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Little is known about contacts in the spliceosome between proteins and intron nucleotides
surrounding the pre-mRNA branch-site and their dynamics during splicing. We investigated
protein-pre-mRNA interactions by UV-induced crosslinking of purified yeast Bact spliceosomes formed on site-specifically labeled pre-mRNA, and analyzed their changes after
conversion to catalytically-activated B* and step 1 C complexes, using a purified splicing
system. Contacts between nucleotides upstream and downstream of the branch-site and
the U2 SF3a/b proteins Prp9, Prp11, Hsh49, Cus1 and Hsh155 were detected, demonstrating that these interactions are evolutionarily conserved. The RES proteins Pml1 and Bud13
were shown to contact the intron downstream of the branch-site. A comparison of the Bact
crosslinking pattern versus that of B* and C complexes revealed that U2 and RES protein
interactions with the intron are dynamic. Upon step 1 catalysis, Cwc25 contacts with the
branch-site region, and enhanced crosslinks of Prp8 and Prp45 with nucleotides surrounding the branch-site were observed. Cwc25’s step 1 promoting activity was not dependent on
its interaction with pre-mRNA, indicating it acts via protein-protein interactions. These studies provide important insights into the spliceosome's protein-pre-mRNA network and reveal
novel RNP remodeling events during the catalytic activation of the spliceosome and step
1 of splicing.
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Author Summary
The spliceosome is a highly dynamic RNP machine that during the catalytic cycle undergoes many changes in composition and conformation. The pre-catalytic Bact spliceosome
contains the U2, U6 and U5 snRNAs and ~40 proteins, which are evolutionarily
conserved between budding yeast and metazoans. The Bact spliceosome is converted to a
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catalytically-activated B spliceosome and following recruitment of the Cwc25 protein,
step 1 of splicing is catalyzed and the C spliceosome is generated. The U2 snRNP plays an
essential role in branch-site selection and pre-mRNA splicing catalysis. During the Bact to
B transition the affinity of several U2 SF3a/b proteins for the spliceosome is significantly
reduced. Whether this is due to remodeling events affecting U2 snRNP contacts with the
pre-mRNA is not known. Information about conserved spliceosomal protein-pre-mRNA
contacts and their dynamics during splicing remains limited. Here we investigated premRNA–protein contact sites in yeast Bact spliceosomes by UV-induced crosslinking. We
detected contacts of nucleotides surrounding the branch-site with several of the U2 SF3a/b
proteins, and we show that these interactions are evolutionarily conserved. We carried out
a similar investigation with B and C spliceosomes and provide important insights into
the dynamics of pre-mRNA–protein interactions involving the essential U2, RES, Cwc25,
Prp8 and Prp45 proteins.

Introduction
The removal of introns from nuclear pre-mRNAs proceeds by way of two phosphoester transfer reactions and is catalyzed by the spliceosome, a large ribonucleoprotein (RNP) complex
composed of the snRNPs U1, U2, U4/U6 and U5 and several proteins [1]. The spliceosome is a
highly dynamic RNP machine that undergoes many changes in composition and conformation
during its work cycle [2].
Initially, the U1 snRNP recognizes the 5’ splice site (5’ SS) and U2 snRNP recognizes the
branch-site (BS) of the pre-mRNA, resulting in the formation of the pre-spliceosome or A
complex. The pre-formed U4/U6.U5 tri-snRNP is then recruited, generating the B complex,
which does not yet have an active site. Subsequent activation of the spliceosome (leading to the
Bact complex) involves major rearrangement of the spliceosomal RNA–RNA interaction network. This rearrangement is catalyzed by the combined action of the RNA helicases Prp28 and
Brr2 and leads to the displacement of the U1 and U4 snRNAs and the formation of new basepair interactions between the U2 and U6 snRNAs and the 5’ SS [3]. Thus, a web of RNA–RNA
interactions holds the 5’ SS and the BS together for step 1 catalysis [4].
The Bact complex, which contains U2, U6 and U5 and ~40 proteins in the yeast S. cerevisiae
[5], is converted by the DEAH-box NTPase Prp2, in co-operation with the G-patch protein
Spp2, into a catalytically activated complex (B ) [6–8]. Following the recruitment of the splicing factor Cwc25 [7,9], step 1 is catalyzed, whereby the 2’-OH of the BS adenosine attacks the
5' SS of the pre-mRNA generating the cleaved 5’ exon and intron 3’ exon; concomitantly the C
complex is formed. This then catalyses step 2, in which the 3’ SS is cleaved, resulting in the excision of the intron and ligation of the 5’ and 3’ exons, after which the mRNA product is released.
The excised intron lariat remains associated with U2, U5 and U6 snRNPs, which then dissociate and take part in subsequent rounds of splicing.
During the transformation of complex B into Bact, not only is the spliceosome's RNA network radically rearranged, but also its protein composition changes significantly; as a result,
several proteins are released, while twelve Bact proteins are recruited. At the same time the
NTC (nineteen complex) and the NTC-related proteins are stably integrated into the Bact complex [5]. Likewise, the three proteins comprising the RES (pre-mRNA retention and splicing)
complex [10] are also stably integrated into the Bact complex.
Despite the substantial restructuring that the spliceosome has undergone at this point, it
does not yet have a functional active site. Previous studies showed that the binding affinity of
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several proteins is significantly changed during the Prp2-mediated transition of Bact spliceosomes to catalytically activated B spliceosomes [7,11]. During this step, the essential splicing
factor Cwc24 is quantitatively displaced from the B complex. The U2-associated SF3a and
SF3b proteins Prp11 and Cus1 and the RES protein Bud13 all remain bound to the B spliceosome under near-physiological conditions, but their binding is reduced at high salt concentrations [11]. The destabilization of these proteins' binding by Prp2 and Spp2 indicates that the
structure of the catalytic core of the spliceosome near the BS is remodeled. This could lead to a
proper 5’SS and BS configuration for nucleophilic attack on the 5' SS phosphodiester bond during step 1 catalysis [7,12]. However, while it is clear that the affinity of the U2 and RES proteins
for the spliceosome is significantly reduced during catalytic activation, it is not known whether
this implies remodeling events involving contact of U2 and RES proteins with the pre-mRNA.
Likewise, information about the set of spliceosomal protein-pre-mRNA contacts and their
dynamics during splicing remains limited, but is crucial for unraveling potential functions of
spliceosomal proteins for the formation and maintenance of the spliceosome's RNA–RNA network during catalysis.
The U2 snRNA/BS interaction is established in the A complex and is thought to make the
BS adenosine bulge out for nucleophilic attack on the 5’ SS during step 1 catalysis [13]. In
human pre-spliceosomes and spliceosomes the U2 SF3a/b proteins help to recruit the U2
snRNP to the BS, and all of them except SF3b130 can be crosslinked, in a sequence-independent manner, to a region upstream of the BS (the so-called “anchoring site”), to the BS itself
and to a region downstream of it [14,15]. The BS sequence is highly conserved in yeast but only
weakly conserved in metazoans. Given the short length of the BS sequence, and its degeneracy
in metazoans, it has been suggested that spliceosomal proteins function together with the U2
snRNA/BS duplex to tether the U2 snRNP to pre-mRNA during spliceosome assembly. In
yeast there is perfect complementarity between the BS sequence and the U2 RNA. Thus the
anchoring/stabilization of the U2 snRNP to the BS sequence in yeast could be different from
that in human, and it may not depend critically on protein–RNA interactions. Although most
of the U2 proteins in the yeast S. cerevisiae are evolutionarily conserved [16–18], it is not
known whether they interact in a similar way with the BS region in yeast spliceosomes, or
whether a site equivalent to the human anchoring site exists in yeast pre-mRNAs. So far, only
Hsh155, the yeast homologue of human SF3b155, has been shown to crosslink to pre-mRNA
between the BS and the 3'SS [19]. Furthermore, it was recently shown that the RES subunit
Snu17 is in contact with the pre-mRNA downstream of the BS in proximity of U2-Hsh155
[20]. However, is it currently not known whether additional components of the yeast U2 SF3a/
b and RES subunits make direct contact with the pre-mRNA in spliceosomal complexes.
To address these questions, we have investigated protein–pre-mRNA interactions by UVinduced crosslinking of purified yeast spliceosomes stalled at the Bact assembly stage or after
conversion of Bact to B and C complexes, using a purified yeast splicing system [7]. Results of
these studies revealed contacts in Bact complexes between pre-mRNA nucleotides directly
upstream of the BS and the yeast U2 proteins Prp9, Prp11, Hsh49, Cus1 and Hsh155; the latter
were also in contact with the intron further downstream of the BS. Thus, these interactions are
evolutionarily conserved between yeast and man. Consistent with previous results demonstrating a Snu17-pre-mRNA crosslink [20], we observed that also the RES components Pml1 and
Bud13 crosslinked to the intron downstream of the BS in Bact complexes. Subsequent UV
crosslinking with purified spliceosomes that had been stalled after catalytic activation by Prp2/
Spp2 and consecutive step 1 catalysis by Cwc25 revealed remodeling events involving contacts
between U2 SF3a/b proteins upstream of the BS and the RES proteins downstream of it.
Finally, concomitantly with these remodeling events, enhanced contacts of Cwc25, Prp8 and
the NTC-related protein Prp45 with the BS and/or 3'SS regions were observed. These studies
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thus provide novel insights into the extensive protein–pre-mRNA interactions and their
dynamics within and surrounding the pre-mRNA BS and 3'SS regions during step 1 of splicing
in yeast spliceosomes.

