliceosomes.

The similarity between C and P complexes is also evident
in the global structure that we observe by EM, with both com-
plexes exhibiting roughly the same size and shape. Identify-
ing specific differences between the EM structures will be
challenging, given the limited resolution that is currently
attainable for spliceosome complexes (Jurica et al. 2004; Beh-
zadnia et al. 2007; Cohen-Krausz et al. 2007; Wolf et al. 2009;
Bessonov et al. 2010; Golas et al. 2010).Wewere able to deter-
mine the basis of a puzzling difference in the structures of
C complex spliceosomes reported by our lab and the Lürh-
mann/Stark group. Although we assemble and purify splicing
complexes under similar conditions, our EM images of neg-
atively stained complexes show somewhat smaller particles.
We can now attribute this difference to chemical fixation of
the complexes prior to EM grid preparation. A comparison
of unfixed and fixed complexes reveals a significant region of
density that appears to be stabilized by crosslinking. Compar-
isons of both EM images andMS/MS analysis of components
between 35S U5 snRNP, C complex washed with high salt
(Bessonov et al. 2008) and theU2/U5/U6 complex from Schiz-
osaccharomyces pombe (Ohi et al. 2002, 2007) suggest that our
unfixed core C complex (and P complex) particles containU5
snRNP, U2 snRNP components, U6 snRNA, and PRP19
complex and related components. We previously showed
that both exons are also present in the unfixed C complex
core structure and that removing unprotected exon regions
does not significantly alter its structure (Alcid and Jurica
2008; Ilagan et al. 2009). This comparison also suggests
that a large part of the density that is stabilized by crosslinking
comprises non-snRNP proteins that join at Bact and C com-
plex. These results will be important for future interpretation
and comparison of EM structures of splicing complexes.

Using an SRMmass spectrometry strategy for amore quan-
titative comparison of the protein components, we again see
that,betweenCandPcomplexes,manyproteinsdonot appear
to change in their relative abundance, such as U5 snRNP and
PRP19 complex proteins. However, there are distinct differ-
ences in the relative amounts of some spliceosome proteins.
Two SF3b complex components, RNF113A, PRPF38A, and
CACTIN were the most highly enriched in P complex, and
Western analysis confirmed this observation for SF3B3. We
also monitored single peptides for some additional spliceo-
some components (data not shown), including SF3B1,
SF3B5, and PHF5A. High P/C log2 ratios for these SF3b pro-
teins also indicated enrichment in P relative to C complex.

The difference for SF3b proteins suggests that its associa-
tion with the spliceosome may be even more dynamic than
previously thought. There is a potential relationship between

SF3b stability in the spliceosome and toggling between U2
snRNA stem IIa and IIc structures. Formation of stem IIa
in the U2 snRNP allows stable association of SF3b (Yan
and Ares 1996). Some biochemical evidence suggests that
SF3B2 may directly contact stem IIa (Kramer et al. 1999),
and genetic interactions point to a functional relationship
(Wells et al. 1996; Yan and Ares 1996). During prespliceo-
some assembly, the stem IIa conformation is required for sta-
ble U2 snRNP association with pre-mRNA and branch point
recognition (Zavanelli and Ares 1991; Perriman and Ares
2007). Both of these rearrangements require the RNA-depen-
dent ATPase Prp5. In a striking parallel, splicing inhibitors
that target SF3b work by interfering with its role in stabilizing
U2 snRNP association with pre-mRNA and promoting
branch point recognition (Roybal and Jurica 2010; Corrio-
nero et al. 2011; Folco et al. 2011).
Activation of the spliceosome for first chemistry requires

stem IIc to form, although it is not clear if this occurs before,
with, or after Prp2 ATPase activity that results in loss/desta-
bilization of SF3b and Cwc24 (Hilliker et al. 2007; Perri-
man and Ares 2007; Warkocki et al. 2009; Lardelli et al.
2010; Ohrt et al. 2012). Following first-step chemistry, genet-
ic suppression of cold-sensitive prp16 alleles suggests refor-
mation of U2 stem IIa (Hilliker et al. 2007; Perriman and
Ares 2007), while loss of Prp16 function correlates with
destabilization of SF3b and Cwc24 association with spliceo-
somes (Lardelli et al. 2010). It is not clear what U2 snRNA
conformation is present in spliceosomes arrested after sec-
ond-step chemistry by loss of Prp22 activity, but both SF3b
and Cwc24 are not present in yeast spliceosome isolated at
this stage (Lardelli et al. 2010).
The conformation of U2 snRNA in yeast and human spli-

