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ABSTRACT OF THE DISSERTATION 

 

 

Molecular Assembly of Exon Definition Complex  

and Its Regulation for Alternative Precursor-messenger RNA Splicing  

by Polypyrimidine-tract Binding Protein PTBP1 

 

 

by 

 

Somsakul Wongpalee 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2015 

Professor Douglas L. Black, Chair 

 

 Alternative pre-mRNA splicing (AS) plays a major role in gene expression in 

higher eukaryotes, especially in vertebrates.  Regulation of AS is primarily 

accomplished by splicing factors that bind to regulatory elements on pre-mRNAs and 

influence spliceosomal complex assembly.  One important splicing factor is the 

polypyrimidine tract-binding protein 1 (PTBP1), well known for its repressor activity.  In 

repressing an alternative exon, PTBP1 uses different mechanisms depending on the 

location of its binding sites.  PTBP1 can compete with U2AF65 to bind the 

polypyrimidine tract at the 3’ splice site if it contains the PTBP1 binding sites.  
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Alternatively, when PTBP1 is bound to an exon, it can block the recruitment of U2AF65 

across an exon or the cross-intron interactions to an adjacent exon.  However, PTBP1 

binding sites are often located further within both introns flanking an alternative exon.  

The mechanism behind this type of alternative exon repression is poorly characterized.  

Therefore, we used a modified version of an alternative N1 exon of c-src pre-mRNA to 

characterize this type of repression mechanism.  We found that PTBP1 stalls an exon in 

an early exon complex, inhibiting its transition to an exon definition complex (EDC), 

which is required for subsequent spliceosomal complex assembly.  Using quantitative 

mass spectrometry to analyze PTBP1-repressed early exon complex, de-repressed 

early exon complex and the EDC, we identified that PTBP1 accomplishes this, in part, 

by blocking the association of two ATP-dependent RNA helicases—DDX5 and DDX17, 

which we found playing an important role promoting efficient formation of the EDC in 

vitro and exon inclusion in vivo.  Interestingly, during the normal transition of the exon 

from early exon complex to the EDC, we detected the removal of hnRNP proteins and 

substantial recruitment of SR proteins, concurrent with U2 snRNP recruitment.  Not only 

did these data reveal for the first time the assembly of the EDC, but also suggest that 

there are remodeling events required prior to the exon definition process.  We believe 

that these remodeling events could be attributed to actions of ATP-dependent RNA 

helicases DDX5 and DDX17. 
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CHAPTER ONE 

Introduction 

 

PRE-SPLICEOSOMAL COMPLEX ASSEMBLY 

 Most eukaryotic protein-coding genes are transcribed into precursor-messenger 

RNAs (pre-mRNAs) in which the two terminal untranslated regions and the protein-

coding regions, together called exons, are interrupted by noncoding intervening 

segments called introns.  This pre-mRNA must undergo an RNA processing reaction 

called splicing that removes introns and ligates the exons to generate a mature 

translatable mRNA.  All of the introns must be excised from a gene transcript prior to the 

export of the mature mRNA from the nucleus to the cytoplasm for translation.  Splicing 

occurs in two trans-esterification reactions that are catalyzed by a large 

ribonucleoprotein (RNP) complex called the spliceosome. 

 The spliceosome is one of the most complex macromolecular machineries in 

eukaryotic cells, characterized by the dynamic assembly and disassembly of more than 

~170 proteins and five Uridine rich small-nuclear RNPs (U snRNPs) in a single splicing 

reaction (1,2).  This dynamics is driven largely by ATP-dependent reactions mediated 

by eight DExD/H-type RNA-dependent ATPase/helicases conserved from yeast to 

human.  These proteins participate in different stages of splicing to remodel protein-

protein, protein-RNA, and RNA-RNA interactions to create catalytic sites that consist of 

both snRNAs and Prp8 proteins of U5 snRNP (3,4).  The U snRNPs function to mark 

intron/exon boundaries and to engage the spliceosome in catalytic activities.  Much of 

our knowledge of the spliceosome is obtained from the ability to reconstitute splicing in 
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vitro using optimized intron-defined pre-mRNA substrates—containing a small intron 

flanked by partial exons—and ability to purify spliceosomal intermediates.   

Pre-spliceosomal complex assembly (E and A complexes) is of great interest 

because it is known to be a target for alternative pre-mRNA splicing (5-8).  At these 

early stages, splice sites are not fully paired together, so many splicing factors exploit 

this chance for alternative splicing.  In vitro, the spliceosome assembles in a step-wise 

manner to form discrete intermediates that are different in size and shape.  These 

intermediate complexes are termed E, A, B, B* and C complexes.  Early stages of 

splicing involve identifying 5’ and 3’ splice sites.  In forming the pre-spliceosomal E 

complex, U1 snRNP base-pairs to the 5’ splice site, while U2AF65 and U2AF35 interact 

with polypyrimidine-tract and 3’ splice site on the opposite end of an intron, respectively.  

It has been shown that during the E complex formation, the two splice sites already 

communicate across an intron and are brought close together (9,10).  This pairing 

interaction is likely mediated by many proteins such as SR proteins, which have been 

shown to interact with both U1 snRNP and U2AF35 (11-13).  This complex is the 

earliest complex that commits the pre-mRNA to the splicing pathway (14).  U2 snRNP is 

then recruited to the branch site sequences at least by interaction with U2AF65 (15,16).  

In base-pairing with the branch point sequences, U2 snRNP requires the first two ATP-

dependent reactions—1) ATP hydrolysis by UAP56, which is also recruited by U2AF65, 

2) ATP hydrolysis by DDX46 (Prp5), a protein integral to the U2 snRNP.  Precise 

activity of UAP56 is unclear, however it genetically interacts with proteins that bind to 

branch point sequence in yeast, suggesting that it might remove those proteins prior to 

U2 base-pairing (17,18).  In contrast, activity of DDX46 is well known, as it is required to 
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expose a part of U2 snRNA for base-pairing at the branch point sequences (19,20).  

Integration of the U2 snRNP in the complex results in the formation of the pre-

spliceosomal A complex.  The 5’ and 3’ splice sites are shown to be committed to each 

other in this complex (21).  Consistently, additional interaction between U1 snRNP : 

DDX46 : U2 snRNP and U1 stem-loop4 : U2 snRNP (refer to Chapter 3) are also found 

to mediate the cross-intron interaction in addition to those mentioned above (22,23).  

The pre-spliceosomal A complex then recruits tri-snRNPs U4/U6.U5 and Prp19/CDC5 

to form the full spliceosomal B complex.  The B complex is not catalytically active.  

Rather, it undergoes substantial rearrangement of both protein and U snRNAs.  This 

results in a loss of U1 and U4 snRNPs from the B complex, U2 snRNA now base-pairs 

to U6 snRNA; U6 base-pairs to 5’ splice site, while U5 snRNA interacts with a 5’ exon 

(2).  This resulting complex is call the B* complex and is active for catalyzing the first 

trans-esterification reaction where the branch point Adenosine attacks the 5’ splice site.  

The first catalytic reaction generates the spliceosomal C complex which completes the 

second reaction where the 5’ splice site attacks the 3’ splice site in order to ligate two 

exon together and release an mRNA.  A by-product intron lariat is attached to the post-

spliceosomal intron complex and is released as the U2, U5 and U6 snRNPs are 

recycled for the next round of splicing (2). 

 

EXON DEFINITION 

 As mentioned above, our current understanding of spliceosomal complex 

assembly is based on experiments using small intron pre-mRNA containing partial 

terminal exons, in which the 5’ and 3’ splice sites are recognized across a short intron in 
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the pre-spliceosomal E and A.  This early assembly is termed intron definition (24).  

However, in higher eukaryotes like human, average exon length is only 170 nucleotides 

(nts), separated by considerably long introns; thus, recognizing splice sites across a 

vast intronic sequences seems to be an incredible pathway.  Rather, early spliceosomal 

complexes in vertebrates are thought to assemble across an exon during a process 

called exon definition (25,26).  Once an exon is recognized as an exon definition 

complex (EDC), adjacent EDCs will have to pair together across an intron during the 

process of intron definition, which will be then feed to the intron-defined spliceosomal 

pathway described above (26,27). 

 A large body of evidence supports the existence of exon definition in vertebrates 

(26,28).  First, 5’ splice site mutation of an internal exon commonly leads to skipping of 

the exon as well as both flanking introns, rather than retention of the affected intron.  

Second, if 5’ splice site mutation does not lead to exon skipping, a new cryptic 5’ splice 

site is almost invariably located very close to the affected 5’ splice sites, suggesting 

there is a strict communication with an upstream 3’ splice site in order to splice in.  

Third, there is a limit of exon length to support efficient splicing in human nuclear 

extract, with exon greater than 300 nts splice poorly.  This coincides with average exon 

length in vertebrate, which is less than 300 nts.  Lastly, proteins that mediate cross-

exon interaction such as SR proteins and U2AF35 are missing in Saccharomyces 

cerevisiae in which their introns are spliced out via intron definition, suggesting the 

requirement of these proteins in higher eukaryotes. 

 Exon definition is the term coined by Susan Berget’s group in 1990 after an 

observation that adding a 5’ splice site to the second exon enhanced splicing of the 
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upstream intron (29).  Exon definition is a process that vertebrates use for recognizing 

5’ and 3’ splice sites across an exon.  This process yields a pre-spliceosomal A-like “α” 

complex, which is subsequently known as EDC (24,26).  However, the term became 

loosely defined as any RNP complexes assembled on an exon, for example a pre-

spliceosomal E-like EDC, containing U1 snRNP.  Recently, the EDC was found to 

contain the tri-snRNPs; this type of EDC is readily to transition to the intron-defined B 

complex (30).  EDC herein will be referred to as an original, pre-spliceosomal A-like α 

complex, containing U1 and U2 snRNPs.  Besides the two U snRNPs, mass 

spectrometry analyses of isolated EDC from two different exons confirmed that it also 

contains prominent numbers of Serine-Arginine protein family (SR proteins) and 

heterogeneous nuclear ribonucleoproteins (hnRNPs), along with other miscellaneous 

proteins (8,30).  SR proteins bind exon sequences, positively affecting recognition of 5’ 

and 3’ splice sites and promoting communication between them (31-34).  However, the 

presence of hnRNP proteins in the EDC is not well understood as these proteins 

commonly known for their negative affect on splicing (35).   

 Nevertheless, steps to assemble an exon to the EDC are poorly characterized.  

Besides some pairwise pulldown experiments, an ensemble of protein-protein 

interaction inside the complex have never been studied.  As pre-mRNA splicing in 

vertebrates employs exon definition process, growing evidence suggest that exon 

definition is a target for many splicing factors for alternative pre-mRNA splicing 

(5,6,34,36,37). Thus, dissecting the mechanisms underlying EDC assembly, in 

particular the protein-protein, protein-RNA and RNA-RNA interactions that are 
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necessary for complex formation, is a prerequisite for understanding how alternative 

splicing is accomplished. 

 

SR PROTEINS AND HNRNP PROTEINS 

 Serine-Arginine protein family (SR protein family) is a family of nuclear phospho-

proteins that have many functions in RNA metabolism.  They participate in mRNA 

export, nonsense-mediated mRNA decay, and translation (38-40).  Additionally, SR 

proteins are known for their positive effects on both constitutive and alternative pre-

mRNA splicing (27), even though they can have repressive functions (41).  The SR 

protein family is characterized by the presence of one or two RNA binding domains 

termed RNA Recognition Motif (RRM) on the N terminus, followed by RS (Arginine-

Serine rich) domains of at least 50 amino acid with >40% RS content (42).  Twelve SR 

proteins, SRSF1 to SRSF12, were identified in human.  Other RS domain-containing 

proteins exist, but do not belong to the SR protein family because of different domain 

arrangement, the absence of RRM, or the presence of different RNA binding domain; 

these proteins are often called SR-related proteins.  Some examples of SR-related 

proteins include TRA2B (SFRS10), RBM39 and LUC7L2.  RRM domains mediate 

binding of SR proteins to RNA targets, whereas RS domains mediate protein-protein 

interactions among themselves or with RS domains of other proteins (11,13,42).  RNA 

binding motifs of SR proteins have been identified; consensus of these motifs is 

generally low for a particular SR protein.  However, it has been shown that existence of 

these motifs is higher in an exon compared to intron (41,43).  Many studies, using either 

exon or intron-defined substrates, have demonstrated SR proteins promotes recruitment 
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of U1 snRNP, U2AF and U2 snRNP to 5’, 3’ splice sites and branch point sequences, 

respectively (11,12,15,32,33,44-47).  Therefore, given their importance in splicing and 

their preferred association with exon sequences, SR proteins are believed to promote 

exon definition by recruiting components of splicing machinery and mediating interaction 

across an exon.  However, when do the SR proteins function, how many SR proteins 

needed for a given exon, what interaction do they make and what are their relationship 

with hnRNPs proteins bound to an exon—are open questions that have been intensely 

investigated.  

 hnRNP (heterogeneous nuclear ribonucleoprotein) proteins were originally 

identified as a group of most abundant proteins that associated with hnRNA (pre-

mRNA) in vivo (35,48).  These originally identified proteins were named ‘hnRNP’ 

followed by an alphabet starting from ‘A’, to indicate their identity (48).  Later, more 

hnRNP proteins were identified; some of them did not follow such nomenclature.  

Because this operational classification does not reflect their structural identity and 

biochemistry, it is not surprised that hnRNP class does not have certain numbers of its 

members and that hnRNP proteins exhibit different structural and functional diversities.  

They participate in various aspects of RNA metabolism such as telomere biogenesis, 

polyadenylation, translation, RNA editing and RNA stability (35).  hnRNP proteins are 

also known repressors of  alternative splicing, however some studies have reported a 

role in splicing activation (35,49).  Like SR proteins, hnRNP proteins contain a RNA 

binding domain, specifically RRM.  Some hnRNP proteins, such as hnRNPE1 (PCBP1) 

and hnRNPK, possess KH (K homology) domain as an RNA interacting domain. hnRNP 

proteins also harbor RGG boxes (repeats of Arginine-Glycine-Glycine), and additional 
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glycine-rich, acidic amino acids-rich or proline-rich domains (50).  Binding sites of 

hnRNP proteins are typically found inside flanking introns or inside an exon.  Upon 

binding to such sites, hnRNPs interact with other proteins through the RGG boxes or 

other domains, and employ various mechanisms for splicing inhibition.  They can bind 

inside an exon and prevent cross-exon interactions, which are essential for U2AF 

recruitment, thus inhibiting formation of the EDC.  An example of this type of repression 

is seen in Fas exon 6 inhibition by PTBP1 (5).  hnRNPL binds inside an alternative exon 

4 of CD45 pre-mRNA and targets the EDC.  However, rather than blocking assembly of 

the EDC, hnRNPL inhibits a transition from exon definition to intron definition (6).  As 

mentioned above, SR proteins are involved in process of exon definition and 

communication between the two splice sites across an exon.  Thus, it is not surprising 

to find that hnRNP proteins antagonize effects of SR proteins for splicing repression 

(51-54).  Some hnRNP proteins share the same binding sites as SR proteins, thus, 

directly competing out SR proteins from their binding sites, such as hnRNPA1 and 

SRSF1 (55,56).  However, many times hnRNP proteins do not share binding site with 

SR proteins.  How this splicing repression is achieved remains to be addressed.   

 As exon definition is the major pathway for recognizing splice sites in vertebrates, 

it is emerging that an ultimate goal of splicing repression is to disrupt this process, 

which many times involve intervening with functions of SR proteins as mentioned.  Still, 

it is likely that hnRNP proteins could employ other mechanisms to achieve the same 

goal.  Given divergent sequences splice sites, exonic and intronic sequences in 

vertebrates, every exon is expected to have a different splice site strength, sets of SR 

proteins, hnRNP proteins and other RNA binding factors.  A sum of these positive and 
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negative factors will determine splicing outcomes.  Proteomic approach on various 

model alternative exons under normal and repressive conditions will lead to 

understanding steps during assembly of the EDC, and may reveal novel factors 

necessary for EDC activation or repression as well as a common theme of how 

repressors accomplish splicing repression. 