Results
UV crosslinking of affinity-purified Bact spliceosomes and identification of
protein–pre-mRNA crosslinks by 2D gel electrophoresis
To obtain insights into the nature and number of proteins that are in direct contact with the
region at the 3’ end of the intron in purified yeast spliceosomes, we constructed a pre-mRNA
which was body-labeled with 32P-UTP during transcription in the 3’ third of the intron, including exon 2 and 47 nucleotides (nts) upstream of the BS (termed hereinafter “3’-region-labeled
pre-mRNA”; Fig 1A). The experimental strategy used to produce the 3’-region-labeled premRNA is outlined in S1A Fig. Briefly, the 3’ fragment was obtained by T7 transcription. For
this purpose, a T7 promoter was added by PCR and the PCR product was transcribed in vitro
with an excess of GMP to ensure the presence of a monophosphate at the 5’ end and with
α-32P UTP to randomly trace-label the entire RNA transcript (see S1 Text for details). To produce the 5’ fragment, unlabeled actin pre-mRNA, prepared by transcription in vitro, was specifically cleaved between nucleotides 425 and 426 by a DNA enzyme based on the “8–17”
catalytic motif [21] (S1A Fig, upper panel). The 5’ cleavage fragment was dephosphorylated,
gel purified and ligated to the T7-transcribed 3’ fragment by DNA splint directed RNA ligation
[22]. The 3’-region-labeled pre-mRNA allows the analysis by UV crosslinking of protein–premRNA interactions at the BS site, the region directly upstream of the BS as well as around the
3’SS.
Protein–pre-mRNA interactions were analyzed initially in purified Bact spliceosomes, which
were assembled in vitro by incubating heat-inactivated splicing extracts from a temperaturesensitive prp2-1 yeast strain with the 3’-region-labeled pre-mRNA that also contained an MS2
binding site at its 5’ end [5,7]. Bact spliceosomes were purified by glycerol-gradient centrifugation and MS2-MBP affinity chromatography and then were irradiated with UV light at 254
nm, and digested under denaturing conditions with a mixture of RNases T1, A and I. The
entire protein mixture was then separated by two-dimensional (2D) gel electrophoresis as
described for human spliceosomal complexes [23]. Our 2D gel electrophoresis method is based
on charge-driven separation of proteins under denaturing conditions at acidic pH in the first
dimension and further separated by molecular weight though SDS gradient PAGE in the second. In contrast to the commonly used isoelectric focusing (IEF), this system prevents proteins
from reaching zero charge and allows separation without in-gel precipitation over a wide range
of isoelectric points (IEPs) and with masses greater than 300 kDa [23].
Fig 1B shows a RuBPS-stained 2D gel (S1 Text) of the total proteins isolated from non-irradiated Bact complexes. Individual protein spots were cut out of the gel and peptides were identified by mass spectrometry (MS). Only a few contaminant proteins were found, such as Xnrn1/
Kem1 and Hrb1/Tom34, which are usually present in small amounts in preparations of yeast
spliceosomes [5,7]. All the previously identified Bact complex proteins were observed [5]; these
included nearly all of the U2 SF3a/b proteins (i.e. SF3b: Rse1, Hsh155, Cus1 and Hsh49; SF3a:
Prp9, Prp11 and Prp21), which could be well separated from each other. The low-MW U2 proteins Msl1, Rds3 and Ysf3 and the Sm proteins D2, E, F and G ran out of the gel but could be
identified in 2D gels which were modified to improve the resolution of smaller proteins [23]. A
subset of U5 proteins (Prp8, Brr2 and Snu114), and most proteins of the NTC complex and
NTC-related proteins, were also located as single, distinct spots. Proteins of the RES complex
(Ist3/Snu17, Pml1 and Bud13) [10] were also identified. A comparison of previous MS analyses
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Fig 1. 2D gel electrophoresis of affinity-purified yeast spliceosomal Bact ΔPrp2 complexes. (A) Schematic representation of the 3’-region-labeled actin
pre-mRNA which was used to assemble spliceosomal complexes for 2D gel electrophoresis. The 3’ portion of the pre-mRNA body-labeled with 32P-UTP is
shown in black and includes the guanosine at position 426 of the intron up to the end of the 3’ exon. The unlabeled pre-mRNA is shown in gray. (B) Bact
complexes were purified according to protocol 1 (S1 Text). Total proteins of purified, non-irradiated (–UV) and RNase-digested Bact complexes were
separated electrophoretically by 2D gel electrophoresis and then stained with RuBPS [23]. The directions of the first-dimension and second-dimension
electrophoreses are shown at the top and on the left. In the first-dimension of gel electrophoresis, proteins are separated by charge while in the seconddimension they are separated according to their molecular weight. The proteins observed in the predominant spots were cut from the gel and analyzed by
mass spectrometry, and the proteins identified are indicated. Two predominant spots corresponding to the contaminant proteins Xrn1 and Hrb1 are indicated;
additional predominant spots corresponding to contaminant proteins are labeled with asterisks, from top to bottom: Prp5, Scp160, Kre33, Sup35, Bfr1 and
Nop1. Those corresponding to RNases and MS2-MBP are also indicated. (C) Autoradiography of the 2D gel comprising total proteins of purified, UVirradiated (+UV) and RNase digested Bact complexes. The circles indicate the position of the RuBPS stained spots shown in (B). Radioactive spots
corresponding to proteins that were not further characterized in this work are indicated by a dot, from top to bottom: Cwc22, Cwc2/Cwc27, Isy1.
doi:10.1371/journal.pgen.1005539.g001
PLOS Genetics | DOI:10.1371/journal.pgen.1005539
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of purified yeast Bact spliceosomal complexes [5,7,24] with those of our 2D analysis indicates a
general reliability of this method for separating and identifying proteins that co-purify with
yeast spliceosomal complexes [23].
Fig 1C shows an autoradiography of the 2D gel performed as described above but with
UV-irradiated Bact complexes. Exposure to 254-nm UV light is known to induce direct (zerolength) crosslinks between nitrogenous bases of nucleic acids and amino-acid side chains when
they are in a favorable configuration. We observed prominent 32P-labeled spots of U2-Hsh155
and the NTC-related protein Prp46, both of which could be superimposed on the RuBPSstained spots (indicated by circles in Fig 1C). This indicates that the covalent attachment of a
few RNA nts to proteins larger than 50 kDa, after UV-irradiation, did not alter significantly
their migration behavior. A predominant crosslink in the middle of the autoradiogram was due
to the contaminating poly(A)-binding protein Hrb1/Tom34, while other contaminant proteins
were crosslinked to pre-mRNA at very low levels or not at all (marked by asterisks in Fig 1C).
Prominent radioactive spots were also observed for smaller U2 proteins (MW < 50 kDa), such
as U2-Hsh49 and also two proteins of the RES complex (Pml1 and Snu17). The covalent
attachment of RNA nts to smaller proteins led to a shift of their crosslinked species to the acidic
region (i.e. left side) of the gel in the first dimension; in addition, they were separated into several spots and did not co-localize with the RuBPS stained spot, which were located slightly
below (Fig 1C). Nevertheless, in all three cases crosslinked species migrated to the left side of
the gel, where no other co-migrating proteins were visible in the RuBPS stained gel, indicating
that the crosslinked proteins of interest were not contaminated with other proteins. We
recently showed that the RES complex subunit Snu17 crosslinks in the Bact complex to a 14-ntlong region of the pre-mRNA intron downstream of the BS, as shown after digestion with
RNase T1 [20]. Thus, the presence of several spots in the 2D gel may indicate that crosslinked
pre-mRNA–protein species included shorter digestion products of the 14-nt-long RNA fragment (note that treatment with three different RNases was performed for 2D gel analysis). The
same is likely to be true for RES-Pml1 and U2-Hsh49, whose crosslinked species showed a similar separation behavior (Fig 1C). The unequivocal identification of these proteins will be demonstrated below.
We also observed that low levels of additional proteins crosslinked to the 3’ part of the
intron, such as the U5 proteins Prp8 and Brr2, the U2 proteins Prp9, Prp11, Cus1, the RES protein Bud13 and a few Bact-specific proteins (i.e. Cwc22, Cwc27/Cwc2 and Isy1, indicated by
dots; Fig 1C). These proteins crosslinked much less strongly to the 3’ part of the intron in the
Bact spliceosome than those described above, suggesting that they are in contact with the 3’
region of the pre-mRNA but are in a conformation that does not favor the formation of UVinduced crosslinks. Alternatively, digestion with a mixture of three different RNases before 2D
gel electrophoresis may lead to partial digestion of the crosslinking site.

Identification of crosslinks between U2 and RES proteins and defined
regions of the intron within Bact spliceosomes
Next, we focused on the characterization of the crosslinked U2 SF3a/b and RES complex proteins with two major objectives: (i) identification of the candidate proteins crosslinked to premRNA by pull-down of their tagged version, and (ii) identification of the region/position of
crosslinks within the intron. Therefore, we generated yeast strains carrying a C-terminally
TAP-tagged version of most of the U2 SF3a/b proteins and the two RES subunits Pml1 and
Bud13. In addition, to localize protein–pre-mRNA interactions to well-defined short regions in
the RNA stretch directly upstream of the BS or around and downstream of it, we synthesized
site-specifically labeled pre-mRNA (S1B Fig).
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We prepared eight different actin–pre-mRNA constructs, each of which harbored a single
P label directly 5’ of a distinct guanosine residue in the neighborhood of the BS (G452–G516,
summarized in Fig 2A). For this purpose, full-length non-32P-labeled pre-mRNAs were cleaved
into two pieces at a specific position by using a distinct DNA enzyme; after 5’ 32P-labeling of
the 3' piece, the two fragments were ligated by using the DNA splint-directed RNA-ligation
method of Moore and Sharp. In this way, full-length pre-mRNAs were recreated, each containing a 32P-label at the desired position [22,25,26] (S1B Fig and Methods for details).
Extracts from the prp2-1 strain harboring the TAP-tagged versions of proteins were then
used for assembly of yeast Bact complexes on each of the site-specifically 32P-labeled premRNAs. The purity of Bact complexes was determined by analyzing the composition of their
associated snRNAs and pre-mRNA (i.e. for the presence of U2, U5L, U5S and U6 snRNA and
the absence of splicing intermediates of the pre-mRNA; S2 Fig). Each purified Bact complex
was irradiated with UV light at 254 nm and disrupted by incubating at 70°C in 3% SDS. After
complete digestion with RNase T1 (which cleaves 3’ of guanosine residues), the RNA fragments
shown in Fig 2A were obtained, each of which contained a single radioactive phosphate 5’ of
the terminal guanosine residue. We then immunoprecipitated TAP-tagged crosslinked proteins with IgG Sepharose beads and analyzed the immunoprecipitates by western blotting
using the PAP complex (peroxidase-anti-peroxidase) (Fig 2B and 2C, upper panels, western
blot). Autoradiography of the membrane revealed the 32P-labeled RNA fragment crosslinked
to each precipitated protein (lower panels). Thus, we were able to assign a well-defined premRNA region crosslinked to a known protein and could map the entire intron area spanning
from nts 447–516.
We first analyzed the U2 SF3a/b proteins and initially focused on the region upstream and
across the BS (Fig 2B). For the RES complex proteins we focused on the region downstream of
the BS (Fig 2C) because our earlier results showed that Snu17 is in direct contact with this
region [20]. Western blotting confirmed that U2 proteins were immunoprecipitated either
before irradiation (–UV) or after it (+UV); however, when UV irradiation was omitted, 32Plabeled fragments were not precipitated with the proteins (Fig 2B, lower panels, autoradiography, lanes 1–4). After UV irradiation, the U2 proteins Prp9, Cus1, Prp11 and Hsh49 were
found crosslinked to the pre-mRNA fragments 32P-labeled at the G452 and G460 positions (i.e.
fragments 447–452 and 453–460; Fig 2B, lower panels, lanes 5 and 6). None of the U2 proteins
analyzed crosslinked to the downstream fragments 461–467 and 468–478, with the exception
of Hsh155, which crosslinked to the RNA region 461–467 and with lower intensity to the BS
region 468–478 (Fig 2B, lanes 7 and 8). The U2 proteins Rse1 and Prp21 and the two small proteins Rds3 and Ysf3 did not crosslink to pre-mRNA. This is consistent with earlier reports that
the putative human homologue of Rse1, SAP130, could not be crosslinked to pre-mRNA [15]
and Rds3 did not bind RNA in vitro [27]. Taken together, these results indicate that the U2
proteins Prp9, Cus1, Prp11, Hsh49 and Hsh155 are in direct contact with the pre-mRNA in
the Bact complex, and their interaction is confined to a 14-nt-long region of the intron
upstream of the BS (447–460), with the exception of Hsh155, which interacts in addition with
the intron downstream of the BS [19] (see also below).
Fig 2C shows a similar pull-down experiment performed with purified, irradiated and
RNAse-T1-digested Bact complexes carrying TAP-tagged RES Pml1 and Bud13 proteins. Western blotting showed that Pml1-TAP and Bud13-TAP were immunoprecipitated both before
and after UV-irradiation. Pml1-TAP crosslinked the most strongly to the pre-mRNA fragments 483–496 and 500–511, while Bud13-TAP crosslinked to the fragment 500–511 (Fig 2C,
lower panels). Thus, Pml1 interacts directly with the 14-nt-long region of the intron downstream of the BS (483–496), and both Pml1 and Bud13 interact further downstream than
Snu17 [20].
32
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Fig 2. Site-specific UV crosslinking of U2 SF3a/b and RES complex proteins to the intron region around the branch-site in the yeast spliceosomal
Bact ΔPrp2 complex. (A). Schematic representation of site-specifically labeled pre-mRNAs carrying a single 32P-labeled phosphate 5’ of the guanosines
shown in green. The RNA fragments remaining after digestion with RNase T1 are indicated by a box below the sequence. Spliceosomes were assembled on
site-specifically labeled pre-mRNAs in splicing extracts of a yeast prp2-1 strain carrying proteins tagged with the TAP-tag at their C termini. Bact ΔPrp2
complexes were purified according to protocol 2 (S1 Text). (B). Purified Bact ΔPrp2 complexes containing TAP-tagged U2 SF3a/b proteins were UV irradiated
(+ lanes) or non-irradiated (–lanes). All samples were then digested with RNase T1 and subjected to immunoprecipitation with IgG Sepharose.
Immunoprecipitates were analyzed by SDS-PAGE and subsequent western blotting with peroxidase anti-peroxidase (PAP) complex antibody (upper panel).
The western blot shows bands of the expected size of the U2 proteins indicated (note that the TAP-tag increases the size of a protein by ca. 21 kDa). The
autoradiography of the membrane is shown in the lower panel. (C) As in (B), except that purified BactΔPrp2 complexes containing TAP-tagged RES complex
proteins were used. The arrows indicate 32P-labeled RNA fragments crosslinked to the respective proteins.
doi:10.1371/journal.pgen.1005539.g002

