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Abstract 

Janine Ilagan 
 

Structural Analysis of Catalytic and Post‐catalytic Spliceosome Complexes 
 

 
 Pre-mRNA splicing is an essential step in eukaryotic gene expression.  

Splicing is catalyzed by the spliceosome, a large and highly dynamic macromolecular 

machine in the cell.  Errors in splicing have been linked to many diseases, including 

cancer.  The spliceosome is responsible for precisely joining the protein coding 

sequences that will be translated to protein.  It is composed of five small nuclear RNA 

(U1, U2, U4, U5, and U6) along with over 100 unique proteins.  Understanding the 

RNA/RNA and RNA/protein interactions that position the pre-mRNA substrate in the 

spliceosome for the two catalytic steps of splicing is key to determining the molecular 

mechanisms of this dynamic complex. 

In this thesis, we compared two states of the spliceosome complexes, catalytic 

and post-catalytic.  We investigated the role of pre-mRNA sequences in the 

spliceosome complex stalled prior to the second step of splicing.  We next developed 

a new strategy that traps the spliceosome after the second step of splicing, but before 

the mRNA is released.  We show that structural rearrangements of the RNA substrate 

exist as the spliceosome transitions from the first to second step of splicing.  Using 

mass spectrometry assays, we identify proteins that stably associate with affinity-

purified catalytic and post-catalytic complexes.  We show enrichment of SF3B 



  xi 

components and loss of an ATPase, DHX35, in the post-catalytic complex.  In 

conjunction with biochemical studies, we use electron microscopy to determine 

structures of both complexes to further gain insights into the spliceosome’s role in 

splicing.  This study serves as a foundation for understanding the mechanisms 

underlying the later stages of spliceosomal progression. 
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Chapter 1: Introduction 

This thesis focuses on the structure and function of catalytic and post-catalytic 

states of spliceosomes.  Identifying the core components of the spliceosome complex 

is necessary to determine how this multi-component machine works.  Additionally, 

understanding rearrangements between RNA/RNA, RNA/protein, and protein/protein 

interactions are necessary to decode how spliceosomes function in pre-mRNA 

splicing.  I performed biochemical and structural analyses to gain further insights into 

structural rearrangements occurring in the active site of the spliceosome during the 

splicing cycle.   

1. Eukaryotic Pre-mRNA Splicing 

Nuclear pre-mRNA splicing is an essential part of eukaryotic gene expression. 

Over 95% of genes in the human genome are spliced.  Splicing requires precise 

removal of intervening sequences known as introns and ligation of coding sequences 

known as exons to form mRNAs.  Some exons are constitutively spliced, always 

included in the mRNA, while other exons are alternatively spliced, resulting in many 

forms of mRNA product (Figure 1).  Given this role in pre-mRNA processing, it is 

essential that the mRNA be put together precisely to avoid incorrect open reading 

frames for expression of proteins.  
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Figure 1. Eukaryotic gene expression.  DNA is transcribed to pre-mRNA.  Pre-mRNA is 

modified by addition of 5’ cap and 3’ polyadenylation and removal of introns by splicing. 

Mature mRNA is translated to protein.
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Figure 2. Splicing chemistry.  The first step of splicing occurs when the 2’ OH of the 

branchpoint sequence attacks the phosphate group of the 5’ splice site.  This reaction results 

in free 5’ exon and lariat intermediate.  In the second step of splicing, the 3’ OH of the free 5’ 

exon attacks the phosphate group of the 3’ splice site.  This reaction results to the ligation of 

the mRNA and release lariat intron.  
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Splicing involves two SN2 transesterification reactions that are facilitated by 

the spliceosome.  In the first step, the 2’ hydroxyl of a specific intronic adenosine 

residue known as the branchpoint sequence attacks the phosphodiester bond at the 5’ 

splice site (ss).  This reaction results in two intermediates: cleaved 5’ exon and lariat 

intermediate.  For the second chemical step, the 3’ hydroxyl group of the 5’ exon 

attacks the phosphodiester bond at the 3’ ss and results in ligation of the two exons 

and release of the lariat intron (Figure 2)1,2.   

Pre-mRNA splicing is catalyzed by a large macromolecular machine known 

as the spliceosome, which is composed of both RNAs and proteins. The main 

building blocks of spliceosomes are snRNA and proteins, which are collectively 

referred to as uridine-rich small nuclear ribonucleoproteins (snRNPs).  There are five 

snRNPs (U1, U2, U4, U5, U6) that undergo various structural rearrangements 

throughout the splicing cycle.  In addition to the proteins associated with the U 

snRNPs, there are other accessory and regulatory proteins that join the spliceosome to 

mediate conformational changes and fidelity of splicing.  In total, over 200 proteins 

are present in the spliceosome complex at some point in the splicing cycle2,3. 

2. Spliceosome Assembly on Pre-mRNA 

Spliceosomes are dynamic machines that form on each pre-mRNA substrate 

in an ordered manner.  The U snRNPs are sequentially recruited to pre-mRNA 

substrates and undergo several rearrangements to form intermediate complexes 

known as E, A, B, Bact, B*, C and P.  These complexes have been identified by their 
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migration in native gels chemical state of the pre-mRNA and/or by their composition.  

First, the pre-spliceosome complex, E, or early complex, is formed when U1 snRNA 

base pairs with the 5’ splice site4.  At this time, the protein U2AF65 binds the 

polypyrimidine tract surrounding the branch point sequence, while U2AF35 binds to 

the 3’ ss5,6.  These factors aid in the recruitment of U2 snRNP to the branch site forms 

A complex.  U2 snRNA base pairs with the branch point sequence, which contains a 

bulged adenosine in the intron that specifies the 2’ OH as the nucleophile for the first 

step of splicing7,8.  Transition from E to A complex requires ATP to promote the 

strong association between U2 and the branch adenosine7.   

Addition of the preassembled U5:U4/U6 tri-snRNP marks the formation of B 

complex.  Additional ATP-dependent rearrangements of B complex must occur to 

activate the spliceosome9.  These rearrangements include disruption of base pairing 

between U6 and U4 snRNAs, exchange of U1 for U6 interactions with the 5’ splice 

site, and formation of U6 snRNA base pair interactions with U2 snRNA10. 

Repositioning of the snRNPs results in dissociation of U1 and U4 snRNP from the 

spliceosome complex, which begins to activate the complex for splicing chemistry by 

forming Bact complex11.  Further ATP-dependent structural rearrangements results to 

the formation of B* complex, in which the first step of splicing chemistry occurs12,13.  

After the first step of splicing, C complex is formed, which maintains its grip with the 

lariat intermediate and cleaved 5’ exon14.  It is now thought that the spliceosome may 

exist in two forms: C1 and C2.  C1 forms directly after the first step of splicing15.  

Further structural rearrangements within the spliceosome must occur to bring 5’ exon 
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and 3’ splice site together in preparation for the second step of splicing suggesting a 

C2 form15.  Post-catalytic (P) complex is formed after exon ligation, but before 

mRNA is released as mRNP (Figure 3; chapter III).  Finally, U2, U5 and U6 snRNPs 

are disengaged from the released lariat intron and reused for the next round of 

splicing. 

It is clear that in addition to these known intermediate complexes, other 

transient conformations of the spliceosome likely exist during the stages of assembly 

and chemistry.  For researchers, the challenge of capturing and characterizing these 

conformations remains. 

3. The Role of DExD/H Box ATPases in Regulation of Spliceosome Assembly 

Spliceosomes contain over 200 distinct proteins that associate and dissociate 

during assembly.  The highly orchestrated rearrangements of the spliceosome have to 

be regulated to accurately remove intervening sequences.  Studies have implicated the 

use of ATP hydrolysis to catalyze RNA rearrangements throughout the splicing cycle 

by the spliceosomal DExD/H box ATPases16.  These proteins belong to a superfamily 

of ATPases some of which have been shown to have the ability to unwind RNA17.  

There are at least eight conserved DExD/H box RNA-dependent ATPases shown to 

play a role in assembling and disassembling the spliceosome as well as playing a role 

in fidelity.  These include Prp5, Sub2, Prp28, Brr2, Prp2, Prp16, Prp22, and Prp432,18 

(Figure 3; In humans, these proteins are officially named DDX46, DDX39B, DDX23, 

DHX16, DHX38, DHX8, DHX15, respectively, but I will employ the more 
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commonly used yeast nomenclature here).  According to S. cerevisiae studies, these 

ATPases are thought to play a role in regulating spliceosome assembly at specific 

steps16,18. 

 First to join the spliceosome is Prp5, which uses ATP hydrolysis to facilitate 

stable interactions between U2 snRNP and the branch site19.  Genetic studies have 

shown that Prp5 functionally or physically interacts with the U2 snRNA20.  It has 

been proposed that Prp5 removes a U2 snRNP protein, Cus2, to increase base pairing 

interactions between U2 snRNA and the intron20,21.  Prp5 also plays a role in 

proofreading the formation of U2/branch site interaction16.    

Sub2/UAP56 is required for addition of the U2 snRNP to the branchpoint 

region in formation of A complex22.  It is thought that Sub2/UAP56 promotes U2 

binding by displacing U2AF65 (U2 snRNP auxiliary factor 65 kD) and the 

branchpoint binding protein.  Studies have also shown that Sub2/UAP56 plays a role 

in later stages of spliceosome assembly by disrupting the interaction between U4/U6 

snRNAs, cooperatively working with other ATPases16,23.      

Prp28 has been shown to facilitate the exchange of interactions from U1:5’ 

splice site to U6:5’ splice site as one of the remodeling steps in B complex24.  This 

switch is important in order for the spliceosome to be activated.  It is thought that 

Prp28 uses its helicase activity to disrupt the RNA/protein interaction between U1-C, 

a U1 snRNP protein, and the 5’ splice site1.   
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Figure 3. Spliceosome assembly.  E complex forms upon binding of U1 to 5’ splices site.  

Addition of U2 to the branchpoint sequence forms A complex.  Joining of tri-snRNP 

(U5.U4/U6) marks the pre-catalytic form, B complex.  Structural rearrangements displace U1 

and U4 snRNP forming Bact, which transitions to B* after activation.  C1 complex forms after 

the first step of splicing, followed by formation of the activated C2 conformation.  Upon exon 

ligation, P complex forms, followed by mRNA release.  RNA-dependent ATPases: Sub2, 

Prp5, Prp28, Brr2, Prp2, Prp16, Prp22, and Prp43 (light purple). 
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U5200K/Brr2 is required for disrupting the interaction between U4 and U6 

snRNAs in later stages of spliceosome assembly25.  U5200K/Brr2 activity must be 

tightly regulated to prevent premature unwinding of U4/U6 snRNA during 

spliceosome activation.  At least two proteins, Prp8 and GTPase Snu114 have been 

implicated to coordinately regulate U5200K/Brr2 activity.  Studies have shown that 

the GDP state of Snu114 blocks the activity of Brr2, while its GTP state does not26.  

The post-translational modification of Prp8 by ubiquitylation has also been tied to 

Brr2 activity27.  Additionally, the C-terminal domain of Prp8 contacts both 

U5200K/Brr2 and Snu114 suggesting a role in coordinating Snu114 control of 

Brr21,26.    

Prp2 is required to promote the first step of splicing.  This ATPase is recruited 

by Spp2 protein, by direct interaction, during spliceosome assembly28-30.  It has been 

shown that Prp2 promotes conformational rearrangement prior to the first step of 

splicing; however, it is still poorly understood.  As a result from this rearrangement, 

U2 proteins, SF3a and SF3b are destabilized, which exposes the branch site 

adenosine1,31. 

Prp16 is a second-step factor that is recruited to C complex after formation of 

the lariat intermediate and free 5’ exon.  It is required for the second step of splicing, 

which hydrolyzes ATP to promote conformational rearrangement for the second step 

of splicing32,33.  Genetic studies have shown Prp16 to interact with Prp8, Isy1, and U6 

snRNA, which may suggest that it acts at multiple structural repositioning events in 
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the active site1.  It also plays a role in fidelity, along with Prp22, in an ATP-

independent manner to determine the correct 3’ splice site34. 

Prp22 is a second-step specific factor that is recruited to play an important 

role in spliceosome disassembly.  This RNA-dependent ATPase has been shown to 

function in promoting the second step of splicing, repress splicing errors, and assist in 

the release of the mature message34-36.  Prp22 has been suggested to promote the 

release of mRNA by disrupting base pairs in an ATP dependent manner35,37.  The 

disrupted interactions are thought to be between U5 snRNA and a U5 snRNP protein, 

Prp8, with the mRNA38.  Recent work has shown that Prp22 binds to the mRNA at 

the 3’ exon after the second step of splicing, but before mRNA release39.  

Spliceosome disassembly from the mRNA requires the presence of Prp22 with more 

than 13 ribonucleotides downstream of the 3’ splice site in the mRNA39.  In S. 

cerevisiae, mutation of wild-type Prp22 to a helicase-deficient mutant results in 

accumulation of an mRNA-retaining complex36.  Such a post-catalytic spliceosome 

complex (P, Figure 1) has not been structurally characterized in humans.  Considering 

Prp22 activity, this post-catalytic complex can be captured in two ways by mutating 

Prp22 or by trimming off the binding site for Prp2239,40.   

 After the mRNA is released, the lariat intron is dissociated from U2, U5, and 

U6 snRNP with the help of Prp43.  This ATPase is recruited by NTR1 and NTR2 to 

the spliceosome, which then catalyzes the release of lariat intron41,42.  U2, U5, and U6 

snRNPs are then recycled for the next round of pre-mRNA splicing. 
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 These ATPases have been used as tools to study the spliceosome.  Studies 

have shown that a temperature-sensitive mutant of Prp2 can be used to stall Bact 

complex11,31.  Those studies have allowed others to determine that Cwc25, Spp2 and 

ATP are the minimum requirement to activate the spliceosome15,28,43.  A mutation in 

the DEAH box motif of Prp16 has been used to stall spliceosomes between the first 

and second steps of splicing31.  Additionally, a helicase-deficient mutant Prp22 was 

used to stall spliceosomes after the second step of splicing in S. cerevisiae31,36.  

Although it is known where these ATPases are required at a particular step, the exact 

substrates of these ATPases within the spliceosome are still poorly understood.  It is 

also still a question how these ATPases promote structural rearrangements and 

fidelity throughout the splicing cycle. 

4. Structural Studies of Spliceosome Complexes 

Because of the megadalton size and multi-component characteristics of the 

spliceosome, it has been a big challenge to determine high-resolution structures.  

Several structural studies of stalled spliceosome complexes, individual snRNPs, and 

specific spliceosomal proteins have emerged in recent years.  Structural techniques 

used included mass spectrometry, x-ray crystallography, and electron microscopy 

(EM)1.  In order to study the structure of the spliceosome, many labs have developed 

ways to stall assembly to capture snapshots of this dynamic machinery.  Stalled 

spliceosome complexes have been useful to the field to further elucidate its function 

in splicing.   
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The spliceosome machinery is highly dynamic and involves the exchange of 

many proteins from one stage to the next.  To build parts lists of individual proteins 

involved at specific stages of spliceosome assembly, complexes were stalled and 

isolated.  The identities of proteins present in affinity-purified complexes are revealed 

by mass spectrometry techniques.  For example, the human B and C complex were 

shown to be made up of ~110 proteins, while yeast contains ~60 proteins in B and 

~50 proteins in C1.  In these studies, specific proteins found in B complex appear to 

be destabilized before or during the transition to C complex.  These proteins are the 

SF3a and SF3b components and U1-, U4- and U6-associated proteins.  These studies 

also revealed proteins that are recruited specifically at C complex, such as second-

step factors, NTR complex, and C complex-specific proteins11,14,31.  These results 

strongly suggested that major structural rearrangements occur in the transition from B 

to C complex.  As the spliceosome transitions from the first to the second step of 

splicing, it is still unclear which proteins remain stably associated during this 

transition.  The relative amounts of the proteins involved during catalytic steps are 

also not known.  Quantitatively analyzing the protein composition of spliceosome 

complexes will help resolve these issues.   

Determining higher-resolution structures solved by X-ray crystallography is 

limited to individual spliceosomal proteins and single snRNPs.  Many structures have 

been determined, but only a few reveal important insights into the active site of the 

spliceosome.  In 2007, the crystal structure of the C-terminal domain of Prp8 was 

solved and revealed the Jab1/MPN core domain.  These domains are found to play a 
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role in removing ubiquitin from modified proteins44.  This study was followed by 

another Prp8 structure, which showed that ~250 amino acids of Prp8 just upstream of 

the Jab1/MPN domains interact with the 5’ splice site of pre-mRNA, U2, and U6 

snRNAs45,46.  This structure revealed an RNase H-like domain that may play an 

important role in activated snRNA and pre-mRNA arrangement1.  These studies 

suggested that Prp8 plays an important role in structural rearrangements during 

catalysis to assist the exons in the catalytic core.   Another significant advancement in 

structural studies of spliceosome components is solving the crystal structure of U1 

snRNP.  This structure was comprised of U1 snRNA, seven Sm proteins, parts of U1-

C protein, and U1-70K protein; however it lacked U1-A47.  Further investigation is 

necessary to obtain high-resolution structures of all splicing proteins to understand 

how they all work together.  

Examining the structures of larger and more complex splicing intermediate 

complexes is limited by the quantity of purified spliceosomes that can be prepared, 

which has made single-particle electron microscopy the current method of choice for 

structural analysis.  Several 3D reconstructions have been reported at between 25-40 

Å resolutions.  The human BΔ1 complex revealed a triangular main body with a 

dimension of 370 Å48.  The 3D map of the U5, U4/U6 tri-snRNP has also been 

determined at ~25 Å resolution.  In yeast, by genetically adding tags to specific tri-

snRNP proteins the structural positions of U5 and U4/U6 specific proteins were 

determined by EM49.  The human C complex consists of three main subdomains with 

a dimension of 270 Å50.  Labeling of the pre-mRNA using beta-pp7 determined that 
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the 5’ and 3’ exons are in close proximity in C complex51.  High-resolution 3D 

models are still necessary to understand the structure and function of the spliceosome.  

Improving sample preparation and EM techniques will significantly improve the 

resolution of structures for this megadalton machinery. 

5. Rearrangement at the Spliceosome Core during Catalysis 

Spliceosomes undergo several rearrangements throughout the splicing cycle.  

Structural changes between RNA-protein and RNA-RNA intermediate are required as 

the spliceosome catalyzes both steps of splicing.  In terms of RNA-RNA interactions, 

the 5’ end of U6 snRNA base pairs with the 5’ ss, which results in displacement of 

U1 snRNA prior to activation of the spliceosome.  U6 snRNA also forms extensive 

base pairing with U2 snRNA bound to the branchpoint, which brings the 5’ ss and 

branchpoint into close proximity to each other for the first catalytic step.  Formation 

of U2/U6 base pairing forms three helices, helix Ia, Ib and II52-54.  In addition, U6 

snRNA has been shown to form an intramolecular stem-loop (U6-ISL), which has 

been suggested to play a role during catalysis55 (Figure 4).  U2 snRNA also forms 

intramolecular stem-loops that have been suggested to toggle between two 

conformations depending on the stage of assembly.  It is thought that formation of U2 

stem-loop IIa promotes U2/branchpoint interaction in pre-activated spliceosomes and 

U2 stem loop IIc forms to promote the first step of splicing56. 