ceosomes trapped by changes to the pre-mRNA substrate is
also not known and may differ from spliceosomes trapped
by inactivation of the ATPase activity of DEAD/H box
proteins. Both Bact complex that accumulates on a substrate
with a short polypyrimidine tract and no 3′ splice site and
C complex that accumulates on a substrate with a longer poly-
pyrimidine tract and missing or mutated 3′ splice site retain
SF3b proteins, Cwc24/RNF113A and PRPF38A, but with less
affinity than before catalytic activation (Jurica et al. 2002;
Bessonov et al. 2008; Fabrizio et al. 2009; Ohrt et al. 2012).
We previously found that, when C complex is challenged
with mild denaturant, U2 snRNA and SNRPA1 (U2A′) and
SNRPB2 (U2B′′) disassociated from the lariat intron inter-
mediate, along with most U5 snRNP and PRP19 complex
proteins (Coltri et al. 2011). In contrast, SF3b proteins re-
mained with the lariat intron intermediate, along with
DHX8 (Prp22) and a few other proteins. We interpret this to
mean that SF3b switches affinity fromU2 snRNA to the lariat
intron. It would be interesting to know if this switch corre-
lates with a toggle to the U2 snRNA stem IIc conformation.
The enrichment we observe for SF3b proteins RNF113A

and PRPF38A in P complex indicates that rearrangements
during or after exon ligationmay restabilize their interactions
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with the spliceosome. The increase in these proteins is in con-
trast to yeast spliceosomes trapped in the post-catalytic state
by mutations in Prp22, which lack these proteins (Lardelli
et al. 2010). However, Beate Schwer showed that mutant
Prp22 was still able to engage the 3′ exon, which is not the
case for a truncated 3′ exon (Schwer 2008). It may be that
other rearrangements associated with Prp22 engagement
with the 3′ exon, such as destabilization of SF3b, have not
yet have occurred in P complex. It will be interesting to chal-
lenge P complex with mild denaturant and use SRM to see if
SF3b again shows higher affinity for the lariat intron than U2
snRNA. Knowing the conformation of U2 snRNA in C and P
complexes would also be informative.
The role of RNF113A,which joins the spliceosome atBact, is

not clear, but there are hints of a link with U2 snRNP.
RNF113A protein was recently shown to interact with SF3B2
by both yeast two-hybrid and coprecipitation (Hegele et al.
2012) and, in yeast, to play a role in stable association of U2
snRNP with pre-mRNA (Coltri and Oliveira 2012). Little is
knownaboutPRPF38Aaswell. It joins spliceosomes atB com-
plex (Bessonov et al. 2008; Fabrizio et al. 2009; Herold et al.
2009; Agafonov et al. 2011), and the yeast ortholog, Prp38,
has a role in spliceosome activation before U4 snRNP release
(Xie et al. 1998). The proteinCACTIN is evenmoreof an enig-
ma. It joins spliceosomes at C complex. CACTIN has been
linked to regulation of the expression of Toll-like receptors
and MHC class II gene by interacting with I-κB-like protein
(Lin et al. 2000; Atzei et al. 2010), which is also found in
some purifications of C complex.
DHX35, which joins the spliceosome at C complex (Jurica

et al. 2002; Bessonov et al. 2010), is currently the only com-
ponent that departs the complex upon exon ligation. DHX35
is a putative RNA-dependent ATPase, which does not have a
S. cerevisiae ortholog. While additional studies are needed to
define its specific role in splicing, our data now further limit
DHX35 to a stage centered around second-step chemistry.
Because this protein is not found in S. cerevisiae, its function
may be coupled to splicing of pre-mRNAs with multiple in-
trons or regulation of alternative splicing.
In addition to similarities and differences in protein asso-

ciation between C and P complex, we also found similarities
and difference in interactions with the substrate RNA. One
similarity is that the 5′ exon is protected to the same extent
in both complexes. This result suggests that the spliceosome
maintains a grip on the 5′ exon even after second-step chem-
istry, which is presumably disrupted by the ATPase activity of
DHX8 (Prp22) for mRNA release. In both complexes, the
same ∼70-kD protein crosslinks to RNA 10 nt upstream of
the 5′ ss in a splicing-dependent manner. We do not know
its identity, but of the proteins close to 70 kD in both com-
plexes, SLU7 and CDC40 are known to play a role in the sec-
ond step of splicing, and SLU7 has been shown to contact the
3′ ss (Chua and Reed 1999).
A clear difference in protein/RNA interaction is a crosslink