Dynamic contacts of U2 SF3 proteins with the pre-mRNA upstream of
the branch-site upon catalytic activation and step 1 catalysis
Next, we expanded our analysis to the dynamics of protein–RNA interactions during catalytic
activation and step 1 catalysis by using a purified yeast splicing system to investigate changes of
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UV crosslinking intensities in purified yeast spliceosomes stalled at specific assembly stages
after Bact, such as the B and C complex stages [7]. Bact spliceosomes were prepared as above by
incubating distinct site-specifically labeled actin pre-mRNAs (Fig 3A) with prp2-1 heat-inactivated splicing extracts in which proteins were untagged. Each Bact spliceosome was affinitypurified as above. One portion of Bact spliceosomes was complemented with ATP and recombinant Prp2 and Spp2 (whereby transformation of complex Bact to B occurs) and one portion
was complemented with ATP plus Prp2, Spp2 and Cwc25 (whereby transformation of complex
B to C occurs and step 1 is catalyzed). Spliceosomes were then further purified by glycerol-gradient sedimentation. The actual conversion from Bact to B to C was analyzed for each purified
complex by gel electrophoresis (S3 and S4 Figs). The presence of U2, U5 and U6 snRNA, and
the total (or, for B , nearly total) absence of splicing intermediates of the pre-mRNA confirmed
the identity of the Bact and B complexes, while the presence of step 1 products confirmed the
identity of the C complex (S3C and S4C Figs). In addition, the efficiency of conversion of Bact
to B was determined by western-blot analysis, which revealed the nearly complete dissociation
of the splicing factor Cwc24 from the B complex during catalytic activation, as previously
shown by MS and dual-color fluorescence cross-correlation spectroscopy (dcFCCS) [7,11].
The efficiency of conversion of B to C complexes was monitored from the formation of step 1
splicing products, analyzed by 8% denaturing RNA PAGE and quantified by phosphorimager.
The % of step 1 products (compared to the total RNA in a lane) was calculated to be ~40%
(S3D and S4D Figs).
Peak fractions of purified Bact, B and C complexes were irradiated with 254-nm UV light
and–after denaturation and digestion with RNase T1 –the crosslinked 32P-labeled proteins
were analyzed by SDS-PAGE. The gel was subjected to autoradiography (Fig 3A). Each sitespecifically labeled pre-mRNA showed a distinct crosslinking pattern, revealing bands of different intensities and masses. Fig 3A (lanes 1 and 4) shows different degrees of crosslinking of
four proteins with sizes consistent with the apparent molecular masses of untagged Prp9, Cus1,
Prp11 and Hsh49, which crosslinked to the pre-mRNA fragments 447–452 and 453–460 in the
Bact complex. To ascertain that the four untagged crosslinked proteins corresponded to Prp9,
Cus1, Prp11 and Hsh49 as shown in Fig 2B, we compared untagged and tagged proteins in parallel experiments. The molecular masses of tagged proteins are increased by a predicted 21kDa,
along with the complete disappearance of the untagged version. S5 Fig lane 2 shows the patterns of untagged Hsh49, Prp11, Cus1 and Prp9 crosslinked to the pre-mRNA fragment 32Plabeled at G460 in the Bact complex. When the crosslinked proteins were compared with their
tagged versions, we observed that Hsh49 shifted from 25kDa to ~50kDa (compare lanes 2 and
5, red arrow), Prp9 shifted from 60kDa to ~90kDa (compare lanes 2 and 3, yellow arrow), and
Prp11 and Cus1 showed the expected size-shifts consistent with the addition of the TAP-tag
(compare lane 2 with lanes 4 and 6; green and blue arrows, respectively). Similar comparisons
were performed for the identification of Hsh155 and the RES proteins (S5B and S5C Fig).
Taken together, these data allow assignment of the radioactive bands shown in Fig 3A to the
proteins indicated (on the left and right of the gel).
The pattern in lane 1 of Fig 3A shows that Hsh49 crosslinked in highest yield to the ~6-ntlong region 447–452, whereas Prp9 and Cus1 crosslinked at low levels to the same fragment.
Prp11 was not clearly distinguishable from Hsh49; however, as shown by a light exposure of
the gel in Fig 3B, its crosslinking yield was very weak. Although the chemistry of the different
sites in the RNA and proteins may affect the intensity of the crosslinks, these results do suggest
that Prp9, Cus1 and Prp11 make no close contacts with this particular RNA region. Remarkably, however, the intensities of Prp9 and Cus1 crosslinks were much stronger in the ~8-ntlong region 32P-labeled further downstream (i.e. at G460) in the Bact complex, whereas
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Fig 3. Dynamics of protein–pre-mRNA interactions around the branch-site. Schematic representation of site-specifically labeled pre-mRNAs as shown
in Fig 2. BactΔPrp2 complexes were purified according to protocol 2 (S1 Text). Purified BactΔPrp2 and reconstituted B* and C complexes were UV irradiated,
digested with RNase T1, and analyzed by SDS-PAGE electrophoresis. The amounts and molarity of the eluted spliceosomes were calculated on the basis of
the specific activity of the pre-mRNA and equal molar quantity of Bact, B* and C complexes were loaded onto the gel.The autoradiography of the gel is
shown. Question marks indicate uncharacterized crosslinked proteins. The arrowheads point to crosslinked Prp8 and the dot indicates crosslinked Prp45. (B)
Lighter exposure of the bottom half of the gel shown in panel (A). (C) Autoradiography of the bottom part of 2D gels comprising total proteins of purified, UVirradiated and RNase-digested Bact, B* and C complexes, respectively, which show the crosslinking intensities of Pml1, Hsh49 and Snu17 in each of the
complexes. (D) As in C, only that the upper part of 2D gels is shown. The asterisk indicates a contaminant crosslinked protein.
doi:10.1371/journal.pgen.1005539.g003

crosslinks of Hsh49 (and Prp11) remained unchanged in this downstream ~8-nt-long region
(Fig 3A, lane 4; see also Figs 3B and S5A for the crosslinking intensity of Prp11).
Intriguingly, upon conversion of the Bact to the B and C complexes, crosslinks of Hsh49 to
the ~6-nt-long region (447–452) were greatly reduced, as shown by light exposure of the gel in
Fig 3B (lanes 1–3). Quantification of the intensity of Hsh49 crosslinks indicated that it was
reduced by 40% and 80% in the B and C complexes, respectively, relative to the Bact complex
(S6A Fig). This indicates that remodeling of the spliceosome leads to a reduced interaction of
Hsh49 with the ~6-nt-long region of the intron. Quantification of Prp11 crosslinks was difficult, as its weak signals did not resolve well from the strong signals of Hsh49. Interestingly,
reduced crosslinking yield of Hsh49 to the downstream ~8-nt-long fragment (453–460) was
also observed during spliceosome remodeling. However, the yield of crosslinks of Hsh49 to this
region were reduced to a less significant extent in the B and C complexes compared with the
Bact complex (20% and 40%, respectively; S6A Fig). This indicates that Hsh49 maintains a relatively strong interaction with the ~8-nt-long region of the intron during catalytic activation
and step 1 catalysis, compared to the upstream ~6-nt-long region. Similarly, during spliceosome remodeling the levels of crosslinking of Prp9 to the ~8-nt-long fragment (453–460)
decreased by ~40% in both B and C complexes compared with the Bact complex, indicating
that also the binding site of Prp9 is destabilized (Figs 3A and 3B, lanes 4–6, and S6A). Although
Cus1 was difficult to quantify, the pattern of its crosslinking seemed reduced to a similar extent
(see Figs 3B, lanes 4–6, and S6A). Taken together, these results revealed that contacts of Hsh49,
Prp11, Cus1 and Prp9 with adjacent regions of the intron were reduced to various degrees during the spliceosome’s conformational changes, indicating remodeling of the binding sites of
these proteins.
To obtain independent evidence of the decrease over time of Hsh49 crosslinks, we performed 2D gel electrophoresis with UV-irradiated and RNase-digested B and C complexes
assembled on the 3’-region-labeled pre-mRNA, and compared the intensities of the signal
from their crosslinked species with those observed in corresponding experiments with the Bact
complex (Fig 3C). Consistently with the data shown in Fig 3A, the crosslinking level of Hsh49
to the 3’-region-labeled pre-mRNA was high in the Bact complex. However, the crosslinking
level of Hsh49 decreased by ~10% in the B complex and by more than 40% in the C complex
relative to the Bact complex (Fig 3C), as determined by quantification of the radioactive spots
(S6B Fig for quantification of Hsh49 in 2D gels). Thus, these results confirmed that contacts of
Hsh49 with the 3’ regions of the intron were reduced during the spliceosome’s conformational
changes, indicating remodeling of its binding sites.
A protein with the molecular mass of ~110 kDa, which was identified as Hsh155 (S5B and
S5C Fig), crosslinked upstream and downstream of the BS. Hsh155 crosslinked strongest to the
pre-mRNA fragment immediately upstream of the BS (461–467), and weakest to the BS fragment itself (468–478; Fig 3A, lanes 7–12), consistently with the result of the pull-down experiment shown in Fig 2B. Furthermore, we observed enhanced crosslinking of Hsh155 to the
entire region downstream of the BS (Fig 3A, lanes 13–21). These results indicate that Hsh155 is
in contact with a large 50-nt-long region of the intron and it spans the BS; however, its pattern
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of interaction with the intron does not seem to change significantly during remodeling of the
Bact to B and C complexes, with a decrease in the yield of crosslinking of only ~20% (S6A Fig).
There were also additional crosslinks that were not compatible with any obvious U2 snRNP
protein equivalent (Fig 3A, marked with question marks). This suggests that there are additional proteins that also contribute to the protein–pre-mRNA interaction network in this
region. Of interest is a 25 kDa protein that crosslinked with low intensity to the 11-nt-long BS
fragment in the C complex (see below for the characterization of this protein). In addition, a
~15 kDa protein was observed that crosslinked to the BS fragment in Bact, B and C complexes;
the identity of this protein could not be determined either by 2D gel electrophoresis or by tagging the small U2 proteins Rds3 or Ysf3. Furthermore, crosslinking of Prp8 and Prp45 was
identified (see below for a detailed description).