Two models have been suggested for U2/U6 snRNA interaction during activation.  

First, U2 and U6 are thought to form three helices (Ia, Ib, and II), where helix Ib is 
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the U6 AGC triad57.  The other model suggests that the U6 AGC does not base pair 

with U2, but instead base pairs with other nucleotides of U6.  This leads to the 

formation of an intramolecular stem loop within U2, which creates a four-way 

junction of U2/U6 interactions58.  Further investigation is necessary to distinguish 

between the two models for proper RNA/RNA interactions during the catalytic steps. 

U5 snRNA also plays an important role during catalysis.  It has been shown 

that the U5 snRNA loop I crosslinks to both exons within the spliceosome38,59.  These 

studies suggested that U5 loop 1 aligns the two exons for the second step of splicing.  

Pre-mRNA substrates and snRNAs alone cannot catalyze splicing, but also 

require proteins to create the spliceosome active site.  U2, U6, U5 snRNPs, PRP19 

complex proteins, and other regulatory proteins are present in the activated 

spliceosome.  For example, Prp2 promotes structural rearrangements that result in the 

displacement of a U2 component, SF3 complex, from the branchpoint31.  This 

displacement is likely to expose the chemically reactive 2´ OH of the branchpoint 

adenosine for the first step, however the exact mechanism is still unclear.  

Additionally, it has also been shown that Spp2 and Cwc25 are required along with 

Prp2 to promote the first step of splicing28,43. 

With the first step of splicing, lariat intermediate and cleaved 5´ exon are 

produced within the catalytic site of the complex.  At this stage, the spliceosome must 

reposition the lariat intermediate to bring the 3´ ss and 5´ exon closer in proximity for 

the next step. The second step factors Prp16, Prp22, Prp18, and Slu7 are recruited to 

the complex between the two catalytic steps and play a role in this transition15. 
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Figure 4. Model of U2/U6 snRNA secondary structure of the catalytic core.  U6 snRNA 

(pink), U2 snRNA (blue), and pre-mRNA (grey).  U6 Intramolecular stem loop (U6-ISL).
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However, the specific roles of these proteins in activated spliceosomes are not yet 

known.   

It is also still unclear how the spliceosome maintains a grip on the splicing 

intermediates at this stage.  Crosslinking studies in both yeast and human have been 

useful to determine direct RNA-protein interactions and provide some insights into 

which proteins interact with pre-mRNA during catalysis.  A crosslinking study of B 

complex, stalled using heat-sensitive Prp2, showed that Prp8, a U5-associated protein, 

interacts with the branch site, and 5’ and 3’ exons60.  A ~200 kD protein was also 

shown to crosslink to regions of the 5’ and 3’ exons in C complex, which is likely 

Prp861,62.  These data suggest that Prp8 plays a critical role throughout the splicing 

cycle, specifically for repositioning pre-mRNA.  In yeast studies, after exon ligation, 

additional crosslinks at ~17 nts downstream of the 3’ ss reveal a 155 kD protein, 

which is likely Prp22p (130 kD).  This protein is required for mRNA release after the 

second step of splicing39.  

 An open question is how the spliceosome uses a single active site for both 

steps of splicing63.  A conformational “two state model” posits that after the first step 

of splicing, the spliceosome displaces the lariat intermediate from the catalytic site to 

reposition the 3’ ss for the next step.  To reposition the splicing intermediates, the 

catalytic center must unlock or adapt an “open” conformation.  Once the 3’ss is 

moved, a “closed” conformation is formed for the second step of splicing63.  After the 

second step of splicing, the mRNA is released by disrupting its interaction with the 
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spliceosome.  It is still unclear whether RNA, protein, or both are holding on to the 

exons. 

6. Concluding Remarks 

The spliceosome is a multi-megadalton machine that contains RNA and 

protein components.  To precisely carry out pre-mRNA splicing, the spliceosome 

must be highly regulated.  As the spliceosome assemble and become activated, 

exchanges between RNA/RNA, RNA/protein, and protein/protein interactions must 

occur.  After the first step of chemistry, the spliceosome must reposition the pre-

mRNA to carry out the second step.  The structural rearrangements that occur in the 

later steps of spliceosome assembly are still largely unknown.    

In this thesis, I investigate two states of spliceosome complexes: Catalytic (C) 

and Post-catalytic (P).  In chapter 2, I analyzed the pre-mRNA interactions and 

investigated the role of exon sequences before second-step chemistry.  Using EM 

analysis, I showed differences in the structure of C complex when exon sequences 

were removed.  In chapter 3, I developed a new strategy to capture the spliceosome 

complex after the second step of splicing, which was named P complex.  I compared 

both C and P complexes by mass spectrometry analysis, oligonucleotide-mediated 

RNaseH, and crosslinking assays.  Finally, in chapter 4, I used electron microscopy 

studies to compare both complexes in more detail.  This chapter also shows the first 

3D model of the spliceosome stalled at the post-catalytic state.    

This thesis provides insights into how the spliceosome structurally rearranges 

as it transition from the first to the second step of splicing and from the second step to 
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mRNA release.  This work suggests new roles for an ATPase, DHX35 around the 

second step chemistry and SF3B components after exon ligation.  Capturing the 

spliceosomal complexes in a new state provides a system for further characterizing 

the detailed interactions at the heart of the spliceosome during the second step. 

 



  20 

Chapter II: The role of exon sequences in C complex 

spliceosome structure 

1. Abstract 

Pre-mRNA splicing is catalyzed by a large ribonucleoprotein complex called 

the spliceosome.  Previous electron microscopy reconstruction of C complex 

spliceosomes arrested between the chemical two steps of splicing revealed an 

averaged core structure consisting of three primary domains surrounding a central 

cavity.  Here we characterize the involvement of pre-mRNA in this structured core of 

C complex by protection mapping.  We find that the end of the cleaved 5′ exon and 

intron sequences flanking the branched lariat are buried in the complex.  Upstream 

regions of the 5′ exon and the entire 3′ exon, including the mutant 3′ splice site are 

accessible and can be removed by nucleolytic cleavage.  Furthermore, we show that 

the second step active site of the complex, which is arrested by a 3′ splice site 

mutation, can accept a normal 3′ splice site in trans to catalyze exon ligation.  

Removing the accessible exon regions alters the protein composition of the complex, 

but the core spliceosome proteins associated with the U2, U5, U6 snRNPs, the Prp19 

complex as well as several other proteins remain intact.  2D averaged images of the 

exon-trimmed complex closely resemble the C complex assembled on a full-length 

pre-mRNA, supporting the hypothesis that the EM model of C complex reflects the 

core structure of a catalytically competent particle.  Trimming the 3′ exon does, 
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however, alter the distribution of particles that appear to be missing some density, 

suggesting that the exon plays a role in stabilizing C complex. 

2. Introduction 

The spliceosome is the large and dynamic macromolecular complex 

responsible for pre-mRNA splicing, the nuclear process by which introns are removed 

and exons joined to generate functional mRNAs for protein translation.  A significant 

portion of the spliceosome is made up of RNA in the form of uridine-rich small 

nuclear RNAs (U snRNAs) U1, U2, U4, U5 and U6.  Understanding how the 

spliceosome positions RNA, both that of its own machinery and the substrate pre-

mRNA, is important for delineating the fundamental mechanisms of splicing.  The 

spliceosomal U snRNAs are highly structured and intimately involved in spliceosome 

assembly and function, participating in both RNA:RNA and RNA:protein 

interactions64.  However, no evidence has been presented to suggest that the pre-

mRNA substrate is highly structured in the context of the spliceosome.  Previous 

studies have shown extensive intermolecular interactions of pre-mRNA with snRNAs 

and with several proteins in the regions immediately flanking the splice sites and 

branch site in the catalytic complex62,64-67.  No additional interactions with exonic 

regions farther from these sites have been identified.  A likely scenario is that the 

spliceosome assembles on the splicing consensus sequences, with the intron sequence 

looped out to bring the branchpoint and 5' splice site together for the first step of 

splicing chemistry.  The complex must then continue to grasp the free 5′ exon while 
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positioning its 3′ end at the 3′ splice site for exon ligation.  There is evidence for two 

separate active sites and a conformational change of the complex between the two 

steps of splicing63,68, but how that rearrangement impacts the path of the pre-mRNA 

through the spliceosome is unknown.   

Several three-dimensional models of spliceosomes and their U snRNP 

subunits have been determined by electron microscopy and single particle analysis 

(reviewed in 69).  All these structures exhibit limited resolution, likely due to a 

combination of conformational and compositional heterogeneity.  Stark and 

colleagues showed evidence for multiple conformations of spliceosome domains in 

the tri-snRNP and pre-catalytic spliceosomes48,49,70.  For C complex spliceosomes, 

which are arrested between the first and second steps of chemistry, multiple 

conformations have not yet been described, although evidence for structural 

flexibility and/or substoichiometric association of several protein components exists.  

Previous and recent mass spectrometry analyses of C complex protein composition 

indicate that over 150 proteins are associated with the complex14,71.  Yet, the 

combined mass of all these cannot be accommodated in the averaged EM structure, 

suggesting that only a subset of the associated proteins is ordered in the structure.  In 

addition to proteins that associate with the complex substoichiometricly and are 

therefore not fully represented in the average structure, we hypothesize that a portion 

of the apparent “missing mass” correlates with flexible regions of the complex.  If 

these flexible regions are unstructured relative to the core splicing machinery, they 
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also would not be visualized in the averaged EM model.  One potential source for 

flexibility in C complex spliceosomes is the pre-mRNA substrate on which the 

spliceosome is assembled.  We built C complex on a relatively long pre-mRNA 

substrate (~400 nt) that provides potential binding sites for both splicing specific and 

non-specific RNA binding proteins.  In fact, a large number of proteins in C complex 

that also associate with the pre-mRNA under conditions that do not support splicing 

have been identified, suggesting that these proteins do not contribute to the 

spliceosome14,72. 

In order to explore the structure of the pre-mRNA in the context of the 

spliceosome, we mapped the accessible regions of pre-mRNA in C complex.  We find 

that the part of the intron and the majority of exonic sequences are accessible to 

cleavage.  Additionally the mutant 3′ splice site of the substrate is not protected from 

cleavage, suggesting that it may not be located in the active site of the complex.   

Consistent with these observations we find that our C complexes are capable of 

splicing to a 3′ exon provided in trans, indicating that the active site is available and 

competent for exon ligation.  Release of the accessible exonic sequences (exon 

trimming) alters the protein composition of the complex but the U2, U5 and U6 

snRNPs and the Prp19 complex proteins remain intact.  EM image analysis shows 

that exon trimming does not significantly change the averaged core structure.  This 

observation supports our hypothesis that much of the pre-mRNA in the complex is 

unstructured relative to the catalytic core and does not contribute to the averaged EM 
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model.  We do find, however, that removal of the 3′ exon enriches for particles 

missing a significant density domain allowing us to now differentiate between two 

conformations of C complex.  Furthermore, this enrichment suggests that regions of 

the exon may serve to stabilize part of the C complex structure.   

3. Protection mapping of C complex spliceosomes suggests a path for pre-mRNA 

As previously described, we assembled C complex spliceosomes on a 

derivative of the AdML gene product that harbors an AGGG mutation at the 3′ 

splice site along with an extended polypyrimidine tract14.  In an in vitro splicing 

reaction, this pre-mRNA will go through the first step of chemistry yielding a cleaved 

5′ exon and lariat intermediate.  However, the second step of splicing, exon ligation, 

is blocked due to the absence of a functional 3′ splice site, and a stable population of 

C complex spliceosomes accumulates.  In order to gain insight into the structure of 

the pre-mRNA in blocked C complex spliceosomes, we employed an RNase H 

digestion assay to map protected and accessible regions of the pre-mRNA73.  RNase 

H cleaves RNA in DNA/RNA hybrids and, in concert with DNA oligo binding, can 

be used to probe RNA for stable structure and/or tightly bound proteins74.  Using a 

series of 15-18 nt DNA oligos that are complementary to sites along the entire length 

of the pre-mRNA substrate (421 nt, Supplementary Figure 1), we incubated an excess 

of each oligo individually with C complex spliceosomes assembled in nuclear extract.  

If a hybrid is formed, endogenous RNase H will cleave the pre-mRNA as evidenced 

by a decrease in intensity of the pre-mRNA band concomitant with appearance of 
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lower running cleavage products in a denaturing gel (Figure 1).  Demonstrating that 

the oligos we employed are able to stimulate digestion, we observe cleavage at every 

position of the unspliced pre-mRNA remaining in in vitro splicing reactions with the 

exceptions of the branch site and its flanking regions (Figure 1a).  To confirm that the 

three oligos targeted to these positions are indeed capable of binding and mediating 

RNA cleavage, we repeated the protection assays for those oligos using naked pre-

mRNA and exogenous RNase H and observe digested RNA (Figure 1b).   

Turning our attention to the first step splicing intermediates species (free 5′ 

exon and lariat intermediate) contained within C complex, we identified unprotected 

regions primarily by the decrease in band intensity of these species relative to control 

reactions with no cleavage oligo present (Figure 1a, lane U).  Also, when digested 

within the lariat structure, the lariat intermediate shows a characteristic upward 

mobility shift in the gel, likely as a result of the Y-shape created by cleavage (Figure 

1a, lanes 11-14).  Note that often we cannot assess digestion of the splicing 

intermediates by production of cleavage products, as they co-migrate with some 

cleavage products derived from unspliced pre-mRNA.  For each oligo position we 

confirmed the digest results by comparing the relative ratio of 5′ exon to lariat 

intermediate from three to five independent cleavage experiments to derive the 

average cleavage efficiency.  We find that the first ~100 nt of the 5′ exon is largely 

unprotected (Figure 1a, lanes 1-6).  There is an intermediate protection (47% average 

cleavage) centered 88 nt upstream of the 5′ splice site (Figure 1a, lane 3).  We have 
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not determined the identity of the potential RNA binding factor responsible for this 

protection, but analysis of the sequence with the Human Splicing Finder 75 shows that 

a consensus SF2/ASF binding site is contained within this region.  In contrast to the 

upstream 5′ exon, the 30 nt region preceding the cleaved 5′ splice site is protected as 

evidenced by similar band intensity of first step intermediates relative to control 

reactions (Figure 1a, lanes 7-9) as previously shown14,66.  Within the lariat 

intermediate, the central portion of the intron (Figure 1a, lanes 11-14) is unprotected 

although there is another intermediate protection (59% average cleavage) centered 44 

nt upstream of the branchpoint (Figure 1a, lane 14).  In contrast, the intron is 

protected over the 20 nt region downstream of the 5′ splice site (Figure 1a, lane 10), 

the 35 nt region upstream of the branch point sequence (Figure 1a, lanes 15-16), and a 

21 nt region of the polypyrimidine tract directly downstream of the branch point 

(Figure 1a, lanes 17-18).  Finally, the region from 12 nt upstream of the 3′ splice site 

through the entire 3′ exon (Figure 1a, lanes 19-21) is largely not protected (>75% 

cleavage).   Intriguingly, lack of protection at the 3′ splice site was previously 

observed in spliceosomes blocked for the second step by heat-inactivating HeLa 

nuclear extract76 as well as in S. cerevisiae spliceosomes blocked by Prp16 

inactivation39.  When we repeated the protection assays with affinity-purified C 

complexes using exogenous RNase H, we see the same pattern of protections as with 

complexes in nuclear extract, with the exception of the protection we see at the 

polypyrimidine tract downstream of the branch point (T. Quan and M. Jurica, data not 
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shown).  The loss of a protection in the purified complexes at the polypyrimidine tract 

suggests that the spliceosome component(s) associated with that region are not stably 

bound under the conditions used for purification.  Further experiments are necessary 

to identify this species and the parameters of its association with the polypyrimidine 

tract in C complex. 

We interpret the protection mapping results to mean that the 3′ end of the 5′ 

exon participate in the spliceosome complex, as previously suggested66.  In that study, 

it was shown that Prp8, some EJC components and several other unidentified proteins 

crosslink to the 5′ exon in this region.  The regions surrounding the branched 

structure of the intron including the 5′ end of the intron, which is coupled to the 

branchpoint adenosine by a 2′-5′ linkage, also appear to be buried in the complex.  

The source of these protections remains to be explored, although there are a number 

of likely candidates.  Several proteins, including Prp8, p14 and KIAA560 (IBP160), 

have been crosslinked in the branchpoint region of C complex spliceosomes62,77.  

We hypothesize that the unprotected portions of the pre-mRNA we observe 

(the majority of the 5′ exon, a central region of the intron upstream of the branchpoint 

and the entire 3′ exon) extend from the core complex.  This interpretation suggests 

that boundaries between protected and unprotected regions represent the points where 

the pre-mRNA enters and exits the spliceosome.  The lack of protection at the mutant 
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Figure 1. RNase H protection mapping of pre-mRNA in C complex spliceosomes. (a) 

Denaturing gel of RNA extracted from in vitro splicing reaction.  The first lane is from a 60’ 

reaction time point showing from top to bottom the positions of lariat intermediate, pre-

mRNA and 5′ exon, as schematized at the left.  Subsequent lanes are from reactions 

supplemented with DNA oligo targeting the pre-mRNA sequence at positions diagrammed at 

the top.  Oligos 1-9 target the 5′ exon, oligos 10-15 target the intron up to the branch point, 

oligos 16-19 target the intron downstream of the branch point and lanes and oligos 20-21 

target the 3′ exon.  Arrowheads indicate the targeted splicing intermediate bands.  Note that 

digestion products arise from both unspliced pre-mRNA and the first step products of 

splicing.  The average percent cleavage efficiency of the targeted 5’ exon or lariat 

intermediate is graphed above the pre-mRNA schematic.  (b) Control RNase H digest with 

oligos 16-18 using naked RNA.
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3′ splice site may indicate the necessity of a functional AG dinucleotide to bring or 

hold the 3′ exon in the active site of the spliceosome. 