just upstream of the 5′ splice site to an ∼30-kD protein that

appears only in P complex. This interaction may result from
repositioning the substrate for the second step of splicing
chemistry or from rearrangements after the second step.
There are several P complex proteins in the 26–34 kD range,
but only BCAS2, CWC15, SNRPA1, SYF2, ISY1, and PPIE
are consistently well-represented in MS/MS analyses of
C and P complex. Western analysis show that BCAS2,
SNRPA1 (data not shown), CWC15 (data not shown), and
ISY1 in nuclear extract migrate differently from the 30-kD
protein, where both PPIE and SYF2 do migrate at a similar
position. Recently, Vijayraghavan and coworkers found
that an ∼25-kD protein crosslinks to the −3 position of the
5¢ exon in yeast during yeast splicing (Saha et al. 2012).
A temperature-sensitive mutation in Bud31 that affects
second-step splicing chemistry inhibits formation of the
crosslink to the 25-kD protein, which suggests that its inter-
action with the pre-mRNA might occur after exon ligation
(Saha et al. 2012). SYF2 has a yeast ortholog of 25 kD that
shows genetic interactions with Cdc40 (Prp17) (Ben-Yehuda
et al. 2000), whereas PPIE has no yeast ortholog. This may
increase the possibility that SYF2 is responsible for the cross-
link in both species.
In summary, we have succeeded in capturing the human

spliceosome in a new conformational state relative to splicing
chemistry, namely after exon ligation but before mRNA re-
lease. By comparing this post-catalytic complex with that of
C complex, which is trapped after first-step chemistry, we
find several rearrangements in the interactions that position
the substrate RNA near the active site. Further characteriza-
tion of P complex will likely yield more insight into the struc-
tural transitions that occur in the human spliceosome after
the second step of splicing that have not previously been ac-
cessible to biochemical study.

MATERIALS AND METHODS

In vitro splicing and RNase H protection assays

All substrate pre-mRNAs were derivatives of the AdML transcript
with three MS2 sites incorporated at the XhoI site in the intron.
We used PCR to amplify DNA templates with varying lengths of
3′ exon. To generate C complex, the template contained an AG≥
GG mutation at the 3′ splice site. T7 runoff transcription was
used to generate G(5′)ppp(5′)G-capped radiolabeled substrate that
was gel-purified. For in vitro splicing reactions, substrate was incu-
bated at a 10 nM concentration in 80 mM potassium glutamate, 2
mM magnesium acetate, 2 mM ATP, 5 mM creatine phosphate,
0.05 mg/mL tRNA, and 40% HeLa cell (Biovest International) nu-
clear extract at 30°C. For RNase H protection assays, reactions
were supplemented after 60 min with DNA oligos (10–16 nt) target-
ing consecutive regions of the pre-mRNA and incubated an addi-
tional 20 min. RNA was then extracted with phenol/chloroform,
ethanol-precipitated, and electrophoresed through a 15% denatur-
ing acrylamide gel that was visualized with a phosphorimager
(Molecular Dynamics) and quantified with ImageQuant software
(Molecular Dynamics).
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Glycerol gradients

Splicing reactions were centrifuged on a 600-µL linear 10%–30%
glycerol gradient prepared in SCB (20 mM Tris, pH 7.9, 150 mM
KCl, 0.5 mM EDTA) at 38,000 rpm for 2 h 30 min at 4°C using a
Beckman SW 55 Ti rotor with tube adaptors. Sixteen 40-µL fractions
were collected from the top to the bottom of the gradient. RNA from
each fraction was extracted with phenol/chloroform, ethanol-pre-
cipitated, and separated on a 15% denaturing acrylamide gel that
was visualized with a phosphorimager.

Native gel analysis

Splicing reactions were stopped at indicated time points by placing
on ice and adding 5× native loading buffer (0.25 mg/mL heparin,
20 mM Tris, 20 mM glycine, 25% glycerol, 0.25% cyan blue,
0.25% bromophenol blue). After 5 min centrifugation at 4°C, sam-
ples were warmed to room temperature and loaded onto 2.1% native
agarose gels. Gels were run in 20 mM Tris/glycine at 72 volts for 3 h
and 50 min and immediately dried down on Whatman paper at 55°
C for 30 min and visualized with a phosphorimager.

Synthesis of single 32P-labeled pre-mRNA
and UV crosslinking

Site-specific 32P-labeled AdML pre-mRNA was generated by DNA
splinted ligation following the protocol in Frilander and Turunen
(2005). For the −10- and −2-nt labels, both 5′ and 3′ fragment tem-
plates were generated by PCR for in vitro T7 run-off transcription.
For the +1-nt label, the 3′ fragment was chemically synthesized to
include a 4′-thio-U at +2 position (Dharmacon). Ligation products
were separated by denaturing PAGE and gel-purified. For UV cross-
linking, spliceosomes were assembled in vitro on the labeled sub-
strates and crosslinked using a 254-nm wavelength with ∼4 J. For
pre-mRNA substrate containing 4-thioU, 365 nm UV light was
used. The crosslinked complexes were then digested with RNase
A/T1 and separated by 7% SDS PAGE, and radiolabeled proteins
were visualized with a phosphorimager.