 

PTBP1 AND ALTERNATIVE SPLICING 

 Polypyrimidine-tract binding protein 1 (PTBP1) or PTB or hnRNPI, are a member 

of hnRNP group of proteins that participates in translation, polyadenylation and 

alternative pre-mRNA splicing regulation (57).  PTBP1 was first identified in HeLa 

nuclear extract as a protein that crosslinked to a polypyrimidine tract of a 3’ splice site 

(58).  PTBP1 has an N terminal nuclear shuttling domain and four RNA-binding 

domains.  These RNA binding domains are RRM type, which has a common fold 

βαββαβ and are identified by two conserved RNP (Ribonucleoprotein) motifs (57,59).  

PTBP1 binds to a tract of polypyrimidine containing mixture of C and U.  This property 

stems from specificity of each domain that can bind at least a triplet of a mixture of C 

and U nucleotides (59).  With an exception of domain 3 and 4, each domain is 

separated by a linker, making it independent from one another in binding target 

sequences (59).  Domain 3 and 4 interact with each other at a fixed conformation, 

orienting their RNA binding surface away from each other.  Therefore, in order for the 

two domains to simultaneously bind to RNA targets, a spacer or a loop of RNA of at 

least 15 nucleotides are required (57).  This is potentially implicated in PTBP1 

repression as it is proposed that PTBP1 creates a repressive RNA loop during splicing 
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repression.  In fact, mutational analysis indicated that residues that mediate the 

interaction between domain 3 and 4 are important for efficient repression (60,61).   

 PTBP1 is conserved from Drosophila to human (57).  This is not surprising, as 

PTBP1 is well known for its function in regulation of alternative pre-mRNA splicing, an 

essential mechanism of gene regulation in higher eukaryotes.  In vertebrate, PTBP1 is 

highly expressed in most tissues, except for neuronal tissues, which express a PTBP1 

paralog, nPTB (PTBP2).  High expression of PTBP1 in non-neuronal tissues is 

necessary to suppress neuronal gene expression programs in those tissues.  It has 

been shown that knockdown of PTBP1 can trans-differentiate fibroblasts into functional 

neurons (62).  In hematopoietic cells, another PTBP1 paralog, PTBP3 or ROD1 

(Regulator of differentiation) is expressed (63). 

 PTBP1 is most known for its function as a repressor of alternative pre-mRNA 

splicing.  Some studies have also suggested that it can function as an exon activator for 

certain exons (64,65).  Genome-wide crosslinking experiments suggested that as much 

as 20% of alternative splicing events associate with PTBP1 binding (64).  Although the 

contribution of PTBP1 to all these events is not fully characterized, the number gives an 

impression of how prevalent PTBP1 associates with pre-mRNA processing.  Studies by 

Xue et al and Llorian et al also confirmed that repression by PTBP1 generally needs 

multiple binding sites.  One of these sites is usually present within an upstream intron; 

the other will be either inside an exon or a downstream intron.  Biochemical studies 

using various model alternative exons have suggested that PTBP1 is likely to employ 

different mechanisms during repression, depending on location of its binding sites.  In 

one mode of repression, PTBP1 competes with U2AF65—a general splicing factor—for 
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binding to a polypyrimidine tract, which is required for 3’ splice site recognition.  As a 

result, a 3’ splice sites is not recognized, and an exon is skipped (60,66-68).  In another 

mode, an exon 6 of Fas pre-mRNA contains therewithin a PTBP1-binding site.  Binding 

of PTBP1 disrupts U1-dependent U2AF65 recruitment to an upstream polypyrimidine 

tract (5,69).  Another observation on an alternative exon of BCL-X pre-mRNA, found 

that an SR protein SRSF1 is less cross linked to the exon in the presence of PTBP1 

(70).  Together the two studies suggested that there are potential interactions inside 

alternative exon that is inhibited in the presence of PTBP1.  In addition, another mode 

explains binding of PTBP1 to an exon can result in loss of cross-intron interaction 

between an alternative exon and a downstream exon (7,8).  Adding to this complexity, 

for many alternative exons, PTBP1-binding sites can be distal to repressed exons, and 

well separate from the polypyrmidine tract (60,64,65).  A repressive RNA loop created 

by PTBP1 has been proposed as a model.  This loop is thought to physically interfere 

with splice site recognition during pre-spliceosomal complex assembly.  Still, there is no 

clear biochemistry data to support existence of an RNA loop during the repression.  

Nevertheless it may be true that PTBP1 can employ a more sophisticated mechanism to 

repress an exon other than the aforementioned, given that it can interact with other 

proteins harboring PTB-RAVER1 Interacting motif (PRI) (71,72) and that repression of 

some exons require cofactors such as RAVER1 and MBNL1 (71,73,74). 
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CHAPTER TWO 

Molecular Assembly of Exon Definition Complex And Its Regulation 

for Alternative Precursor-messenger RNA Splicing by Polypyrimidine-tract Binding 

Protein PTBP1 

 

INTRODUCTION 

 Alternative pre-mRNA splicing (AS) is a key step during gene expression that 

shapes transcript repertoire in higher eukaryotes.  More than 95% of human multi-exon 

genes undergo AS (75).  This generates an extremely large variety of mRNA isoforms 

that code for functionally different proteins or mRNA isoforms that have different 

stabilities.  The process of AS is tightly regulated by a combination of splicing factors 

that are expressed in specific cell types, during different developmental stages, or in 

response to particular signaling cues (76).  Therefore, it is not surprising that 

misregulation of splicing events is implicated in a variety of diseases, including cancer.  

Emerging evidence from genome-wide studies have shown large-scale alterations of AS 

in tumorigenesis (77,78). 

 In higher eukaryotes, as soon as pre-mRNAs emerge from transcribing RNA 

polymerase II, many RNA-binding proteins—including an abundant class of protein 

hnRNP (heterogeneous nuclear ribonucleoprotein)—associate with the pre-mRNA (79).  

These proteins package the pre-mRNA for subsequent processing such as pre-mRNA 

splicing and export.  In order for two exons to be spliced and then joined to each other, 

each must first be assembled into a modular ribonucleoprotein exon complex, called an 

exon definition complex (EDC) (26,29).  This pre-spliceosomal complex contains U1 
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and U2 snRNPs bound to 5’ and 3’ splice sites, respectively, as well as many other 

proteins (8,26,30).  One class of proteins is the Serine-Arginine (SR) rich protein family, 

which is thought to bind early to exons via Exonic Splicing Enhancer sequences (ESE), 

and promote splicing in both constitutive and alternative exons (34,42,80).  The binding 

motif of each SR protein has fairly low consensus, but studies have shown that those 

sequences are more enriched in the exonic regions (43).  Once bound, SR proteins 

promote binding and interaction between 5’ splice sites-bound U1 snRNP and 3’ splice 

sites – bound U2AF and U2 snRNP through their RS domain (81).  After being 

assembled, neighboring EDCs are subsequently joined together across introns during 

assembly of a pre-spliceosomal A complex (cite).  Unlike the assembly of the intron pre-

spliceosomal A complex, assembly of the EDC has never been characterized, and it is 

unclear whether or not EDC proceeds in the same order as the A complex.  Most our 

knowledge of the EDC has been obtained from binary interactions or pull-down studies 

of major components of the EDC, which lacks temporal and quantitative aspects.  

Therefore, it is necessary to understand how the EDC is assembled as this will shed 

light on the mechanism of splicing in higher eukaryotes and how alternative splicing is 

regulated.  Recent studies have also shown that the EDC is a potential target for 

alternative splicing (5,6,37).   

The most common mechanism for AS employs RNA-binding proteins that bind to 

short elements on a pre-mRNA to alter subsequent spliceosome assembly.  One such 

regulator is the polypyrimidine-tract binding protein (PTBP1), a key splicing factor that 

represses inclusion of alternatively spliced exons found in many genes (64,65).  In 

humans, a significant number of AS events are associated with PTBP1 (64).  The 
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protein is involved in splicing programs during neuronal development and also in the 

pathology of some cancers (62,78,82).  PTBP1 contains four RNA Binding domains; 

each can bind to triplets of C and U combinations (83).  Repression by PTBP1 requires 

multiple binding sites, and a repression mechanism being employed is likely to depend 

on where those sites are located (60,84).  In one mode of repression, PTBP1 competes 

with U2AF65—a general splicing factor—for a polypyrimidine tract required for 3’ splice 

site recognition.  As a result, a 3’ splice site is not recognized, and an exon is skipped.  

In another mode, an exon 6 of Fas, a cell surface death receptor, contains PTBP1-

binding sites.  Inclusion of exon 6 leads to apoptosis, while skipping of the exon 

generates a soluble isoform of the protein and prevents apoptosis (5).  Binding of 

PTBP1 disrupts U1-dependent U2AF65 recruitment to an upstream polypyrimidine tract 

(5).  Resulting questions remain on how PTBP1 disrupts the communications inside of 

exon 6, specifically between U2AF65 and U1 snRNP, what other proteins are hindered 

as a result, and why this repression is dependent on the presence of U1 snRNP.  

Adding to this complexity, for many alternative exons, PTBP1-binding sites are distal to 

repressed exons, well separated from the polypyrmidine tract (60,64,65).  A repressive 

RNA loop created by PTBP1 has been proposed as a model, but no biochemical 

experiment has ever verified if PTBP1 loops an exon during repression.  Even this does 

happen, it alone does not explain the repression mechanism at a molecular level.  A lot 

remains unexplained regarding how PTBP1 mediates silencing of this type of target 

exons.   

Using a modified alternative N1 exon of Src pre-mRNA with PTBP1-binding sites 

located at least ~50 nts away flanking the N1 exon, we discovered that PTBP1 inhibited 
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reactivity of both 5’ and 3’ splice sites of the exon.  Binding of PTBP1 blocked an 

assembly of the EDC by preventing recruitment of U2 snRNP.  Interestingly, we found 

that this blockage occurred even if U2AF65 and U1 snRNP are normally bound binding 

to the 3’ and 5’ splice sites, respectively.  We purified exon complexes assembled in 

vitro using RNA containing either wild-type PTBP1 binding sites or mutant sites, and 

analyzed their constituents using Stable Isotope Labeling by Amino acids in Cell culture 

coupled with Mass Spectrometry (SILAC-MS).  This allowed us to quantitatively 

examine the changes in the composition between three different states of exon 

complexes: 1) PTBP1-Repressed (an early exon complex from the wild-type RNA), 2) 

De-repressed (an early exon complex from the mutant RNA) and 3) the EDC (EDC from 

the mutant RNA), which resembles a spliceosomal A complex in their mobility and 

composition.  Following the assembly of the EDC from the De-repressed complex, we 

identified three major structural rearrangements: 1) eviction of hnRNP proteins 2) 

massive recruitment the SR proteins and 3) U2 snRNP binding to the exon.  In the 

repressed exon complex, PTBP1 appears to cooperate with the proteins MBNL1 and 

RAVER1 to prevent binding of some positive factors that may be needed prior to the 

formation of the EDC.  Those factors include ATP-dependent RNA helicases, DDX5 and 

DDX17.  We found that these two latter proteins function to promote formation of the 

EDC in vitro only in the absent of PTBP1.  Together, our data reveal for the first time the 

dynamic assembly of the EDC and may suggest an unprecedented early ATP utilization 

by the helicases prior to binding of the U2 snRNP to the branch point sequence.  

Importantly, this suggests that PTBP1 silences an exon by preventing assembly of the 
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EDC, which is achieved in part by modulating protein compositions and remodeling 

inside of the early exon complex needed for exon definition. 

 

MATERIALS AND METHODS 

Plasmid Construct and In vitro Transcription 

An N1 exon and its flanking introns of mouse Src gene (85) was cloned into 

downstream of a T7 promoter.  Plasmids containing N1 exon with either wild-type 

PTBP1-binding sites (named: N1 of BS719 plasmid) or mutant PTBP1-binding sites 

(named: N1 of BS719 plasmid) were amplified in E.coli.  The plasmids were digest with 

NotI restriction enzyme to generate templates for in vitro transcription.  In vitro 

transcription reaction was performed at 37°C for 3 hours, with transcription buffer (NEB) 

and homemade T7 RNA polymerase according to Sharma et al 2008 (8).  All transcripts 

were initiated with an RNA cap analog m7G(5')ppp(5')G (NEB) and uniformly labeled 

with 32P-α-UTP (Perkin Elmer).  RNA transcripts were gel purified in 4% 7.5M urea-

PAGE, eluted at room temperature for 3 hours in a gel elution buffer (0.3 M sodium 

acetate pH 5.2, 1 mM EDTA pH 8.0, 0.1% (v/v) SDS).  RNA transcripts were 

precipitated with ethanol overnight, spun down, and washed with 75% ethanol.  Pellets 

were air dried and re-suspended in DEPC-treated water.  For 3X MS2 stem-loop-tagged 

transcripts, re-suspended RNAs were heated at 65°C for 5 minutes in a heat block and 

slowly cooled down to 30°C in order to fold the RNAs. 

To generate transcription templates for 5’ and 3’ exons of Adenovirus Major Late 

pre-mRNA, T7 promoter-containing forward primers and reverse were used to PCR 

amplified the templates.  Both 5’ exon and 3’ exon templates encompassed at least 50 
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bps into the intron from 5’ and 3’ splice sites, respectively.  The PCR amplicons were 

gel purified in native agarose, gel extracted and used for in vitro transcription as above. 

 

Exon Complex Assembly and Native Agarose Gel 

 Concentration of 32P labeled transcripts was measured using Nanodrop; molar 

concentration was calculated.  RNP complex was assembled in a standard splicing 

reaction in 20-uL reaction containing 1 nM of RNA transcript, 2,2 mM MgCl2, 0.4 mM 

ATP, 20 mM Creatine Phosphate, 1 U/uL RNAseOUT (Life Technology) and 60% v/v 

HeLa S3 nuclear extract (prepared as in Sharma et al 2008 (8)).  The reaction was 

incubated at 30°C for 30 minutes, or various time as indicated in each figure.  0.067 

ug/uL heparin was added to stop the reaction, and the reaction was incubated further at 

30°C for 5 minutes.  About 10 uL of the reaction was loaded onto 2.5% w/v agarose 

GTG (Lonza) casted with 25 mM Tris-Glycine pH 8.8.  The gel was run using the same 

buffer at 100 volts for 3 hours at room temperature.  The gel was then fixed in 5% 

methanol-acetic acid for 30 min before vacuum drying for 1 hour.  Afterward, heat drying 

was applied for 2 hours.  The gel was exposed to a phosphorus screen (Molecular 

Dynamics) overnight and scanned using Typhoon (GE). 

 

Trans-splicing 

 Exon complexes were assembled on cold transcripts (non 32P labeled)—WT N1 

exon, mut N1 exon, 5’ Adeno ML exon and 3’ Adeno ML exon—under a standard 

splicing reaction for 20 minutes (see above) with the following exception: 1) all reactions 

was 10 uL and 2) 2 nM of N1 exons and 50 nM of Adeno ML exons were used for 
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assembling exon complexes.  After assembling, equal amounts of N1 exon complexes 

were mixed with either 3’ Adeno ML exon complex (for 5’ splice site test) or 5’ Adeno 

ML exon complex (for 3’splice site test).  The combined reactions were supplemented 

with another dose of ATP and Creatine phosphate, and further incubated at 30° C for 3 

hours.  The reactions were treated with 0.5% v/v SDS and Proteinase K (Roche) for 20 

minutes at 37° C.  Total RNA was extracted from the reactions by acidic phenol 

(Sigma).  RNA was ethanol precipitated (as above) and re-suspended in DEPC-treated 

water.  RNA was used for primer extension analysis with 5’ 32P labeled primer annealing 

to 3’ end of spliced products.  The primer extension products were resolved in 10% 

7.5M urea-PAGE, heat dried and exposed to a phosphorus screen overnight as above. 

 

Purification of Exon Complexes 

 Wild-type and mutant exons containing 3X MS2 stem-loops at 3’ end were pre-

incubated with a fusion protein of MS2 bacteriophage coat protein and Maltose-binding 

protein (MS2-MBP) before assembling exon complexes.  The RNAs were assembled in 

large scale splicing reaction with 10 nM RNA under a standard splicing reaction as 

above for 30 minutes.  The reaction was chilled on ice for 5 minutes before spinning at 

20,000 g for 10 minutes at 4° C to remove large particulates.  Heparin was omitted.  

Each 400 uL of the reaction was layered on top of one 15-45% w/v glycerol gradient 

prepared with 20 mM HEPES pH 7.9, 80 mM potassium glutamate, 2.2 mM MgCl2 and 

0.2 mM EDTA pH 8.0, using BioComp station.  The gradient was spun in SW41 rotor 

(Beckmann) at 37,000 rpm at 4° C for 15:30 hours, then fractionated into 25 fractions 
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using BioComp station.  Abundance of complexes was determined in each fraction 

using scintillation counting.   