4. C complex blocked by mutant 3’ splice site is capable of exon ligation 

Recently Bessonov et al. reported the composition of C complex spliceosomes 

assembled on a pre-mRNA lacking a 3′ exon which are catalytically competent for 

the second step of chemistry when provided with a 3′ exon in trans 71.  Considering 

the similar composition of our C complex blocked by a 3′ splice site mutation 14 and 

our observation that the mutant 3′ splice site is unprotected and apparently not held 

tightly in the active site of the spliceosome, we tested whether C complex arrested for 

a 3′ splice site is also competent for bimolecular exon ligation.  After assembling C 

complex in nuclear extract on a lightly radiolabeled pre-mRNA with a 3′ splice site 

mutation, we added a second highly radiolabeled RNA to serve as a trans second step 

substrate.  The trans substrate is composed of the same 3′ exon as the pre-mRNA 

preceded by seven nt which includes a wild type 3′ splice site (CAG) followed by two 

additional nt (Figure 2a).  Upon continued incubation of the reaction, we observe the 

formation of a band corresponding to the expected length of ligated exons (Figure 

2b).  We confirmed the identity of the band by gel purification followed by RT-PR 

using exon specific primers, which resulted in amplification of a band of the 

appropriate length for mRNA (Figure 3a).  Sequencing the RT-PR product showed 

formation of the correct splice junction expected for the bimolecular splicing product, 
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which contains a 3 nt insertion following the splice site relative to the mutant cis 

substrate (Figure 3b).  Surprisingly, the sequencing results also revealed evidence for 

the production of an additional splice product with a second sequence signal 

appearing downstream of the splice junction.  The sequence of this second mRNA 

can only be explained by splicing also occurring in cis at the mutant 3′ splice site 

following the first G of the GG mutation, the mRNA product of which would also be 

a target for the RT-PR amplification.  To confirm this supposition, we extracted RNA 

from a splicing reaction containing only the 3′ splice mutant pre-mRNA.  Although, 

we again see no evidence of mRNA product by denaturing gel analysis, the more 

sensitive RT-PR assay, using primers to the 5′ and 3′ exons, amplifies a weak mRNA 

band (Figure 3c).  It is likely that cis splicing to the non-canonical splice site is very 

inefficient, but given the high local concentration of the tethered mutant cis 3′ splice 

site relative to the freely diffusing WT trans substrate in the biomolecular reaction, it 

is not surprising that we detect both products.  We conclude that although the fidelity 

of the mutation blocked C complex may be slightly relaxed, the complex is capable of 

exon ligation. 

5. Extended exon sequences are tethered to the spliceosome through RNA 

To explore the hypothesis that the unprotected regions of the exons are not 

integral to the structured core of C complex spliceosomes, we tested whether the 

exons remain associated with purified C complex following oligo-mediated RNase H  
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Figure 2. Bimolecular exon ligation by C-complex assembled on 3′  splice site mutant 

pre-mRNA.  (a) Schematic of the bimolecular assay testing ligation of a trans second step 

substrate containing a wild type 3′ splice site.  (b) Denaturing gel analysis of RNA extracted 

from in vitro splicing reactions using wild type (WT) pre-mRNA or 3′ splice site mutant pre-

mRNA (MUT) at time points indicated. Schematized at the left are, from top to bottom, lariat 

intermediate, lariat intron, pre-mRNA, mRNA, 5′ exon, debranched intron and trans second 

step substrate.  The * denotes an exonucleolytic “chew back” product of the lariat 

intermediate.  The plus sign (+) indicates reactions in which the trans second step substrate 

was added following the 30’ time point.  To the far right is a longer exposure of the indicated 

lanes.  
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Figure 3. (a) Agarose gel analysis of RT-PCR reactions using RNA extracted from the 

indicated bands of the denaturing gel shown in Figure 2 as template and 5′ and 3′ exon 

primers. The positions of molecular weight markers are indicated on the left. (b) Sequencing 

read of the mRNA RT-PR product at the exon junction.  (c) Agarose gel analysis of RT-PR 

reactions using RNA extracted from a splicing reaction containing a WT pre-mRNA substrate 

(WT), a 3′ splice site mutant pre-mRNA substrate (MUT) or no pre-mRNA substrate (--).  

Again, primers were directed to the 5′ and 3′ exons.  M indicates a marker lane. 
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cleavage near the protection boundaries.  For the 5′ exon intermediate, we cleaved 

with an oligo centered at -54 nt upstream of the 5′ splice site resulting in two 

digestion products, a longer 5′ fragment and a shorter 3′ fragment.  Following 

purification of the complex via an MS2-affinity tag located in the intron, we observe 

that the shorter downstream fragment is retained in the complex (Figure 4a).  The 

upstream region of the 5′ exon is lost during the purification, indicating that its 

association with the complex is primarily mediated through the RNA and not through 

stable protein/RNA or RNA/RNA interactions.  Cleavage with an oligo centered at 

the 3′ splice site results in a small downward shift in migration of the lariat 

intermediate (Figure 4a).  Interestingly, the migration of this cleavage product 

resembles a 3′-5′ exonucleolytic decay product often detected with this splicing 

substrate78.  This observation further supports our hypothesis that the 3′ exon is 

accessible, and that the 3′ splice site is downstream of the pre-mRNA’s exit point 

from the spliceosome in the arrested C complex.  The cleaved downstream 3′ exon, 

which lacks a protective cap structure, is rapidly degraded in the extracts and 

apparently not retained in the complex.  In total, we “trimmed” 157 nt of exon 

sequences from the complex, leaving 165 nt of pre-mRNA plus the MS2 affinity-tag 

sequence.  To confirm that removal of the flanking exon sequences does not disrupt 

the integrity of the core C complex, we used northern analysis to examine whether the 

spliceosomal U snRNAs remain associated with the exon-trimmed complexes.  As 

with untrimmed C complex, in which the exons are intact, we detect U2, U5 and U6 
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snRNAs, indicating that the exon-trimmed complexes were not grossly disrupted 

(Figure 4b). Furthermore, EM images of negatively stained exon-trimmed  

spliceosomes (Figure 4c) show that the complexes have roughly the same size and 

appearance as untrimmed C complexes (Figure 4d). 

6. Core spliceosome proteins remain with trimmed C complex 

To confirm that removing the extended exons does not disrupt the core splicing 

machinery, we used mass spectrometry (MS) to analyze C complex spliceosomes 

from which the flanking exon sequences had been removed and compared the list of 

protein components identified in untrimmed C complex.  The number of unique 

peptides identified for different spliceosome associated proteins by LC MS/MS is 

listed in Table 1.  In both untrimmed and exon-trimmed C complex we find that most 

U2 and U5 snRNP proteins, along with the Prp19 complex-associated proteins and 

second step factors are present and represented by significant numbers of unique 

peptides.  However, for the exon-trimmed complexes, we observe that on average 

peptide numbers identifying proteins are reduced, likely due to a difference in sample 

amounts.  As previously noted71, U2 SF3a 60 kd and 66 kd components and SF3b 49 

kd are not consistently identified in C complex, suggesting that these proteins’ 

associations with the complex may be less stable during this stage of spliceosome 

assembly.  Alternatively, our purification conditions may not support stable binding 

of SF3a to the spliceosome.  A set of proteins that appear to be recruited to the 

spliceosome at B complex and remain throughout C complex were represented in 
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Figure 4. Flanking exon sequences do not contribute to C complex stability. (a) 

Denaturing gel analysis of pre-mRNA in C complex following exon cleavage.  Following 

spliceosome assembly (untrimmed) oligos targeting the 5′ exon 54 nt upstream of the 5′ 

splice site (denoted by #), directly upstream of the 5′ splice site (*) and the 3′ splice site (&) 

are added to direct RNase H mediated cleavage (trimmed).  Following size exclusion 

chromatography (load) the complexes are affinity purified via an MS2-MBP affinity tag 

(elution).   RNA species are schematized at the left.  (b) Northern analysis for the 

spliceosomal U snRNAs.  Lanes are nuclear extract (NE) as a control for the position of the 

snRNAs, untrimmed C complex, 5′ exon trimmed C complex (5T) and double 5′ and 3′ exon 

trimmed C complex (dT).  The arrow denotes the position of the radiolabled full length 5′ 

exon.  (c) Electron micrograph of negatively stained untrimmed C complex.  The bar is 100 

nm.  (d) Electron micrograph of negatively stained exon trimmed C complex.
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both trimmed and untrimmed samples, some of which remain after 1 M salt treatment 

71.  We find that a number of proteins that appear only in C complex are still 

associated after exon trimming, although most of these appear to disassociate in the 

presence of 1M salt71.  Together, these data further define the core C complex 

spliceosome proteins. 

Although mass spectrometry analysis is not strictly quantitative, we find that a 

number of proteins shown to bind pre-mRNA in the absence of splicing are 

underrepresented in the exon-trimmed C complexes compared to untrimmed C 

complex.  As expected, these proteins include nuclear cap binding proteins in addition 

to several hnRNP proteins.  A number of proteins unique to C complex spliceosomes 

are also not detected in the exon-trimmed complexes.  While it is unclear to what 

extent sample amounts contribute to the observed differences in protein detection, we 

note that these proteins are also lost after 1M salt treatment71.  Our data support the 

supposition that these proteins are located at the periphery of C complex and are not 

stable core components.  Important for our structural analysis, the combined 

molecular weight of the proteins identified in the exon-trimmed C complexes (~ 4 

megadaltons) is less than that of the untrimmed C complexes (~6 megadaltons).  We 

point out that the total mass of the complexes as estimated by mass spectrometry 

represents an upper limit that  
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Table 1. LC-MS/MS analysis of C complex spliceosomes. 

Entrez 

ID Protein S.c.  MW  Ca Cb  Tr core 

snRNP core protein 

6628 SmB/B' Smb1p 24 • 9 1   • 

6632 SmD1 Smd1p 13 • 6 3 • 

6633 SmD2 Smd2p 14 • 15 3 • 

6634 SmD3 Smd3p 14 • 7 1 • 

6635 SmE1 Sme1p 11 • 8 3  

6636 SmF1 Smf1p 10 • 1  • 

6637 SmG1 Smg1p 9 • 4  • 

U2 snRNP associated proteins 

6627 U2-A' Lea1p 28 • 16 2 • 

6629 U2-B'' Msl1p 26 • 9 2 • 

51639 p14 Snu17p 15  1 1 • 

23451 SF3b155 Hsh155p 146 • 4 9 • 

10992 SF3b145 Cus1p 98 • 8 3 • 

23450 SF3b130 Rse1p 136 • 12 28 • 

84844 SF3b14b Rds3p 12  3 1 • 

10291 SF3a120 Prp21p 89 • 6 8 • 

1665 hPRP43 Prp43p 93 • 3 6 • 

U5 snRNP proteins 

10594 PRP8 Prp8p 274 • 88 28 • 

23020 U5-200kD Brr2p 206 • 63 32 • 

9343 U5-116kD Snu114p 109 • 50 38 • 
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9416 U5-100kD Prp28p 96 • 3 3  

9410 U5-40kD  39 • 19 5 • 

Second step factors 

9785 PRP16 Prp16p 140 • 3 2 • 

51362 PRP17 Prp17p 66 • 23 5 • 

10569 SLU7 Slu7p 68 • 16 3 • 

1659 PRP22 Prp22p 139 • 40 10  

PRP19 complex associated 

27339 PRP19 Prp19p 55 • 26 14 • 

22938 SKIP Prp45p 62 • 20 8 • 

988 CDC5 Cef1p 92 • 42 14 • 

51340 CRN Clf1p 99 • 89 44 • 

57461 ISY1 Isy1p 33 • 23 3 • 

5356 PRL1 Prp46 58 • 14 10 • 

55696 RBM22 Ecm2p 47 • 10 6 • 

10450 PPIE  33 • 16 3 • 

3312 HSP73 Ssa1p 71 • 19 10  

9716 IBP-160  171 • 73 24 • 

51645 PPIL1  18 • 9 2 • 

25949 GCIP-IP Syf2p 29 • 19 1 • 

10286 BCAS2 Snt309p 26  10 1 • 

Proteins present in B and C complexes 

57703 KIAA1604 Cwc22p 57 • 24 10 • 

8446 DDX16 Prp2 119 • 2 4  

23759 PPIL2 59 •  3  
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84811 BUD13 Bud13p 71  1 2 • 

10283 SDCCAG10 Cwc27p 54 •  2  

Entrez 

ID Protein S.c.  MW  Ca Cb Tr core 

Proteins unique to C complexes 

60625 DHX35  79 • 10 5 • 

51428 DDX41 70 • 20 5  

58509 C19orf29  99 • 11 4  

23398 PPWD1  74 • 24 6  

55094 GPATCH1  103 • 6 1  

51503 HSP148 Cwc15p 27 • 7 3* • 

8896 G10 Cwc14p 17  13 5* • 

53938 PPIL3b  18 • 8 1*  

Proteins in C complex not found after exon trimming 

151903 CCDC12  19  8   

51759 HSP220  34 • 3   

84292 MORG1  34 • 4   

8220 DGSI  53 • 5   

9130 XAP-5   40 • 8   

51070 NOSIP  33 • 5   

63932 NKAP  26 • 6   

26017 FAM32A  13  10   

11100 HNRPUL1  96  3   

EJC / mRNP proteins 

9775 eIF4a-III  47 • 14 2 • 
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4116 Magoh  17 • 8 1 • 

9939 Y14  20 • 3  • 

6428 SRp20  19 • 3   

hnRNP proteins 

10949 hnRNP A0  31  5   

3178 hnRNP A1  39 • 10 3  

3181 hnRNPA2/B2  41 • 8 2  

220988 hnRNP A3  40 • 3   

3183 hnRNP C  32 • 17 8 • 

27316 hnRNP G  47 • 4   

4670 hnRNP M  78 • 5   

10236 hnRNP R  71 • 8 2  

22913 RALY  32 • 9  • 

Pre-mRNA binding proteins 

22916 CBP20 Cbc2p 18 • 1  • 

4686 CBP80 Cbc1p 93 • 7  • 

3306 HSP70-2 Ssa2 70 • 4  • 

23517 SKIV2L2 Mtr4 118 •  3  

8106 PAB2  33 • 3 1  

3608 NF45  45 • 3 1  

1655 p68 Dbp2p 69 •  1  

9584 RNP2  59 • 2   

8531 CSDA 40 • 2   

9782 MAT3  95 • 1   

4904 YB-1  36 • 3   
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Table 1. LC-MS/MS analysis of C complex spliceosomes.  Listed is the number of unique 

peptides identified in either untrimmed or exon-trimmed C complex spliceosomes analyzed in 

this work.  Columns from left to right are the Entrez gene ID number, human protein name, S. 

cerevisiae homolog, molecular weight in kDa, C complex analyzed previously14, C complex 

analyzed in this work (Cb), exon-trimmed C complex (Tr), and 1M salt resistant “core” C 

complex as reported in71.  An * denotes proteins detected in a separate mass spectrometry 

analysis of a much lower abundance sample of exon-trimmed complexes, but not in the run 

reported here. 
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is almost surely an overestimation because many of the identified are not 

stoichiometric.  Therefore, it is likely that much less than 2 megadaltons of mass is 

removed with exon trimming.  Nonetheless, the exon-trimmed complex mass is more 

in line with the mass encompassed in the continuous electron density map (~ 3 

megadaltons).  The remaining missing mass may be  

attributed to averaging out of additional flexible regions in C complex and/or 

transient or substoichiometric association of some spliceosome components.  

Additionally, artifacts arising from the missing cone of data present in the random 

conical tilt reconstruction of the structure could add to the discrepancy. 

7. The average structure of exon-trimmed C complex is largely unchanged, but 

the distribution of complex conformations is altered 

 To further explore the effects of exon trimming on the structure of C complex 

we collected several thousand individual complex images by TEM and used standard 

image processing techniques to iteratively align and classify them into averaged 

views (Figure 5, bottom row).  The averaged views show that the exon-trimmed 

complexes take on similar preferred orientations and, strikingly, are comparable to 

averaged views of untrimmed C complex at the gross structural level (Figure 5, top 

row).  This result supports the hypothesis that the averaged structure observed for C 

complex can be attributed to the core components and not the extending exon 

sequences and their associated proteins.  These images also indicate that in the  
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Figure 5. Representatives of independently derived class average views of C complex 

(top row) and exon-trimmed (bottom row) spliceosomes. 
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untrimmed spliceosomes the exons are likely disordered relative to the core C 

complex structure. 

 Closer inspection of the exon-trimmed and C complex class averages indicate 

that there may be some subtle differences, but we cannot state whether the differences  

are due to structural changes in the complexes, small changes in the preferred 

orientations or to variability associated with the heterogeneity of the sample.  In order 

to map potential differences between the exon-trimmed and untrimmed C complexes 

we created a mixed data set containing roughly equal numbers of exon-trimmed and 

C complex images.  After iteratively aligning and classifying the images to obtain 

averaged views, we could extract the C complex and exon-trimmed complex images 

into separate subclass-averaged views for comparison.  We focused our analyses on 

two predominant views of the C complex previously observed in negative stain 14, 

which we term “claw” and “man” (Figure 6, left and right panels respectively).  For 

the claw view, we easily discerned a class showing the typical claw features (Figure 

6a, claw1 average).  Surprisingly, when we compared the number of constituent C 

complex and exon-trimmed images we found that the distribution was skewed from 

the expected 1:1 relative ratio.  Instead there were more C complex images with a 

relative ratio of 3.3:1 of C complex to exon-trimmed complexes.  Averages of the 

extracted C complex and exon-trimmed images from the mixed are very similar with 

a cross-correlation coefficient of 0.92.  Difference maps between these averages are 

relatively flat (Figure 6c) suggesting that there is no large difference between C 

complex and exon-trimmed complexes in this orientation.  Displaying the statistically  
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Figure 6. 2D analysis of exon-trimmed particle images.  Left panel shows the “claw view” 

and right panel shows the “man view”.  (a) Class averaged views derived from a mixed data 

set of untrimmed C complex and exon-trimmed complex images.  The white arrow indicates 

variable domain between two related views.  (b) Averaged images of the subpopulations of C 

complex and exon-trimmed complex images from the mixed averages. The number of images 

making up each average is denoted in the lower left corner.  (c) Difference analysis between 

the two subpopulation averages shown in (b).  To the right is the difference map subtracting 

the exon-trimmed average from the C complex average, and to the left is an image 

thresholded to show statistically significant differences at the 3 σ level.  (d) Difference 

analysis between the two related claw and man views.  At the center is the difference map 

subtracting the claw2 and man2 average views from the claw1 and man1 average views 

respectively.  To the left and right are thresholded images showing positive and negative 

statistically significant differences at the 5 σ level 
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significant differences at a 3σ threshold reveals small difference peaks located near 

the center of the particle (Figure 6c).  These differences may be attributable to the 

missing exon sequence, likely the regions proximal to the entry/exit site of the 

structured core C complex which are likely to be more constrained in their position 

than distal regions.  Alternatively, the differences may correlate to small changes in C 

complex conformation resultant from removing the exon sequences.  With further 

inspection of the mixed class averages, we found another that closely resembled the 

typical claw view, but that was missing a larger diffuse density to one side of the 

average (Figure 6a, claw2 average).  In contrast to the previously examined class 

average, we found that this class is derived from more exon-trimmed complexes with 

a relative ratio of 0.6:1.  However, like the previous class, the derivative C complex 

and exon-trimmed subclass averages were again similar (cross-correlation coefficient 

of 0.88) and showed only small differences (Figure 6c).   

We hypothesized that the two class averages, which we termed claw1 and 

claw2, represent the same orientational view of C complex in different 

conformations.  They have a relatively high cross-correlation coefficient of 0.78.  

Nevertheless, this value is significantly smaller than the correlation coefficients found 

for the subclass averages, indicating that the missing diffuse density represents a 

more significant difference between these two structures.  Additionally, if we parse 

the mixed data set into fewer classes, we observe a single class average of the claw 

view.  In this case, the average is composed of equal numbers of C complex and 
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exon-trimmed images.  The subclass average derived from constituent C complex 

images resembles the claw1 conformation and the exon-trimmed image average 

resembles the claw2 conformation (data not shown).  This result indicates that the two 

averages are closely related because they will segregate into the same class.  It also 

underscores the observation that the claw1 conformation is enriched for C complex, 

whereas claw2 is enriched for exon-trimmed complexes.  However, re-examination of 

image processing results for a dataset containing just C complex images indicated the 

presence of class averages showing both claw1 and claw2 views.  Because both 

averages can be obtained with C complex images alone, the difference between these 

conformations is not a direct result of exon trimming. 