Dynamic contacts of all three RES subunits with the pre-mRNA
downstream of the branch-site upon spliceosome remodeling
To shed some light on the dynamic interactions between the RES complex proteins and the
intron, we investigated possible changes of their crosslinking pattern as described above for the
U2 proteins. A protein of ~20 kDa was efficiently crosslinked to the pre-mRNA fragment 483–
496 (Fig 3A, lanes 16–18). This protein, which was identified as Snu17 (see S5B and S5C Fig,
lane 3), crosslinked strongest in the Bact complex; however, the intensity of crosslinking
decreased by ~ 70% in the B and C complexes relative to the Bact complex (Figs 3B and S6C),
indicating that the interaction of Snu17 with the 14-nt-long region 483–496 is weakened after
activation of the spliceosome by Prp2 (Fig 3A and 3B, lanes 16–18, see S7 Fig for an independent experiment). Analysis of Snu17 crosslinks by 2D gel electrophoresis, confirmed that the
binding of Snu17 to the 3' region of the pre-mRNA is drastically reduced during spliceosome
remodeling (Figs 3C and S6B for quantification of Snu17 in 2D gels)
The intensity of Pml1 crosslinking was much lower than that of Snu17 in the same region of
the intron, suggesting that Pml1 either makes no close contacts with this region or simply binds
in a manner unsuitable for forming crosslinks. Nonetheless, during transition of the spliceosome
from Bact to B the crosslinking intensity of Pml1 was reduced by ~50% and by another 10%
from B to C (Figs 3A, lanes 16–18 and S6C). A similar decrease in crosslinking intensity was
confirmed by 2D gel electrophoresis (Figs 3C and S6B for quantification of Pml1 in 2D gels).
Likewise, the levels of Pml1 and Bud13 crosslinks to the region further downstream (500–511)
decreased by ~50–60% in the B and C complexes relative to Bact (Figs 3A, lanes 19–21, and
S6C). The intensity of Snu17 crosslinking was dramatically reduced in the 500–511 region of the
intron, as compared with that upstream (483–496), indicating that the closest interaction of
Snu17 with the intron is with the 14-nt-long region 483–496. This is consistent with results of
our earlier pull-down experiments, which showed that Snu17 interacts directly with this region
[20]. Taken together, these data indicate remodeling events involving RES protein contacts with
the intron region downstream of the BS upon spliceosome conformational changes.

Enhanced contacts of Prp8 with the branch-site and 3' splice site regions
of the intron upon catalytic activation of the spliceosome by Prp2
A large protein with a molecular mass of ~250 kDa, which is the expected size for Prp8, crosslinked in very low yield to regions 461–467 and 468–478 of the intron (Fig 3A, lanes 7–12,
indicated by arrowheads). Quantification of these crosslinked species revealed that Prp8 crosslinked to the region 461–467 of the intron: first in the B complex and with increased level (by
~30%) in the post-step 1 spliceosome (Figs 3A, lanes 8 and 9, and S6C). Interestingly, Prp8 crosslinked weakly also to the BS sequence 468–478 in the C complex, indicating that during/after

PLOS Genetics | DOI:10.1371/journal.pgen.1005539

September 22, 2015

12 / 27

Protein-Pre-mRNA Contacts in Yeast Spliceosomes

step 1 catalysis, Prp8 is favorably positioned for interaction with the BS (Fig 3A, lane 12). A
stronger Prp8 crosslink was observed further downstream, to the 14-nt-long region 483–496 in
the B complex, the intensity of which was enhanced in the C complex (Fig 3A, lanes 16–18; see
also S7 Fig for an independent experiment). Thus, our results indicate that Prp8 is favorably positioned for its interaction with the BS upon catalytic activation of the spliceosome by Prp2/Spp2,
and with the 3’SS region upon subsequent step 1 catalysis by Cwc25.
Again independent evidence of the temporal increase of Prp8 crosslinks was obtained by 2D
gel electrophoresis performed with UV-irradiated and RNase-digested B and C complexes
assembled on the 3’-region-labeled pre-mRNA, and the intensities of their crosslinked species
was compared with those observed in the Bact complex (Fig 3D). Consistent with the data
shown in Fig 3A, the crosslinking level of Prp8 to the 3’-region-labeled pre-mRNA was very
low in the Bact complex, indicating that Prp8 makes no close contacts with the 3' region of the
intron before catalytic activation by Prp2/Spp2. However, the crosslinking level of Prp8
increased more than 60% in the B complex and even more than 90% in the C complex relative
to the Bact complex (Figs 3D and S6B). Taken together, these results indicate that contacts of
Prp8 with the BS and 3’SS regions begin during/after the catalytic activation by Prp2/Spp2 and
the interaction with the 3'SS is enhanced after step 1 catalysis promoted by Cwc25, and are consistent with previous results that showed contacts of Prp8 with the 3'SS subsequent to step 1
catalysis in yeast extracts [28–31].

Cwc25 is in contact with the branch-site region of the pre-mRNA in the C
complex
To determine the identity of the 25kDa protein, which crosslinked to the BS fragment 468–478
in the post-step 1 spliceosome, we used recombinant full-length Cwc25 and truncated variants
thereof in reconstitution of the C complex. Reconstituted C complexes were UV-irradiated and
RNAse-T1-digested as above. Fig 4A shows that recombinant Cwc25 crosslinked to the BS
fragment in the C complex (lane 6). A truncated variant of Cwc25 (residues 1–168), lacking 11
amino acids at the C-terminus, showed a similar crosslinking yield (lane 5), In contrast, the
two variants Cwc25 1–102 and 1–125, lacking 77 and 54 amino acids at their C-termini, did
not crosslink to this region (lanes 3 and 4). Consistently with previous observations [32], this
experiment demonstrates that Cwc25 is in contact with the BS sequence and that at least the
N-terminal 168 amino acids of Cwc25 are needed for this.
Intriguingly, the addition of the truncated version of Cwc25 1–168 (Fig 4A, lane 5) to B
spliceosomes promoted step 1 catalysis, which was even more efficient than that observed with
the full-length version (Fig 4B, compare lanes 5 and 2). Surprisingly, Cwc25 1–125 promoted
step 1 catalysis even in the absence of RNA crosslinking (Fig 4B and 4A lanes 4), indicating
that Cwc25’s activity in promoting step 1 can be uncoupled from its activity in RNA-binding/
crosslinking. This result suggests that Cwc25 1–125 may still interact with one or more proteins
in the neighborhood of the BS and thus render the microenvironment of the catalytic center
favorable for step 1 catalysis. Candidate proteins for interaction with Cwc25 are Prp8 and
Hsh155, which are shown here to crosslink to the BS region concomitantly with Cwc25
(Fig 4A). Furthermore, Yju2 may also interact with Cwc25, as it was previously shown to be
involved in recruiting Cwc25 to the spliceosome [9].

The NTC-related proteins Prp45 and Prp46 contact the region near the
3’ splice site
In addition to the NTC, two splicing factors, namely Prp45 and Prp46 [33] that interact with
components of the NTC, and whose function is related to NTC in human and yeast, were also
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Fig 4. Cwc25 crosslinks within the branch-site region in the post-step 1 spliceosome. (A) Detail of site-specifically labeled pre-mRNAs carrying a
single 32P-labeled phosphate 5’ of the guanosine in position 478 of the intron. The RNA fragment remaining after digestion with RNase T1 is indicated.
Spliceosomes were assembled on the site-specifically labeled pre-mRNA, in extracts of a yeast prp2-1 strain. BactΔPrp2 complexes were purified according to
protocol 2 (S1 Text). Purified BactΔPrp2 complexes were not irradiated (lane 1) or UV-irradiated (lane 2) or complemented with recombinant Prp2, Spp2 and
full-length Cwc25 or truncated variants thereof, in the presence of ATP, to generate C complexes. All samples were UV-irradiated and then digested with
RNase T1, and analyzed by SDS-PAGE electrophoresis. The autoradiography of the gel is shown. The question mark indicates an uncharacterized
crosslinked protein. (B) The RNA isolated from the complexes shown in (A) before UV irradiation, was analyzed by denaturing gel and stained with silver. The
presence of U2, U5L, U5S and U6 snRNA, and the absence of splicing intermediates of the pre-mRNA confirmed Bact complexes identity (lane 1). The
presence of step 1 products established the identity of the C complex. The asterisk indicates the presence of a small amount of U1 snRNA. Symbols for premRNA, splicing intermediates and products are indicated on the left: the 5' exon in black, intron as a thin black line, 3' exon in white.
doi:10.1371/journal.pgen.1005539.g004