 Fractions containing relevant exon complexes were pooled together and 

subjected to MBP affinity purification at 4° C.  To this end, the pooled fractions were 

passed three times through appropriate amount of amylose beads (NEB) that had been 

pre-equilibrated in a wash buffer (20 mM HEPES pH 7.9, 80 mM potassium glutamate, 

2.2 mM MgCl2 and 0.2 mM EDTA pH 8.0).  The beads were washed with 20 column 

volumes with the wash buffer.  Exon complexes were eluted with one column volume of 

wash buffer containing 40 mM maltose by incubating at 4° C for 30 minutes.  Yields of 

the eluted complexes were determined by scintillation counting against known amount 

of RNA substrates. 

 

4′-aminomethyl Trioxsalen (AMT) Crosslinking 

 20 ug/mL of AMT was directly added to exon complexes after splicing reaction 

was finished.  Crosslinking was initiated by irradiating the mixture directly with 366 nm 

UV lamp on ice for 15 minutes.  Tubes’ lids were kept open throughout the crosslinking 

procedure.  After crosslinking, the mixture was treated with 0.5% v/v SDS and 

Proteinase K (Roche) for 20 minutes at 37° C.  Total RNA was extracted from the 

reactions by acidic phenol (Sigma).  RNA was ethanol precipitated (as above) and re-

suspended in DEPC-treated water.  RNA was used for primer extension analysis, with 

5’ 32P labeled primer annealing to an intron downstream of the N1 exon.  The primer 

extension products were resolved in 8% 7.5M urea-PAGE, heat dried and exposed to a 

phosphorus screen (Molecular Dynamics) overnight as above. 
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Primer Extension 

 All primer extension analyses were as same as in Carey et al 2013, except that 

SuperScript III (Life Technology) was used and that incubation temperature was raise to 

50° C (86).  After primer extension, the extension products were extracted with 

phenol:chloroform:isoamyl alcohol 25:24:1(Sigma) and ethanol precipitated.  Pellets 

were washed with 75% ethanol, air dried and re-suspended in RNA loading dye.  The 

product were heated at 65° C before resolving in 8% 7.5M urea PAGE.  The gel was 

heat dried and exposed to a phosphorus screen overnight as above. 

 

DNA-directed RNAseH Cleavage of U1 and U2 snRNPs 

 To specifically degrade U snRNPs, complementary DNA oligos were synthesized 

from IDT company.  U1 and U2 oligos used were targeting position 1-15 nts of U1 and 

U2 snRNA (87).  The DNA sequences were following: U1 = CTGCCAGGTAAGTAT; U2 

= AGGCCGAGAAGCGAT.  DNA oligo target GAPDH was used as a negative control: 

GAGGTCAATGAAGGGGTCAT. Procedure for DNA-directed RNAseH cleavage was as 

same as used by Merendino et al 1999, except that RNAseH from NEB was used (88).  

The treated nuclear extracted were then directly used for experiments or stored at -80° 

C. 

 

SILAC and Preparation of HeLaS3 Nuclear Extract 

For SILAC experiments, minimum essential medium Eagle (similar to M8028, 

Sigma) without sodium bicarbonate, glutamate, arginine, and lysine was ordered from 

AthenaES.  13C-arginine (R6) and 13C-lysine (K6) were purchased from Cambridge 
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Isotope Laboratories.  The complete medium was reconstituted with 2 mg/mL sodium 

bicarbonate, 4 mM glutamate, 1X nonessential amino acids (Life Technology), 5% PBS-

dialyzed newborn calf serum (Omega Scientific), 1X penicillin–streptomycin (Life 

Technology), and either ‘‘light’’ (R0K0) or ‘‘heavy’’ (R6K6) arginine and lysine at 12.6 

g/L and 7.25 g/L, respectively.  HeLa S3 cells were grown in medium containing either 

R0K0 or R6K6 for five to six doubling cycles to obtain high labeling efficiency (>99%).  

The cells were harvested in log phase, processed for nuclear extraction, and stored at 

80°C as described Dignam 1990 and Black 1992 (85,89). 

 

Mass Spectrometry 

Protein mixtures were reduced, alkylated, and digested by the sequential addition 

of lys-C and trypsin proteases as previously described (90).  The digested peptide 

mixture was fractionated online using strong cation exchange and reverse-phase 

chromatography and eluted directly into a LTQ-Orbitrap mass spectrometer 

(Thermofisher) (90,91).  Tandem MS (MS/MS) spectra were collected and subsequently 

analyzed using the ProLuCID and DTASelect algorithms (92,93).  Database searches 

were performed considering both the light and heavy versions of each peptide.  Protein 

and peptide identifications were further filtered with a false positive rate of <5% as 

estimated by a decoy database strategy (94).  NSAF values were calculated as 

described (95). SILAC ratios for each peptide pair were determined using the Census 

algorithm (96,97). 
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siRNA Knockdown, RNA Extraction and cDNA synthesis 

A reporter minigene—wild-type N1 exon that was flanked by constitutive exon 1 

and 2 of human beta globin—was inserted into Flp-In T-REx HeLa cells (Life 

Technology) to generate stable cells by following a manufacturer’s protocol.  The 

reporter was under the control of Tet repressor.  After stable HeLa cell lines were 

established, they were plated at 5x105 cells/plate (in 6-cm plate) in DMEM+10%FBS 

medium, and reverse transfected with siRNAs (see sequences below) using RNAiMax 

(Life Technology) according to manufacturer’s protocol.  Final concentration of siRNA 

was 18.75 nM in the medium.  The cells were maintained in an incubator at 37° C, 5% 

CO2 for 48 hours before inducing expression of the reporter with 1 ug/mL doxycycline.  

The cells were induced to eight hours and then directly lysed with 1 mL TRIzol (Life 

Technology) for total RNA.  The lysates could be immediately used or kept at -80° C.  

To extract RNA, TRIzol lysates were mixed with 1 volume of 100% ethanol and 

preceded according to Direct-zol RNA miniprep (Zymo Reseach) 

One ug of total RNA in each knockdown was used for analyzing inclusion of the 

N1 exon by primer extension.  For analysis of other alternative exons, two ug of total 

RNA and 100 ng of random hexamers were used to synthesize cDNA by SuperScript III 

(Life Technology) according to manufacturer’s protocol.  The cDNA was used in PCR 

(Phusion Hot Start II, Thermo Scientific) with 32P 5’ labeled gene specific primers as 

previously used by Xue et al 2009 (64).  PCR reaction was treated with 0.5% v/v SDS 

and proteinase K (Roche) for 20 minutes at 37° C before resolved in 4% 7.5M urea-

PAGE.  The gel was heat dried and exposed to phosphorus screen (Molecular 

Dynamics) overnight. 
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siRNAs were synthesized by Bioland Scientific. Their targeted sequences 

(sense) are below: 

siControl : ACGUGACACGUUCGGAGAA 

siPTBP1 : CAGUUUACCUGUUUUUAAA (Linares et al 2015, in preparation) 

siRAVER1 : UUGCCCAGCAGGUCCGACU (Chen et al 2013 (98)) 

siMBNL1 : AACACGGAAUGUAAAUUUGCA (Ho et al 2004 (99)) 

siDDX5/17 : GGCUAGAUGUGGAAGAUGU (Dardenne et al 2012 (100)) 

 

Western Analysis and Antibody 

Western blots were performed on total protein from siRNA knockdown cell 

cultures (56 hours post transfection) lysed in RIPA buffer supplemented with protease 

inhibitors (Roche) and NucA nuclease  (homemade).  Lysates were diluted in 5X SDS 

loading buffer, heated for 5 min at 95°C.  40 ug of total protein was resolved in 8% 

polyacrylamide Laemmli SDS PAGE gels.  Total protein was transferred onto a PVDF 

membrane (EMD Millipore). The membrane was blocked 5% skim milk in PBST and 

probed with primary antibodies overnight at 4°C.  The membrane was then washed with 

PBST and incubated with 5% skim milk containing 1:5000 Cy3 or C5 conjugated 

secondary antibody.  After washing, the membrane was directly scanned using Typhoon 

(GE).  The followings were primary antibody used: mouse anti-PTBP1 (clone BB7, 

homemade), rabbit anti-RAVER1 (A303-939A, Bethyl), mouse anti-MBNL1 (clone 3E7, 

LSBio), rabbit anti-DDX5/17 (custom made from Genscript), mouse anti-U2AF65 (clone 

MC3, Sigma), mouse anti-GAPDH (clone 6C5, Life Technology) and mouse anti-U1-

70K (clone CB7, homemade). 
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Purification of Recombinant DDX5 and DDX17 

 Human cDNAs expressing DDX5 and DDX17 were tagged with maltose-binding 

protein (MBP) at their N termini in order to make them solubilized in bacterial expression 

system and to use as an affinity tag.  6X histidine tag was also cloned into their C 

termini for affinity purification purpose.  The constructs were inserted into pMal-c2 

vector and transformed into BL21 Rosetta E. coli (Novagen).  Three liters of cultures 

were induced with 0.5 mM IPTG while in a log phase (OD600 = 0.4-0.6) for three hours at 

37°C.  Cells were harvested and washed with PBS and proceeded for amylose affinity 

column (5-mL HPLC column, Pharmacia) purification as described by Jurica et al 2002 

(101) with exceptions that 1) 10 column volumes of only AB1 buffer was used for 

washing the amylose column, 2) AB1 containing 40 mM maltose and 10 mM imidazole 

but no EDTA was use instead of ABE buffer.  Fractions containing eluted protein were 

loaded into 5-mL HPLC Nickel NTA column (Pharmacia).  The column was washed with 

10 column volumes of a buffer containing 20 mM HEPES pH 7.9, 200 mM KCl, 50 mM 

imidazole.  The bound proteins were eluted with the same buffer containing increasing 

gradient of imidazole from 50-500 mM (pH was monitored as high imidazole changes 

pH).  Fractions containing proteins were analyzed on 8% SDS-PAGE and stained with 

Imperial stain (Life Technology).  Fractions containing DDX5 or DDX17 were pooled 

and concentrated with Amicon Ultra-15 (50 KDa cutoff) before loading onto Superdex 

200 HPLC pre-equilibrate with a buffer containing 20 mM HEPES pH 7.9, 80 mM 

potassium glutamate, 0.2 mM EDTA and 10 % glycerol.  Eluted fractions containing 

proteins were analyzed again on 8% SDS-PAGE and stained with Imperial stain (Life 
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Technology).  Only fractions containing monomeric form of DDX5 and DDX17 were 

pooled, added with an addition of glycerol to 20% and stored at -80 °C. 

 

RESULTS 

PTBP1 inhibits formation of the exon definition complex 

 Repression by PTBP1 requires multiple binding sites (102).  These sites often 

reside within introns that flank a repressed exon and can be distal to an exon.  An N1 

exon of mouse Src pre-mRNA is a 23-nt alternative exon coding for a small peptide 

inserted into a SH3 domain of Src protein tyrosine kinase (103).  Splicing of the N1 exon 

is repressed by PTBP1 which binds to CU-rich elements located downstream of the 

exon and immediately upstream of the 3’ splice site overlapping a polypyrimidine tract 

(104,105).  To begin characterizing the mechanism of PTBP1 repression when bound to 

flanking distal sites, we modified a PTBP1-repressed N1 exon by shifting upstream 

PTBP1-binding sites to 25-nt upstream of the branch site sequences (Figure 2-1A).  

We then inserted a strong polypyrimidine tract of Adenovirus Major Late pre-mRNA 

upstream of the 3’ splice site AG in replacing the PTBP1-binding sites.  In this way, we 

can rule out the possibility of PTBP1 competing with U2AF65 to bind to the 

polypyrimidine tract.  The downstream PTBP1-binding sites were kept intact throughout 

the study.  We analyzed ribonucleoprotein (RNP) complexes assembled on the wild-

type N1 exon by incubating the RNA in a standard splicing reaction and resolving it in a 

native agarose gel.  The analysis showed that there was only one complex formed on 

the N1 exon, i.e. an early exon complex, which is also called a heterogeneous complex 

(Figure 2-1B lane 1-4).  Some reductions of early exon complex were observed due to 
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degradation.  However, when the upstream PTBP1-binding sites were mutated (102), 

the early exon complex transformed to become a slower migrating exon complex as 

time progressed (Figure 2-1B cf. lane 1-4 to 5-8).  We confirmed that this effect was 

due to PTBP1 by using PTBP1-depleted HeLa S3 nuclear extract to assemble RNP 

complexes on the wild-type N1 exon.  As expected, PTBP1 depletion allowed for the 

formation of the slower migrating complex even on the wild-type N1 exon (Figure 2-1C 

cf. lane 3 to 4).  Formation of the complex on the mutant RNA was not affected by 

PTBP1 depletion (Figure 2-1C cf. lane 5 to 6).  This suggested that PTBP1 prevents 

formation of the slower migrating exon complex. 

The slower migrating exon complex has a similar migration pattern to an EDC 

form across an exon, which contains U1 and U2 snRNPs (26,29).  We verified that this 

complex contained both U snRNPs by degrading them from HeLa S3 nuclear extract 

using DNA-directed RNAseH cleavage.  DNA oligo-mediated RNAse H degradation of 

either U1 or U2 snRNPs resulted in the inhibition of formation of the slower migrating 

complex, suggesting that the slower migrating complex was in fact the EDC (Figure 2-

1D cf. lane 1-2 to 3-4 and 5-6).  We renamed each exon complex according to their 

different regulatory states: Repressed (an early exon complex from the wild-type RNA), 

De-repressed (an early exon complex from the mutant RNA) and EDC (the slow 

migrating complex from the mutant RNA).  Together, these data demonstrated that 

PTBP1 inhibits the formation of Exon Definition Complex. 
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PTBP1 repression inhibits reactivity of both 5’ and 3’ splice sites  

 To assess the consequence of PTBP1 binding that resulted in the blockage of 

EDC formation, we analyzed reactivity of both 5’ and 3’ splice sites of the N1 exon for 

splicing using trans-splicing assays.  Trans-splicing measures the ability of a given exon 

to splice in trans to another exon on a separate RNA molecule.  Thus, it is thought to 

represent splicing of multi-exon pre-mRNAs in higher eukaryotes, in which short exons 

are intervened with extremely long introns (26).  We assembled in vitro exon complexes 

on the N1 exon containing either wild-type or mutant PTBP1-binding sites as previously 

mentioned.  Reactivity of the N1 5’ and 3’ splice sites were measured by mixing the 

preformed exon complexes to another preformed exon complex containing either 3’ or 

5’ splice sites, respectively (Figure 2-2A).  We used both 5’ and 3’ exons of Adenovirus 

major late pre-mRNA for this purpose.  After mixing, incubation was allowed to continue 

under a standard splicing reaction conditions for the trans-splicing reaction to occur.  