To more closely analyze the relationship of the claw1 and claw2 

conformations, we aligned the two mixed class averages and calculated a difference 

map between them (Figure 6d).  The maps thresholded for statistically significant 

differences show several strong features, even at a 5σ threshold.  We can see a 

negative feature at the location of the missing diffuse density noted earlier.  In 

addition there are negative differences located at the edges all around the particle.  

The positive density differences observed lay farther outside the particle within the 

stain shadow.  We created a movie which transitions between the two views 

(Supplementary data) and it appears that the differences arise from an apparent 

inward collapse of the complex, as if a supporting structure was lost. 
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With the other predominant view of C complex (man view), we also find two 

highly related views (man1 and man2, Figure 6a, right panel).  In previous analysis of 

a dataset containing only C complex images, the man1 view was always presents as a 

prominent class average, while man2 was discounted as a badly behaving class with a 

low image population and poor statistics.  With the mixed data set, the man2 class is a 

better class and easily recognizable as a variant of the man view in which the “arm” 

density is apparently missing.  When we extracted the C complex and exon-trimmed 

images from the two man class averages (Figure 6b) we find that man1 is derived 

from a higher proportion of C complex images relative to exon-trimmed images 

(1.5:1).  Conversely, man2, the class average lacking the arm density, is derived 

predominantly from exon-trimmed complexes (0.5:1).  Again, cross-correlation 

coefficients between C complex and exon-trimmed averages derived from either the 

man1 or man 2 averages are high (0.93 and 0.89 respectively), and difference images 

between the subclass averages each show little to no significant peaks (Figure 6c).  In 

contrast, the cross-correlation coefficient between aligned man1 and man2 class 

averages is 0.80, which, while still indicating the relatedness of the two views, is 

again lower than those between the subclass averages.  As expected for the lower 

cross-correlation coefficient, the difference image between aligned man1 and man2 

averages exhibits a significant negative peak located at the arm position that accounts 

(Figure 6d).  Additionally, there is a positive density on the opposite side of the man 

view, which appears to arise from a rearrangement and/or disordering of that region 

in the man2 view.  A movie that transitions between the man1 and man2 views also 
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indicates that the differences are localized to the arm and backside of the complex 

(Supplementary data). 

We interpret these results as meaning that there are two conformations of C 

complex spliceosomes, (1) with and (2) without a density region, which can be 

observed in both the claw and man views of the complex.  Given that more 

untrimmed C complex images are present in averages of the first conformation for 

both views, and vice-versa that exon-trimmed complexes are enriched in averages of 

the second conformation, we hypothesize that removal of the exon sequences further 

destabilizes the density region and shifts the population towards the second 

conformation.  We do not think the differences can be attributed to a small change in 

preferred orientation (such as a slight rotation to one side) between trimmed and 

untrimmed complexes.  In that case we postulate that a minor global movement of the 

particle would result in smaller magnitude differences that distribute relatively evenly 

across the particle, rather than in the large localized difference that we observe. 

8. Conformational changes in C complex are due to 3’ exon trimming 

In order to determine whether the conformational change stabilized by exon 

trimming was due to trimming of either the 5′ or 3′ exons alone, we purified and 

imaged C complex from which only the 5′ exon was removed.  We again created a 

mixed data set of untrimmed C complex and 5′ exon-trimmed complex images, which 

we iteratively aligned and classified.  Inspection of the class averages again revealed  
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Figure 7. Two related conformations of the claw view derived from a mixed dataset of 

images of C complex and 5′ exon-trimmed complexes.  The number of images contributing to 

each average for the two different complexes is indicated. 
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the claw1 and claw2 views (Figure 7).  When we compared the number of C complex 

vs. 5′ exon-trimmed images contributing to each view, we found relative ratios of 

1:1.2 for both claw views.  This is in contrast to complexes from which both exons 

had been removed, and indicates that the previously described skew towards the 

claw2 view is due to removing the 3′ exon.  In addition, although the man1 view was 

present among the mixed classes, the man2 view was not apparent.  This observation 

again supports the hypothesis that 3′ exon trimming is primarily responsible for the 

high population of particles contributing to the man2 view.  

9. Discussion 

In this study we have characterized the role pre-mRNA plays in the structure 

of C complex spliceosomes.  The data are consistent with a model in which the 

spliceosome engages the pre-mRNA substrate only near the splice sites such that the 

remainder of the intron loops out and flanking exonic regions extend away from the 

complex.  The 3′ splice site is not protected in the complex, suggesting that the 

second step active site is at least partially open.  This idea is further underscored by 

our finding that the complex can accommodate a 3′ splice site provided in trans and 

catalyze exon ligation.  As expected for flanking exonic regions that are not 

incorporated into the core of C complex, we can remove them from the spliceosomes 

while the fundamental components (U2, U5, U6 snRNPs, Prp19 complex and second 

step factors) remain intact.  Also, we still find an additional set of proteins that 

consistently associates with B and/or C complex spliceosomes.  Some of these non-
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snRNP proteins have demonstrated links to splicing, such as the yeast homolog of 

DDX16, Prp2p, which is required for splicing prior to the first step of chemistry29.  

However, a defined role in splicing for most of the additional proteins has not yet 

been demonstrated.  Still, in these additional proteins we observe several common 

motifs, such as the DEAH/D motifs associated with ATP dependent alteration of 

RNA:RNA or RNA:protien interactions present in the proteins DHX35 and DDX41.  

There are also several potential prolyl cis-trans isomerases (PPIL2, SDCCAG10, and 

PPWD1).  Together the presence of these proteins known to promote changes in 

molecular conformations suggests as yet uncharacterized dynamic steps that may be 

required for mammalian splicing.  

Although the mass spectrometry analysis cannot be strictly construed as 

quantitative, we note that several proteins are not represented in the exon-trimmed C 

complexes.  As we expected, these include the cap binding proteins as well as several 

other proteins shown to bind pre-mRNA in the absence of splicing, such as the 

hnRNP proteins.  The proteins in this class that appear to remain bound after exon 

trimming, for example hnRNP C, may be binding to intronic sequences.  As for the 

splicing specific proteins that appear to be lost after exon trimming, the mechanism of 

their association with the pre-mRNA and spliceosomes remains to be explored.  It is 

interesting to note that nearly all of these proteins are also lost after 1 M salt 

treatment71, further underscoring their likely location at the periphery of the complex. 
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 In agreement with the protein composition, the structure of C complex as 

observed by EM and 2D averaging is largely unchanged by exon trimming, and we 

could not locate the positions of the 5' and 3' exon sequences removed with our 

trimming by difference mapping. Again, these observations strongly suggest that the 

core of C complex is structured and represents the densities observed by EM imaging 

while the unprotected exon regions are not well ordered.  Interestingly, exon 

trimming of the 3′ exon does alter the distribution of particles between two related 

conformations of C complex, increasing the population of particles in a previously 

minor population.  This altered distribution allowed us to recognize the second 

conformation in which a significant domain appears to be missing.  We observe this 

altered conformation and loss of density in two distinct views of C complex (man and 

claw) and suggest that these differences have the same molecular identity.  This 

supposition could be supported by matching differences of the man and claw views to 

the same location in the three dimensional structure of C complex.  However the 

available RCT reconstruction of C complex was derived solely from images in the 

man orientation50, and it is limited by a missing cone of information.  Currently, we 

cannot unequivocally determine how the claw view relates to the 3D model, and will 

be important to examine this issue when an improved structure of C complex is 

available. 

We propose that density in question represents a domain with lower stability 

relative to the rest of the complex, and removing the 3′ exon further destabilizes its 

association.  This hypothesis may suggest that the domain interacts with 3' exon, 
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however difference density we observe is located on the opposite face of the man 

view from where we previously localized the 5' and 3' exons by labeling51.  There is 

region of the man view near the labeled exons that does change in the altered 

conformation, but we cannot explicitly attribute this difference directly to trimming as 

we also see this change in a small subset of untrimmed complexes.  Future studies 

will be important for determining the identity of the domain and the critical region of 

the 3′ exon that is responsible for its stable association with the spliceosome. 
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Chapter III: Rearrangements within human spliceosomes 

captured after exon ligation 

1. Abstract 

Pre-mRNA splicing is catalyzed by a large, highly dynamic macromolecular 

machine called the spliceosome.  In the spliceosome, various 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 

arresting the complex at clearly defined states relative to chemistry is challenging.  

Previously, it was shown in yeast that an extended 3' exon is required for the 

DEAD/H-box protein Prp22 to promote mRNA release from the spliceosome 

following 2nd step chemistry.  Here, we show that in human splicing extracts a 

shortened 3' exon also blocks cleaved lariat intron and mRNA release.  This situation 

stalls the spliceosome after exon ligation in a novel complex that we term post-

catalytic (P).  Although the overall size and shape of P complex is similar, we detect 

differences in interactions with the RNA substrate in comparison to C complex, 

which is blocked after 1st step chemistry.  These differences include extended 

protection of across the exon junction and changes in protein crosslinks to specific 

sites in the 5' and 3' exons.  In addition, we quantitatively compared the protein 

compositions of P and C complex using single reaction monitoring (SRM) mass 

spectrometry.  Relative amounts of most proteins are unchanged, but we detect 
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enrichment for SF3B proteins in P complex and loss of an RNA-dependent ATPase, 

DHX35.  Together our data indicate that structural rearrangement of the spliceosome 

and substrate RNA occur between the two complexes, which may play a role in 

promoting 2nd step chemistry.  Furthermore, P complex opens a window to further 

characterize the events surrounding exon ligation and mRNA release. 

2. Introduction 

Pre-mRNA splicing is catalyzed by a macromolecular ribonucleoprotein 

complex known as the spliceosome.  Spliceosomes 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 intermediates known as E, A, B, Bact, B* and C complexes1.   

 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 stage1.  In yeast, eight members of the DExD/H box RNA-

dependent ATPase family have been shown to promote several spliceosome 

rearrangements.  For example, in the activated spliceosome (B*), Prp2 activity 

destabilizes the association of the U2 snRNP subcomplexes SF3a and SF3b and 

promotes 1st step chemistry that creates cleaved 5' exon and lariat intermediate29-31.  

In later stages, Prp16 promotes a conformational rearrangement required for 2nd step 
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chemistry to cleave the intron and ligate the exons32,79.  After exon ligation Prp22 

promotes mRNA release in an ATP-dependent manner35, followed by the 

displacement of the cleaved intron from U2, U5, and U6 snRNPs by Prp4380.  In the 

human spliceosome, two additional predicted DExD/H box ATPases, DDX41 and 

DHX35, are also present in catalytic spliceosomes14.  These proteins do not have 

clear S. cerevisiae orthologs, and their potential roles in splicing are not yet known.  

During catalytic activation of spliceosomes, structural rearrangements must 

occur to position the pre-mRNA at the active sites for the two steps of splicing 

chemistry.  In activation of the spliceosome for 1st step chemistry, the complex must 

bring the 2'-OH of the branchpoint adenosine to attack the 5' splice site (5' ss).  To 

promote this pre-mRNA conformation, U2 snRNA base pairs with the branchpoint 

sequence, U6 snRNA base pairs near the 5' ss and both of these snRNAs base pair 

with each other81.  Additional contacts to the region upstream of the 5' ss by U5 

snRNA, as well as by the U5 snRNP protein Prp8, are proposed to also stabilize the 

1st step active site conformation60.   

In preparing for the 2nd 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 2nd step chemistry by either mutation of the 3' ss or 

inactivating Prp16, Prp8 has been shown to crosslink just down stream of the 3' 

ss62,82.  U5 snRNA also crosslinks with the 3' exon in the lariat intermediate81,83.  How 

formation of these contacts relates to 2nd step chemistry is unknown.  When the 2nd 

step is blocked by these different methods, it is not clear whether spliceosomes 
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remain in 1st step active site conformation, have transitioned to 2nd step active site 

conformation, or exist in an uncharacterized intermediate conformation.  In order to 

clarify active site interactions related to 2nd step chemistry, a snapshot of the 

spliceosome following exon ligation, but prior to mRNA is release, is required.    

In this study, we have captured the human spliceosome in a post-catalytic 

state that we term P complex.  By comparing the protein composition and pre-mRNA 

interactions of P complex to C complex, which is stalled after the 1st step of splicing, 

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 2nd step of splicing chemistry. 

3. Shortening the 3' exon stalls the human spliceosome after 2nd step chemistry 

but prior to mRNA release. 

Previous work in yeast showed that after the 2nd step of splicing, Prp22 

contacts the 3' exon and uses its helicase activity to promote mRNA release39.  In that 

study, the yeast spliceosome was also demonstrated to retain the mRNA product 

following 2nd step chemistry if the 3' exon is shortened to 13 nucleotides (nts) 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 hypothesis we created a series of pre-mRNA substrates with 

3’ exons ranging in length from 6-40 nts for in vitro splicing in HeLa nuclear extract.  

After denaturing polyacrylamide gel electrophoresis (PAGE), we examined the 
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radiolabeled RNA splicing products by phosphorimaging.  With all of the substrates 

we saw accumulation of mRNA over time, which indicated that neither step of 

splicing chemistry was blocked by shortening the 3' exon (Figure 1a, lanes 5-9, figure 

S1).   

We next used glycerol gradient centrifugation to determine whether the 

spliceosome releases mRNA with 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 catalytic spliceosome (C 

complex) in the gradient, we used a pre-mRNA substrate with a mutant 3’ ss that 

blocks splicing after 1st step chemistry.  As expected with this substrate, we see a 

peak of free 5’ exon and lariat intermediate co-migrating deep in the gradient, 

consistent with them associating in a large complex (Figure 1b, top panel, lanes 10 

and 11).  When we used a pre-mRNA substrate with a wild type 3’ ss and the normal 

51 nt 3' exon, we see that both lariat intron and mRNA peak earlier in the gradient, 

which indicates that they have been released from the spliceosome (Figure 1b, middle 

panel, lanes 7 and 8).  However, when we truncated the 3’ exon of the pre-mRNA to 

19 nt, we see that the mRNA peak is deeper in the gradient and nearly overlaps with 

the small amounts of remaining 1st step intermediates (Figure 1b, bottom panel, lanes 

10 and 11).  This result is consistent retention of the mRNA with the short 3’ exon in 

a large complex.   

We tested additional substrates with 3' exons of different lengths and find that 

with shorter 3' exons more mRNA was retained in the spliceosome (data not shown).  
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However, as the 3' exons are shortened, we also saw a decrease in 2nd step chemistry.  

In contrast, we find that with longer 3' exons, 2nd step chemistry increases, but with 

more mRNA release.  For the studies of splicing complexes trapped after 2nd step 

chemistry described below, we chose to use a pre-mRNA with a 19 nt 3' exon 

because it exhibited the highest accumulation of post-catalytic splicing complexes 

that retain the mRNA and cleaved intron, which we now refer to a P complex.   

Native gel analysis of splicing reactions using pre-mRNA substrate with the 

short 3' exon confirms normal spliceosome assembly (E->A->B->C).  However, as 

the reaction progresses we also observe an accumulation of a large complex that 

migrates at the same position as C complex (figure 1c, lanes 2,5-9).  In contrast, full-

length WT pre-mRNA substrate that completes the 2nd step and releases mRNP does 

not show the same accumulation of the C-like complex (figure 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. 

4. 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 components will likely not be available to 

hybridize to complementary DNA probes.  To identify these regions, we performed 

protection assays against RNase H digestion.  In these assays we assembled P  
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Figure 1.  A short 3’ exon pre-mRNA substrate stalls human spliceosomes between the 

2nd 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 (mut 3’ 

ss), wild type 3’ splice site and 51 nt 3' exon (wt 3’ ss), or wild type 3’ splice site and 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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Figure 2.  RNase H protection mapping of mRNA in the post-catalytic spliceosome 

complex.  Denaturing PAGE analysis of splicing reactions using a pre-mRNA substrate with 

a short 3' exon to which DNA oligos were added after 60 minutes to initiate RNase H 

digestion of complementary RNA sequences.  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 bottom, lariat-intron intermediate, lariat intron, pre-

mRNA, mRNA and 5’ exon, and the positions of RNase H cleavage products are indicated.  

Because digestion products also arise from unspliced pre-mRNA, RNase H cleavage was 

determined by comparing mRNA band intensities with the no oligo control (U) and reported 

as % uncut at the bottom of each lane.  
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complex on pre-mRNA substrate with the short 3' exon in HeLa nuclear extract and 

then added a 100 fold excess of a series of 12-16 nt DNA oligos complementary to 

sequences along the entire mRNA.  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 digestion at that site by endogenous RNase H in the nuclear 

extract.  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 more than 30 nt upstream of the exon junction are largely unprotected 

as evidenced by a decrease of mRNA band intensity after digestion (Figure 2, lanes 1-

6 compared to control lane U).   In contrast the entire 30 nt region upstream of the 

exon junction is protected from digestion (lanes 7-9).  We also found that the exon 

junction through 9 nt of the 3’ exon is protected (lanes 10 & 11).  The extent of 

protection in the 5’ exon in P complex is similar to that previously shown for C 

complex84.  However, in C complex the entire 3’ exon is unprotected.  The additional 

protection that we see in the 3' exon in P complex could indicate a conformational 

rearrangement of spliceosome components upon the 2nd 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' exon73,83.  These results suggest that the 

exon junction may remain situated in the 2nd step active site in P complex.  
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5. Changes in protein-exon contacts in P complex 

To further examine interactions with pre-mRNA in the spliceosome before 

and after 2nd step chemistry, we performed 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 of the 3' ss in pre-mRNA substrates with either a 

mutant 3' ss (to form C complex) or short 3' exon (to form P complex) (Figure 3a).  

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 (Figure 3b).  To control for protein binding not specific to splicing, 

we also crosslinked to single labeled pre-mRNA incubated at 4˚C in HeLa extract in 

the absence of ATP to form so-called H complex (Figure 3b, lanes 1, 4, & 7).   

With the label at -10 nt upstream of the 5’ ss, we observed a radiolabeled 

protein of ~70 kD present in both C and P that is not present in H (Figure 3b, lanes 2 

& 3).  Because there is a small amount of C complex (10-20%) remaining in the P 

complex preparation, we cannot absolutely state that a protein crosslink identified in 

both complexes represents a stable interaction resulting from 2nd step chemistry.  

Nevertheless, because the -10 nt position has not been directly examined before for 

any splicing complex, this is an interesting observation.  Mass spectrometry 

experiments have identified five proteins in this size range in C complex:  SLU7, 

CDC40 (Prp17 ortholog), PPWD1, BUD13 and DDX41.  Identification of the 70 kD 
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protein has been limited by the lack of availability of antibodies with good 

immunoprecipitation efficiency.  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 crosslinks 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 blocked for 1st chemistry by 

inactivation of Prp260.  We also observed a ~30 kD protein strongly crosslinking at -2 

nt in P that is not detected in C or H complexes (Figure 3B, lanes 5 & 6).  Because 

this crosslink is found identified 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 this size range:  PPIE, SYF2, 

BCAS2, ISY1, CWC15, C9orf78, SNRPA1 (U2 A'), SRSF7, SRSF5.  To narrow 

down the possibilities, we blotted the crosslinking gel and performed western analysis 

for four of these proteins:  PPIE, SYF2, BCAS2 and ISY1 (Supplemental Figure 3).  