Splicing complex purification

Splicing complexes were assembled in vitro and purified using MS2:
MBP protein to bind the MS2 sites in the pre-mRNA substrate as
previously described (Jurica et al. 2002; Tange et al. 2005). For C
and P complexes, remaining pre-mRNA substrate was removed after
splicing using RNase H digestion (Jurica et al. 2002). No digestion
was carried out during purification of mRNP. To examine the
snRNA components, RNA was extracted from ∼150 fmol of puri-
fied complexes, separated by denaturing 8% polyacrylamide PAGE
and visualized by SYBRGold direct staining (Molecular Probes).

Electron microscopy and image processing

Unfixed samples for electron microscopy were prepared by spotting
3 μL of purified complexes onto carbon-coated copper grids, fol-
lowed by staining with 2% (w/v) uranyl acetate solution. For fixed
samples, purified complexes were incubated in 0.1% EM grade glu-
taraldehyde, 10 mM Hepes-NaOH pH 8, 150 mM NaCl, 0.02%
NP40, 1 mM MgAc, 1 mM imidazole, 2 mM EGTA, 10 mM mer-

captoethanol for 30 min at 4°C. The remaining glutaraldehyde in
the crosslinking reaction was quenched with 90 mM glycine-
NaOH (pH 7.9) for an additional 30 min at 4°C. The samples
were then immediately used to prepare grids in the same way as un-
fixed complexes.

Samples were analyzed using a JEOL 1230 microscope operating
at 120 kV. Micrographs were exposed under low-dose conditions at
60,000× magnification on a 4 K × 4 K Gatan Ultrascan CCD cam-
era, resulting in micrographs sampled at 4.9 Å per pixel. For each
complex, approximately 3000 particles were selected manually
from micrographs using the EMAN program Boxer (Ludtke et al.
1999). Following 2 × 2 pixel averaging using SPIDER (Frank et al.
1996), particle images were band pass-filtered, centered, and itera-
tively aligned, classified, and averaged using IMAGIC-5 (van Heel
et al. 1996).

Protein identification using data-dependent MS/MS

For protein compositional analysis by mass spectrometry, ∼500
fmol of purified complexes were digested overnight with 150 ng
Promega modified trypsin.

Samples were analyzed by LC-MS/MS using 1-h reverse-phase
chromatography separations on a Waters NanoAcquity UPLC sys-
tem interfaced to a Thermo LTQ-Orbitrap Velos mass spectrome-
ter. Peptides were selected for CID fragmentation analysis as they
eluted in a data-dependent fashion, and dynamic exclusion was em-
ployed to prevent repeated analysis of the same components.

Data were searched using Protein Prospector version 5.10
(Chalkley et al. 2008) against a database consisting of the
UniprotKB protein database downloaded on March 21, 2012 with
a randomized version of the database concatenated onto the end
to allow for estimation of a false discovery rate (Elias and Gygi
2007). Only human entries were considered, so a total of 21,662 en-
tries were included for searching. Precursor and fragment mass tol-
erances of 15 ppm and 0.6 Da, respectively, were allowed. Cysteines
were assumed to be carbamidomethylated, and methionine oxida-
tion, protein N-terminal acetylation, and pyroglutamate formation
from N-terminal glutamine residues were all considered as possible
modifications. A maximum expectation value of 0.005 was em-
ployed as a threshold for peptide identifications. At this threshold,
there were no matches to the randomized portion of the database,
suggesting that there may be no incorrect identifications among
the reported results.

Peptide and protein relative quantification using
SRM mass spectrometry

Purified C and PC spliceosome complexes (∼1 pmol) were analyzed
by scheduled selective reaction monitoring mass spectrometry. LC-
MS/MS separation using a Waters NanoAcquity HPLC system was
interfaced to an AB-Sciex QTRAP 5500 mass spectrometer. The
peptides chosen to monitor, fragments to measure, and retention
times were determined based on data previously acquired in-house
when analyzing these complexes. Additional peptides were also cho-
sen from those that have been previously identified and stored in the
PeptideAtlas database (Desiere et al. 2006). A total of 411 transitions
(precursor forming a particular fragment) were monitored. Peak ar-
eas for quantification were extracted from the acquired data using
the Skyline software (MacLean et al. 2010).
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Western analysis

Antibodies for Western analysis were: DHX35 (Sigma-Aldrich),
eIF4a3 (gift from Hervé Le Hir, Institut de Biologie de l’École
Normale Supérieure, Paris, France), ISY1 (Sigma), PRPF8
(Proteintech), Prp19 (Abnova), and SF3B3 (Proteintech). Approx-
imately 500 fmol of purified splicing complexes were separated by
10% SDS PAGE and blotted. The blot was stripped and reprobed
with each antibody tested.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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