Spliced products were analyzed by primer extension using primers that annealed to the 

3’ end of the spliced RNA products.  The results revealed that both 5’ and 3’ splice sites 

of the N1 exon were much less reactive for splicing in the wild-type compared to the 

mutant PTBP1-binding sites (Figure 2-2B and 2C both cf. lane 3 to 4).  This indicated 

that both splice sites are compromised in the PTBP1-bound exon complex.  Together 

with previous data, we found that PTBP1 bound to distal sites deactivates 5’ and 3’ 

splice sites and hampers formation of the EDC. 
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PTBP1 blocks U2 snRNP—but not U2AF65 nor U1 snRNP—from associating with 

the exon 

Exon Definition Complex is an ATP-dependent pre-spliceosomal A-like complex, 

consisting of two large snRNP particles U1 and U2 that base-pair to 5’ splice site and 

branch point sequence, respectively (8), and U2AF heterodimer (U2AF65 and U2AF35) 

bound to the polypyrimidine tract and 3’ splice site AG di-nucleotide.  U2AF65 interacts 

with U2 snRNPs and is required for the recruitment to the branch point sequence 

(15,16).  Obstruction of assembly of the EDC by PTBP1 seen in figure 2-1B and 1C 

could be a result of loss in binding of the U snRNPs to the exon.  To determine base-

pairing interactions of the U snRNPs to the N1 exon, we employed a double-stranded 

nucleic acid crosslinker 4′-aminomethyl trioxsalen (AMT).  AMT is a tricyclic compound 

that intercalates into double-stranded regions of DNA or RNA.  Upon a long wavelength 

UV irradiation (365 nm), the compound covalently crosslinks adjacent pyrimidine bases 

on opposite strands together (106).  The crosslinked position can be precisely mapped 

using primer extension, which will stop at the base adduct site.  We assembled exon 

complexes on both the wild-type and mutant RNAs, crosslinked them with AMT and UV 

and isolated RNA from the reaction for primer extension using a common primer that 

base-paired to a downstream intron of the N1 exon.  Primer extension revealed stopped 

products at the 5’ splice site.  These products that was dependent on U1 snRNP, 

suggesting that they were 5’ splice site-U1 snRNA base pairing (Figure 2-3A cf. lane 2 

to 4 and 6 to 8).  We detected no decrease in U1 snRNA base-pairing to the 5’ splice 

site in the wild-type as compared to the mutant RNAs.  In fact, we observed slightly 

more base-pairing interactions on the WT RNA compared to the mutant RNA (Figure 2-
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3A cf. lane 2 to 6 and quantification on the right).  Unfortunately, we could not detect 

branch point sequence-U2 snRNA crosslinked products (data not shown).  This was 

likely due to low consensus match of the branch point sequence of the N1 exon.  To get 

around this problem, we therefore tagged both RNAs with MS2 stem-loops for 

purification of exon complexes.  Before assembly of the exon complexes, the RNAs 

were pre-bound to a fusion protein consisting of Bacteriophage MS2 coat protein and 

maltose binding protein (MS2-MBP).  The complexes were assembled on the MS2-

MBP–bound RNAs, resolved by ultracentrifugation on glycerol density gradients, then 

followed by affinity purification on amylose resin (Figure 2-3B).  RNA from each 

complex was extracted, resolved in urea-PAGE (Polyacrylamide Gel Electrophoresis) 

and stained with SyberGold.  As expected, we found that EDC contains both U1 and U2 

snRNAs in a precise 1:1 stoichiometry relative to the N1 exon (Figure 2-3C).  We found 

only U1 snRNA in both repressed and de-repressed exon complexes.  Since the RNA 

with wild-type PTBP1 binding sites formed only the repressed complex, this suggested 

that it is the U2 snRNP that is prevented from binding to the RNA when PTBP1 is bound 

to the exon.  Previous studies found that when PTBP1 binds inside an alternative exon, 

it prevents U2AF65, which is important for recruitment of U2 snRNP, from binding to an 

upstream polypyrimidine tract (5,107).  However, unlike the previous reports, we found 

that the level of U2AF65 was unchanged regardless of whether or not PTBP1 was 

found inside the exon complexes (Figure 2-3D).  Collectively, these data indicated that 

PTBP1 keeps the exon in the repressed complex, preventing U2 snRNP integration to 

form EDC.  This is achieved even if U1 snRNP and U2AF are unaffected by PTBP1. 
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Quantitative proteomics reveals PTBP1 co-repressors, its target proteins and 

molecular assembly of EDC 

Molecular interactions exist inside the EDC; these include, SR-SR proteins, U1 

snRNP-SR proteins and U2AF65, U2AF65 and U2 snRNP, SR proteins and U2AF35, 

for example (11,13,15,31,47).  The recruitment of U2 snRNP depends on U2AF65 

(15,16).  However, our finding that U2 snRNP failed to be recruited even if U2AF65 was 

bound to the exon intrigued us to realize that there must be an unappreciated network 

of interactions within the EDC and that PTBP1 may likely disrupt some of these 

interactions or their assembly pathway.  In fact, a similar U2AF65-independent U2 

snRNP blockage has been reported (108).  In order to understand an assembly 

pathway of the EDC and how PTBP1 achieves the repression, we set up quantitative 

proteomics of the three purified exon complexes.  To this end, we used SILAC coupled 

with mass spectrometry.  Two populations of HeLa S3 were grown in cell culture media 

containing either light (12C) or heavy (13C) versions of Arginine and Lysine.  Nuclear 

extracts were prepared from the two populations and used for assembling exon 

complexes (Figure 2-4A).  The wild-type RNA was assembled to the repressed 

complex in the heavy nuclear extract, while the mutant RNA was assembled to the de-

repressed and EDC in the light nuclear extract.  Exon complexes were two-step purified 

as above.  Before being analyzed by mass spectrometry, two sample pairs were 

generated.  We mixed 1:1 molar ratio of the heavy repressed complex to the light de-

repressed complex, and also 1:1 molar ratio of the heavy repressed complex to the light 

EDC.  This enabled us to use values in the heavy repressed complex to normalize the 

two sample pairs, so that we could generate a ratio of the relative abundance of a given 
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protein across three different exon complexes.  We then used hierarchical clustering to 

group proteins according to their similar dynamic behavior across two transitions: from 

repressed state to de-repressed state, and from de-repressed state to exon definition.  

Unexpectedly, transitioning from de-repressed state to exon definition, we found that 

many proteins are depleted (Figure 2-4C).  This includes many hnRNP proteins such 

as hnRNPA1, hnRNPA2B1, hnRNPH, hnRNPK, PTBP1 and other abundant RNA 

binding proteins.  Conversely, many U2 snRNP proteins are recruited during this 

transition, as expected.  Nevertheless, we observed an unprecedented massive 

recruitment of many members of the SR protein family such as SRSF3, 6, 7, 11, 12, 

and including SR-related proteins, TRA2B, RBM39 and LUC7L2. 

When comparing the repressed exon complex to the de-repressed complex, we 

found two proteins—RAVER1 and MBNL1—significantly decreased in the absence of 

PTBP1 (Figure 2-4B).  The two proteins were previously reported to be PTBP1 co-

repressors in some exons (72-74).  In contrast, there were many proteins that increased 

concurrent with low levels of PTBP1 in the de-repressed exon complex.  Two proteins of 

interest are ATP-dependent RNA helicase DDX5 and its paralog DDX17, which may 

function as exon remodelers to promote exon inclusion.  We found that association of 

these two proteins was also interesting as they had low levels in the PTBP1-repressed 

exon complex, high levels in the de-repressed exon complex, and then decreased 

levels again in the EDC, suggesting they are specific to an early exon complex that is 

not regulated by PTBP1.   

We were able to confirm some of the mass spectrometry results by Western 

analysis (data not shown).  Unfortunately, many proteins of interest cannot be probed 
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by Western due to low amounts of purified exon complexes and quality of antibodies.  

Thus, we performed another SILAC-MS using PTBP1- or mock-depleted light HeLa S3 

nuclear extracts.  Only the wild-type RNA was used to assemble all three exon 

complexes from the light nuclear extracts.  Prior to MS analysis, each purified exon 

complex was spiked with mixed heavy exon complexes purified separately to serve as a 

normalization method. Between two experiments, ~78% of identified proteins 

overlapped.  Loss of proteins in the second experiment was potentially due to low 

amount of the spike standard being used (data not shown).  We found that fold changes 

of protein level were, in general, moderate in the second experiment.  However, when 

we generated a matched heatmap, we noticed fairly correlated patterns of many 

proteins across all exon complexes as the previous analysis (Figure 2-4B and C).  

Those patterns included lower amounts of many detected hnRNPs in the EDC and a 

higher abundance of U2 snRNP proteins and SR proteins in the EDC.  In addition, this 

analysis confirmed relative abundance of PTBP1, RAVER1, MBNL1, DDX5 and DDX17 

in all three exon complexes. 

 

Knockdowns of RAVER1, MBNL1 and DDX5/17 confirm their role as PTBP1 co-

repressors and as exon activators, respectively 

The reciprocal abundance of DDX5/17 in the PTBP1-deficient de-repressed exon 

complex hinted toward an antagonistic relationship between them and also hinted at 

their role in promoting exon inclusion.  Likewise, the enrichment of RAVER1 and 

MBNL1 in the PTBP1-repressed exon complex suggested their collaborative role in 

repressing the exon.  To test these hypotheses in vivo, we performed siRNA knockdown 
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of those proteins in a HeLa cell line and measured splicing outcome of a three-exon 

minigene reporter, which contains wild-type N1 exon as an alternative exon (Figure 2-

5A).  We used primer extension to assess inclusion of the N1 exon 56 hours after the 

siRNA knockdowns.  Results showed that in control siRNA knockdown, the N1 exon 

was generally skipped, with only ~40% inclusion (Figure 2-5B).  Knocking down of 

PTBP1 significantly increased inclusion of the N1 exon to ~90%, while knocking down 

RAVER1 and MBNL1 increased inclusion level to ~55%.  Consistent with MS analysis, 

these data support that in vivo the N1 exon is strongly repressed by PTBP1 and that 

RAVER1 and MBNL1 also contribute to the repression but to a lesser extent.  In 

contrast, simultaneous knockdown of DDX5 and DDX17 using a common siRNA 

lowered the inclusion level to ~25% (Figure 2-5B).  This suggested that both proteins 

function to promote splicing of the N1 exon. 

 

PTBP1 prevents DDX5/17-mediated efficient formation of EDC 

We were particularly interested in the function of DDX5/17 in alternative splicing 

because the involvement of ATP-dependent RNA helicases in early spliceosomal 

assembly remains largely unknown.  To determine the role of DDX5/17 in promoting 

exon inclusion observed in vivo, we assessed an effect of DDX5/17 in exon complex 

formation in vitro.  HeLa S3 nuclear extracts were either DDX5/17- or mock-depleted by 

antibodies, then used for assembling exon complexes on the N1 substrates as above.  

Efficiency of immuno-depletion was modest, with 60%, 80% and 90% depletion of 

DDX5 (p68), DDX17 (p72) and DDX17 (p82), respectively (Figure 2-6A top,left).  

Nevertheless, the depletion yielded some reduction of EDC assembly on the mutant 
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RNA.  Importantly, adding back bacterially purified DDX17 to the DDX-deficient extract 

fully restored assembly of the EDC (Figure 2-6A cf. lane 4 to 5 and 5 to 6).  In contrast, 

the wild-type RNA could not form the EDC regardless of adding back the purified 

DDX17 (Figure 2-6A cf. lane 1-3 to 4-6).  We used another HeLa S3 nuclear extract, 

which could not support formation of the EDC, to test the effect of DDX5/17.  The 

extract failed to promote EDC on both wild-type and mutant N1 RNAs (Figure 2-6B lane 

1-2).  However, supplementing the extract with either bacterially purified DDX5 or 

DDX17 restored EDC assembly (Figure 2-6B cf. lane 2 to 4,6).  Notably, the effect of 

DDX5 and 17 was only on the mutant but not on the wild-type RNA (Figure 2-6B cf. 

lane 1 to 3,5).  Adding the other RNA-binding protein RbFox1 (a negative control) failed 

to promote assembly of EDC on neither the wild-type nor the mutant (Figure 2-6B lane 

1-2).  Collectively, these data indicated that DDX5 and DDX17 promote efficient 

assembly of EDC only in the absence of PTBP1.   

The EDC enhancing effect of DDX5 and DDX17 intrigued us to test whether this 

effect is specific to the N1 exon or general to other alternative exons.  To this end we 

tested EDC formation on a synthetic 46-nt exon containing neutral sequences predicted 

to neither promote nor obstruct its own splicing (109).  Native gel analysis clearly 

showed that both DDX5 and DDX17, not RbFox1, could promote assembly of the EDC 

even on this synthetic exon (Figure 2-6C).  To extend this finding, we tested splicing of 

other endogenous exons in vivo after knocking down DDX5/17 with the siRNA in HeLa 

cells (Figure 2-6D).  While some of these exons may or may not be negatively 

regulated by PTBP1, RAVER1 or MBNL1, they were all positively regulated by DDX5 

and DDX17, as treatment with the siDDX5/17 resulted in increased exon skipping.  
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Together, these data indicated that DDX5 and DDX17 function to promote efficient 

assembly of EDC on many exons. 

 

DISCUSSION 

 Alternative pre-mRNA splicing is an essential means to regulate gene expression 

in vertebrates.  This process is largely regulated by trans factors that bind to pre-

mRNAs to either promote or obstruct splicing of alternative exons.  One such important 

and prevalent splicing factor is PTBP1 whose function is well known as a repressor.  

We found that when bound to distal sites both upstream and down stream from the N1 

exon, PTBP1 blocks assembly of the Exon Definition Complex (Figure 1), which results 

in inactivation of both 5’ and 3’ splice sites (Figure 2).  The inactivation of the 5’ splice 

site may result from PTBP1 competitively interacting with a stem-loop 4 of U1 snRNA, 

which is required for the cross-intron interaction between U1 and U2 snRNPs (23,110).  

The inactivation of the 3’ splice site is potentially due to blockage of U2 snRNP 

recruitment to the exon (Figure 2-3C).  Surprisingly, unlike U2AF65-dependent PTBP1 

repression reported previously (5,7,107), we found that this type of repression did not 

use the same mechanism to block U2 snRNP binding to the branch point sequence.  

This blockage was achieved even if U2AF65 remained associated to the polypyrimidine 

tract (Figure 2-3D).  It is likely that there are intricate interactions within the early exon 

complex required for U2 snRNP recruitment, besides its interaction with U2AF65.  One 

important type of interaction is of RS-RS domain interactions of SR proteins, which have 

been demonstrated to be essential for splicing by mediating communication between 5’ 

and 3’ splice sites across both exon and intron (11,13,44,46,69,111).  In fact, our 
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quantitative MS revealed for the first time that an unexpected substantial amount of SR 

and SR-related proteins were not recruited until the assembly of EDC, even though we 

detected their earlier binding to the exon (Figure 2-4B and C).  It is plausible to 

envisage that a fraction of SR proteins bind early to the exon in the early exon complex 

to help anchor U1 snRNP and U2AF (11,13); however, to efficiently recruit U2 snRNP 

and define the exon, more elaborate RS-RS domain interactions are required to bridge 

the communication between 5’ and 3’ splice sites and to form a functional EDC.  It is 

also possible that those early SR proteins provide binding patches for other factors, yet 

to be identified, which are constitutive players of the EDC.  One potential candidate is 

TRA2B.  Regardless, these notions open possibilities for regulation of alternative 

splicing, as disrupting these interactions may result in exon exclusion.  Some pieces of 

evidence were reported in certain exons that the presence of hnRNPA1 and PTBP1 

leads to decrease of binding of SR proteins (70,112). 

 The SILAC-MS analyses provided us an insight into fate of hnRNP proteins 

during splicing.  hnRNP proteins are an abundant class of proteins that associate very 

early to a pre-mRNA as it emerges from a transcribing RNA polymerase II (79,113).  

Their association fulfills either regulatory purposes or structural support as the pre-

mRNA is packaged for subsequent processing.  However, this presents an obstacle for 

assembling the EDC because these hnRNPs may hinder SR proteins from binding or 

may sterically clash with the massive U2 snRNP.  At the branch point sequence, UAP56 

(DDX39B) protein is believed to promote U2 snRNP recruitment by removing nearby 

proteins (18), but it has not been detected in all exon complexes, including ours 

(8,30,114).  Nevertheless, it is very likely that other compositional remodeling events 
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occur within an exon and neighboring intronic sequences to remove hnRNP proteins.  In 

fact, we detected a widespread decrease of most, if not all, hnRNP proteins and 

abundant RNA-binding protein such as YBX1 and YBX3 during the transition to the 

EDC (Figure 2-4B and C).  This finding provides us with a better understanding of 

dynamics of hnRNP proteins as the exon is more committed into a splicing pathway. 

 The answer to how PTBP1 sequesters the exon in the early complex partly came 

to light when we compared proteomic data between the Repressed and De-repressed 

exon complexes.  Mutating only one tract of PTBP1 binding site significantly changed 

the proteomic profile of the Repressed exon complex (Figure 2-4B).  These changes 

were unlikely to be explained simply only as mutant-specific protein binders because 

when we repeated the MS analyses with the three exon complexes differently 

assembled using only WT RNA and mock- or PTBP1-depleted nuclear extracts, the 

results were fairly similar, even though degrees of fold changes were variable in many 

proteins (Figure 2-4C).  Therefore, this suggested that PTBP1 could modulate exon 

proteomics.  Of these changes, we detected a significant decrease of RAVER1 and 

MBNL1 as PTBP1 departs from the Repressed exon complex.  Consistent with earlier 

studies suggesting their roles as PTBP1 co-repressors (72-74), RAVER1 and MBNL1 

contributed to repressing the N1 exon in vivo (Figure 2-5B).  Interestingly, we noticed 

an inverse relationship between PTBP1 and ATP-dependent RNA helicases DDX5 and 

DDX 17 among others (Figure 2-5B and C).  Knockdown of DDX5/17 indicated that 

they antagonize PTBP1 by promoting N1 inclusion (Figure 2-5B).  The two helicase 

paralogs are particularly attractive to us because 1) they, especially DDX5, have been 

found in all exon complexes reported so far (1,8,30,114), and they have found to be co-
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purified with U1 and U2 snRNPs (115,116), 2) their association to an early exon 

complex (in non-PTBP1-regulated exon complex) implies to us an unappreciated early 

ATP-dependent remodeling on pre-mRNA, before the first known ATP hydrolysis used 

by U2 snRNP to base-pair to branch point sequence (20).  In fact, we observed 

extensive compositional remodeling events of the early exon complex transitioning to 

the EDC—those events are the global eviction of hnRNP proteins and abundant RNA-

binding proteins, the substantial recruitment of SR and SR-related proteins, and the 

recruitment of U2 snRNPs.  It may be true that during this transition, RNA-bound 

hnRNP proteins need to be removed from the RNA in order to make room for the 

binding of SR proteins and U2 snRNP.  Yet, the extent of these events that results from 

DDX5 and DDX17 activities needs to be determined.   