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.  In contrast, we found that PPIE and SYF2 both migrated to the same 

position as the crosslinked protein, making them candidates for the 30 kD crosslink. 
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Figure 3.  UV crosslinking of proteins to exons in P complex.  a) Schematic of mRNA 

produced by a short 3' exon pre-mRNA containing a single 32P (marked by an asterisk) at 

indicated nucleotide positions relative to the eventual exon junction (indicated by the black 

bar).  For the +1 labeled substrate a 4-thio-uridine residue (marked by a black dot) was also 

included.  The labels at the same positions were also included in a mutant 3' ss pre-mRNA.  

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 incubated in splicing reactions lacking ATP at 4°C followed by UV crosslinking (H).  

Positions of molecular weight marker proteins are indicated.  Crosslinked protein bands 

detected only with the short 3' exon pre-mRNA that accumulates P complex are marked by an 

asterisk (*). 
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Unfortunately the antibodies used for these westerns are again not efficient for 

immunoprecipitation, and so with the low efficiency 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 also incorporated a 4-thioU 

adjacent to the radiolabel to increase crosslinking 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 (Figure 3B, lane 9).  In P complex, there are similar weak 

crosslinks to ~75 and 130 kD proteins, but the ~250 kD protein crosslink was much 

stronger (Figure 3B, lane 8).  Again, the 250 kD protein is likely PRPF8, which was 

shown to crosslink in this region in complexes blocked for 2nd step chemistry by 

inactivation of Prp1662,82.  We cannot easily attribute the difference in crosslinking 

efficiency of the protein between C and P as a conformational change in the 

spliceosome.  Instead, the difference 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 2nd step active site84.  Therefore, the difference we see in crosslinking to the 250 

kD protein between P and C may be due to the modified substrate, although 2nd step 

chemistry may still have an impact. 

6. 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 intron14.  We hypothesized that, as suggested by our glycerol gradient analysis, 



  69 

mRNA would co-purify along with the lariat intron in P complex.  Denaturing PAGE 

of radiolabeled-RNA isolated from the purified complex confirmed that the mRNA is 

indeed present after affinity purification (Figure 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 (Figure 

4a, right two panels).  We analyzed RNA extracted from the three complexes by 

SyberGold staining after denaturing PAGE (Figure 4b).  As expected, we observed 

U2, U5 and U6 snRNAs in C complex14 and no snRNA association with mRNP85.  P 

complex also contained the U2, U5 and U6 snRNAs, indicating that these 

components are maintained in the spliceosome after exon ligation.   

We visualized affinity-purified P complex by transmission electron 

microscopy (EM), which revealed mono-dispersed particles (Figure 4c).  Class 

averaged views of these particles display similar dimensions (~30 nm) and overall 

conformations as previously seen with C complex14 (Figure 4d).  More 

comprehensive EM studies of P complex structure are in progress.  Together, the 

biochemical and EM confirm that purified P complex is a large stable splicing 

complex that, along with C complex, now allows us to further examine the 

spliceosome before and after exon ligation. 
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Figure 4.  Affinity purification of P complex.  Affinity purification was carried out using 

MS2-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 incorporated into splicing complexes (indicated 

by *) as detailed in 14 (80'), the material loaded onto amylose affinity column (load) or eluted 

from the affinity column with maltose (elutions).  b) Denaturing PAGE analysis of RNA 

extracted from purified spliceosome complexes, which are visualized by SYBR gold staining.  

RNA from nuclear extract (NE) contains U2, U1, U4, U5 and U6 snRNAs as labeled. (Black 

dot indicates tRNA in the extract).  RNA from purified C complex (C), mRNP complex (M), 

and P complex (P) assembled on the three pre-mRNA substrates shown in panel (a), 

respectively.  The positions of cleaved 5’ exon and short mRNA that co-purify are noted.  c) 

Transmission EM micrograph of negatively stained P complexes after affinity purification.  

White scale bar is 100 nm.  d) 2D averaged image of C and P complexes. 
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7. Loss and stabilization of spliceosome proteins after 2nd step chemistry  

To determine the protein composition of P complex, we affinity-purified 

spliceosomes and identified components by tandem mass spectrometry (MS/MS).  

We found that like the U snRNAs, many proteins associated with C complex, remain 

in P complex (Supplemental Table 1).  These included proteins associated with U5, 

the Prp19 complex, and second 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 spliceosome following 2nd step chemistry. 

In order to compare C and P complex components quantitatively, we analyzed 

their protein contents by selective reaction monitoring (SRM) mass spectrometry.  

SRM analysis, which measures the amount of specific peptides in a complex mixture, 

allowed us to determine the relative amounts of individual proteins between two 

samples.  In this analysis, we generated a list of peptides that we consistently identify 

in MS/MS analysis of spliceosomes and determined their liquid chromatography 

elution timing in order to monitor them (Supplemental Table 2).  For 48 spliceosome 

proteins in C and P complexes, we analyzed two different peptides, and for the 

remaining we monitored single peptides.  The SRM analysis generated a list of peak 

areas for each peptide monitored in a sample.  We then compared these areas for 

individual peptides between C and P to generate a peptide ratio (Table 1).  The 

distribution of the log2 peptide ratios is shown in Supplemental Figure 4.  The median 

log2 ratio is 0.31 and 68% of peptides that we examined have a log2 ratio within one 

standard deviation of the mean.  Furthermore, the difference between peptide pairs is 
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within ½ standard deviation for 60% and within 1 standard deviation for 85%.  We 

interpret these results to mean that the data are robust and that the vast majority of 

peptides come from proteins that are equally represented in both samples, such as the 

U5 snRNP and Prp19 complex proteins and second step factors, including DHX8 

(Prp22 ortholog). 

Further investigation of the peptides that showed differences between the two 

samples higher than the standard deviation revealed several spliceosome components 

that showed enrichment in P complex relative to C complex.  Five of these 

components were tracked by two independent peptides that gave similar values: 

RNF113A, SF3B2, SF3B3, C19orf29.  Other core spliceosome components that were 

tracked by a single peptide also showed potential enrichment: PHF5A, SF3B1, 

SF3B5, DHX15, DHX16 and DDX41.  Other peptides also showed higher P to C 

ratios, but their partners did not, so we excluded them from further analysis.  Notably, 

MS/MS peptide counts also follow a trend of enrichment in P complex for most of 

these proteins (Table 1, Supplemental Table 1) 

There were also several proteins enriched in C complex relative to P complex.  

Most of these are hnRNP or other non-specific RNA binding proteins.  Because 

association of these proteins is independent of spliceosome assembly, their 

enrichment is attributable to a relatively higher level of unspliced pre-mRNA that co-

purified with the C complex sample.  Two other proteins had ratios that indicated 

enrichment in C complex, which was also mirrored in MS/MS analysis:  GPATCH1 

and DHX35.  GPATCH1 was monitored by only a single peptide, but DHX35 was 
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monitored by two peptides that both indicated high enrichment in C complex relative 

to P complex.  DHX35 is predicted to be an RNA-dependent ATPase that joins the 

spliceosome at C complex. 

In order to confirm the SRM results, we performed western analysis for a 

number of proteins that showed differential enrichment or no enrichment between C 

and P complexes (Figure 5).  We loaded the gel with 0.5 picomoles 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 in P complex, but 

the amounts of PRPF19, EIF4A3, and ISY1 were essentially equal, as predicted by 

the SRM analyses. 

8. Discussion 

 Understanding the RNA/RNA and RNA/protein interactions that position 

splice sites in the spliceosome for the two chemical 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 following the 2nd step of 

chemistry, but before mRNA release (P complex).  By comparing this post-catalytic 

complex to one stalled before 2nd step (C complex), we have characterized changes in 

spliceosome conformation that give insight into how the complex rearranges during 

splicing chemistry. 
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Table 1.  Mass spectrometry analysis of purified C and P complexes. 
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Table 1.  Mass spectrometry analysis of purified C and P complexes. 

Proteins identified by MS/MS in C and/or P complexes are listed with Uniprot accession 

(Acc), human gene name, other names (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 identification in other MS/MS runs, log2 of the ratio of peptides compared by SRM 

(P/C ratio- shading indicates analysis by more than one peptide).  
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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.  
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 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 less than 13 nt prevented this interaction39.  We find that 

human spliceosomes also require an extended 3' exon in order to couple 2nd 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.  

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 analysis 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 complexes exhibiting roughly the same size and shape.   Identifying specific 

differences between the EM structures will be challenging, given the limited 

resolution that we and others have been able to attain for spliceosome 

complexes11,50,86-89.  We are currently working to address these issues.   

Using an SRM mass spectrometry strategy for a more quantitative comparison 

of the protein components, we again see that between C and P complexes most 

proteins do not appear to change in their relative abundance, such as U5 snRNP and 
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PRP19 complex proteins.  However, there are distinct differences in the relative 

amounts of some spliceosome proteins.  The most highly enriched proteins in P 

complex, which were confirmed by two independent peptides, are RNF113A and two 

SF3b complex components.  We find that all SF3b proteins show some enrichment in 

P relative to C complex, and western analysis confirms this observation for SF3B3.  

Previous studies have shown that SF3b components are less stably associated with 

spliceosome complexes trapped just before and after 1st step chemistry (B* and C 

complexes)31,71,90.  Our data suggest that rearrangements during or after exon ligation 

may result in another conformation of the spliceosome that restabilizes interactions 

with the SF3b proteins.  This possibility may relate to toggling in U2 snRNA 

structures that are important for branch point recognition and activation of both 

chemical steps of splicing56,91.  For example, mutations in Prp5 impacts formation of 

stem IIa, which is required for stable interactions between U2 snRNA and the pre-

mRNA branch point.  Two splicing inhibitors that target SF3b have been shown to 

interfere with its role in stabilizing the same U2 snRNA / branch point interaction92-94.  

Also, inactivation of the RNA dependent ATPase Prp16 impacts the reformation of 

U2 stem IIa following first step chemistry.  This situation also results in 

destabilization of the association of SF3b with spliceosomes.  Interestingly, we find 

that RNF113A, which joins the spliceosome at Bact and is less stably associated with 

C complex95, to also be enriched in P complex.  Recent work showed both yeast-two-

hybrid and co-precipitation interactions between RNF113A and SF3B295, which may 

indicate a link in their similar associations with C and P complexes. 
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Only one protein, DHX35 appeared to be lost upon completion of exon 

ligation.  DHX35 is a putative RNA-dependent ATPase that does not have a S. 

cerevisiae ortholog.  The SRM analysis indicated over an 8-fold decrease of DHX35 

in P compared to C complex, which we confirmed by western analysis.  DHX35 has 

been shown to join the spliceosome at C complex11,14.  While additional studies are 

needed to define its specific role in splicing, our data now further limit DHX35 to a 

specific step in splicesosome assembly centered around 2nd step chemistry.  Because 

this protein is not found in S. cerevisiae, its function may be coupled to splicing of 

pre-mRNAs with multiple introns or regulation of alternative splicing.  Together our 

results provide new insight into the timing for specific proteins to stably associate and 

dissociate in the human spliceosome complex.  

 In comparing the positioning of exon sequences in the spliceosome between C 

and P complexes, we find that the 5' exon is protected to the same extent.  This 

finding suggests that the spliceosome maintains a grip on the 5' exon even after 2nd 

step chemistry.  In both complexes, the same ~70 kD protein crosslinks with RNA ten 

nucleotides upstream of the 5' ss in a splicing dependent manner.  We do not know 

the identity of this protein currently, but there are several proteins close to 70 kD in 

both complexes:  SLU7, CDC40 (Prp17) PPWD1, DDX41, BUD13.  Of these, SLU7 

and CDC40 are known to play a role in the 2nd step of splicing, although SLU7 has 

been shown to contact the 3' ss96.  The roles of the other proteins in the spliceosome 

are not known, although BUD13 has been shown to associate with the RES 

(REntention and Splicing) complex97.   
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We identified a 250 kD protein crosslinked two nucleotides upstream of the 5' 

ss in both complexes that is likely PRPF8, which has been shown in both yeast and 

humans to contact the RNA in this region prior to 1st step chemistry60,61.  Notably, an 

additional crosslink to an ~30 kD protein appears at this site only in P complex.  This 

crosslink demonstrates a new protein/RNA interaction at the 5’ exon after the 2nd step 

of splicing chemistry.  Our western analysis suggests that the Prp19 complex 

component PPIE and the C complex specific protein SYF2 are possible candidates for 

this protein.  

One nucleotide downstream of the 3’ ss we see a strong crosslink to an ~250 

kD protein in P complex, which is not clearly detected in C complex.  This protein is 

also likely to be PRPF8, which has previously been shown to interact with the 3’ exon 

in both yeast and human extracts60,62.  The lack of crosslinking in C complex to this 

protein may have been due to the mutated 3’ ss.  We have previously shown that a 

mutant 3’ exon does not fully occupy the 2nd step active site in C complex.  The 

difference we see in crosslinking to the 250 kD protein could indicate that 

conformational changes that occur in spliceosomes between the two steps of splicing 

chemistry promote stable RNA/protein interactions at the 3’ exon.  

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 release.  By comparing this conformation with that of C complex, 

which is trapped after 1st step chemistry, we find several rearrangements in the 

interactions that position the substrate RNA near the active site.  In particular, we see 
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that a 30 kD protein crosslinks just upstream of the 5' ss after exon ligation.  The 

spliceosome also maintains a stable grip across the exon junction, which is 

presumably disrupted by the ATPase activity of Prp22 for mRNA release.  We also 

present evidence that suggests a more dynamic interaction between the splicing 

machinery and SF3b, and that any potential role for DHX35 in splicing occurs before 

or with 2nd step chemistry.  Further characterization of P complex will likely yield 

more insight into the structural transitions that occur in the human spliceosome after 

the 2nd step of splicing that have not previously been accessible to biochemical study. 
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9. Supplemental tables and figures 

 

 

 

 

 

 

 

 

 

Figure S1. Denaturing PAGE analysis of in vitro splicing reactions with radiolabeled pre-

mRNA substrates containing a mutated 3’ splice site (mut 3’ ss) or with 3' exons of 6, 20 or 

40 nt in length.  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, mRNAs (of different lengths) and 5’ exon. 
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Figure S2. DNA oligonucleotides used for RNase H analysis. 

Control digestions for DNA oligonucleotides included in lanes 7-11 in Figure 2.  
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Figure S3.  Western analysis of protein candidates for -2nt crosslink. 

Blots of SDS-page gels correlating the one pictured in Figure 3b for the pre-mRNA substrate 

with a single 32P label at -2 nt relative to the exon junction.  Lanes include a molecular weight 

marker (M), nuclear extract (NE), splicing reaction with no ATP (H), and splicing reaction 

using a short 3' exon substrate (P).  Antibodies are indicated at the bottom.  The position of 

the -2 crosslinked protein observed by phosphorimaging of the gel before blotting is indicated 

by an asterisk (*). 
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Figure S4.  Distribution of log2 peptide ratios between C and P complex proteins 

determined by SRM mass spectrometry.  A negative number indicates enrichment in C 

complex, and a positive number indicates enrichment in P complex.  The mean peptide ratio 

is 0.2 with a standard deviation of 1.4. 
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Table S1.  Complete results of MS/MS analysis of C and P complexes. 
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Table S1.  Complete results of MS/MS analysis of C and P complexes.  Columns show 

Uniprot accession (Acc), gene name, number of unique peptides (peptide #) and percentage 

coverage of protein sequence (% cov) for both C and P complexes.  
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Table S2. List of peptides used for SRM analysis. 
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Table S2. List of peptides used for SRM analysis. 

Listed are the unique peptides used to monitor spliceosome proteins by SRM.  Columns show 

(from left to right): Uniprot accession (Acc), gene name and peptide sequence. 
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Chapter IV: Three-dimensional structure of human P 

complex by electron microscopy 

1. Abstract 

Spliceosomes are megadalton machineries that facilitate the removal of 

noncoding sequences in nuclear pre-mRNA splicing.  The dynamic assembly of 

spliceosomes involves various subunits that are continuously recruited and released 

throughout the splicing cycle.  Because of its complex nature, structural studies of the 

spliceosome remain a challenge.  Obtaining large amounts of homogeneous 

spliceosomal complexes has been limiting, making electron microsocopy the ideal 

method for studying stably stalled intermediates.  For this study, we have captured 

post-catalytic spliceosome complexes (P), which is stalled after exon ligation, but 

before mRNA release.  In negative stain, P complex presents two predominant views, 

which our data suggest to be related by an ~90° when the structure of the spliceosome 

is rotated.  We reconstructed a 3D map of P complex and find that the overall 

dimensions are about 270 x 220 x 240 Å.  Comparing structures of spliceosomes 

stalled prior to exon ligation in C complex to the structure of P complex shows that 

both complexes are largely similar, supporting previous biochemical analyses.  We 

find both complexes to possess three main domains as previously described for 

human C complex.  Our studies provide the first snapshot of the spliceosome 

structure captured after exon ligation.  
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2. Introduction 

Nuclear pre-mRNA splicing is the removal of intervening sequences (introns) 

and the ligation of coding sequences (exons).  Splicing is facilitated by a 

macromolecular machinery known as the spliceosome.  The spliceosome is composed 

of five major subunits of small nuclear ribonucleoproteins, snRNPs.  Each snRNP 

contains U-rich snRNA (U1, U2, U4, U5, U6) and associated proteins.  Mass 

spectrometry analysis has shown that over 100 distinct proteins make up the 

spliceosome14.  Spliceosomes assemble onto the pre-mRNA and form intermediate 

complexes as they mature to become catalytically active.  In vitro studies have shown 

that there are at least six stable intermediates, which include E, A, B, Bact, B*, and C1.  

We have recently isolated the post-catalytic state of this complex purified after the 

exon ligation step, and named it P complex (chapter III).   

High-resolution 3D studies of the splicing machinery by x-ray crystallography 

and NMR have been limited to only individual snRNP and splicing protein 

components.  Because of the dynamic nature of spliceosomes and heterogeneity 

within the sample, determining the high-resolution structure of the spliceosome 

continue to be a challenge.  The difficulties of obtaining purified spliceosome 

complexes, homogenous populations, and structurally stable samples have led 

researchers to use electron microscopy (EM) to determine its structure.  Single-

particle studies using EM have been the method of choice for studying the structure 

of various conformational states of the spliceosome, which have provided valuable 

insights into spliceosome function.  These include the pre-catalytic and catalytic 
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forms of spliceosomes, which are complexes formed in later stages of assembly48,50.  

The structure of B complex spliceosomes has a dimension of ~40 nm in the presence 

of all U snRNP except U1 snRNP48.  That study showed how the tri-snRNP (U4/U6, 

U5) is potentially poised within the complex after joining the spliceosome assembly.  

Moreover, the three-dimensional structure of the human spliceosomal C complex was 

reconstructed using negative stain cryo-EM and estimated to be ~30 nm in size50.  