observed in the 2D gel carried out with Bact spliceosomes (Fig 1B). We observed that Prp45 did
not crosslink in Bact complexes assembled on the 3’-region-labeled pre-mRNA after irradiation
with UV light (Fig 1C), in contrast, Prp46, which was previously shown to interact with Prp45
in vitro and in vivo [33], crosslinked in high yield to the 3' end of the intron in Bact spliceosomes
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(Fig 1C). To determine whether this crosslink was retained during spliceosome remodeling,
we prepared 2D gels from crosslinked, RNase-digested B and C complexes assembled on the
3’-region-labeled pre-mRNA. Fig 5A shows that the crosslink of Prp46 was preserved with a
similar yield in the B complex but it increased by ~20% in the C complex (S6B Fig). This indicates that Prp46 remains in contact with the 3’ end of the intron during remodeling of the Bact
to B and to C complexes. To map more precisely the RNA interaction site of Prp46, we
performed UV crosslinking of Bact spliceosomes assembled on site-specifically labeled premRNAs in Prp46-TAP extract (Fig 5B). After pull-down, we observed that Prp46-TAP crosslinked weakly to both RNA fragments labeled at G511 and G516 (Fig 5B, lanes 7 and 8).
Despite the strong crosslink of Prp46 observed in 2D gels obtained from the Bact complex
(Fig 5A), we detected low levels of Prp46 crosslinks in the Bact complex assembled on each of
the two site-specifically labeled pre-mRNAs (lanes 7 and 8). Taken together, these results suggest that the prominent crosslink of Prp46 in the 2D gel may be due either (i) to an additional
crosslinked protein co-migrating with Prp46 or (ii) to interaction with a region located further
upstream than the region 479–482. Alternatively, or additionally, the TAP-tag fused to Prp46
may prevent efficient crosslinking of Prp46 to the intron (Fig 5B).
Although Prp45 did not crosslink in Bact complexes assembled on the 3’-region-labeled premRNA after UV irradiation (Figs 1C and 5A), we nonetheless observed a protein with the
expected size of Prp45 (i.e. ~42kDa), which crosslinked in low yield to the fragment 483–496,
in C complexes (Figs 3A, lane 18 marked by a dot, and S7). The identity of Prp45 was determined by pull-down of crosslinked and T1-digested complexes containing Prp45-TAP, assembled on pre-mRNA site-specifically labeled at G496 (Fig 5C). Prp45-TAP crosslinked (with low
intensity) only in the C complex (lane 6), indicating that Prp45 makes contact with the region
of the intron 483–496 after step 1 catalysis. Independent evidence that Prp45 contacts the premRNA upon step 1 catalysis was obtained again from the analysis of 2D gels obtained from
crosslinked B and C complexes that were assembled on the 3’-region-labeled pre-mRNA (Fig
5A). Prp45 crosslinked in the B complex at low levels, yet the intensity of this crosslinked species increased more than 80% in the C complex (Figs 5A, S6B and S7). This result suggests a
temporal interaction of Prp45 with the intron's region near the 3' SS upstream of Prp46, and
indicates that Prp45 contacts the 3’ end of the intron after/during step 1 catalysis.

Discussion
Here we have investigated pre-mRNA–protein contact sites in affinity-purified yeast Bact spliceosomes by UV crosslinking. A number of crosslinked proteins of the U2 snRNP, including
the SF3a subunits Prp9 and Prp11 and the SF3b proteins Cus1, Hsh49 and Hsh155, as well as
RES complex proteins and their contact sites on the pre-mRNA intron, could be precisely
assigned by performing crosslinking followed by 2D gel electrophoresis and immunoprecipitation. Taken together, the results indicate that the branch-site region is contacted at several positions, apparently over its entire length, by proteins. A similar investigation was carried out with
affinity-purified spliceosomal B and C complexes. The results presented here provide muchneeded information regarding the spliceosomal pre-mRNA–protein network, and they show
for the first time that also yeast U2 SF3a/b proteins, as their human counterpart, are tightly
anchored around the BS region. They also provide insight into the dynamics of pre-mRNA–
protein interactions involving Cwc25, Prp8 and Prp45 within the spliceosome upon its conversion into the B (i.e., catalytically activated) complex and during the subsequent conversion of
the latter into the C complex (i.e., the step 1 spliceosome).
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Fig 5. Interaction of Prp46 and Prp45 with the region around the 3’SS during catalytic activation and step 1 catalysis. (A) Autoradiography of portions
of 2D gels comprising total proteins of purified, UV-irradiated and RNase digested Bact, B* and C complexes, respectively. The asterisks indicate
contaminant crosslinked proteins. (B) Schematic representation of site-specifically labeled pre-mRNAs as shown in Fig 2. BactΔPrp2 spliceosomes were
assembled on pre-mRNAs site-specifically labeled 5’ of the different G nucleotides as shown, in splicing extracts of a yeast prp2-1 strain carrying Prp46
tagged with the TAP-tag and were purified according to protocol 2 (S1 Text). Spliceosomes were then UV irradiated, digested with RNase T1, and subjected
to immunoprecipitation with IgG Sepharose. Immunoprecipitates were analyzed by SDS-PAGE and subsequent western blotting as above (upper panel).
The western blot shows a band of the expected size of Prp46-TAP. The autoradiography of the membrane is shown in the lower panel and the RNA
fragments crosslinked to Prp46-TAP are marked by an arrow. (C) as in (B) Bact spliceosomes were assembled on the pre-mRNA site-specifically labeled 5’ of
the G nucleotide at position 496, in splicing extracts of a yeast prp2-1 strain carrying Prp45 tagged with the TAP-tag. Upon addition of Prp2/Spp2 and Cwc25,
B* and C complexes were obtained. The western blot shows a band of the expected size of Prp45-TAP. The RNA fragment crosslinked to Prp45-TAP is
marked by an arrow.
doi:10.1371/journal.pgen.1005539.g005
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U2 SF3a and SF3b interactions with the intron region surrounding the
BS are conserved in evolution
In the human system, the U2 protein-pre-mRNA interactions are already established in the
early A complex but remain in the rearranged, activated spliceosome [15,34]. Here, we analyzed U2 protein–pre-mRNA interactions initially in purified Bact complexes, likely our data
obtained with Bact complexes apply also to earlier complexes (i.e. A and B complexes), which
for practical reasons were not analyzed here.
Using a combination of UV crosslinking and immunoprecipitation of TAP-tagged proteins,
we were able to assign a number of U2 snRNP proteins crosslinked to specific sites using premRNAs that were labeled at specific positions by a combination of DNA enzymes cleavage and
splint-directed ligation [22]. Site-specific labeling of the RNA with 32P is a much more promising approach for UV crosslinking studies, because the RNA–protein interaction site can be precisely mapped on the RNA. For the first time, we were able to use purified yeast spliceosomes
to perform a comprehensive protein–pre-mRNA interaction analysis and thus to assign a welldefined RNA region crosslinked to a known protein. In this way we were able to map an extensive area, spanning a 70-nt-long region of the intron.
Consistent with previous studies with human spliceosomal complexes, crosslinking sites
involving the yeast U2 SF3a proteins Prp9 and Prp11, as well as SF3b proteins Cus1 and
Hsh49, were observed within a 14-nt-long region upstream of the BS of affinity-purified Bact
complexes (Fig 2B). Furthermore, consistent with previous results obtained in yeast [19] and
human [14] spliceosomes, immunoprecipitation revealed contacts between a region located
further downstream (surrounding the BS) and SF3b Hsh155. These results provide evidence
that the region directly upstream of the BS, and surrounding it, is the main interaction platform
of the yeast U2 snRNP proteins. Likewise all human U2 snRNP-associated SAPs, except for
SAP130, were found in direct contact with a 20-nt-long region upstream of the BS in the isolated spliceosomal complexes A, B, and C [34,35] and SF3b155 was also found to bind to a site
downstream of the BS [14]. Thus, our data furthermore suggest that U2 protein-pre-mRNA
interactions with the regions upstream and downstream of the BS are conserved between yeast
and human (S1 Table). Furthermore, consistent with earlier findings [15], an oligoribonucleotide complementary to the 14-nt-long region upstream of the BS inhibits formation of the
yeast A, B and Bact complexes (S8 Fig). Thus, interactions of SF3a and SF3b with the premRNA appear to be a prerequisite for pre-spliceosome formation also in yeast, indicating that
the perfect complementarity between the BS sequence and the U2 snRNA is not sufficient to
anchor the U2 snRNP to the BS sequence, and that stable binding of U2 is largely dependent
on U2 protein–pre-mRNA interactions.

The RES proteins Pml1 and Bud13 make weak contacts with the intron
between the branch-site and the 3’ splice site
The RES complex is a conserved, spliceosome-associated module that has been shown to
enhance splicing of a subset of transcripts and to promote the nuclear retention of unspliced
pre-mRNAs in yeast [10]. Furthermore, it was shown to be required for efficient splicing of
TAN1 pre-mRNA, and the intron sequence between the 5'SS and the BS was necessary and sufficient to mediate dependence upon RES [36]. Here, we identified low-yield crosslinks between
the BS and the 3’SS of both Pml1 and Bud13. Consistent with results from our earlier studies
[20], we show that the other RES complex protein, Snu17, is in direct contact with the premRNA in the region between the BS and the 3’SS within a 14-nt-long RNA stretch upstream of
the G nucleotide at position 496. Our data do not conflict with the result observed with the
TAN1 pre-mRNA because the requirement of TAN1 intron nts upstream of the BS for RES
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dependence could be transient, and an interaction may occur earlier during spliceosome
assembly.
Our observation of direct contact between Snu17 and the intron is in agreement with earlier
reports showing that Snu17 consists primarily of a RRM, which is probably involved in contacting the RNA. It was also reported that the RRM of Snu17 is atypical and acts as a central
binding platform that provides two separate interaction surfaces, which interact with disordered parts of Bud13 and Pml1 at the same time [37–39]. While Bud13 and Pml1 do not harbor typical RNA-binding domains, Bud13 contains a conserved lysine-rich region that might
bind RNA. In addition, Pml1p or U2 proteins interacting with RES in the spliceosome (such as
the SF3b Hsh155) might facilitate the recognition of RNA by RES. A recent NMR solution
structure of the core of the RES complex revealed that complex formation leads to intricate
folding of the three components that stabilize the RRM fold of Snu17 upon binding of Bud13
and Pml1, while RNA binding efficiency is increased [20]. Taken together, our results indicate
that Snu17 crosslinks directly to the intron between the BS and the 3’SS in the Bact complex,
while Pml1 and Bud13 may make contact with the intron through their elaborated interconnection with Snu17, but they may be in a conformation that does not favor the formation of
UV-induced crosslinks (see Fig 6 for a summary and S2 Table).
As Hsh155 is in contact with nucleotides of the pre-mRNA between the BS and 3’SS (Fig 3),
which are also in contact with all three components of RES, this indicates that Hsh155 and the
RES proteins are in close proximity to one another in the Bact spliceosome. This is consistent
with earlier studies showing by a yeast two-hybrid screen and co-immunoprecipitation experiments that Snu17 interacts with U2 SF3b proteins [18]. Furthermore, the RES complex subunit
Snu17 was shown to bind to the U2 snRNP [41]. Taken together, all these studies indicate that
there is a direct interconnection between RES, the U2 SF3b proteins and the pre-mRNA downstream of the BS.