 We hypothesize that DDX5 and DDX1 possess a general role in promoting 

formation of the EDC during an early stage of splicing, besides their roles in alternative 

splicing of specific exons (115,117,118).  In fact, both proteins can facilitate assembly of 

the EDC even on a synthetic exon (Figure 2-6C) as well as promote splicing of other 

tested alternative exons (Figure 2-6D).  Recent studies by Dardenne et al. using exon 

arrays to assess splicing changes after knocking down DDX5/17 revealed that large 

numbers of alternative exons are normally activated by both proteins (100,119).  Even 

though they also found that many alternative exons are repressed by the proteins, it is 

possible that these are indirect effects of DDX5 and DDX17, or that exon definition 

process of flanking constitutive exons are more dependent on the two proteins.  

 As exon definition is the major pathway for recognizing splice sites in vertebrates, 

it is becoming clear that an ultimate goal of splicing repression is to disrupt this process, 
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which many times involve directly intervening with binding of SR proteins.  Still, it is 

likely that repressors, including hnRNP proteins, employ other mechanisms to achieve 

the same goal.  Given divergent sequences of splice sites, exonic and intronic 

sequences in vertebrates, every exon is expected to have a different splice site 

strength, sets of SR proteins, hnRNP proteins and other RNA binding factors.  A sum of 

these positive and negative factors will determine splicing outcomes.  Proteomic 

approach on various model alternative exons under normal and repressive conditions 

will lead to an understanding of the steps during assembly of the EDC, revealing factors 

necessary for the process or factors needed for repression.  We showed here how such 

an approach could be employed to study complex assembly of the EDC and repression 

mechanism by PTBP1.  With knowledge from various models, we may be able to see a 

common theme of how repressors accomplish splicing repression. 

 In conclusion, we believe that DDX5 and DDX17 play an important role in 

splicing by remodeling protein compositions during the transition from the early exon 

complex to the EDC.  By blocking the association of DDX5 and DDX17 to the early exon 

complex, PTBP1 can sequester the exon in the repressed state.  We suspect that there 

are unknown properties still to be determined in the PTBP1-repressed exon complex 

that veer DDX5 and DDX17 away from the exon. 
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FIGURES 

Figure 2-1 PTBP1 inhibits formation of the Exon Definition Complex 
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Figure 2-2 PTBP1 repression inhibits reactivity of both 5’ and 3’ splice sites 
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Figure 2-3 PTBP1 blocks U2 snRNP—but not U2AF65 nor U1 snRNP—from 

associating with the exon 
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Figure 2-4 Quantitative proteomics reveals PTBP1 co-repressors, its target 

proteins and molecular assembly of EDC 
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Figure 2-5 Knocking down of RAVER1/MBNL1 and DDX5/17 supports their role as 

PTBP1 co-repressors and as exon activators, respectively 
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Figure 2-6 PTBP1 prevents DDX5/17-mediated efficient formation of EDC 
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FIGURE LEGENDS 

Figure 2-1 PTBP1 inhibits formation of the Exon Definition Complex.  (A) A 

schematic representation of the N1 exon of Src pre-mRNA used in this study.  An 

original upstream PTBP1-binding sites were moved 25-nt upstream of the branch point 

sequence.  A 3’ splice site of an Adenovirus major late pre-mRNA (not shown) was 

added in place of the PTBP1-binding sites to allow U2AF65 binding without competition 

with PTBP1.  Downstream PTBP1-binding sites were kept unchanged.  Mutations of the 

upstream PTBP1-binding sites were previously used in Sharma et al. 2008 and are 

highlighted in red.  Thick lines represent up- and downstream PTBP1-binding sites.  (B) 

Native agarose gel electrophoresis of exon complexes assembled on WT and mut N1 

exons.  32P uniformly labeled WT and mut RNAs were incubated with HeLa S3 nuclear 

extract under a standard splicing reaction for the indicated times.  The reactions were 

then analyzed on a 2.5% native agarose gel.  (C) HeLa S3 nuclear extracts were either 

mock-depleted or PTBP1-depleted using a monoclonal antibody (BB7).  A Western blot 

on the left shows efficiency of the immune-depletion.  U1-70K was used as a loading 

control for the Western blot.  Both HeLa S3 nuclear extracts were then used for 

assembling exon complexes on 32P uniformly labeled WT and mut N1 exons under a 

standard splicing reaction for 30 minutes and analyzed on a 2.5% native agarose gel.  

(D) HeLa S3 nuclear extracts were treated with RNAse H and DNA oligos 

complementary either to GAPDH mRNA (control), U1 snRNA or U2 snRNA in order to 

degrade the corresponding RNAs.  On the left, total RNA from each treated HeLa S3 

nuclear extract was analyzed in 8% urea-PAGE and stained with SyberGold to assess 

efficiency of degradation of U snRNAs.  All three HeLa S3 nuclear extracts were then 
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used for assembling exon complexes on 32P uniformly labeled WT and mut N1 exons 

under a standard splicing reaction for 30 minutes and analyzed on a 2.5% native 

agarose gel. 

 

Figure 2-2 PTBP1 repression inhibits reactivity of both 5’ and 3’ splice sites.  (A) A 

schematic representations of trans-splicing reactions.  Exon complexes were 

assembling on either WT or mut N1 exons under a standard splicing reaction for 20 

minutes.  To test reactivity of 3’ splice site of the N1 exon (left), the reactions were 

mixed with 5’ exon complex of Adenovirus major late pre-mRNA that had been 

assembled separately under the same condition.  After mixing, the combined reaction 

were supplemented with another dose of ATP and Creatine phosphate, and further 

incubated at 30° C for 3 hours.  Total RNA was extracted from the reactions and used 

for primer extension analysis with 5’ 32P labeled primer, which annealed to 3’ end of the 

spliced product.  The primer extension products were resolved in 8% urea-PAGE.  

Spliced and unspliced products were indicated on a gel (B).  The same experiment was 

repeated to test reactivity of 5’ splice site of the N1 exon; however, 3’ exon complex of 

Adenovirus major late pre-mRNA was use instead.  Spliced and unspliced products of 5’ 

splice site test were indicated on a gel (C).  Identity of the spliced products was 

confirmed by size and their requirement of splicing after U2 snRNP was degraded. 

 

Figure 2-3 PTBP1 blocks U2 snRNP—but not U2AF65 nor U1 snRNP—from 

associating with the exon  (A) U1 snRNA crosslinking to 5’ splice site (5’ss).  HeLa S3 

nuclear extract was treated with RNAse H and either water (“None” treatment) or DNA 
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oligo complementary U1 snRNA in order to degrade U1 snRNP, according to a protocol 

used by Merendino et al. 1999.  The treated nuclear extracts were then used for 

assembling exon complexes on both WT and mut N1 exons under a standard splicing 

reaction for 30 minutes.  A crosslinker 4′-aminomethyl trioxsalen (AMT) or water was 

then added to the reactions.  Crosslinking was performed on ice and initiated by 

irritating 366 nm UV wavelength for 10 minutes, according to a protocol used by 

Sharma et al. 2008.  Total RNA in the reaction was extracted and used for primer 

extension analysis with a primer annealing to an intron downstream of the N1 exon.  

Primer extension products were resolved in 8% urea-PAGE.  U1 snRNA – 5’ splice site 

crosslink created base adducts in which a Reverse Transcriptase can not extend the 

primer across.  These stopped products were precisely mapped to the N1 5’ spliced site 

and were dependent on the U1 snRNP.  Arrows indicate the two crosslinked products 

detected.  Quantification of the major stopped product (bottom band) is shown in the 

graph on the right (n = 2).  (B) A schematic presentation of purification of exon 

complexes.  Both WT and mut N1 exons were tagged with 3X MS2 stem-loops and 

were uniformly labeled with 32P.  The RNAs were pre-incubated with a fusion protein of 

MS2 bacteriophage coat protein and Maltose-binding protein (MS2-MBP) before 

assembling exon complexes under a standard splicing reaction for 30 minutes.  Exon 

complexes were separated by glycerol density gradient ultracentrifugation.  The 

gradient was fractionated, and peaks were determined by scintillation counting.  Peak 

fractions containing exon complexes were then affinity purified on amylose beads.  After 

washing, bound exon complexes were eluted with maltose for further analyses.  (C) 

RNA was extracted from each exon complex and resolved in 8% urea-PAGE.  Total 
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nuclear RNA was used as a marker for U snRNAs.  The gel was stained with 

SyberGold.  Intensity of each RNA species was normalized by its size (nt.) in order to 

calculate its relative molar ratio.  The average of two experiments is shown in the graph 

below.  “ * ” marks uncharacterized band.  (D) To determine relative amounts of 

U2AF65 bound to WT and mut RNAs, 32P uniformly labeled MS2 stem-loop-tagged WT 

and mut N1 exons were pre-incubated with MS2-MBP fusion protein and then used for 

assembling exon complexes under a standard splicing reaction for 30 minutes.  The 

reactions were then diluted 3-fold and affinity purified on amylose beads.  The beads 

were split into three groups, and then washed with a buffer containing different 

concentration of potassium glutamate—80, 100 or 150 mM.  After washing, exon 

complexes were eluted with maltose.  Proteins were resolved in SDS-PAGE and 

analyzed for PTBP1, U2AF65 and NCBP80 (loading control) by Western blotting. 

 

Figure 2-4 Quantitative proteomics reveals PTBP1 co-repressors, its target 

proteins and molecular assembly of EDC.  (A) A schematic representation of SILAC-

MS experiment.  32P uniformly labeled WT and mut N1 exons were used for assembling 

exon complexes with Heavy and Light HeLa S3 nuclear extracts, respectively.  The 

exon complexes were purified similar to Figure 2-3B.  After purification, molar 

concentration was determined by scintillation counting.  One molar amount of the Heavy 

Repressed exon complex was mixed to one molar amount of either Light De-repressed 

or Light EDC.  Each pair of samples was subjected to MS analyses.  For a given 

protein, two SILAC ratios (Light intensity : Heavy intensity) were obtained—one from 

each sample.  To generate relative abundance of a protein across three different exon 
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complexes, the Heavy intensity (from Repressed exon complex) was used for 

normalizing the two SILAC ratios (represented by overlapping two ‘Repressed’ words at 

the bottom of the figure).  Only proteins in which their abundance could be calculated in 

all three exon complexes were further analyzed.  Their fold changes were calculated 

during the transition from Repressed to De-repressed (R-to-D) and from De-repressed 

to EDC (D-to-EDC).  (B,C) Log2(fold change) was calculated for all proteins and used to 

generate heatmaps.  Proteins with decreasing abundance are in red shades, while 

those with increasing abundance are in green shades; yellow shades are those in 

between.  SILAC-MS was repeated in a different experiment in which all three exon 

complexes were assembled only from WT RNA with Light nuclear extract that was 

either mock- or PTBP1-depleted.  Each of the three complexes was purified as above 

and spiked in with MS2-affinity purified Heavy mixed exon complexes, assembled from 

WT and mut RNAs.  The Heavy mixed exon complex served to normalize SILAC ratios 

across the three exon complexes.  Log2(fold change) of the same set of proteins from 

the second SILAC-MS were obtained and arranged according to proteins from the first 

SILAC-MS.  Their heat maps were then generated. 

 

Figure 2-5 Knocking down of RAVER1/MBNL1 and DDX5/17 supports their role as 

PTBP1 co-repressors and as exon activators, respectively.  (A) A schematic 

representation of the N1 minigene reporter used to assay effects of knocking down 

splicing factors in HeLa cells.  N1 exon containing WT PTBP1-binding sites was 

inserted into an intronic region between constitutive exon 1 and 2 of human beta globin 

gene (black boxes).  The entire construct was inserted into a Flp-In recombination site 
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of Flp-In T-REx HeLa cells (Life Technology).  The reporter was under the control of Tet 

repressor.  Transcription was induced by adding Doxycycline.  Thick lines represent up- 

and downstream PTBP1-binding sites.  (B) HeLa cells were transfected with 

corresponding siRNAs for 48 hours before inducing expression of the reporter N1 by 

adding Doxycycline.  Eight hours after induction, total RNA was harvested from cells 

and used for primer extension assays with a 32P 5’ labeled DNA primer annealing to the 

second exon of the beta globin gene.  Products of primer extension were resolved in 4% 

urea-PAGE.  Included and skipped products were indicated on a gel.  Intensity of each 

different spliced product was determined, and then used for calculating percent 

inclusion for each knockdown.  Data from three experiments are shown in the graph on 

the right.  The graph shows the averages and standard deviation (S.D.).  p-values were 

calculated compared to si-Control.  * = p < 0.05; ** = p < 0.01; *** = p < 0.001.  

Efficiency of knocking down each protein was analyzed by Western blotting; GAPDH 

served as a loading control.  Note that the antibody for DDX5/17 recognized three 

polypeptides—p68 (DDX5), p72 (DDX17), p82 (DDX17).  “ ? ” marks an unidentified 

protein from monolayer HeLa that cross-reacted with the antibody. 

 

Figure 2-6 PTBP1 prevents DDX5/17-mediated efficient formation of EDC.  (A) 

HeLa S3 nuclear extract was either mock- or DDX5/17-depleted with an antibody.  

Efficiency of the depletion was analyzed by Western blotting shown on the top left.  