That study postulates the location of U5 snRNP, U2 and U6 snRNPs, and the Prp19 

complex within the three main domains of the structure, which correlated with the 

proteomic studies14. 

As the spliceosome facilitates both steps of splicing, several rearrangements 

must occur to change the position of the pre-mRNA.  Previous studies have suggested 

that the spliceosome active site rearranges between the two steps of splicing68,98, 

which is likely to bring the 3’ OH of the 5’exon to initiate nucleophilic attack at the 

3’ splice site.  We hypothesize that after the first step of splicing, both exons must be 

repositioned so that spliceosomes can facilitate the second-step chemistry, which 

suggests structural rearrangement.  If rearrangements are occurring, then we may be 

able to detect changes in the structure of the spliceosome before and after the second 

step of splicing by EM studies.  We can compare these structural differences and 

correlate them with biochemical analyses to interpret these changes.  Additionally, 

rearrangements that may occur between second step and mRNA release are also still 

unclear. Understanding the later stages of spliceosome assembly is necessary to 

decipher its function in the splicing cycle. 
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In this study, we determined a 3D structure of the human post-catalytic (P) 

spliceosome complex by EM.  P complex is stalled after the second step of splicing, 

but before mRNA release.  Our structure reveals that the overall architecture of P 

complex is grossly similar to C complex.  These data suggests that after exon ligation 

the spliceosome maintains its major structural components prior to mRNA release.   

3. Isolation of human P complex 

In our previous study, we purified the human P complex by using a short pre-

mRNA substrate containing 19 nucleotides at the 3’ exon (chapter III).  This complex 

is stalled after the second step of splicing, but before the mRNA is released.  Affinity 

purification by MS2:MBP and analysis by mass spectrometry reveals that the 

complex contains nearly all the same proteins as C complex spliceosomes stalled 

prior to the second step of splicing, including the U5, and U2 snRNP protein 

components, as well as the PRP19 complex (Figure 1a).  We found that U2, U5, and 

U6 snRNAs also remain associated with P complex.  We observed that P complex has 

a similar size and shape to C complex with an overall dimension of ~30 nm (Figure 

1b).  In order to improve the signal-to-noise ratio of P complex particle images, we 

used established procedures to align and classify particle images to create average 

views.  We see that the P class averages strongly resemble C class averages.  This 

suggests that after the second step of splicing, the spliceosome maintains its 

components; obvious structural changes cannot be detected by visual inspection.  
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Figure 1. Isolation of post-catalytic complex. a) Affinity purification scheme of P complex 

using MS2:MBP as a tag in the intron b) Electron micrograph of negatively stained P 

complexes (left), individual boxed raw images (middle), and 2D averages (right). 
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4. 2D average images of both C and P complexes  

Although differences between C and P complexes averaged images are not 

visually obvious, it is possible that more subtle rearrangements have occurred among 

components occur during or after exon ligation, as suggested by our biochemical data. 

To investigate structural differences between the complexes, we calculated difference 

maps between class averages of C and P complexes in the same apparent orientation. 

For both C and P complexes, we manually picked 3,000 images from its 

corresponding micrographs using EMAN program Boxer99.  Image processing was 

primarily done by using IMAGIC software100.  To closely inspect the differences 

between the two complexes, we mixed both datasets together.  The combined dataset 

used for standard alignment and classification procedures that generated 2D averaged 

images84.  Because samples were prepared using negative stain, spliceosome 

complexes may bind on the grid in preferred orientations.  In our class averages, we 

find four orientations, but for the rest of our study we focused on two predominant 

orientations, “man” and “claw” (Figure 2a and b).  These two predominant 

orientations were found to make up the majority of the 2D class averages; however 

how they are related to one another has not been established.  Following 

classification, we identified class averages of the man orientation that were highly 

enriched with either C complex particles (C-rich) or P complex particles (P-rich).  We 

compared these averages by subtracting the resulting C-rich average to the P-rich 

average to generate difference maps.  We observe significant density difference, at 3σ  
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Figure 2. Difference map between C and P complexes of man and claw. a) C complex-

rich 2D class average (C-rich). b) P complex-rich 2D class average (P-rich). c) Difference 

map generated by subtracting P-rich average from C-rich average. d & e) Statistically 

significant difference at 3σ threshold, positive and negative.
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threshold, between the two complexes (arrows, Figure 2c and d, top row).  A similar 

process was performed on claw averages and we also found a peak difference in this 

average (arrows, Figure 2c and d, bottom row).  Although we cannot say what causes 

these differences, our data may reflect local structural changes occurred during C to P 

complex transition or rearrangement within the spliceosome active site, the 

differences in 3’ exon length between the two complexes, stain differences, or 

orientation differences.  Further biochemical studies will be necessary to determine 

the meaning of these density differences.  For example, some of these issues may be 

resolved by labeling components from both complexes and determine any localization 

changes within the structure.   

5. 3D reconstruction of the human P complex 

To determine how man and claw views are orientated relative to one another, 

we reconstructed a 3D model of the P complex.  For structural determination, we used 

random conical tilt (RCT) to obtain image pairs.  We first collected 50º tilt followed 

by 0º tilt images from affinity-purified spliceosome complexes prepared on 

negatively stained grids (Figure 3).  For this dataset, we obtained 28,210 tilt particle 

images and 29,506 untilted particle images from 656 micrographs.  Tilt angle and tilt 

axis were determined for each micrograph.  Image processing was done using Appion 

web tools, which uses multiple software including XMIPP, SPIDER, and EMAN101.  

Untilted images were used for alignment and classification, while 50º tilt images were 

used to reconstruct RCT volumes of P complex for man and claw orientations (Figure 

4 & 5).  We combined two similar man class averages to calculate an initial 3D map  
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Figure 3. RCT pair micrographs at 0º and 50º of P complex.  Negatively stained using 2% 

uranyl acetate. 
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Figure 4. RCT initial volume of man orientation. Stereo views of the surface 

representation. 
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Figure 5. RCT initial volume of claw orientation.  Stereo views of the surface 

representation.
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Figure 6.  3D map of combined man and claw orientations.  Stereo views of the surface 

representation.
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and performed the same analysis with the claw averages.  For each initial model, 828 

particles were used for the man orientation, while 971 particles were used for the 

claw orientation.  Previously, C complex was reconstructed solely from the man 

orientations at 30 Å resolution50.  Because P complex is grossly similar to C complex, 

our data suggest that the claw view fills in the missing information in a previously 

described 3D model of the human C complex.  Using UCSF Chimera102 to view the 

3D maps, we manually fitted man and claw 3D models to determine how they are 

related to one another.  Our analysis reveal that the man orientation is ~90º when the 

structure is rotated in the x-axis relative to claw orientation in P complex.  To 

improve the structure of the spliceosome, we combined man and claw averages and 

calculated a 3D model of P complex (Figure 6).  The 3D structure of P complex 

shows three large globular domains with dimensions of 27 x 22 x 24 nm.  The top 

domain forms two lobes, the arm domain sticks out to the side, and the bottom 

domain forms a large triangular shape. 

6. Discussion 

P complex contains more than 100 proteins with a total estimated molecular 

mass of ~3.4 MDa14 (chapter III).  These include protein components from U2, U5, 

U6 snRNPs, Prp19 complex, and other associated/regulatory proteins.  This work 

shows the first three-dimensional structure of the post-catalytic state of a spliceosome 

that maintains its interaction with the mRNA product.  
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Our P complex structure shows three main domains. These may represent 

U2/U6 dimers, Prp19 complex and U5 snRNP.  The large bottom domain has a 

triangular shape, which may represent U5 snRNP and Prp19 complex.  The triangular 

body has an estimated mass of 1 MDa that closely resembles the U5 snRNP 

structure70 (Figure 6, top view).   According to our mass spectrometry data, U5 

components include SNRNP200, EFTUD2, PRPF8, SNRNP40 and DDX23 and up to 

~1 MDa in P complex.  In addition, the mass of the Prp19 complex is ~1.2 MDa, 

which may represent the rest of the bottom part of the structure (Figure 6, top view).  

The main components of PRP19 complex include PRP19, CDC5L, BCAS2, CWC15, 

HSPA8 and other associated proteins.  PRP19 complex joins the spliceosome at B 

complex and remains associated in C complex to help stabilize U5 and U6 

association1.  It is also possible that PRP19 complex is part of the arm domain as 

suggested from previous EM structure of the human C complex and the S. pombe 

U5.U2.U6 complex50,103. The two head-like lobes found at the top of the structure 

may be U2 and U6 snRNP, since the majority of the structure fits the U5 snRNP 

(Figure 6, top view).  U2 and U6 have also been suggested to be base paired with 

each other during the catalytic stages104.  U2 snRNP has an estimated mass of 0.8 

MDa which includes the SF3b and SF3a subunits. 

The structure of P complex closely resembles the previous C complex EM 

structure.  The main domains found in C complex are also maintained in P complex.  

However, we see an extra density that “hangs out” in the structure of P complex 

(Figure 6, top view).  This extra density may represent the lariat intron or 5’ exon that 
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may stick out of the spliceosome complex after the second step of splicing.  If this is 

the case, proteins may bind these regions of the RNA to allow for detection under 

EM.  

Although we cannot identify individual components, our structure shows the 

main domains remains intact in the post-catalytic spliceosome.  Further biochemical 

studies must be done to determine the specific locations of individual subunits of the 

spliceosome. C and P are largely similar in structure; however, because 

rearrangements occur, some differences can be identified.  These changes are 

detected by mass spectrometry analysis and by calculating difference maps using 2D 

averages.  These data suggest that differences between C and P complexes exist, 

although not extensive.  Further refinement of the RCT models of C and P complexes 

may improve their resolution such that we can see these changes in the context of the 

3D structure.  This information, combined with labeling of pre-mRNA regions (5’ 

exon and intron) may show potentially structural remodeling of the spliceosome as it 

transitions between C and P complexes.  Labeling may also localize functionally 

important components within the structure of the spliceosome.  

Determining the location of individual components within the structure is yet 

another challenge.  However, in combination with EM, labeling techniques have been 

useful to locate pre-mRNA and individual spliceosome components.  Labeling 

methods include using gold labels, antibodies, identifiable recombinant protein, and 

filament label to directly localize desired targets14,49,51,88.   
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To fully understand how the spliceosome facilitates pre-mRNA splicing, it is 

necessary to determine how this dynamic machine assembles throughout the splicing 

cycle.  Our study now provides the first look into the spliceosome complex after the 

second step chemistry, while maintaining a grip on the mRNA product.  We can now 

use P complex to further identify what must be overcome in order for the spliceosome 

to release the mRNA product.  While it is still unclear how many conformations of 

the dynamic spliceosome exist to facilitate pre-mRNA splicing, our structure now 

provides additional information towards fully understanding the splicing complex.    
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Chapter V: Materials & Methods 

1. In vitro transcription reaction 

  We used a derivative of the adenovirus major late (AdML) transcript 

containing three MS2 binding sites in the intron.  Splicing substrates were generated 

by T7 runoff transcription, G(50)ppp(50)G-capped, body labeled with 32P UTP and 

gel purified. 

2. In vitro splicing and RNase H digestion 

For RNase protection assays we used the modified HMS389 derivative of the 

AdML transcript described in 14 as a splicing substrate, which contains an AG=>GG 

mutation at the 3′ splice site.  Employing T7 runoff transcription, G(5′)ppp(5′)G-

capped radiolabeled substrate was synthesized and gel purified.  The substrate was 

incubated for in vitro splicing at 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 nuclear extract at 30˚C for 60 minutes.  Reactions were then 

supplemented with DNA oligos (10-16 nt) targeting consecutive regions of the pre-

mRNA and incubated an additional 20 minutes (See Supplementary Figure 1 for oligo 

target sequences).  RNA was then extracted with phenol/chloroform, ethanol 

precipitated and electrophoresed through a 15% denaturing acrylamide gel that was 

visualized with a phosphorimager (Molecular Dynamics). 
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3. Bimolecular exon ligation   

For bimolecular exon ligation, we used the same full-length pre-mRNA 

substrate and a GMP initiated 3′ substrate that begins with the sequence 

GGUACAGGUA upstream of 3′ exon.   As described above, lightly radiolabeled pre-

mRNA substrate was subjected to in vitro splicing.  After 30 minutes, highly 

radiolabeled 3′ substrate was added to a 50 nM concentration along with an additional 

1 mM ATP and incubated for 60 more minutes.  Reaction time points were analyzed 

by denaturing gel electrophoresis as described above. 

4. RT analysis of splicing products  

RNA bands cut out of denaturing gels were gel extracted and ethanol 

precipitated.  The RNA was subjected to RT-PR using primers complementary to the 

3' end of the 3' exon (TATCGGATCCAAGTACTGG) and the 5' end of the 5' exon 

(GGGAGACCGGCAGATCAG), respectively.  M-MLV (Promega) was used in the 

RT reaction according to the manufacturer’s protocol.  PR products were visualized 

with ethidium bromide on a 2% agarose gel and subsequently gel purified (Qiagen) 

and sequenced. 

5. Glycerol gradient centrifugation 

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 2h 30 min at 4°C using a Beckman SW 55 Ti rotor with tube adaptors.  

Fifteen 40 µL fractions were collected from the top to the bottom of the gradient.  
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RNA from each fraction was extracted with phenol/chloroform, ethanol precipitated 

and separated on a 15% denaturing acrylamide gel, which was visualized with a 

phosphorimager. 

6. Native gel analysis 

Splicing reactions were stopped at indicated time points by placing on ice and 

adding 5X native loading buffer (0.125 mg/ml heparin, 20mM Tris, 20mM glycine, 

25% glycerol, 0.25% cyan blue, 0.25% bromophenol blue).  After 5 minutes 

centrifugation at 4˚C, samples 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 

hours and 50 minutes and immediately dried down on Whatman paper at 55˚C for 30 

minutes and visualized with a phosphorimager.   

7. 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 RNA handbook).  For the -

10 and -2 nt labels, both 5' and 3' fragment templates were generated by PR 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 crosslinking, 

spliceosomes were assembled in vitro on the labeled substrates and crosslinked using 

254 nm wavelength with ~4 joules.  For pre-mRNA substrate containing 4-thioU, 365 

nm UV light was used.  The crosslinked complexes were then digested with RNase 
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A/T1 and separated by 7% SDS PAGE and radiolabeled proteins were visualized with 

a phosphorimager. 

8. Spliceosome complex purification  

C complex spliceosomes were assembled and purified as previously described 

14.  Trimmed complexes were assembled and purified a similar manner with one 

modification: we added DNA oligonucleotides targeting GCCATGGGGCAA 

centered at 54 nt upstream of the 5′ splice site and GAGAGAGAGACCGGTA at the 

3′ splice site after 60 minutes of splicing and incubated the reactions additional 20 

minutes before proceeding to size exclusion.  

 P complex spliceosomes were assembled and purified in a similar manner as 

C complex except with a couple of modifications: we used a pre-mRNA substrate 

containing 19 nt at the 3’ exon and wild-type 3’ splice site, AG.      

9. Northern blot analysis   

For northern blots, 60 fmol of purified complexes were electrophoresed 

through a denaturing 8% polyacrylamide gel, transferred to a nylon membrane, UV 

crosslinked, and hybridized with 32P-labeled probes complementary to the U snRNAs 

(Konarska & Sharp, 1987). 
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10. Mass Spectrometry 

10.1 Protein identification using data-dependent MS/MS 

For protein compositional analysis by mass spectrometry, approximately 500 

fmol of purified complexes were digested overnight with 150 ng Promega modified 

trypsin. 

Samples were analyzed by LC-MS/MS using one hour reverse-phase 

chromatography separations on a Waters NanoAcquity UPLC system interfaced to a 

Thermo LTQ-Orbitrap Velos mass spectrometer.  Peptides were selected for CID 

fragmentation analysis as they eluted in a data-dependent fashion, and dynamic 

exclusion was employed to prevent repeated analysis of the same components. 

Data were searched using Protein Prospector version 5.10105 against a 

database consisting of the UniprotKB protein database downloaded on March 21st 

2012 with a randomized version of the database concatenated onto the end to allow 

for estimation of a false discovery rate106.  Only human entries were considered, so a 

total of 21,662 entries were included for searching.  Precursor and fragment mass 

tolerances of 15 ppm and 0.6 Da respectively were allowed.  Cysteines were assumed 

to be carbamidomethylated, and methionine oxidation, 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 employed as 

a threshold for peptide identifications.  At this threshold there were no matches to the 
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randomized portion of the database, suggesting that there may be no incorrect 

identifications among the reported results. 

10.2 Peptide and Protein Relative Quantification using SRM mass spectrometry 

Purified C and PC spliceosome complexes (~1 pmol) were analyzed by scheduled 

selective reaction monitoring (SRM) 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 chosen from those that 

have been previously identified and stored in the PeptideAtlas database107.  A total of 

411 transitions (precursor forming a particular fragment) were monitored.  Peak areas 

for quantification were extracted from the acquired data using the Skyline software108. 

11. Western Analysis  

Antibodies for western analysis were obtained from:  DHX35 (Sigma-aldrich), 

eIF4a3 (Herve LeHir, France), ISY1 (Sigma), PRPF8 (Proteintech), Prp19 (Abnova), 

and SF3B3 (Proteintech) ~500 femtomoles of purified splicing complexes were 

separated by 10% SDS PAGE and blotted.  The blot was stripped and re-probed with 

each antibody tested. 

12. Electron Microscopy and image processing 

Samples for electron microscopy were prepared by spotting 3ul of purified 

complexes onto carbon-coated copper grids followed by staining with 2% (w/v) 
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uranyl acetate solution.  Samples were analyzed using a JEOL 1230 microscope 

operating at 120kV.  Micrographs were exposed under low-dose conditions at 

60,000X magnification on a 4K x 4K Gatan Ultrascan CCD camera, resulting in 

micrographs sampled at 4.9 Å per pixel.  Approximately 3,000 untrimmed C complex 

particles, 4,500 exon-trimmed C complex particles, and 4500 5′ exon trimmed 

complex particles were selected manually from micrographs using the EMAN 

program Boxer 99.  Following 2x2 pixel averaging using SPIDER 109, particle images 

were band pass filtered, centered and iteratively aligned, classified and averaged 

using IMAGIC-5 100.  Difference images, variance maps and thresholds were also 

generated with IMAGIC-5.  For thresholded difference maps, we calculated the 

expected variance of the difference map using the variances of the two averages being 

compared and then displayed differences that lay above a given threshold. 

For random conical tilt images, 50° images were collected first followed by 

the 0°.  We used Appion web tools for image processing101.   We collected 57,716 

images from 656 micrographs, 27,434 particles (0°) and 30,282 particles (50°).  

Reference free alignment and classification using XMIPP was initially used to obtain 

“good” templates followed by reference-based alignment and classification using 

SPIDER to acquire 2D averaged images.   3D models were obtained using back 

projection algorithm in SPIDER109.   Density maps were displayed using UCSF’s 

Chimera102. 