Evidence for subtle changes of the U2 and RES protein contacts with the
pre-mRNA upon spliceosome remodeling by Prp2 and subsequent step
1 catalysis
Examination of U2 protein–pre-mRNA interactions in purified spliceosomal complexes stalled
after catalytic activation by Prp2/Spp2 (B complex) and subsequent step 1 catalysis by Cwc25
(to form the C complex), revealed that the spliceosome structure involving the region of the
intron upstream of the BS and the SF3 proteins Prp9, Hsh49 and Cus1 undergoes a conformational change during spliceosome activation and subsequent step 1 catalysis. That is, crosslinks
of Prp9, Hsh49 and Cus1 were significantly reduced in both spliceosomal complexes compared
with those observed with the Bact complex, indicating that binding to pre-mRNA of these proteins is destabilized after ATP hydrolysis by Prp2. This is consistent with the remodeling of the
structure of the catalytic core of the spliceosome near the BS upon nucleophile attack on the 5'
SS phosphodiester bond during step 1 catalysis. That is, alterations in U2 protein binding are
probably due to conformational changes that destabilize the interactions of these proteins with
the pre-mRNA upstream of the BS concomitant with step 1. Intriguingly, our data reveal that
contacts of Hsh49, Cus1 and Prp9 (and to a lesser extent Prp11) with two adjacent short
regions of the intron upstream of the BS were reduced, to different degrees, during the remodeling of the spliceosome. This indicates that SF3 proteins remain in contact with the intron
upstream of the BS even after step 1 catalysis, yet their binding affinity to the pre-mRNA is
significantly reduced at a certain site and partially abolished at another. Our results further
indicate that the complete set of U2 proteins remains in contact with the U2 snRNA via protein–RNA or protein–protein interaction. Indeed, it was shown that the U2 snRNP is released
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Fig 6. Summary of site-specific UV crosslinking of proteins to the intron region around the branch-site in the Bact complex and their dynamics
following the conversion of Bact into the B* complex (i.e., catalytically activated) and during the subsequent conversion of the latter into the C
complex (i.e., the step 1 spliceosome). Schematic representation of the secondary-structure model of U2/U6/pre-mRNA interactions in the Bact complex.
The branch point A is indicated by a red bold letter. Sites in the pre-mRNA's intron crosslinked to the U2-SF3a (grey), U2-SF3b (green), RES complex
proteins [(shades of purple, represented schematically according to [20,38,40]], Prp8, Cwc25 and Prp45 are indicated by the number of the site-specifically
labeled guanosines. The regions of site-specific UV-crosslinking are also summarized on the Tables on the right. Changes in crosslinking yields upon
conversion of Bact to B* to C are highlighted by changes in color intensities.
doi:10.1371/journal.pgen.1005539.g006

from the intron-lariat spliceosome in vitro as an integral snRNP, indicating that it remains
intact during the entire splicing cycle and that none of its proteins are lost under physiological
conditions in vitro [24].
Furthermore, as suggested by their decreased efficiency of crosslinking during spliceosome
remodeling (Fig 3), the binding of the RES complex as a whole is reduced. Remodeling events
involving the RES complex proteins are intriguing because the same stretch of the intron is also
bound by Prp2 and is essential for Prp2- and Spp2-mediated catalytic activation [8,42]. Indeed,
Prp2 was crosslinked to the same nucleotides of the intron as the RES proteins [8]; thus, it may
be possible that Prp2 recognizes this stretch of RNA "productively" only when it is in contact
with the RES proteins. The RES complex could be recognized as an entry point or primary target by Prp2/Spp2 to initiate translocations along the intron [42], thereby destabilizing RNAbound proteins and acting as a classical RNPase. Alternatively, it was recently suggested that
Prp2, in addition to binding the intron, is probably involved in several protein–protein interactions in the spliceosome [8]. This would lead to the formation of a relay system that could
transmit a power stroke within the motor module of Prp2/ATP, through the various anchor
points that Prp2 shares with other components of the spliceosome [8]. Thus, the RES–the binding of which is destabilized upon Prp2/Spp2-mediated B formation [11] (and this work)–
could be an important primary element of this communication system. Importantly, it was
recently reported that a prp2 mutant was suppressed by deletion of PML1, indicating that
Pml1 stabilizes an interaction that Prp2 destabilizes [43].

Prp8 is favorably positioned for its interaction with the branch-site and
the 3’ splice-site regions of the intron after catalytic activation of the
spliceosome by Prp2
To date, Prp8 is the only spliceosomal protein that has been shown to crosslink to all the three
regions in pre-mRNA that are required for splicing (5’SS, 3’SS, and BS), as well as to U5 and
U6 snRNAs [44,45]. Here, by 2D gel electrophoresis of affinity-purified Bact complexes, we provide evidence that Prp8 –although already stably associated with Bact–makes no close contacts
with the 3’ region of the intron before catalytic activation by Prp2/Spp2. Using affinity-purified
spliceosomes stalled at the B and C stages, we show that conformational changes leading to
step 1 catalysis bring Prp8 to a position near the BS and the 3’SS (Figs 3 and S7) [28–31]. That
is, remodeling at the catalytic core of the spliceosome accompanies stabilization of Prp8–premRNA contacts. Intriguingly, previous work showed that high-affinity binding sites are created
in the B complex–also for additional factors required for step 1 catalysis such as Yju2 and
Cwc25 –during catalytic activation [11]. Thus, the ATP-dependent Prp2-driven activation of
the spliceosome leads not only to reduced contacts with the pre-mRNA of U2 and RES proteins, but also to stabilization of other protein–pre-mRNA interactions by promoting direct
contact with the pre-mRNA. Taken together, these results provide new insight into the dynamics of protein–pre-mRNA interactions (simultaneous reduction of some and enhancement of
others) within the spliceosome during its catalytic activation and catalysis.
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The step-1-promoting and RNA-binding activities of Cwc25 are
independent
Step 1 catalysis cannot occur efficiently without Cwc25 [7,9]. After Prp2-mediated catalytic
activation of the spliceosome, a strong binding site is created on the B spliceosome for the step
1 factor Cwc25. While Cwc25 only shows background binding to complex Bact, its binding to
complex B has a Kd value in the subnanomolar range [11]. Consistent with the enhanced
binding of Cwc25 upon the action of Prp2, we show here that Cwc25 crosslinks to the 11-ntlong BS fragment. These data are in agreement with earlier reports showing that Cwc25 crosslinks to the intron sequence three bases downstream of the BS [32]. Interestingly, using truncated versions of recombinant Cwc25 for reconstitution of C complexes, we observed that
Cwc25 1–125 (lacking 54 amino acids at its C-terminus) promoted step 1 catalysis even in the
absence of RNA crosslinking, indicating that Cwc25’s step-1-promoting activity is not coupled
to its pre-mRNA interacting activity. This indicates that contacts of Cwc25 1–125 would theoretically occur with one or more proteins in the proximity of the BS, thus making the microenvironment of the catalytic center suitable for step 1 catalysis. This would be consistent with
Cwc25 being one of the intrinsically disordered proteins, which are highly connected or “promiscuous” proteins that undergo several simultaneous or sequential interactions and use
regions of disorder as a scaffold for assembling an interacting group of proteins [46]. Thus,
Cwc25 might act as an important hub in the catalytic center of the spliceosome. Indeed, we
observed Cwc25’s contacts in the BS region of C complexes concomitant with enhanced crosslinking of Prp8 and Prp45 to the same or a slightly downstream region (Figs 3–5), suggesting
that Cwc25 co-ordinates the catalytic center through protein–protein interaction.

Prp45 is favorably positioned for its interaction with the 3’ splice site
regions of the intron after step 1 catalysis
We showed that Prp45 contacts the pre-mRNA only after step 1 catalysis (Figs 5C and S7),
although it is already associated with the spliceosome at the Bact stage (Fig 1B). Earlier results
showed that, in addition to their interaction in two-hybrid screens, Prp45 and Prp46 interact
in vitro, most probably through direct protein–protein contact [33]. Here, Prp45 crosslinked to
the pre-mRNA region of the intron 483–496 and Prp46 to the region immediately downstream
(i.e. 500–516), indicating that the two proteins are also in close contact during spliceosome
remodeling. Interestingly, Prp45 crosslinked during or after step 1 catalysis to the same premRNA region of the intron (i.e. 483–496) where Prp8 was also found to crosslink with highest
yield (S7 Fig), indicating that profound remodeling events involving this region occur. Indeed,
a simultaneous reduction of Snu17 and Pml1 contacts was also observed (Figs 6 and S7 for a
summary).
The contact of Prp45 to this region is consistent with earlier work that showed that Prp45
interacts with Prp22, a DEAH-box RNA helicase involved in spliceosome disassembly [33,47],
which was also crosslinked to the 3’SS in post-step 1 spliceosomes [48]. In addition, a temperature-sensitive allele of Prp45 was shown to be synthetically lethal with alleles of several secondstep splicing factors (Slu7, Prp17, Prp18 and Prp22) and with several NTC components. Thus,
Prp45 may be required for Prp22 as well as the recruitment or stabilization of additional step 2
factors, and the positioning of Prp45 close to the 3’SS after step 1 may determine the timing of
this event. The timing of the direct interaction of Prp45 with the pre-mRNA may explain the
contribution of this protein to step 2 catalysis: this could be effected either (i) by participating
in maintaining the step 2 conformation, or (ii) by binding and regulating the Prp22 ATPase/
translocase activity [47].
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Materials and Methods
Site-specific cleavage of RNA with DNA enzymes
In a first step, actin pre-mRNA was prepared by transcription in vitro with T7 RNA polymerase (S1 Text). The transcription reaction was not gel-purified, but instead was precipitated with
ethanol. After washing twice with 70% ethanol, the precipitated RNA was dried, dissolved in
50μl CE buffer (10 mM cacodylic acid-KOH, pH 7.0, 0.2 mM EDTA-KOH, pH 8) or water and
applied to a G 50 spin column (GE Healthcare). The eluted RNA was then subjected to DNA
enzyme cleavage, essentially as described previously [25]. First, a threefold molar excess of the
DNA enzyme over the pre-mRNA was added to the reaction mixture. The solution was then
adjusted to 15 mM NaCl and 5 mM TRIS-HCl, pH 7.7. After denaturation at 70°C for 2 min
the mixture was kept at room temperature for 5 min. Finally, 150 mM NaCl, 50 mM Tris-HCl,
pH 7.7 and 2 mM of both MgCl2 and MnCl2 were added and the mixture was incubated at
30°C for 3 hrs. To remove the cyclic phosphate produced at the 3’ end of the 5’ fragment by the
DNA enzyme, the intrinsic 3'-phosphatase activity at low ATP concentration of T4 polynucleotide kinase (T4 PNK) was used [26]. The reaction was supplemented with 2 unites/μl T4 PNK,
PNK buffer and 0.4 mM ATP and incubated for 1 h at 37°C [26]. The RNA digestion fragments
were gel-purified as described for in vitro transcriptions (S1 Text).

5’ 32P labeling with T4 PNK
For the production of site-specifically labeled pre-mRNAs, the purified 3’ pre-mRNA fragment
created by DNA enzyme cleavage was 5’-phosphorylated with 2 μM γ-32P ATP, T4-PNK
buffer, 2 units/μl RNAsin and 1 unit/μl T4-PNK in a total volume of 20 μl or more, depending
on the experiment. The reaction mixture was incubated for 1 h at 37°C and then purified by
using a G 50 spin column, followed by phenol-chloroform-isoamyl alcohol (PCI) extraction
and ethanol precipitation.