Each polypeptide was indicated p68 (DDX5), p72 (DDX17), p82 (DDX17).  U1-70K was 

used as a loading control.  The treated HeLa S3 nuclear extracts were then used for 

assembling exon complexes on 32P uniformly labeled WT and mut N1 exons under a 
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standard splicing reaction at 30°C for 15 minutes.  In lane 3 and 6, bacterially purified 

human DDX17 was added back to the depleted nuclear extract prior to the splicing 

reaction.  The complexes were resolved in 2.5% native agarose gel.  Different 

complexes were indicated.  On the bottom, protein-stained SDS-PAGE gels of 

bacterially purified human DDX5 and DDX17 used in this study were shown.  The 

proteins were fused to Maltose-binding protein (MBP) and 6X His tag on their N and C 

termini, respectively, and purified on Amylose column followed by Nickel column before 

size exclusion column.  (B, C) Splicing-deficient HeLa S3 nuclear extract was 

supplemented with either bacterially purified RbFox1, DDX5, DDX17 prior to assembling 

exon complexes on 32P uniformly labeled WT and mut N1 exons (B) or a synthetic exon 

(C) under a standard splicing reaction at 30°C for 30 minutes.  The complexes were 

resolved in 2.5% native agarose gel.  Different complexes were indicated.  (D) HeLa 

cells were transfected with corresponding siRNAs for 56 hours before total RNA was 

harvested and used for synthesizing random-priming cDNAs.  Gene-specific primer 

pairs targeting flanking exons of alternative exons were labeled with 32P on 5’ end (only 

reverse primers were labeled) and used for PCR.  Products of the PCR were resolved in 

4% urea-PAGE.  Included and skipped products were indicated on a gel.  Intensity of 

the different spliced products were determined, and then used for calculating % 

inclusion for each knockdown. 
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CHAPTER THREE 

Stem–Loop 4 of U1 snRNA Is Essential for Splicing and Interacts  

with The U2 snRNP-specific SF3A1 Protein During Spliceosome Assembly 

 

INTRODUCTION 

Intron removal is catalyzed by an ~40S RNP complex called the spliceosome, 

which consists of five small nuclear ribonucleoprotein particles (snRNPs) (U1, U2, U4, 

U5, and U6) and ~150 auxiliary proteins (120).  In vitro, the spliceosome assembles 

onto an intron through the sequential binding of the snRNPs (121,122).  The 5’ splice 

site is recognized by the U1 snRNP through base-pairing between the pre-mRNA and 

the snRNA.  At the 3’ end of the intron, the U2 auxiliary factor (U2AF) and splicing factor 

1 (SF1) bind to the 3’ splice site and branch point sequence, respectively.  Initial 

association of the U2 snRNP can be ATP-independent and has been proposed to occur 

through interactions with the U2AF65 protein(16,123).  This ATP-independent complex 

is referred to as the E complex. However, the stable association of U2 with the  pre-

mRNA requires ATP hydrolysis and formation of a base-pairing interaction between U2 

snRNA and the branch point sequence with displacement of SF1.  This pre-mRNP 

complex containing both the U1 and U2 snRNPs is called the pre-spliceosomal A 

complex. Recruitment of the U4/U6.U5 tri-snRNP forms the precatalytic B complex.  In 

another mode of B complex formation, the U4/U6.U5 tri-snRNP binds with the U2 

snRNP to the 3’ splice site, preceding interactions with the 59 splice site-bound U1 

snRNP (30).  The B complex formed by either pathway undergoes extensive remodeling 

in its RNA and protein interactions.  These rearrangements include base-pairing of the 
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U6 snRNA with both the U2 snRNA and the 59 splice site, recruitment of the nineteen 

complex (NTC), and displacement of the U1 and U4 snRNPs.  This forms the activated 

B (B*) complex in which the first trans-esterification step of splicing occurs to detach the 

5’ exon and form the intron lariat intermediate.  Completion of the first step generates 

the C complex, which carries out the second catalytic step involving intron lariat 

detachment and exon ligation.  The multiple transitions in spliceosome conformation 

and assembly are driven by eight evolutionarily conserved DExD/H-type RNA-

dependent ATPases/helicases: UAP56, Prp5, Prp28, Brr2, Prp2, Prp16, Prp22, and 

Prp43 (124,125).  These proteins are tightly regulated and thought to provide 

proofreading functions during spliceosome assembly and splicing catalysis. 

 The pairing of splice sites is a critical step for accurate spliceosome assembly 

and splicing catalysis.  Analyses of the rate of missplicing indicate that pairing occurs 

with high fidelity (126).  Key questions for understanding the regulation of alternative 

splicing regard when the decision to pair splice sites is made during assembly and what 

proofreading mechanisms maintain the fidelity of this pairing.  For a simple single intron 

pre-mRNA studied in vitro in HeLa cell extracts, spatial proximity between the two intron 

ends is seen prior to A complex formation, but commitment to splice site pairing is 

thought to occur during the transition to the A complex (9,10,21). 

Candidate factors for mediating contact between the 5’ and 3’ splice site 

complexes include the DEAD-box proteins Prp5 and UAP56 as well as the SR and SR-

related proteins.  In Schizosaccharomyces pombe, the Prp5 protein has been proposed 

to bridge the splice site complexes across an intron by forming interactions with an SR-

related protein (Rsd1, associated with the U1A protein) and the U2 snRNP-specific 
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protein SF3B1 (127).  In Saccharomyces cerevisiae, Prp5 has been shown to play an 

important role in maintaining the fidelity of the U2 snRNA/branch point interaction (128).  

Associations between the U1 snRNP protein U1 70k and the 39 splice site-bound 

protein U2AF have also been reported.  This interaction was proposed to be mediated 

by the SR protein SC35 in mammals but by a direct contact in yeast (11,81,129,130).  In 

HeLa cell extracts, the SR-related proteins Srm160 and Srm300 have also been shown 

to bridge the U1 and U2 snRNPs (131,132).  Finally, in yeast and humans, the UAP56 

protein was shown to facilitate the stable ATP-dependent contact of the U2 snRNP with 

the branch point sequence, but its role in cross-intron bridging is not known 

(17,18,133,134).  A recent yeast study reported genetic interactions between the U1 

snRNA and the branch point-binding complex of Msl5 (branch point-binding protein or 

SF1 in humans) and Mud2 (U2AF65 in humans) (135). It is not yet clear whether any of 

the Prp5-, UAP56-, Srm160-, or Srm300-mediated contacts or functions are required 

and sufficient for splice site pairing or whether the intron-bridging interactions seen in 

yeast are common to all organisms.  To maintain high accuracy of pairing, it is likely that 

multiple contacts are made between the 5’ and 3’ splice site complexes and that these 

contacts change over the splicing cycle.  

In previous studies, we analyzed the mechanism of the Src N1 exon splicing 

repression by the polypyrimidine tract-binding protein 1 (PTBP1) (7,8,85,105,110).  We 

found that the pre-mRNA-bound PTBP1 does not interfere with U1 snRNP binding to 

the N1 exon 59 splice site (7).  In repressing N1 exon splicing, PTBP1 interacts with 

stem–loop 4 (SL4) of the U1 snRNA and alters the interaction of U1 with the pre-mRNA 

to prevent formation of a functional spliceosome (110).  These results implied that the 
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PTBP1 interaction with SL4 might block U1 snRNP contacts critical for its further 

assembly into the spliceosome.  In this study, we show that SL4 of U1 snRNA is 

important for pre-mRNA splicing and identify the U2 snRNP-specific SF3A1 protein as 

its interacting partner.  Our analyses show that the interactions of SL4 in U1 snRNA are 

required for formation of the prespliceosomal A complex. 

  
 
MATERIALS AND METHODS 

Plasmid constructs and antibodies 

The three-exon and two-intron reporter plasmid pDUP51 has been described 

previously (136,137).  In the Dup51p reporter, the wild-type 59 splice site of exon 2 was 

changed from CAG/GUUGGUAUC to a mutant 5’ splice site, AUG/GUGUGUAUC (‘‘/’’ is 

the exon–intron boundary), which had been shown to cause skipping of PCDH15 exon 

3 in Usher syndrome (138).  The U1 snRNA expression plasmid pNS6U1, originally 

developed in the laboratory of Nouria Hernandez (University of Lausanne), was a gift 

from Adrian Krainer (Cold Spring Harbor Laboratory).  The constructs expressing 

mutant U1 snRNAs were generated using PCR mutagenesis and oligonucleotides 

carrying mutations.  The sequences of all oligonucleotides used for mutagenesis are 

available on request. All mutations were verified by DNA sequencing.  The constitutively 

spliced AdML and BS273 pre-mRNAs were transcribed from linearized plasmids pSPAd 

and pBS273, respectively.  pSPAd contained the first three exons of the AdML with 

shortened introns (139).  After cleavage within the second intron and SP6 transcription, 

the resulting pre-mRNA contained exon 1, intron 1, exon 2, and a short fragment of 

intron 2 from the AdML transcription unit.  BS273 was similar to BS27 and BS713 as 
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described in Chou et al (2000) (105).  It contained exons 3, N1, and 4 from the Src 

gene.  Exons 3 and N1 were joined to delete intron 3 and PTBP1-binding elements 

essential to splicing repression.  The remaining shortened intron between exons N1 and 

4 carried point mutations that improved the 59 and 39 splice sites.  As a result, this 

transcript was not regulated by PTBP1 and spliced efficiently in HeLa nuclear extract 

(140). 

For Figures 6 and 7, anti-SF3A1, SF3A3, U1C, and U1-70K antibodies were 

raised in rabbits against haptenized peptides from each protein (Thermo Scientific). 

Peptides included SF3A1 (4654; CGAVIHLALKERGGRKK), SF3A3 (4658; 

CKKTYEDLKRQGLL), U1C (U1C-CT; PMMVPTRPGMTRPDRC), and U1 70K (U1 70K-

CT; YLAPENGYLMEAAPEC).  These antibodies were affinity-purified, and their 

specificity was confirmed by immune-precipitation and immune-blotting.  In Figure 5C 

and Supplemental Figure S5, the antibodies against SF3A1, SF3A2, and SF3A3 were 

gifts from Angela Kramer (University of Geneva).  The antibody against SF3B1 was a 

gift from Robin Reed (Harvard Medical School).  The anti-U2B0 was from Abcam, and 

the anti-His antibody was from Santa Cruz Biotechnology. 

 

Cell culture, transfection, and primer extension 

HeLa cells were cultured in DMEM containing 10% FBS and antibiotics (100 

U/mL penicillin, 100 mg/mL streptomycin).  For transfection, 1x105 cells per well of a six 

well plate were transfected with 0.4 mg of Dup51 or Dup51p reporter and 3.6 mg of 

control (pcDNA3.1) or U1 plasmid using Lipofectamine 2000 according to the 

manufacturer’s protocol.  Cells were harvested after 48 h, and RNA was extracted using 
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Trizol or prepared using the RNAeasy kit (Invitrogen).  Primer extension was carried out 

using 1 mg of RNA and SuperScript II reverse transcriptase.  For analyses of the Dup51 

and Dup51p transcripts, oligonucleotide Dup3r (59-AACAGCATCAGGAGTGGACA 

GATCCC-39) was used.   

For determining U1-5a snRNA expression, primer extension was carried out with 

oligonucleotide U17–26 (59-TGGTATCTCCCCTGCCAGGT-39) in the presence of only 

dATP.  To assess the mutant U1 snRNA expression, the ratio of the exogenous mutant 

U1-5a snRNA to the endogenous wild-type U1 snRNA was calculated from the band 

intensities (Supplemental Figure S1).  With the exception of M10f and M10p, this ratio 

ranged between 0.1 and 0.26 for the U1-5a variants.  Endogenous U1 is estimated to 

be present at 106 copies per cell in HeLa cells  (Steitz et al. 1988).  Thus, the lowest 

expression of the exogenous U1 was ~105 copies per cell, ~100-fold higher than an 

abundant mRNA.  The expression of U1-5aM10f and U1-5aM10p snRNAs was higher 

and more variable, with the ratios ranging from ~0.6 to 1.2 for different experiments 

(Supplemental Figure S1).  These high accumulation levels did not apparently result in 

increased activity, as the level of exon 2 inclusion with co-expression of M10f (~82%) 

(Figure 2B, lane 12) and M10p (~72%) (Figure 2B, lane 15) was still lower than that 

observed for U1-5a (~94%) (Figure 2B, lane 3).  Some other U1 mutants (such as M3, 

M10d, and M10e) that have expression ratios in the lower range (0.11–0.17) had exon 2 

inclusion levels of ~90%.  These data indicate that at the observed snRNA expression 

levels, the exogenous U1-5a snRNAs were not limiting for the splicing of the reporter 

pre-mRNAs.  Changes in the reporter splicing most likely reflect changes in the activity 

of the snRNAs due to mutations in the SL4 region. 
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For SILAC experiments, minimum essential medium Eagle (similar to M8028, 

Sigma) without sodium bicarbonate, glutamate, arginine, and lysine was ordered from 

AthenaES.  13C-arginine (R6) (catalog no. CLM-2265) and 13C-lysine (K6) (catalog no. 

CLM-2247) were purchased from Cambridge Isotope Laboratories.  The complete 

medium was reconstituted with 2 mg/mL sodium bicarbonate, 4 mM glutamate, 1X 

nonessential amino acids (Life Technology), 5% PBS-dialyzed newborn calf serum 

(Omega Scientific), 1X penicillin–streptomycin (Life Technology), and either ‘‘light’’ 

(R0K0) or ‘‘heavy’’ (R6K6) arginine and lysine at 12.6 g/L and 7.25 g/L, respectively.  

HeLa S3 cells were grown in medium containing either R0K0 or R6K6 for five to six 

doubling cycles to obtain high labeling efficiency (>99%).  The cells were harvested in 

log phase, processed for nuclear extraction, and stored at -80°C as described (85,89). 

 

RNA affinity chromatography 

Biotinylated wild-type (Bi-GGGGACUGCGUUCGCGCUUUCCCC) and mutant 

(Bi-GGAUACUUAUUUCGAUAUUUAUCC) U1-SL4 RNA were custom-synthesized by 

Thermo Scientific (Figure 3A).  Biotinylated U1-SL4M10 (Bi-AUAUACUUAUUUCGA 

UAUUUAUAU),U1-SL4M10h (Bi-GGGGACUUAUUUCGAAAUUAAAAA), and SL4-

Dm(Bi-CGGGAAUGGCGGUUCGCGCCGUCCCG) were custom-synthesized by 

Integrated DNA Technologies.  One-thousand picomoles of RNA were bound to 20-mL 

of Neutravidin agarose beads (Thermo Scientific) in buffer DG (20 mM HEPES at pH 

7.9, 80 mM K-glutamate, 0.1 mM EDTA, 1 mM DTT, 20% glycerol) for 2 h at 4°C.  

Unbound RNAs were removed by washing the beads with 600 mL of buffer DG four 

times.  Splicing reactions of 600 mL containing 0.4 mM ATP, 2.2 mM MgCl2, 20 mM 
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creatine phosphate, and 50% of either heavy (for wild type) or light (for mutant) HeLa 

S3 nuclear extract were mixed with the beads.  The reactions were incubated for 90 min 

at 30°C on a rotating shaker.  After the incubation, the supernatant was removed; the 

beads were washed four times with 600 mL of buffer D containing 2.2 mM MgCl2. The 

washed beads from the wild-type and mutant reactions were then combined.  The 

bound RNP complexes were eluted by incubating for 30 min at 37°C in 60 mL of RNase 

solution containing 3 mL of RNase A/T1 cocktail (Life Technology), 10 mM Tris-HCl (pH 

7.2), 1 mM MgCl2, and 40 mM NaCl. For salt elution, the combined beads were 

successively eluted with buffer D-NaCl (using NaCl rather than KCl) containing NaCl at 

concentrations of 250 mM and 500 mM.  All supernatants were recovered and 

subjected to MS analysis.   

Salt-mediated dissociation of the U2 snRNP was carried out by pre-incubating 

300 mL of nuclear extract with 0, 250, 500, and 1000 mM NaCl for 20–30 min at 4°C in 

the presence of 0.4 mM ATP, 2.2 mM MgCl2, and 20 mM creatine phosphate.  The 

reaction mix was then added to 10 mL of NeutrAvidin beads that were pre-bound with 

500 nmol of biotinylated wild-type and mutant SL4 RNAs, and incubation was continued 

for 30 min at room temperature.  Beads were washed four times with 300 mL of buffer 

DG.  Total RNA was extracted from the bound complexes using phenol: chloroform (5:1; 

pH 4.8), precipitated using ethanol, separated on 8% urea-PAGE gels, and visualized 

using ethidium bromide staining.  For protein analysis, the bound complexes were 

eluted by boiling the beads in 1X SDS-PAGE sample buffer, separated on 10% SDS-

PAGE gels, and analyzed by Western blotting. 
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MS analysis 

Protein mixtures were reduced, alkylated, and digested by the sequential addition 

of lys-C and trypsin proteases as previously described (90).  The digested peptide 

mixture was fractionated online using strong cation exchange and reverse-phase 

chromatography and eluted directly into a LTQ-Orbitrap mass spectrometer 

(Thermofisher) (90,91).  Tandem MS (MS/MS) spectra were collected and subsequently 

analyzed using the ProLuCID and DTASelect algorithms (92,93).  Database searches 

were performed considering both the light and heavy versions of each peptide.  Protein 

and peptide identifications were further filtered with a false positive rate of <5% as 

estimated by a decoy database strategy (94).  NSAF values were calculated as 

described (95). SILAC ratios for each peptide pair were determined using the Census 

algorithm (96,97). 

 

In vitro splicing and spliceosome assembly 

Nuclear extract from HeLa cells was prepared as described previously (85,89).  

Pre-mRNAs were transcribed in vitro from plasmid pSPAd and pBS273, and splicing 

was carried out as described (7).  The spliceosomal complexes were assembled, 

separated, and visualized using native agarose gels (7,141). 

 

UV cross-linking and immune-precipitation 

The 32P-labeled wild-type and mutant U1-SL4 RNAs were in vitro transcribed 

from DNA templates that were prepared by annealing DNA oligonucleotides.  RNAs 

were gel-purified and ethanol-precipitated.  The SL4 RNAs were incubated at a final 
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concentration of 300 nM in a reaction containing 2.2 mM MgCl2, 0.4 mM ATP, 20 mM 

creatine phosphate, 10 U of RNAOUT, and 60% nuclear extract in buffer DG.  The 

reactions were incubated for 30 min at 30°C and UV cross-linked for total energy of 

1800 mJ in a Stratalinker.  For immune-precipitation, the cross-linked reactions were 

treated with 0.15% SDS for 2 min at 95°C, diluted 10-fold with 1X PBS, and immune-

precipitated using antibodies against U1 70k, SF3A3, and SF3A1 as described (142).  