  117 

Appendix 

1. Splint ligation primers 

MJ12 Transcript for X-linking 

X-20: 

GGGAGACCGGCAGATCAGCTTGGCCGCGTCCATCTGGTCATCTAGgatcTGA

TATCATCGATGAATTCGAGCTCGGTACCCCGTTCGTCCTCACTCTCTTCCGC

ATCGCTGTCTGgGAGGGCCAGCTGTTGGGGTGAGTACTCCCTCTCAAAAGC

GGGCATGACTTCTGCCCTCGAGCgatatccgtacaccatcagggtacgagctagcccatggcgtacac

catcagggtacgactagtagatctcgtacaccatcagggtacggaattcTCTAGActcgagTTATTAACCCT

CACTAAAGGCAGTAGTCAAGGGTTTCCTTGAAGCTTTCGTGCTGACCCTGT

CCCTTTTTTTTCCACAGCTGCAGGTCGACGTTGAGGACAAAC 

MJ171 (X-20, 3'fragment, 5'primer) tm=59 

ATCGAAATTAATACGACTCACTATAGgGAGGGCCAGCTGTTGGG   

MJ172 (X-20, 5'fragment, 3'primer) tm=58 

AGACAGCGATGCGGAAGAG 

MJ170 (universal 5'fragment, 5'primer) tm=63 

CCTGGCTTATCGAAATTAATACGACTCACTATAGGG 

MJ173 – DNA splint for X-20 

(ligates  CTCTTCCGCATCGCTGTCTGgGAGGGCCAGCTGTTGGG) 

CCCAACAGCTGGCCCTCcCAGACAGCGATGCGGAAGAG 
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X-10 

GGGAGACCGGCAGATCAGCTTGGCCGCGTCCATCTGGTCATCTAGgatcTGA

TATCATCGATGAATTCGAGCTCGGTACCCCGTTCGTCCTCACTCTCTTCCGC

ATCGCTGTCTGCGAGGGCCGGgTGTTGGGGTGAGTACTCCCTCTCAAAAGC

GGGCATGACTTCTGCCCTCGAGCgatatccgtacaccatcagggtacgagctagcccatggcgtacac

catcagggtacgactagtagatctcgtacaccatcagggtacggaattcTCTAGActcgagTTATTAACCCT

CACTAAAGGCAGTAGTCAAGGGTTTCCTTGAAGCTTTCGTGCTGACCCTGT

CCCTTTTTTTTCCACAGCTGCAGGTCGACGTTGAGGACAAAC 

MJ174 (X-10, 3'fragment, 5'primer) tm=59 

ATCGAAATTAATACGACTCACTATAGGGTGTTGGGGTGAGTACTCCC 

MJ175 (X-10, 5'fragment, 3'primer) tm=58 

GGCCCTCGCAGACAGC 

MJ176 DNA splint for X-10 

(ligates   GCTGTCTGCGAGGGCCGGGTGTTGGGGTGAGTACTCCC) 

GGGAGTACTCACCCCAACACCCGGCCCTCGCAGACAGC 

X-2 

GGGAGACCGGCAGATCAGCTTGGCCGCGTCCATCTGGTCATCTAGgatcTGA

TATCATCGATGAATTCGAGCTCGGTACCCCGTTCGTCCTCACTCTCTTCCGC

ATCGCTGTCTGCGAGGGCCAGCTGTTGGGGTGAGTACTCCCTCTCAAAAGC

GGGCATGACTTCTGCCCTCGAGCgatatccgtacaccatcagggtacgagctagcccatggcgtacac

catcagggtacgactagtagatctcgtacaccatcagggtacggaattcTCTAGActcgagTTATTAACCCT
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CACTAAAGGCAGTAGTCAAGGGTTTCCTTGAAGCTTTCGTGCTGACCCTGT

CCCTTTTTTTTCCACAGCTGCAGGTCGACGTTGAGGACAAAC 

MJ177 (X-2, 3'fragment, 5'primer) tm=58 

ATCGAAATTAATACGACTCACTATAGGGTGAGTACTCCCTCTCAAAAG 

MJ178 (X-2, 5'fragment, 3'primer) tm=60 

CAACAGCTGGCCCTCGC 

MJ179 DNA splint for X-2 

(ligates   GCGAGGGCCAGCTGTTGGGGTGAGTACTCCCTCTCAAAAG) 

CTTTTGAGAGGGAGTACTCACCCCAACAGCTGGCCCTCGC 

X+9 

GGGAGACCGGCAGATCAGCTTGGCCGCGTCCATCTGGTCATCTAGgatcTGA

TATCATCGATGAATTCGAGCTCGGTACCCCGTTCGTCCTCACTCTCTTCCGC

ATCGCTGTCTGCGAGGGCCAGCTGTTGGGGTGAGTACTCCCTCTCAAAAGC

GGGCATGACTTCTGCCCTCGAGCgatatccgtacaccatcagggtacgagctagcccatggcgtacac

catcagggtacgactagtagatctcgtacaccatcagggtacggaattcTCTAGActcgagTTATTAACCCT

CACTAAAGGCAGTAGTCAAGGGTTTCCTTGAAGCTTTCGTGCTGACCCTGT

CCCTTTTTTTTCCACAGCTGCAGGTCGACGTTGAGGACAAAC 

MJ189 (X+9, 3'fragment, RNA)  

CGACGTTGAGGACAAAC 

MJ187 (X+9, 5'fragment, 3'primer) tm=60 

ACCTGCAGCTGTGGAAAAAAAAGG 
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MJ188 DNA splint for X+9 

(ligates CCTTTTTTTTCCACAGCTGCAGGTCGACGTTGAGGACAAAC) 

GTTTGTCCTCAACGTCGACCTGCAGCTGTGGAAAAAAAAGG 

MJ186 (universal 3' primer, 3' fragment for 25 nt exon) tm=59 

GTTTGTCCTCAACGTCGACC 

MJ1 control ligations: 

X-20: 

GGGAGACCGGCAGATCAGCTTGGCCGCGTCCATCTGGTCATCTAGgatcTGA

TATCATCGATGAATTCGAGCTCGGTACCCCGTTCGTCCTCACTCTCTTCCGC

ATCGCTGTCTGgGAGGGCCAGCTGTTGGGGTGAGTACTCCCTCTCAAAAGC

GGGCATGACTTCTGCCCTCGAGCgatatccgtacaccatcagggtacgagctagcccatggcgtacac

catcagggtacgactagtagatctcgtacaccatcagggtacggaattcTCTAGActcgagTATTAACCCTC

ACTAAAGGCAGTAGTCAAGGGTTTCCTTGAAGCTTTCGTaCTaACCCTTTCC

CTTTTTTTTCCTCTCTCTCTGGCCATGGGTCGACGTTGAGGACAAAC 

MJ171 (X-20, 3'fragment, 5'primer) tm=59 

ATCGAAATTAATACGACTCACTATAGgGAGGGCCAGCTGTTGGG   

MJ172 (X-20, 5'fragment, 3'primer) tm=58 

AGACAGCGATGCGGAAGAG 

MJ170 (universal 5'fragment, 5'primer) tm=63 

CCTGGCTTATCGAAATTAATACGACTCACTATAGGG 

MJ173 – DNA splint for X-20 

(ligates  CTCTTCCGCATCGCTGTCTGgGAGGGCCAGCTGTTGGG) 
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CCCAACAGCTGGCCCTCcCAGACAGCGATGCGGAAGAG 

MJ153 (universal 3' primer, 3' fragment for full length exon) tm=54 

tatcGGATCCAAGAGTACTGG 

X-10 

GGGAGACCGGCAGATCAGCTTGGCCGCGTCCATCTGGTCATCTAGgatcTGA

TATCATCGATGAATTCGAGCTCGGTACCCCGTTCGTCCTCACTCTCTTCCGC

ATCGCTGTCTGCGAGGGCCGGgTGTTGGGGTGAGTACTCCCTCTCAAAAGC

GGGCATGACTTCTGCCCTCGAGCgatatccgtacaccatcagggtacgagctagcccatggcgtacac

catcagggtacgactagtagatctcgtacaccatcagggtacggaattcTCTAGActcgagTATTAACCCTC

ACTAAAGGCAGTAGTCAAGGGTTTCCTTGAAGCTTTCGTaCTaACCCTTTCC

CTTTTTTTTCCTCTCTCTCTGGCCATGGGTCGACGTTGAGGACAAAC 

MJ174 (X-10, 3'fragment, 5'primer) tm=59 

ATCGAAATTAATACGACTCACTATAGGGTGTTGGGGTGAGTACTCCC 

MJ175 (X-10, 5'fragment, 3'primer) tm=58 

GGCCCTCGCAGACAGC 

MJ176 DNA splint for X-10 

(ligates   GCTGTCTGCGAGGGCCGGGTGTTGGGGTGAGTACTCCC) 

GGGAGTACTCACCCCAACACCCGGCCCTCGCAGACAGC 

MJ153 (universal 3' primer, 3' fragment for full length exon) tm=54  

tatcGGATCCAAGAGTACTGG 
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X-2 

GGGAGACCGGCAGATCAGCTTGGCCGCGTCCATCTGGTCATCTAGgatcTGA

TATCATCGATGAATTCGAGCTCGGTACCCCGTTCGTCCTCACTCTCTTCCGC

ATCGCTGTCTGCGAGGGCCAGCTGTTGGGGTGAGTACTCCCTCTCAAAAGC

GGGCATGACTTCTGCCCTCGAGCgatatccgtacaccatcagggtacgagctagcccatggcgtacac

catcagggtacgactagtagatctcgtacaccatcagggtacggaattcTCTAGActcgagTATTAACCCTC

ACTAAAGGCAGTAGTCAAGGGTTTCCTTGAAGCTTTCGTaCTaACCCTTTCC

CTTTTTTTTCCTCTCTCTCTGGCCATGGGTCGACGTTGAGGACAAAC 

MJ177 (X-2, 3'fragment, 5'primer) tm=58 

ATCGAAATTAATACGACTCACTATAGGGTGAGTACTCCCTCTCAAAAG 

MJ178 (X-2, 5'fragment, 3'primer) tm=60 

CAACAGCTGGCCCTCGC 

MJ179 DNA splint for X-2 

(ligates   GCGAGGGCCAGCTGTTGGGGTGAGTACTCCCTCTCAAAAG) 

CTTTTGAGAGGGAGTACTCACCCCAACAGCTGGCCCTCGC 

MJ153 (universal 3' primer, 3' fragment for full length exon) tm=54 

tatcGGATCCAAGAGTACTGG 

X+9 

GGGAGACCGGCAGATCAGCTTGGCCGCGTCCATCTGGTCATCTAGgatcTGA

TATCATCGATGAATTCGAGCTCGGTACCCCGTTCGTCCTCACTCTCTTCCGC

ATCGCTGTCTGCGAGGGCCAGCTGTTGGGGTGAGTACTCCCTCTCAAAAGC

GGGCATGACTTCTGCCCTCGAGCgatatccgtacaccatcagggtacgagctagcccatggcgtacac
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catcagggtacgactagtagatctcgtacaccatcagggtacggaattcTCTAGActcgagTATTAACCCTC

ACTAAAGGCAGTAGTCAAGGGTTTCCTTGAAGCTTTCGTaCTaACCCTTTCC

CTTTTTTTTCCTCTCTCTCTGGCCATGGGTCggGACGTTGAGGACAAACCTTC

GCGGTCTTTCCAGTACTCTTGGATCCgata 

MJ200 (X+9, 3'fragment, 5' primer for primer dimer extension) tm= 64 

ATCGAAATTAATACGACTCACTATAGGGACGTTGAGGACAAACCTTCGCG

Gtctttcc 

MJ201 (X+9, 3' fragment, 3' primer for primer dimer extension) tm=64 

tatcGGATCCAAGAGTACTGGAAAGACCGCGAAGGTTTGTCC 

MJ202 (X+9, 5'fragment, 3'primer) tm=62 

GACCCATGGCCAGAGAGAGAGG 

MJ203 DNA splint for X+9 

(ligates CCTCTCTCTCTGGCCATGGGTCggGACGTTGAGGACAAACC) 

GGTTTGTCCTCAACGTCccGACCCATGGCCAGAGAGAGAGG 

2. Image processing procedure for difference mapping. 

#!/bin/csh -f 

setenv IMAGIC_BATCH 1 

 

set n1     = 438 

set n2     = 413 

set thresh = 4 
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echo "!  " 

echo "! -------------------- IMAGIC ACCUMULATE FILE-------------------- " 

echo "! " 

echo "! IMAGIC-PROGRAM : fft:filt_all.e " 

echo "! " 

#/gcdata2/imagic/imagic_070302/fft/filt_all.e <<EOF 

/raid5/tools/IMAGIC4D/fft/filt_all.e <<EOF 

rot15sumlist_12var 

svar1 

GAUSS 

0.2 

NO 

scratch_fft 

EOF 

echo "!  " 

echo "! -------------------- IMAGIC ACCUMULATE FILE-------------------- " 

echo "! " 

echo "! IMAGIC-PROGRAM : fft:filt_all.e " 

echo "! " 

#/gcdata2/imagic/imagic_070302/fft/filt_all.e <<EOF 

/raid5/tools/IMAGIC4D/fft/filt_all.e <<EOF 
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15sumlist_6var 

svar2 

GAUSS 

0.2 

NO 

scratch_fft 

EOF 

echo "!  " 

echo "! -------------------- IMAGIC ACCUMULATE FILE-------------------- " 

echo "! " 

echo "! IMAGIC-PROGRAM : fft:filt_all.e " 

echo "! " 

#/gcdata2/imagic/imagic_070302/fft/filt_all.e <<EOF 

/raid5/tools/IMAGIC4D/fft/filt_all.e <<EOF 

subclass 

diff_map 

GAUSS 

0.2 

NO 

scratch_fft 

EOF 

echo "!  " 
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echo "! -------------------- IMAGIC ACCUMULATE FILE-------------------- " 

echo "! " 

echo "! IMAGIC-PROGRAM : stand:arithm.e " 

echo "! " 

#/gcdata2/imagic/imagic_070302/stand/arithm.e <<EOF 

/raid5/tools/IMAGIC4D/stand/arithm.e <<EOF 

svar1 

var1 

DIVI 

constant 

$n1 

EOF 

echo "! " 

echo "! IMAGIC-PROGRAM : stand:arithm.e " 

echo "! " 

#/gcdata2/imagic/imagic_070302/stand/arithm.e <<EOF 

/raid5/tools/IMAGIC4D/stand/arithm.e <<EOF 

svar2 

var2 

DIVI 

constant 

$n2 
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EOF 

echo "! " 

echo "! IMAGIC-PROGRAM : stand:twoimag.e " 

echo "! " 

#/gcdata2/imagic/imagic_070302/stand/twoimag.e <<EOF 

/raid5/tools/IMAGIC4D/stand/twoimag.e<<EOF 

ADD 

var1 

var2 

var_diff 

EOF 

echo "! " 

echo "! IMAGIC-PROGRAM : stand:arithm.e " 

echo "! " 

#/gcdata2/imagic/imagic_070302/stand/arithm.e <<EOF 

/raid5/tools/IMAGIC4D/stand/arithm.e <<EOF 

var_diff 

sig_diff 

SQROOT 

EOF 

echo "! " 

echo "! IMAGIC-PROGRAM : stand:twoimag.e " 
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echo "! " 

#/gcdata2/imagic/imagic_070302/stand/twoimag.e <<EOF 

/raid5/tools/IMAGIC4D/stand/twoimag.e <<EOF 

DIVI 

diff_map 

sig_diff 

sig_map 

EOF 

echo "! " 

echo "! IMAGIC-PROGRAM : stand:arithm.e " 

echo "! " 

#/gcdata2/imagic/imagic_070302/stand/arithm.e <<EOF 

/raid5/tools/IMAGIC4D/stand/arithm.e <<EOF 

sig_map 

sig_thresh4 

THRESHOLD 

LOWER_THRESHOLD 

FIXED DENSITY 

$thresh 

INT 

0 

EOF 
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echo "! " 

echo "! IMAGIC-PROGRAM : stand:arithm.e " 

echo "! " 

#/gcdata2/imagic/imagic_070302/stand/arithm.e <<EOF 

/raid5/tools/IMAGIC4D/stand/arithm.e <<EOF 

sig_map 

nsig_map 

MULT 

constant 

-1.0 

EOF 

echo "! " 

echo "! IMAGIC-PROGRAM : stand:arithm.e " 

echo "! " 

#/gcdata2/imagic/imagic_070302/stand/arithm.e <<EOF 

/raid5/tools/IMAGIC4D/stand/arithm.e <<EOF 

nsig_map 

nsig_thresh4 

THRESHOLD 

LOWER_THRESHOLD 

FIXED DENSITY 

$thresh 
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INT 

0 

EOF 



  131 

References 

1. Will, C.L. & Luhrmann, R. Spliceosome structure and function. Cold Spring 
Harb Perspect Biol 3(2011). 

2. Wahl, M.C., Will, C.L. & Luhrmann, R. The spliceosome: design principles 
of a dynamic RNP machine. Cell 136, 701-718 (2009). 

3. Jurica, M.S. & Moore, M.J. Pre-mRNA splicing: awash in a sea of proteins. 
Molecular cell 12, 5-14 (2003). 

4. Zillmann, M., Rose, S.D. & Berget, S.M. U1 small nuclear ribonucleoproteins 
are required early during spliceosome assembly. Mol Cell Biol 7, 2877-2883 
(1987). 

5. Wu, S., Romfo, C.M., Nilsen, T.W. & Green, M.R. Functional recognition of 
the 3' splice site AG by the splicing factor U2AF35. Nature 402, 832-835 
(1999). 

6. Gaur, R.K., Valcarcel, J. & Green, M.R. Sequential recognition of the pre-
mRNA branch point by U2AF65 and a novel spliceosome-associated 28-kDa 
protein. RNA 1, 407-417 (1995). 

7. 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 10, 233-243 
(1996). 

8. Pascolo, E. & Seraphin, B. The branchpoint residue is recognized during 
commitment complex formation before being bulged out of the U2 snRNA-
pre-mRNA duplex. Mol Cell Biol 17, 3469-3476 (1997). 

9. Deckert, J., et al. Protein composition and electron microscopy structure of 
affinity-purified human spliceosomal B complexes isolated under 
physiological conditions. Mol Cell Biol 26, 5528-5543 (2006). 

10. Johnson, T.L. & Abelson, J. Characterization of U4 and U6 interactions with 
the 5' splice site using a S. cerevisiae in vitro trans-splicing system. Genes 
Dev 15, 1957-1970 (2001). 

11. Bessonov, S., et al. Characterization of purified human Bact spliceosomal 
complexes reveals compositional and morphological changes during 
spliceosome activation and first step catalysis. RNA 16, 2384-2403 (2010). 



  132 

12. Kim, S.H. & Lin, R.J. Pre-mRNA splicing within an assembled yeast 
spliceosome requires an RNA-dependent ATPase and ATP hydrolysis. Proc 
Natl Acad Sci U S A 90, 888-892 (1993). 

13. Ohrt, T., et al. Prp2-mediated protein rearrangements at the catalytic core of 
the spliceosome as revealed by dcFCCS. RNA (2012). 

14. Jurica, M.S., Licklider, L.J., Gygi, S.R., Grigorieff, N. & Moore, M.J. 
Purification and characterization of native spliceosomes suitable for three-
dimensional structural analysis. Rna 8, 426-439 (2002). 