DNA splint-directed Moore and Sharp RNA ligation
RNA fragments were ligated by DNA splint-directed RNA ligation [22]. The 5’-ligation fragments were prepared by DNA enzyme cleavage followed by 3’-dephosphorylation as described
above. For site-specific labeling, the 3’ ligation fragment was labeled at the 5’ end with γ-32P
ATP as described above. For region-specific labeling, the 3’ fragment was produced by radioactive in vitro transcription using GMP as a starting nucleotide (S1 Text). The 5’ ligation fragment, the DNA splint and the 3’ ligation fragment were mixed in a 1.4:1.2:1 ratio. After
addition of T4 DNA ligase buffer and water, the reaction was denatured for 2 min at 70°C and
the sample was then cooled to 30°C at 6°C per min. Thereafter 1 mM ATP, 2 units/μl RNAsin
and 3 units/μl T4 DNA ligase were added and the reaction was incubated for 3 hrs at 30°C.
Finally, the ligation product was gel-purified. The efficiency of ligation was ~30–60%.

Supporting Information
S1 Fig. Synthesis of region- and site-specifically labeled pre-mRNA. (A) Experimental strategy used for the production of region-specifically labeled pre-mRNA. Upper panels. Left: Reaction mechanism of RNA cleavage by DNA enzymes (adapted from Silverman and Baum [25]).
Right: Representation of the 8–17 deoxyribozyme. Base pairing between the target RNA and
the recognition arms of the DNA enzymes and the supposed structure and sequence of the catalytic DNA loop are represented schematically (adapted from Silverman and Baum [25]). The
pre-mRNA is represented schematically by lines indicating the intron and by rectangles indicating the exons. Radioactively labeled stretches are shown in green. (B) Experimental strategy
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used for the production of site-specifically labeled pre-mRNA. The pre-mRNA is represented
schematically by lines indicating the intron and by rectangles indicating the exons. The 32P
introduced by this procedure is shown in green.
(TIF)
S2 Fig. Characterization of Bact complexes carrying U2 proteins tagged with the TAP-tag
and assembled on site-specifically labeled pre-mRNAs. (A) Schematic representation of sitespecifically labeled pre-mRNAs carrying a single 32P-labeled phosphate 5’ of the guanosines
shown in green. The RNA fragments theoretically remaining after digestion with RNase T1 are
indicated by a bar below the sequence. (B) The RNA isolated from the Bact complexes carrying
the U2 proteins indicated, tagged with the TAP-tag, was analyzed on a denaturing gel with silver-staining of the RNA and autoradiography. The presence of U2, U5L, U5S and U6 snRNA,
and the absence of splicing intermediates of the pre-mRNA confirmed Bact complex identity.
Asterisks indicate the presence of small amount of U1, U4 and ribosomal RNAs, respectively.
(TIF)
S3 Fig. Characterization of Bact, B and C complexes assembled on site-specifically labeled
pre-mRNAs carrying a single 32P-labeled phosphate 5’ of the guanosines G452, 460, 467
and 478. (A) Schematic representation of site-specifically labeled pre-mRNAs as described in
S2 Fig. (B) Proteins isolated from the Bact, B and C complexes, before and after crosslinking,
were analyzed by SDS-PAGE. (C). The RNA isolated from these complexes was analyzed by
denaturing PAGE and stained with silver. The presence of U2, U5L, U5S and U6 snRNA, and
the nearly total absence of splicing intermediates of the pre-mRNA confirmed Bact and B complexes identity. The presence of step 1 products established the identity of the C complex. Species on the gel were quantified using the ImageQuant software. The efficiency of step 1 was
determined by the formula: (intron-3’ exon + 5’ exon) / (intron-3’ exon + 5’ exon + premRNA) x 100, and was calculated to be ~ 40%. The asterisk indicates the presence of a small
amount of U1 snRNA. (D) Western-blot analysis showing that the transformation from Bact to
B was efficient, as revealed by the almost complete dissociation of Cwc24 from the B complex
during catalytic activation [11].
(TIF)
S4 Fig. Characterization of Bact, B and C complexes assembled on site-specifically labeled
pre-mRNAs carrying a single 32P-labeled phosphate 5’ of the guanosines G482, 496, 511
and 516. (A) Schematic representation of site-specifically labeled pre-mRNAs as described in
S2 Fig. (B) Proteins isolated from the Bact, B and C complexes, before and after crosslinking,
were analyzed by SDS-PAGE. (C). The RNA isolated from these complexes was analyzed by
denaturing PAGE and stained with silver. The presence of U2, U5L, U5S and U6 snRNA, and
the nearly total absence of splicing intermediates of the pre-mRNA confirmed Bact and B complexes identity. The presence of step 1 products established the identity of the C complex. Species on the gel were quantified using the ImageQuant software. The efficiency of step 1 was
determined by the formula: (intron-3’ exon + 5’ exon) / (intron-3’ exon + 5’ exon + premRNA) x 100, and was calculated to be ~ 40%. The asterisk indicates the presence of a small
amount of U1 snRNA. (D) Western-blot analysis showing that the transformation from Bact to
B was efficient, as revealed by the almost complete dissociation of Cwc24 from the B complex
during catalytic activation [11].
(TIF)
S5 Fig. Identification of proteins crosslinked to site-specifically labeled pre-mRNAs in
purified Bact complexes. (A–C, upper panels) Bact complexes were assembled on the site-specifically labeled pre-mRNA shown using yeast extracts containing proteins–highlighted with
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colors–tagged with the TAP-tag as indicated or with no tag (‘Untagged’, lanes 1 and 2). Peak
fractions of purified Bact complexes were UV-irradiated, digested with RNase T1 and then separated on SDS PAGE gels. After transfer to the nitrocellulose membrane, samples were visualized by autoradiography (upper panels) or western blotting, using the PAP antibody complex
(lower panels). The addition of the 21 kDa TAP-tag to proteins resulted in an increase in their
apparent molecular masses, as shown. (C) Note that UV-irradiation of the Bact complex carrying Snu17-TAP led to a shift of Snu17, but also to the disappearance/shift of Pml1 (lane 3),
probably owing to their intricate folding [20]. The sizes in kilodaltons of the protein molecular-mass markers are shown to the right of the autoradiography or to the left of the western
blot. Asterisks: uncharacterized degradation products of Hsh155.
(TIF)
S6 Fig. Quantification of crosslinks. Bands with the highest intensity according to Phosphorimager measurements were designated as having an intensity of 100% and the measurements of
other bands were normalized against this value. Error bars represent the standard error of the
mean of 2 independent experiments. (A) Quantification of U2 protein crosslinks (related to
Fig 3A). (B) Quantification of radioactive spots of proteins crosslinked to the 3’-region-labeled
pre-mRNA and separated by 2D gel electrophoresis (related to Figs 3C, 3D and 5A). (C) Quantification of RES complex proteins and Prp8 crosslinks (related to Fig 3A).
(TIF)
S7 Fig. Dynamics of protein–pre-mRNA interactions in the region 483–496 of the actin
pre-mRNA intron. Schematic representation of site-specifically labeled pre-mRNAs as shown
in S2 Fig. Purified BactΔPrp2 and reconstituted B and C complexes were UV-irradiated, digested
with RNase T1, and analyzed by SDS-PAGE. Details of the autoradiography of the gel are
shown.
(TIF)
S8 Fig. An oligoribonucleotide complementary to the 14-nt-long region upstream of the
BS inhibits formation of yeast spliceosomes. Wild-type actin pre-mRNA was incubated with
a 100-fold molar excess of a 14-nt-long 2’-O-Methyl RNA oligonucleotide complementary to
the pre-mRNA sequence nucleotides 447–460 (Anchoring Site Oligo) or with a control oligonucleotide complementary to a sequence of the intron more upstream (nucleotides 415–428),
in 20 mM HEPES-KOH pH 7.9. The reaction mixture was incubated at 70°C for 2 min and
then cooled to 4°C at 10°C/minute. In vitro splicing and BactΔPrp2 complex assembly were performed as described in the S1 Text. (Left panel) Glycerol-gradient sedimentation profiles of
Bact ΔPrp2 spliceosomes (formed on body-32P-labeled wild-type actin pre-mRNA). 10–30% (v/
v) glycerol gradients containing 75 mM KCl were centrifuged for 2 h at 60000 rpm in a TH660
rotor (Sorvall). The radioactivity contained in each fraction was determined by Cherenkov
counting and plotted. (Right panel) Glycerol-gradient fractions were digested with Proteinase
K and analyzed by denaturing gel electrophoresis and silver staining.
(TIF)
S1 Table. Human and yeast SF3a/SF3b proteins.
(DOCX)
S2 Table. Human and yeast RES complex proteins.
(DOCX)
S1 Text. Supporting Protocols.
(DOCX)

PLOS Genetics | DOI:10.1371/journal.pgen.1005539

September 22, 2015

24 / 27

Protein-Pre-mRNA Contacts in Yeast Spliceosomes

Acknowledgments
We thank T. Conrad, W. Behrens-Kranz and E. Penka for excellent technical assistance. We
thank H. Urlaub and M. Raabe for mass spectrometric analysis, O. Dybkov for helpful discussions and C. Will for critical reading of the manuscript.

Author Contributions
Conceived and designed the experiments: CS KH PF RL. Performed the experiments: CS DEA
JS. Analyzed the data: CS KH PF DEA RL. Contributed reagents/materials/analysis tools: DEA
JS PF RL. Wrote the paper: CS PF RL. Provided funding and space: RL.

References
1.

Will CL, Lührmann R Spliceosome structure and function. Cold Spring Harb Perspect Biol 2011; 3: 1–
23.

2.

Wahl MC, Will CL, Lührmann R The spliceosome: design principles of a dynamic RNP machine. Cell
2009; 136: 701–718. doi: 10.1016/j.cell.2009.02.009 PMID: 19239890

3.

Staley JP, Guthrie C Mechanical devices of the spliceosome: motors, clocks, springs, and things. Cell
1998; 92: 315–326. PMID: 9476892

4.

Nilsen TW RNA-RNA interactions in the spliceosome: unraveling the ties that bind. Cell 1994; 78: 1–4.
PMID: 7518355

5.

Fabrizio P, Dannenberg J, Dube P, Kastner B, Stark H, et al. The evolutionarily conserved core design
of the catalytic activation step of the yeast spliceosome. Mol Cell 2009; 36: 593–608. doi: 10.1016/j.
molcel.2009.09.040 PMID: 19941820

6.

Kim SH, Lin RJ Spliceosome activation by PRP2 ATPase prior to the first transesterification reaction of
pre-mRNA splicing. Mol Cell Biol 1996; 16: 6810–6819. PMID: 8943336

7.

Warkocki Z, Odenwälder P, Schmitzová J, Platzmann F, Stark H, et al. Reconstitution of both steps of
Saccharomyces cerevisiae splicing with purified spliceosomal components. Nat Struct Mol Biol 2009;
16: 1237–1243. doi: 10.1038/nsmb.1729 PMID: 19935684

8.