The beads were washed four times with 1X PBS.  The samples were eluted in SDS-

PAGE loading buffer, separated on 8% gel, visualized by PhosphorImager. 

For UV cross-linking in spliceosomal complexes, 10 nM uniformly labeled 32P-

AdML pre-mRNA was added to a 400-mL splicing reaction and incubated for 20 min at 

30°C.  The reaction mix was then layered on a 15%–45% glycerol gradient prepared in 

buffer DG (except that K-glutamate was substituted by K-acetate) and centrifuged at 

37,000 rpm for 16 h at 4°C in a SW41 rotor. The gradients were aliquoted into 25 

fractions, and the radioactivity was determined by scintillation counting.  The positions 

of the spliceosomal complexes were determined by analyzing the pre-mRNA and 

snRNAs in the fractions.  Total RNA from fractions 13, 14, 18, 19, 23, and 24 was 

extracted and separated on urea-PAGE gels that were stained with SYBR Gold nucleic 

acid stain (Life Technologies), which has a lower limit for RNA detection of ~480 pg 

(143).  Band intensities measured by Phosphor Imager and normalized by RNA length 

were used to calculate ratios of the snRNA bands to the pre-mRNA shown in 

Supplemental Figure S6B.  The peak fractions were pooled, UV cross-linked, and 

immune-precipitated with anti-SF3A1 antibody as described above.  After washing, the 

beads were treated with SDS-proteinase K for 20 min at 37°C, and total RNA was 
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extracted, precipitated with ethanol, and labeled with 32P-pCp overnight at 4°C.  The 

samples were separated on 8% urea-PAGE gel and visualized by Phosphor Imager. 

 

RESULTSi 

SL4 of U1 snRNA is required for splicing in vivo 

It was previously shown that the loss of splicing caused by 59 splice site 

mutations can be suppressed by expression of mutant U1 snRNAs carrying 

complementary nucleotide changes in their 59 ends (144-146).  This suppression assay 

has allowed detailed analyses of 5’ splice site recognition by the U1 snRNP.  The assay 

can also be used to test the function of other regions of the U1 snRNA, such as SL4.  

By incorporating mutations at additional sites in a suppressor mutant U1 snRNA that 

activates a mutant 5’ splice site in a splicing reporter, the effect of the new mutations 

can be assessed.  We used a three exon–two-intron minigene reporter, Dup51, where 

exon 2 of the wild-type reporter is included at >90% (Figure 3-1A and 1C, lane 1) (136).  

We changed the 5’ splice site of exon 2 from CAG/GUUGGUAUC to 

AUG/GUGUGUAUC (‘‘/’’ is the exon–intron boundary) (Figure 3-1B).  This mutant 

splice site causes skipping of the protocadherin 15 (PCDH15) exon 3 in Usher 

syndrome (138).  In the Dup51p reporter, the mutation reduced exon 2 inclusion to 

~20% (Figure 3-1A–C, lane 2).  Similar to the suppression seen in protocadherin, the 

loss of Dup51p exon 2 splicing could be rescued by co-expression of a U1 snRNA 

carrying a U>A substitution at the fifth position (U1-5a) but not by co-transfection with 

pcDNA or co-expression of the wild-type U1 or a U1-5g variant (Figure 3-1C, lanes 2–
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

i	
  All supplemental data and materials are not presented here, but they can be found in a 
published manuscript “Stem–Loop 4 of U1 snRNA Is Essential for Splicing and Interacts 
with The U2 snRNP-specific SF3A1 Protein During Spliceosome Assembly” (23) 
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5).  Thus, the U>A mutation in the 59 end of U1 snRNA can suppress the 5’ splice site 

mutation in the Dup51p reporter.  The co-expression of U1-5a and U1-5g did not alter 

the inclusion pattern of the wild-type Dup51 reporter (data not shown).  The expression 

of U1 variants in these assays was confirmed by primer extension analysis using a U17–

26 oligo in the presence of only dATP (Figure 3-1D).  This extension reaction yields 22- 

and 23-nucleotide (nt) products for the endogenous wild-type U1 snRNA but terminates 

at 21 nt for the U1-5a and U1-5g variants. 

The U1 snRNA in higher eukaryotes folds into a structure containing four stem–

loops, with SL4 at the 3’ terminus downstream from the Sm protein-binding site (Burge 

et al. 1999).  SL4 consists of two G-C-rich stems split by a pyrimidine-rich internal loop 

and capped by a UUCG tetraloop (Figure 3-2A).  To examine possible requirements of 

SL4 in U1 function, we introduced changes in this region of the U1-5a construct and 

tested their effect on the rescue of the 5’ splice site mutation in the Dup51p reporter 

(Figure 3-2A).  The pyrimidines in the bulge and the tetraloop were changed to 

adenosine in mutant U1-5aM3.  The G-C base pairs were changed to A-U in either the 

upper stem (M10b) or the lower stem (M10a) or both stems (M10). In mutants M10c, 

M10d, and M10e, the strands of the stems were swapped.  In M10u, G-C base pairs 

were changed to C-G base pairs at alternating positions in the lower stem.  To disrupt 

base-pairing in the upper or lower stems or both, G or C residues were changed to 

adenosines in M10f, M10g, M10h, M10p, M10q, M10r, M10k, M10l, and M10m. 

The effect of the SL4 mutations on U1 snRNP activity was assayed by co-

transfection of the U1-5a constructs with the Dup51p reporter.  The U1-5a variants 

carrying SL4 mutations were compared with U1-5a carrying the wild-type SL4 for their 
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ability to restore exon 2 splicing (Figure 3-2B, cf. lanes 4–20 and lane 3).  SL4 

sequence mutations that affect U1 function will compromise the ability of the U1-5a 

construct to rescue exon 2 inclusion.  Many changes in SL4 did not affect U1-5a activity 

in restoring exon 2 splicing, indicating lack of a significant role for those SL4 

nucleotides.  Notably, changing the pyrimidine residues in the single-stranded bulge 

regions and tetraloop to adenosines did not affect the ability of U1 to restore exon 2 

splicing (Figure 3-2A, M3; 2B, lane 4).  Swapping the two strands of the upper and/or 

lower stems (M10c, M10d, and M10e) (Figure 3-2B, lanes 8–10) also did not 

substantially affect U1 function.  Flipping G-C base pairs at alternate positions in the 

lower stem (M10u) (Figure 3-2B, lane 11) also had minimal effect. 

From the suppressor U1 analysis, we found that U1 function was most affected 

by mutations that alter the strength of base-pairing in the lower stem of SL4.  Changing 

the G-C-rich lower stem to an A-U base-paired stem (M10 and M10a) (Figure 3-2B, 

lanes 5,6) led to loss of exon 2 splicing.  G-C-to-A-U changes in the upper stem alone 

had minimal effect (M10b) (Figure 3-2B, lane 7).  The largest effects were observed 

when the majority of base pairs in the lower stem were disrupted (M10g, M10h, M10q, 

M10r, and M10m) (Figure 3-2B, lanes 13,14,16,17,20).  This analysis shows that the 

lower G-C-rich stem of SL4 plays an important role in U1 snRNP function. 

The expression of all mutant U1-5a snRNAs was confirmed by primer extension 

(Figure 3-2C).  Quantification of the mutant snRNA expression indicated that at the 

observed levels, the exogenous U1-5a snRNAs were not limiting for the splicing of the 

reporter pre-mRNA (see the Materials and Methods; Supplemental Figure S1).  The 

loss of DUP51p exon splicing most likely reflects changes in the activity of the snRNAs 



 70 

due to the mutations in the SL4 region, although other effects cannot be ruled out. 

 

U1-SL4 from other species is functional in human cells 

A comparison of U1-SL4 sequences from humans, Drosophila melanogaster, 

Caenorhabditis elegans, and Schizosaccharomyces pombe shows significant 

differences in their sequences and structures (Supplemental Figure S2A).  Human SL4 

shares 68%, 59%, and 19% sequence identity with the D. melanogaster, C. elegans, 

and S. pombe RNAs, respectively, although all of these SL4 sequences can be folded 

into stem–loop structures (Supplemental Figure S2B).  In C. elegans and S. pombe, the 

stem lacks the pyrimidine-containing internal loop, and in Drosophila melanogaster, 

there is a single bulged adenosine.  In S. pombe, the loop is bigger than the tetraloop 

found in other organisms, and the stem is shorter. In all species, the lower portion of the 

terminal stem is highly G-C-rich.  Note that the budding yeast S. cerevisiae does not 

have a clearly homologous terminal SL4 structure.  However, the S. cerevisiae U1 

snRNA is unusually long (568 nts) and may have an equivalent structure internal to its 

normal position. 

To further investigate the sequence requirements for SL4 in U1 function, we 

made U1-5aM10s and U1-5aM10t constructs that eliminate the internal loop separating 

the upper and lower stems (Supplemental Figure S1B).  We also made chimeric U1-5a 

constructs carrying the D. melanogaster (Dm), C. elegans (Ce), and S. pombe (Sp) 

sequences in place of the human SL4.  All of these constructs were active in the U1 

complementation assay (Supplemental Figure S2C, lanes 4–8).  The activity of the U1-

5aSL4Sp construct showed that the size of the SL4 loop is not critical for U1 function.  
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The G-C base pairs at the base of SL4 that were found to be important for the human 

U1 function are present in all of these constructs.  Taken together, these experiments 

indicate that the G-C base pairs in the lower stem of SL4 play an important role in U1 

snRNP function. 

 

Free U1-SL4 inhibits pre-mRNA splicing in vitro by blocking formation of the pre-

spliceosomal A complex 

To assess whether the SL4 engaged in interactions essential for splicing, we 

examined the effect of free U1-SL4 on pre-mRNA splicing and spliceosomal complex 

assembly in vitro.  Short 24-nt RNAs containing just the terminal U1 hairpin were 

transcribed in vitro (Figure 3-3A).  HeLa nuclear extract active for in vitro splicing was 

pre-incubated with increasing concentrations of free wild-type and mutant SL4 RNAs at 

4°C.  Uniformly 32P-labeled Adenovirus Major Late transcription unit (AdML) pre-mRNA 

was then added, and incubation was continued at 30°C.  The wild-type SL4 RNA 

inhibited pre-mRNA splicing with a half maximal inhibitory concentration (IC50) of ~3 

mM (Figure 3-3A, lanes 2–7 and 3B).  In contrast, the mutant SL4 RNA did not have a 

significant effect on splicing activity (Figure 3-3A, lanes 8–13 and 3B).  A similar 

analysis of another constitutively spliced pre-mRNA (BS273 derived from Src) showed 

inhibition by wild-type SL4 with an IC50 of ~6 mM and, again, no inhibition by the 

mutant RNA (Supplemental Figure S3A).  The SL4M mutation used in this in vitro 

analysis was also confirmed to reduce U1 activity in the U1 suppression assay, with an 

expression level comparable with the U1-5a snRNA (Supplemental Figure S4A, B).  At 

the IC50 value, the concentration of U1-SL4 in the splicing reaction is ~10-fold higher 
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than the U1 snRNP concentration, which we estimated to be ~0.12 mM (data not 

shown) and has been reported to be in the range of 0.2–0.3 mM in similar HeLa nuclear 

extracts (147). 

Splicing complex analysis on the AdML pre-mRNA using native agarose gels 

showed formation of the ATP-dependent spliceosomal A, B, and C complexes in the 

control reactions where no SL4 RNA was added (Figure 3-3C, lanes 1–4).  In the 

presence of the wild-type (Figure 3-3C, lanes 5–8) but not the mutant (Figure 3-3C, 

lanes 9–12) SL4 RNA, there was a dramatic decrease in all spliceosomal complexes.  

Analyses in the absence of ATP showed equal formation of the ATP-independent E 

complex in the presence of either wild-type or mutant U1-SL4 (Figure 3-3D).  Similarly, 

complex analysis on the BS273 transcript showed loss of A, B, and C complexes in the 

presence of the wild-type SL4 but not the mutant (Supplemental Figure S3C, lanes 1–

3).  Again, no effect on E complex assembly was seen in the presence of the wild-type 

or mutant RNA (Supplemental Figure S3C, lanes 4–6).  These splicing complex 

analyses indicate that the excess of free U1-SL4 inhibits splicing by interfering with the 

transition from the E complex to the A complex. 

 

The human U1-SL4 interacts with the SF3A1 protein 

The free U1-SL4 presumably inhibits splicing and spliceosome assembly by 

competing for interactions of the endogenous U1 snRNA.  To identify U1-SL4-

interacting partners, we used a combination of stable isotope labeling by amino acids in 

cell culture (SILAC), RNA affinity chromatography, and mass spectrometry (MS).  

SILAC coupled with MS is a powerful unbiased quantitative proteomics approach that 
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was previously applied to the identification of specific interactions of proteins with RNA 

(148,149).  An advantage of SILAC is that it can detect specific interactions in the 

presence of abundant nonspecific background binding (150,151).  Therefore, mild 

incubation and wash buffer conditions can be used to preserve low-affinity but specific 

interactions such as individual contacts that may occur in the spliceosome. 

Figure 4A shows a diagram of the SILAC-based RNA pull-down strategy (148).  

Nuclear extracts were prepared from cultures of HeLa S3 cells that were metabolically 

labeled in medium containing either 13C6 (heavy) or 12C6 (light) arginine and lysine.  

Wild-type and mutant biotinylated U1-SL4 RNAs (Figure 3-3A) were pre-bound to 

Neutravidin beads and then incubated in heavy and light extracts, respectively.  

Unbound proteins were washed away under the same mild buffer conditions (buffer DG; 

80 mM K-glutamate).  After washing, the beads containing the wild-type and mutant SL4 

complexes were combined, and the bound proteins were eluted by RNase A/T1 

digestion.  Proteins were digested with proteases (trypsin and lys-C) and subjected to 

MS analysis using multidimensional protein identification technology (MudPIT).  SILAC 

ratios were calculated from the intensities of the heavy and light (wild-type:mutant) 

peptides using Census, a program for proteomic quantification (Figure 3-4B; 

Supplemental Table S1) (96,97).  These ratios are close to one for nonspecific proteins 

that bound equally well to the wild-type and mutant RNAs.  For proteins enriched in the 

wild-type RNA eluate, the SILAC ratio is >1, whereas proteins that bound more strongly 

to the mutant RNA yield a ratio of <1.  Normalized spectral abundance factor (NSAF) 

values were also calculated for each peptide as an alternative for identifying proteins 

enriched in either the wild-type or mutant RNP complexes or proteins present in both 
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complexes (Supplemental Table S2).  The NSAF values for each protein are calculated 

from the total number of spectrum-matching peptides from the protein (spectrum 

counts) that are then normalized for protein length (95). 

Multiple U2 snRNP proteins had SILAC ratios >1, indicating enhanced binding to 

the wild-type SL4 over the mutant RNA (Figure 3-4B).  Strikingly, the NSAF analysis 

also showed that all of these U2 snRNP-specific proteins were detected only in the wild-

type eluate and not in the mutant eluate (Supplemental Table S2).  Proteins from the U1 

snRNP and U4/U6.U5 tri-snRNP did not bind to either SL4 RNA. Other proteins with 

high SILAC ratios included certain hnRNP and SR proteins (Supplemental Table S1). 

Some of these are known to be U2 snRNP-associated, which could lead to their 

enrichment in the wild-type SL4 complexes.  In a previous study, we showed that 

PTBP1 binds the internal loop of SL4, which is present in both wild-type and mutant SL4 

RNAs (110).  Consistent with this, PTBP1 bound to both SL4 RNAs (Supplemental 

Table S2).  Although their SILAC ratios were high, the NSAF analysis indicated that 

many of the hnRNP proteins were present in both wild-type and mutant SL4 eluates 

(Supplemental Table S2).  hnRNP and other proteins that interact with SL4 are 

interesting for their possible involvement in splicing regulation.  Such proteins may 

contact SL4 to alter spliceosome assembly, as seen with PTBP1.  However, in this 

study, our focus was on the contacts of SL4 during general spliceosome assembly, and 

thus we were particularly interested in the SL4 interactions with the U2 snRNP proteins. 