15. Hoskins, A.A. & Moore, M.J. The spliceosome: a flexible, reversible 
macromolecular machine. Trends Biochem Sci (2012). 

16. Staley, J.P. & Woolford, J.L., Jr. Assembly of ribosomes and spliceosomes: 
complex ribonucleoprotein machines. Curr Opin Cell Biol 21, 109-118 
(2009). 

17. Luking, A., Stahl, U. & Schmidt, U. The protein family of RNA helicases. 
Crit Rev Biochem Mol Biol 33, 259-296 (1998). 

18. Staley, J.P. & Guthrie, C. Mechanical devices of the spliceosome: motors, 
clocks, springs, and things. Cell 92, 315-326 (1998). 

19. Kosowski, T.R., Keys, H.R., Quan, T.K. & Ruby, S.W. DExD/H-box Prp5 
protein is in the spliceosome during most of the splicing cycle. RNA 15, 1345-
1362 (2009). 

20. Wells, S.E. & Ares, M., Jr. Interactions between highly conserved U2 small 
nuclear RNA structures and Prp5p, Prp9p, Prp11p, and Prp21p proteins are 
required to ensure integrity of the U2 small nuclear ribonucleoprotein in 
Saccharomyces cerevisiae. Mol Cell Biol 14, 6337-6349 (1994). 

21. Perriman, R., Barta, I., Voeltz, G.K., Abelson, J. & Ares, M., Jr. ATP 
requirement for Prp5p function is determined by Cus2p and the structure of 
U2 small nuclear RNA. Proc Natl Acad Sci U S A 100, 13857-13862 (2003). 

22. Libri, D., Graziani, N., Saguez, C. & Boulay, J. Multiple roles for the yeast 
SUB2/yUAP56 gene in splicing. Genes Dev 15, 36-41 (2001). 

23. Silverman, E., Edwalds-Gilbert, G. & Lin, R.J. DExD/H-box proteins and 
their partners: helping RNA helicases unwind. Gene 312, 1-16 (2003). 

24. Staley, J.P. & Guthrie, C. An RNA switch at the 5' splice site requires ATP 
and the DEAD box protein Prp28p. Mol Cell 3, 55-64 (1999). 



  133 

25. Maeder, C., Kutach, A.K. & Guthrie, C. ATP-dependent unwinding of U4/U6 
snRNAs by the Brr2 helicase requires the C terminus of Prp8. Nat Struct Mol 
Biol 16, 42-48 (2009). 

26. Small, E.C., Leggett, S.R., Winans, A.A. & Staley, J.P. The EF-G-like 
GTPase Snu114p regulates spliceosome dynamics mediated by Brr2p, a 
DExD/H box ATPase. Molecular cell 23, 389-399 (2006). 

27. Bellare, P., Kutach, A.K., Rines, A.K., Guthrie, C. & Sontheimer, E.J. 
Ubiquitin binding by a variant Jab1/MPN domain in the essential pre-mRNA 
splicing factor Prp8p. RNA 12, 292-302 (2006). 

28. Roy, J., Kim, K., Maddock, J.R., Anthony, J.G. & Woolford, J.L., Jr. The 
final stages of spliceosome maturation require Spp2p that can interact with the 
DEAH box protein Prp2p and promote step 1 of splicing. RNA 1, 375-390 
(1995). 

29. Kim, S.H. & Lin, R.J. Spliceosome activation by PRP2 ATPase prior to the 
first transesterification reaction of pre-mRNA splicing. Mol Cell Biol 16, 
6810-6819 (1996). 

30. Silverman, E.J., et al. Interaction between a G-patch protein and a 
spliceosomal DEXD/H-box ATPase that is critical for splicing. Mol Cell Biol 
24, 10101-10110 (2004). 

31. Lardelli, R.M., Thompson, J.X., Yates, J.R., 3rd & Stevens, S.W. Release of 
SF3 from the intron branchpoint activates the first step of pre-mRNA splicing. 
RNA 16, 516-528 (2010). 

32. Schwer, B. & Guthrie, C. PRP16 is an RNA-dependent ATPase that interacts 
transiently with the spliceosome. Nature 349, 494-499 (1991). 

33. Umen, J.G. & 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 1, 584-597 (1995). 

34. Mayas, R.M., Maita, H. & Staley, J.P. Exon ligation is proofread by the 
DExD/H-box ATPase Prp22p. Nature structural & molecular biology 13, 
482-490 (2006). 

35. Schwer, B. & Gross, C.H. Prp22, a DExH-box RNA helicase, plays two 
distinct roles in yeast pre-mRNA splicing. EMBO J 17, 2086-2094 (1998). 

36. Company, M., Arenas, J. & Abelson, J. Requirement of the RNA helicase-like 
protein PRP22 for release of messenger RNA from spliceosomes. Nature 349, 
487-493 (1991). 



  134 

37. Wagner, J.D., Jankowsky, E., Company, M., Pyle, A.M. & Abelson, J.N. The 
DEAH-box protein PRP22 is an ATPase that mediates ATP-dependent 
mRNA release from the spliceosome and unwinds RNA duplexes. EMBO J 
17, 2926-2937 (1998). 

38. Aronova, A., Bacikova, D., Crotti, L.B., Horowitz, D.S. & Schwer, B. 
Functional interactions between Prp8, Prp18, Slu7, and U5 snRNA during the 
second step of pre-mRNA splicing. RNA 13, 1437-1444 (2007). 

39. Schwer, B. A conformational rearrangement in the spliceosome sets the stage 
for Prp22-dependent mRNA release. Molecular cell 30, 743-754 (2008). 

40. Schwer, B. & Meszaros, T. RNA helicase dynamics in pre-mRNA splicing. 
EMBO J 19, 6582-6591 (2000). 

41. Tanaka, N. & Schwer, B. Mutations in PRP43 that uncouple RNA-dependent 
NTPase activity and pre-mRNA splicing function. Biochemistry 45, 6510-
6521 (2006). 

42. Yoshimoto, R., Kataoka, N., Okawa, K. & Ohno, M. Isolation and 
characterization of post-splicing lariat-intron complexes. Nucleic acids 
research 37, 891-902 (2009). 

43. Chiu, Y.F., et al. Cwc25 is a novel splicing factor required after Prp2 and 
Yju2 to facilitate the first catalytic reaction. Mol Cell Biol 29, 5671-5678 
(2009). 

44. Zhang, L., et al. Crystal structure of the C-terminal domain of splicing factor 
Prp8 carrying retinitis pigmentosa mutants. Protein Sci 16, 1024-1031 (2007). 

45. Pena, V., Rozov, A., Fabrizio, P., Luhrmann, R. & Wahl, M.C. Structure and 
function of an RNase H domain at the heart of the spliceosome. EMBO J 27, 
2929-2940 (2008). 

46. Yang, K., Zhang, L., Xu, T., Heroux, A. & Zhao, R. Crystal structure of the 
beta-finger domain of Prp8 reveals analogy to ribosomal proteins. Proc Natl 
Acad Sci U S A 105, 13817-13822 (2008). 

47. Pomeranz Krummel, D.A., Oubridge, C., Leung, A.K., Li, J. & Nagai, K. 
Crystal structure of human spliceosomal U1 snRNP at 5.5 A resolution. 
Nature 458, 475-480 (2009). 

48. Boehringer, D., et al. Three-dimensional structure of a pre-catalytic human 
spliceosomal complex B. Nature structural & molecular biology 11, 463-468 
(2004). 



  135 

49. Hacker, I., et al. Localization of Prp8, Brr2, Snu114 and U4/U6 proteins in the 
yeast tri-snRNP by electron microscopy. Nature structural & molecular 
biology 15, 1206-1212 (2008). 

50. Jurica, M.S., Sousa, D., Moore, M.J. & Grigorieff, N. Three-dimensional 
structure of C complex spliceosomes by electron microscopy. Nature 
structural & molecular biology 11, 265-269 (2004). 

51. Alcid, E.A. & Jurica, M.S. A protein-based EM label for RNA identifies the 
location of exons in spliceosomes. Nature structural & molecular biology 15, 
213-215 (2008). 

52. Datta, B. & Weiner, A.M. Genetic evidence for base pairing between U2 and 
U6 snRNA in mammalian mRNA splicing. Nature 352, 821-824 (1991). 

53. Wu, J.A. & Manley, J.L. Base pairing between U2 and U6 snRNAs is 
necessary for splicing of a mammalian pre-mRNA. Nature 352, 818-821 
(1991). 

54. Valadkhan, S. & Manley, J.L. Characterization of the catalytic activity of U2 
and U6 snRNAs. RNA 9, 892-904 (2003). 

55. Dunn, E.A. & Rader, S.D. Secondary structure of U6 small nuclear RNA: 
implications for spliceosome assembly. Biochem Soc Trans 38, 1099-1104 
(2010). 

56. Perriman, R.J. & Ares, M., Jr. Rearrangement of competing U2 RNA helices 
within the spliceosome promotes multiple steps in splicing. Genes Dev 21, 
811-820 (2007). 

57. Madhani, H.D. & Guthrie, C. A novel base-pairing interaction between U2 
and U6 snRNAs suggests a mechanism for the catalytic activation of the 
spliceosome. Cell 71, 803-817 (1992). 

58. Sun, J.S. & Manley, J.L. A novel U2-U6 snRNA structure is necessary for 
mammalian mRNA splicing. Genes Dev 9, 843-854 (1995). 

59. Sontheimer, E.J. & Steitz, J.A. The U5 and U6 small nuclear RNAs as active 
site components of the spliceosome. Science 262, 1989-1996 (1993). 

60. Teigelkamp, S., Newman, A.J. & Beggs, J.D. 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 14, 2602-2612 
(1995). 



  136 

61. Wyatt, J.R., Sontheimer, E.J. & Steitz, J.A. Site-specific cross-linking of 
mammalian U5 snRNP to the 5' splice site before the first step of pre-mRNA 
splicing. Genes Dev 6, 2542-2553 (1992). 

62. Chiara, M.D., et al. Identification of proteins that interact with exon 
sequences, splice sites, and the branchpoint sequence during each stage of 
spliceosome assembly. Mol Cell Biol 16, 3317-3326 (1996). 

63. Konarska, M.M. & Query, C.C. Insights into the mechanisms of splicing: 
more lessons from the ribosome. Genes Dev 19, 2255-2260 (2005). 

64. Brow, D.A. Allosteric cascade of spliceosome activation. Annu Rev Genet 36, 
333-360 (2002). 

65. Gozani, O., Patton, J.G. & 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 13, 3356-3367 (1994). 

66. Reichert, V.L., Le Hir, H., Jurica, M.S. & Moore, M.J. 5' exon interactions 
within the human spliceosome establish a framework for exon junction 
complex structure and assembly. Genes Dev 16, 2778-2791 (2002). 

67. Hastings, M.L. & Krainer, A.R. Pre-mRNA splicing in the new millennium. 
Curr Opin Cell Biol 13, 302-309 (2001). 

68. Moore, M.J. & Sharp, P.A. Evidence for two active sites in the spliceosome 
provided by stereochemistry of pre-mRNA splicing. Nature 365, 364-368 
(1993). 

69. Jurica, M.S. Detailed close-ups and the big picture of spliceosomes. Curr 
Opin Struct Biol 18, 315-320 (2008). 

70. Sander, B., et al. Organization of core spliceosomal components U5 snRNA 
loop I and U4/U6 Di-snRNP within U4/U6.U5 Tri-snRNP as revealed by 
electron cryomicroscopy. Molecular cell 24, 267-278 (2006). 

71. Bessonov, S., Anokhina, M., Will, C.L., Urlaub, H. & Luhrmann, R. Isolation 
of an active step I spliceosome and composition of its RNP core. Nature 452, 
846-850 (2008). 

72. Zhou, Z., Sim, J., Griffith, J. & Reed, R. Purification and electron microscopic 
visualization of functional human spliceosomes. Proc Natl Acad Sci U S A 99, 
12203-12207 (2002). 



  137 

73. Le Hir, H., Izaurralde, E., Maquat, L.E. & Moore, M.J. The spliceosome 
deposits multiple proteins 20-24 nucleotides upstream of mRNA exon-exon 
junctions. EMBO J 19, 6860-6869 (2000). 

74. Gunzl, A. & Bindereif, A. Oligonucleotide-targeted RNase H protection 
analysis of RNA-protein complexes. Methods Mol Biol 118, 93-103 (1999). 

75. Desmet, F.O., et al. Human Splicing Finder: an online bioinformatics tool to 
predict splicing signals. Nucleic acids research (2009). 

76. Sawa, H. & Shimura, Y. Alterations of RNase H sensitivity of the 3' splice 
site region during the in vitro splicing reaction. Nucleic acids research 19, 
3953-3958 (1991). 

77. Hirose, T., et al. A spliceosomal intron binding protein, IBP160, links 
position-dependent assembly of intron-encoded box C/D snoRNP to pre-
mRNA splicing. Molecular cell 23, 673-684 (2006). 

78. Moore, M.J. & Sharp, P.A. Site-specific modification of pre-mRNA: the 2'-
hydroxyl groups at the splice sites. Science 256, 992-997 (1992). 

79. Schwer, B. & Guthrie, C. A conformational rearrangement in the spliceosome 
is dependent on PRP16 and ATP hydrolysis. EMBO J 11, 5033-5039 (1992). 

80. Tsai, R.T., et al. Spliceosome disassembly catalyzed by Prp43 and its 
associated components Ntr1 and Ntr2. Genes Dev 19, 2991-3003 (2005). 

81. Wassarman, D.A. & Steitz, J.A. Interactions of small nuclear RNA's with 
precursor messenger RNA during in vitro splicing. Science 257, 1918-1925 
(1992). 

82. Beggs, J.D., Teigelkamp, S. & Newman, A.J. The role of PRP8 protein in 
nuclear pre-mRNA splicing in yeast. J Cell Sci Suppl 19, 101-105 (1995). 

83. Newman, A.J., Teigelkamp, S. & Beggs, J.D. snRNA interactions at 5' and 3' 
splice sites monitored by photoactivated crosslinking in yeast spliceosomes. 
RNA 1, 968-980 (1995). 

84. Ilagan, J., Yuh, P., Chalkley, R.J., Burlingame, A.L. & Jurica, M.S. The role 
of exon sequences in C complex spliceosome structure. J Mol Biol 394, 363-
375 (2009). 

85. Merz, C., Urlaub, H., Will, C.L. & Luhrmann, R. Protein composition of 
human mRNPs spliced in vitro and differential requirements for mRNP 
protein recruitment. RNA 13, 116-128 (2007). 



  138 

86. Cohen-Krausz, S., Sperling, R. & Sperling, J. Exploring the architecture of the 
intact supraspliceosome using electron microscopy. J Mol Biol 368, 319-327 
(2007). 

87. Behzadnia, N., et al. Composition and three-dimensional EM structure of 
double affinity-purified, human prespliceosomal A complexes. EMBO J 26, 
1737-1748 (2007). 

88. Wolf, E., et al. Exon, intron and splice site locations in the spliceosomal B 
complex. EMBO J 28, 2283-2292 (2009). 

89. Golas, M.M., et al. 3D cryo-EM structure of an active step I spliceosome and 
localization of its catalytic core. Mol Cell 40, 927-938 (2010). 

90. Fabrizio, P., et al. The evolutionarily conserved core design of the catalytic 
activation step of the yeast spliceosome. Molecular cell 36, 593-608 (2009). 

91. Hilliker, A.K., Mefford, M.A. & Staley, J.P. U2 toggles iteratively between 
the stem IIa and stem IIc conformations to promote pre-mRNA splicing. 
Genes Dev 21, 821-834 (2007). 

92. Roybal, G.A. & Jurica, M.S. Spliceostatin A inhibits spliceosome assembly 
subsequent to prespliceosome formation. Nucleic acids research 38, 6664-
6672 (2010). 

93. Folco, E.G., Coil, K.E. & Reed, R. The anti-tumor drug E7107 reveals an 
essential role for SF3b in remodeling U2 snRNP to expose the branch point-
binding region. Genes Dev 25, 440-444 (2011). 

94. Corrionero, A., Minana, B. & Valcarcel, J. Reduced fidelity of branch point 
recognition and alternative splicing induced by the anti-tumor drug 
spliceostatin A. Genes Dev 25, 445-459 (2011). 

95. Agafonov, D.E., et al. Semiquantitative proteomic analysis of the human 
spliceosome via a novel two-dimensional gel electrophoresis method. Mol 
Cell Biol 31, 2667-2682 (2011). 

96. Chua, K. & Reed, R. The RNA splicing factor hSlu7 is required for correct 3' 
splice-site choice. Nature 402, 207-210 (1999). 

97. Dziembowski, A., et al. Proteomic analysis identifies a new complex required 
for nuclear pre-mRNA retention and splicing. EMBO J 23, 4847-4856 (2004). 

98. Chua, K. & Reed, R. Human step II splicing factor hSlu7 functions in 
restructuring the spliceosome between the catalytic steps of splicing. Genes 
Dev 13, 841-850 (1999). 



  139 

99. Ludtke, S.J., Baldwin, P.R. & Chiu, W. EMAN: semiautomated software for 
high-resolution single-particle reconstructions. J Struct Biol 128, 82-97 
(1999). 

100. van Heel, M., Harauz, G., Orlova, E.V., Schmidt, R. & Schatz, M. A new 
generation of the IMAGIC image processing system. Journal of structural 
biology 116, 17-24 (1996). 

101. Lander, G.C., et al. Appion: an integrated, database-driven pipeline to 
facilitate EM image processing. J Struct Biol 166, 95-102 (2009). 

102. Goddard, T.D., Huang, C.C. & Ferrin, T.E. Visualizing density maps with 
UCSF Chimera. J Struct Biol 157, 281-287 (2007). 

103. Ohi, M.D., Ren, L., Wall, J.S., Gould, K.L. & Walz, T. Structural 
characterization of the fission yeast U5.U2/U6 spliceosome complex. Proc 
Natl Acad Sci U S A 104, 3195-3200 (2007). 

104. Mefford, M.A. & Staley, J.P. Evidence that U2/U6 helix I promotes both 
catalytic steps of pre-mRNA splicing and rearranges in between these steps. 
RNA 15, 1386-1397 (2009). 

105. Chalkley, R.J., Baker, P.R., Medzihradszky, K.F., Lynn, A.J. & Burlingame, 
A.L. In-depth analysis of tandem mass spectrometry data from disparate 
instrument types. Mol Cell Proteomics (2008). 

106. Elias, J.E. & Gygi, S.P. Target-decoy search strategy for increased confidence 
in large-scale protein identifications by mass spectrometry. Nat Methods 4, 
207-214 (2007). 

107. Desiere, F., et al. The PeptideAtlas project. Nucleic Acids Res 34, D655-658 
(2006). 

108. MacLean, B., et al. Skyline: an open source document editor for creating and 
analyzing targeted proteomics experiments. Bioinformatics 26, 966-968 
(2010). 

109. Frank, J., et al. SPIDER and WEB: processing and visualization of images in 
3D electron microscopy and related fields. J Struct Biol 116, 190-199 (1996). 

 

 

 