Warkocki Z, Schneider C, Mozaffari-Jovin S, Schmitzová J, Hobartner C, et al. The G-patch protein
Spp2 couples the spliceosome-stimulated ATPase activity of the DEAH-box protein Prp2 to catalytic
activation of the spliceosome. Genes Dev 2015; 29: 94–107. doi: 10.1101/gad.253070.114 PMID:
25561498

9.

Chiu YF, Liu YC, Chiang TW, Yeh TC, Tseng CK, et al. Cwc25 is a novel splicing factor required after
Prp2 and Yju2 to facilitate the first catalytic reaction. Mol Cell Biol 2009; 29: 5671–5678. doi: 10.1128/
MCB.00773-09 PMID: 19704000

10.

Dziembowski A, Ventura AP, Rutz B, Caspary F, Faux C, et al. Proteomic analysis identifies a new
complex required for nuclear pre-mRNA retention and splicing. EMBO J 2004; 23: 4847–4856. PMID:
15565172

11.

Ohrt T, Prior M, Dannenberg J, Odenwälder P, Dybkov O, et al. Prp2-mediated protein rearrangements
at the catalytic core of the spliceosome as revealed by dcFCCS. RNA 2012; 18: 1244–1256. doi: 10.
1261/rna.033316.112 PMID: 22535589

12.

Lardelli RM, Thompson JX, Yates JR 3rd, Stevens SW Release of SF3 from the intron branchpoint activates the first step of pre-mRNA splicing. RNA 2010; 16: 516–528. doi: 10.1261/rna.2030510 PMID:
20089683

13.

Query CC, Moore MJ, Sharp PA Branch nucleophile selection in pre-mRNA splicing: evidence for the
bulged duplex model. Genes Dev 1994; 8: 587–597. PMID: 7926752

14.

Gozani O, Potashkin J, Reed R A potential role for U2AF-SAP 155 interactions in recruiting U2 snRNP
to the branch site. Mol Cell Biol 1998; 18: 4752–4760. PMID: 9671485

15.

Gozani O, Feld R, Reed R Evidence that sequence-independent binding of highly conserved U2
snRNP proteins upstream of the branch site is required for assembly of spliceosomal complex A.
Genes Dev 1996; 10: 233–243. PMID: 8566756

16.

Hodges PE, Beggs JD RNA splicing. U2 fulfils a commitment. Curr Biol 1994; 4: 264–267. PMID:
7922333

17.

Krämer A The structure and function of proteins involved in mammalian pre-mRNA splicing. Annu Rev
Biochem 1996; 65: 367–409. PMID: 8811184

PLOS Genetics | DOI:10.1371/journal.pgen.1005539

September 22, 2015

25 / 27

Protein-Pre-mRNA Contacts in Yeast Spliceosomes

18.

Wang Q, He J, Lynn B, Rymond BC Interactions of the yeast SF3b splicing factor. Mol Cell Biol 2005;
25: 10745–10754. PMID: 16314500

19.

McPheeters DS, Muhlenkamp P Spatial organization of protein-RNA interactions in the branch site-3'
splice site region during pre-mRNA splicing in yeast. Mol Cell Biol 2003; 23: 4174–4186. PMID:
12773561

20.

Wysoczanski P, Schneider C, Xiang S, Munari F, Trowitzsch S, et al. Cooperative structure of the heterotrimeric pre-mRNA retention and splicing complex. Nat Struct Mol Biol 2014; 21: 911–918. doi: 10.
1038/nsmb.2889 PMID: 25218446

21.

Breaker RR, Joyce GF A DNA enzyme that cleaves RNA. Chem Biol 1994; 1: 223–229. PMID:
9383394

22.

Moore MJ, Sharp PA Site-specific modification of pre-mRNA: the 2'-hydroxyl groups at the splice sites.
Science 1992; 256: 992–997. PMID: 1589782

23.

Agafonov DE, Deckert J, Wolf E, Odenwälder P, Bessonov S, et al. Semiquantitative Proteomic Analysis of the Human Spliceosome via a Novel Two-Dimensional Gel Electrophoresis Method. Mol Cell Biol
2011; 31: 2667–2682. doi: 10.1128/MCB.05266-11 PMID: 21536652

24.

Fourmann JB, Schmitzová J, Christian H, Urlaub H, Ficner R, et al. Dissection of the factor requirements for spliceosome disassembly and the elucidation of its dissociation products using a purified
splicing system. Genes Dev 2013; 27: 413–428. doi: 10.1101/gad.207779.112 PMID: 23431055

25.

Silverman SK, Baum DA Use of deoxyribozymes in RNA research. Methods Enzymol 2009; 469: 95–
117. doi: 10.1016/S0076-6879(09)69005-4 PMID: 20946786

26.

Cameron V, Uhlenbeck OC 3'-Phosphatase activity in T4 polynucleotide kinase. Biochemistry 1977;
16: 5120–5126. PMID: 199248

27.

van Roon AM, Loening NM, Obayashi E, Yang JC, Newman AJ, et al. Solution structure of the U2
snRNP protein Rds3p reveals a knotted zinc-finger motif. Proc Natl Acad Sci U S A 2008; 105: 9621–
9626. doi: 10.1073/pnas.0802494105 PMID: 18621724

28.

Teigelkamp S, Newman AJ, Beggs JD Extensive interactions of PRP8 protein with the 5' and 3' splice
sites during splicing suggest a role in stabilization of exon alignment by U5 snRNA. EMBO J 1995; 14:
2602–2612. PMID: 7781612

29.

Teigelkamp S, Whittaker E, Beggs JD Interaction of the yeast splicing factor PRP8 with substrate RNA
during both steps of splicing. Nucleic Acids Res 1995; 23: 320–326. PMID: 7885825

30.

Umen JG, Guthrie C A novel role for a U5 snRNP protein in 3' splice site selection. Genes Dev 1995; 9:
855–868. PMID: 7535718

31.

Umen JG, Guthrie C Prp16p, Slu7p, and Prp8p interact with the 3' splice site in two distinct stages during the second catalytic step of pre-mRNA splicing. RNA 1995; 1: 584–597. PMID: 7489518

32.

Chen HC, Tseng CK, Tsai RT, Chung CS, Cheng SC Link of NTR-mediated spliceosome disassembly
with DEAH-box ATPases Prp2, Prp16, and Prp22. Mol Cell Biol 2013; 33: 514–525. doi: 10.1128/MCB.
01093-12 PMID: 23166295

33.

Albers M, Diment A, Muraru M, Russell CS, Beggs JD Identification and characterization of Prp45p and
Prp46p, essential pre-mRNA splicing factors. RNA 2003; 9: 138–150. PMID: 12554883

34.

Staknis D, Reed R Direct interactions between pre-mRNA and six U2 small nuclear ribonucleoproteins
during spliceosome assembly. Mol Cell Biol 1994; 14: 2994–3005. PMID: 8164655

35.

Gozani O, Patton JG, Reed R A novel set of spliceosome-associated proteins and the essential splicing
factor PSF bind stably to pre-mRNA prior to catalytic step II of the splicing reaction. EMBO J 1994; 13:
3356–3367. PMID: 8045264

36.

Zhou Y, Chen C, Johansson MJ The pre-mRNA retention and splicing complex controls tRNA maturation by promoting TAN1 expression. Nucleic Acids Res 2013; 41: 5669–5678. doi: 10.1093/nar/gkt269
PMID: 23605039

37.

Tripsianes K, Friberg A, Barrandon C, Brooks M, van Tilbeurgh H, et al. A novel protein-protein interaction in the RES (REtention and Splicing) complex. J Biol Chem 2014; 289: 28640–28650. doi: 10.1074/
jbc.M114.592311 PMID: 25160624

38.

Trowitzsch S, Weber G, Luhrmann R, Wahl MC Crystal structure of the Pml1p subunit of the yeast precursor mRNA retention and splicing complex. J Mol Biol 2009; 385: 531–541. doi: 10.1016/j.jmb.2008.
10.087 PMID: 19010333

39.

Trowitzsch S, Weber G, Luhrmann R, Wahl MC An unusual RNA recognition motif acts as a scaffold for
multiple proteins in the pre-mRNA retention and splicing complex. J Biol Chem 2008; 283: 32317–
32327. doi: 10.1074/jbc.M804977200 PMID: 18809678

PLOS Genetics | DOI:10.1371/journal.pgen.1005539

September 22, 2015

26 / 27

Protein-Pre-mRNA Contacts in Yeast Spliceosomes

40.

Brooks MA, Dziembowski A, Quevillon-Cheruel S, Henriot V, Faux C, et al. Structure of the yeast Pml1
splicing factor and its integration into the RES complex. Nucleic Acids Res 2009; 37: 129–143. doi: 10.
1093/nar/gkn894 PMID: 19033360

41.

Gottschalk A, Bartels C, Neubauer G, Lührmann R, Fabrizio P A Novel Yeast U2 snRNP Protein,
Snu17p, Is Required for the First Catalytic Step of Splicing and for Progression of Spliceosome Assembly. Mol Cell Biol 2001; 21: 3037–3046. PMID: 11287609

42.

Liu HL, Cheng SC The interaction of Prp2 with a defined region of the intron is required for the first splicing reaction. Mol Cell Biol 2012; 32: 5056–5066. doi: 10.1128/MCB.01109-12 PMID: 23071087

43.

Wlodaver AM, Staley JP The DExD/H-box ATPase Prp2p destabilizes and proofreads the catalytic
RNA core of the spliceosome. RNA 2014; 20: 282–294. doi: 10.1261/rna.042598.113 PMID: 24442613

44.

Grainger RJ, Beggs JD Prp8 protein: at the heart of the spliceosome. RNA 2005; 11: 533–557. PMID:
15840809

45.

Umen JG, Guthrie C The second catalytic step of pre-mRNA splicing. RNA 1995; 1: 869–885. PMID:
8548652

46.

Coelho Ribeiro Mde L, Espinosa J, Islam S, Martinez O, Thanki JJ, et al. Malleable ribonucleoprotein
machine: protein intrinsic disorder in the Saccharomyces cerevisiae spliceosome. PeerJ 2013; 1: e2.
doi: 10.7717/peerj.2 PMID: 23638354

47.

Gahura O, Abrhamova K, Skruzny M, Valentova A, Munzarova V, et al. Prp45 affects Prp22 partition in
spliceosomal complexes and splicing efficiency of non-consensus substrates. J Cell Biochem 2009;
106: 139–151. doi: 10.1002/jcb.21989 PMID: 19016306

48.

McPheeters DS, Schwer B, Muhlenkamp P Interaction of the yeast DExH-box RNA helicase prp22p
with the 3' splice site during the second step of nuclear pre-mRNA splicing. Nucleic Acids Res 2000;
28: 1313–1321. PMID: 10684925

PLOS Genetics | DOI:10.1371/journal.pgen.1005539

September 22, 2015

27 / 27