Immunoblot analysis confirmed the presence of the core U2 protein U2B”, the 

SF3A complex proteins A1 (also known as SF3a120) and A3 (also known as SF3a60), 

and the SF3B complex protein SF3B1 (also known as SF3b155) in the wild-type SL4 
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complexes but not in the mutant (Supplemental Figure S5; data not shown).  MS and 

immunoblot analyses after high-salt elution also showed binding of U2 snRNP proteins 

to the wild-type SL4 but not the mutant (data not shown).  The binding of multiple U2- 

specific proteins to the wild-type U1-SL4 complex indicated the binding of the whole U2 

snRNP.  It was not clear which U2 protein was making a direct contact with U1-SL4 

during affinity purification. 

The mature U2 snRNP is a 17S complex that consists of the core U2 particle and 

the SF3A and SF3B complexes.  It was reported previously that the association of the 

SF3A and SF3B complexes with the core U2 snRNP is salt-sensitive (152,153).  

Incubation with ~250 mM NaCl dissociates the SF3A complex from the core U2 snRNP. 

The SF3B complex is released from the core snRNP at 500 mM (Figure 3-5A).  To 

determine which U2 snRNP-specific protein might directly interact with U1-SL4, we took 

advantage of the salt-sensitive property of the U2 snRNP.  Extracts were pre-incubated 

with increasing concentrations of NaCl and then used for RNA affinity purification using 

biotinylated wild-type and mutant U1-SL4 RNAs (Figure 3-3A).  The bound complexes 

were analyzed for snRNAs and U2 snRNP-specific proteins.  The snRNA analysis 

showed binding of the U2 snRNA to the wild-type U1-SL4 in extract under a standard 

splicing reaction (Figure 3-5B, lane 2).  Pre-incubation of the extract with 250 mM or 

higher salt concentrations led to loss of U2 snRNA binding (Figure 3-5B, lanes 3–5).  

The U2 snRNA did not bind to the mutant SL4 complex in any condition (Figure 3-5B, 

lanes 6–9). 

As seen previously, immunoblot analysis of proteins bound to wild-type U1-SL4 

in splicing conditions confirmed the binding of U2 snRNP proteins SF3A1, SF3A2, 
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SF3A3, SF3B1, and U2B” (Figure 3-5C, lane 2).  In contrast, the U1 snRNP-specific 

protein U1C did not bind to SL4.  After pre-incubation of the extract with NaCl, binding 

of SF3A2 (66 kDa), SF3B1 and the core U2 protein U2B” were lost (Figure 3-5C, lanes 

3–5).  Interestingly, although the amounts of SF3A1 (120 kDa) and SF3A3 (60 kDa) 

proteins bound to the wild-type U1-SL4 decreased after salt pre-incubation (Figure 3-

5C, lanes 2–5), the interaction of these proteins was more resistant to NaCl, and 

substantial amounts of each of these proteins remained bound at higher salt 

concentrations.  The mutant SL4 did not bind SF3B1, U2B”, SF3A1, and SF3A2 (Figure 

3-5C, lanes 6–9).  The SF3A3 protein did bind to the mutant SL4 but at lower levels 

than to wild-type.  These analyses indicate that the U2 snRNP associates with the wild-

type U1-SL4.  Upon high-salt pre-incubation, although the SF3A complex dissociates 

from the core U2 snRNP, the SF3A1 and SF3A3 proteins can still bind to SL4, 

indicating that one of these proteins is likely to directly interact with U1-SL4.   

To identify the SF3A complex protein that directly contacts U1-SL4, we raised 

antibodies to SF3A1 and SF3A3 that were used in UV cross-linking and immune-

precipitation experiments. Uniformly 32P-labeled wild-type and mutant U1-SL4 RNAs 

were incubated in HeLa nuclear extract.  After incubation, the reactions were UV cross-

linked, denatured by treatment with 0.15% SDS, and then immune-precipitated using 

antibodies against U1 70k, SF3A3, and SF3A1 proteins as described (142). SDS-PAGE 

analysis showed cross-linking of an ~120-kDa and an ~55-kDa protein to the wild-type 

SL4 (Figure 3-6A, lane 1).  The ~55-kDa protein cross-links to both the wild-type and 

mutant SL4 RNAs and is presumably PTBP1 (see below).  The 120-kDa protein did not 

cross-link efficiently to the mutant SL4 RNA (Figure 3-6A, lanes 5–8).  Most 
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interestingly, the anti-SF3A1 antibody (Figure 3-6A, lane 3), but not the U1 70k (Figure 

3-6A, lane 2) or SF3A3 (Figure 3-6A, lane 4) antibody, significantly enriched the ~120-

kDa protein.  Thus, the binding of U2 snRNP to the wild-type U1-SL4 likely occurs 

through direct contact with the SF3A1 protein. 

 

The interaction between U1 snRNA and SF3A1 occurs in pre-spliceosomal 

complexes 

We next examined whether the interaction between SF3A1 protein and U1 

snRNA occurred in spliceosomal complexes.  For this, uniformly 32P-labeled AdML pre-

mRNA was incubated in HeLa nuclear extract in the presence of ATP.  The reactions 

were fractionated on glycerol density gradients, and the pre-mRNA in each fraction was 

measured by scintillation counting (Supplemental Figure S6A).  Total RNA in peak 1 

(21S; fractions 13 and 14), peak 2 (30S; fractions 18 and 19), and peak 3 (40S; 

fractions 23 and 24) was extracted and analyzed for the presence of pre-mRNA and 

spliceosomal snRNAs, and the ratio of each snRNA to the pre-mRNA was calculated 

from the fluorescent band intensities as described in the Materials and Methods 

(Supplemental Figure S6B).  In peaks 1 and 2, the ratio of the U1 and U2 snRNAs to 

the pre-mRNA was ≥1, and that of the tri-snRNP snRNAs was low.  In peak 3 fractions, 

the amount of the U5 and U6 snRNAs was substantially increased, while the U1 snRNA 

was lower than in peaks 1 and 2.  U4 snRNA was also higher in peak 3 but not as 

abundant as the U2, U5, and U6 snRNAs that comprise the active spliceosome.  Under 

these centrifugation conditions, the free U1 and U2 snRNPs peak in fractions 7 and 10, 

respectively (data not shown).  Peak 1 and peak 2 contain both the U1 and U2 snRNPs 
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and are the expected sizes of the pre-spliceosomal E and A complexes.  Peak 3 is 

expected to be comprised of the higher-order spliceosomal B, B*, and C complexes, in 

keeping with the presence of the U2, U5, and U6 snRNPs. 

Since free U1-SL4 blocked assembly prior to the A complex, we looked for an 

interaction between SF3A1 and U1 snRNA in the pre-spliceosomal complexes.  For 

this, fractions from peak 1 and peak 2 were pooled separately, UV cross-linked, and 

immune-precipitated using an anti-SF3A1 antibody that was pre-bound to γ-bind beads.  

The bound complexes were digested with SDS/proteinase K, and the total RNA was 

extracted, labeled with 32P-pCp, and analyzed for the presence of pre-mRNA and 

snRNAs (Figure 3-6B).  Equivalent gradient fractions from control reactions lacking pre-

mRNA (Figure 3-6B, lanes 2–4) were treated identically to the fractions from pre-

mRNA-containing reactions (Figure 3-6B, lanes 5–7). 

We found that after cross-linking, U1 snRNA was immune-precipitated with anti-

SF3A1 antibody from peak 1 (Figure 3-6B, lane 7) but not from peak 2 (data not 

shown) fractions.  An anti-His tag antibody did not immune-precipitate any of the 

spliceosomal snRNAs (Figure 3-6B, lanes 3,6).  Importantly, the anti-SF3A1 immuno-

precipitate from corresponding fractions of the control reaction lacking pre-mRNA 

yielded fourfold less U1 snRNA relative to U2 (Figure 3-6B, cf. lanes 7 and 4).  The 

identity of the cross-linked snRNAs was confirmed by RNase H digestion in the 

presence of snRNA complementary oligonucleotides (Figure 3-6B, lanes 9,10).  In 

addition to U1 snRNA, we found that U4 snRNA weakly cross-linked and was immune-

precipitated with the anti-SF3A1 antibody (Figure 3-6B, cf. lanes 8 and 10).  These 

results confirm that the U1 snRNA within the snRNP and not just the free SL4 interacts 
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with SF3A1 and that this interaction occurs on the pre-mRNA but not between the free 

snRNPs.  We did not observe substantial cross-linking of the pre-mRNA to SF3A1 as 

was reported previously (16).  In the earlier study, the pre-mRNA was specifically 

labeled in the region upstream of the branch point, and the cross-links were detected by 

label transfer to the protein in the pre-spliceosomal A complex.  Gozani et al. (1996) 

found that the cross-linking of SF3A1 to the pre-mRNA was much weaker than that 

seen for other SF3A and SF3B proteins.  Our different observation may result from 

different sensitivities of the assays and the fact that we are analyzing early complexes 

prior to the binding of U2 to the branch point. 

We also did not observe substantial cross-linking between the SF3A1 protein and 

the U2 snRNA.  This is in agreement with a previous report in which the U2 snRNA was 

shown to interact with the SF3A3 but not the A1 and A2 proteins (154). 

 

The SL4 mutations that affect U1 function also affect SF3A1 protein binding 

We next wanted to examine the effect of SL4 mutations that decrease U1 snRNP 

activity in the complementation assay on the binding of the SF3A1 protein.  We 

measured binding of proteins to wild-type and mutant SL4 RNAs using RNA affinity 

chromatography and immunoblot analysis.  Synthetic biotinylated SL4 RNAs—including 

the wild-type, the M10 and M10h mutants, and the D. melanogaster SL4 (Figure 3-2; 

Supplemental Figure S2)—were incubated under splicing conditions in HeLa nuclear 

extract, and the bound proteins were isolated on Neutravidin beads as described above. 

The binding of SF3A1 and PTBP1 was assessed by immunoblot (Figure 3-7A).  The 

ratio of protein bound to each SL4 variant to that bound to the wild-type human SL4 was 
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determined.  Interestingly, the SF3A1 protein showed substantially lower binding to the 

mutant M10 and M10h RNAs but bound at higher levels to the D. melanogaster SL4 

(Figure 3-7B, cf. lanes 3,4 and lane 5).  Thus, the binding of SF3A1 correlated with the 

presence of the G-C-rich stem structures and not the presence of the bulged 

nucleotides, as was seen for U1 activity in the in vivo assays.  In contrast, PTBP1 

bound well to both the wild-type and M10 mutant RNAs (Figure 3-7B, lanes 2,3).  Both 

of these RNAs contain the bulged pyrimidines that were shown previously to bind 

PTBP1 (110).  The M10h mutant, which contains these nucleotides but not in a bulged 

structure, showed moderate binding to PTBP1 (Figure 3-7B, lane 4).  In contrast, 

PTBP1 bound very poorly to the SL4-Dm RNA that lacks the pyrimidine bulge (Figure 

3-7B, lane 5).  Thus, these two proteins recognize different determinants on the SL4.  

The U1 70K protein did not bind to any of the SL4 RNAs (Figure 3-7A).  The loss of 

function of the mutant U1-5a snRNAs in vivo correlates well with the loss of SF3A1 

binding in vitro. 

 

DISCUSSION 

SL4 of the U1 snRNA is a conserved structural feature whose function in splicing 

has not previously been examined.  SL4 is not required for 3’ end formation of the U1 

snRNA or for SMN complex binding during snRNP biogenesis and is not bound by any 

of the U1-specific proteins (155-159).  Crystal and cryo-electron microscopy (cryo-EM) 

structures of purified or in vitro assembled U1 snRNPs show that SL4 is well separated 

from the first three stem–loops of U1 snRNA by the Sm ring (160-162).  These as well 

as biochemical studies indicate that in the free snRNP, SL4 contacts the B and D2 
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subunits of the Sm core (162,163).  

We identified a role for SL4 in pre-mRNA splicing and found that the G-C-rich 

lower stem is critical for U1 snRNP activity in vivo. In vitro, free U1-SL4 inhibits pre-

mRNA splicing by blocking formation of the pre-spliceosomal A complex on the pre-

mRNA.  In these extracts, we identified the U2 snRNP protein SF3A1 as an interacting 

partner of U1-SL4.  We found that this interaction takes place on the pre-mRNA and 

does not occur between the free snRNPs.  The lack of interaction between the free 

snRNPs may indicate that a change in U1 conformation occurs upon binding the pre-

mRNA that increases the accessibility of SL4.  The contacts between SL4 and the Sm 

proteins B and D2 (162,163) may prevent di-snRNP formation and then be altered upon 

U1 snRNP binding to the pre-mRNA.  It will be interesting to examine the accessibility of 

these U1 nucleotides in different states of U1 snRNP assembly into the spliceosome.   

We propose that the interaction between SL4 in the U1 snRNA and the SF3A1 is 

one of the molecular bridges that help to pair the 59 and 39 splice sites during early 

spliceosome assembly (Figure 3-8). For the simple, single intron pre-mRNA studied 

here, the U1 snRNP and the U2 snRNP form their initial contacts with the pre-mRNA at 

opposite ends of the intron.  The 5’ and 3’ splice sites are thought to be brought into 

proximity (10–20 Å) early in mammalian spliceosome assembly (9,10).  Recent 

fluorescence resonance energy transfer (FRET) studies in yeast indicate that the 5’ 

splice site and branch point are brought into proximity only after A complex formation 

and coincident with the exit of U1 from the complex (164).  This interaction within the 

mature spliceosome presumably reflects the assembly of the active site and an even 

closer juxtaposition than occurs in the pre-spliceosome.  It is not clear how closely the 5’ 
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splice site and branch point approach each other in forming the U1/SF3A contact, but 

the U1/SF3A interaction must be transient, as the contact will be disrupted during the 

release of U1 snRNP from the mature spliceosome. 

We observed SF3A1–U1 snRNA cross-linking in early pre-spliceosomes but 

cannot yet define when the interaction is lost.  Peak 2 in our gradients, which is the size 

of complex A, did not show cross-linking.  However, the yield of this complex may be 

too low to detect the interaction.  It will be interesting in the future to characterize the 

early assembly steps defined by the presence of the SF3A1–U1 interaction.  In the E 

complex, the U1 snRNP is bound to the 5’ splice, and the U2 snRNP has been shown to 

be loosely associated via interactions with the U2AF65 protein (123).  In the A complex, 

U2 becomes stably bound to the branch point sequence by base-pairing interactions.  

This does not appear to occur in the presence of excess U1-SL4.  It will be interesting to 

purify complexes assembled in the presence of ATP but arrested with excess SL4 to 

assess the presence of the U1 snRNP and factors that might be important for the E-to-A 

transition. 

A variety of protein–protein interactions have been suggested to bridge the 5’ 

and 3’ splice sites in cross-intron complexes, including contacts mediated by the Prp5 

protein, SR and SR-like proteins, and other factors (81,127,132).  Since mutations in 

SL4 do not completely abolish U1 function in vivo, additional interactions likely 

contribute to splice site pairing in vivo, but the precise roles of the other identified 

bridging contacts in early spliceosome assembly are not yet clear.  In contrast to the in 

vivo case of partial splicing inhibition by the SL4 mutations within the suppressor U1 

snRNA, the striking inhibition of the in vitro splicing reaction by the SL4 competitor may 
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indicate blockage of additional contacts between the U1 and U2 snRNPs.  The inhibition 

of in vitro splicing and pre-spliceosomal A complex formation by excess U1-SL4 

supports a major role for this contact in splicing. 

The pairing of splice sites across the intron and the formation of the A complex 

are appealing steps for the regulation of alternative pre-mRNA splicing.  We previously 

found that the regulator PTBP1 contacts SL4 within an exon complex repressed for 

splicing (110).  Interestingly, the PTBP1-interacting sites on SL4 and the regions 

required for splicing are non-overlapping.  PTBP1 binds to the internal loop, whereas 

the lower stem is required for splicing function.  PTBP1 binding to SL4 could block the 

SF3A1 interaction to prevent further spliceosome assembly.  Interestingly, we found that 

several other hnRNP proteins interact with the wild-type U1-SL4. Investigations of these 

proteins may show that SL4 in the U1 snRNA is a common contact point for regulators 

of alternative splicing.   

The evolutionarily conserved heterotrimeric SF3A complex is essential for the 

assembly of a functional U2 snRNP and for pre-mRNA splicing (152,153,165,166).  In 

yeast and humans, a trimer is formed from binding of SF3A3 and SF3A2 proteins to 

SF3A1, but the two smaller subunits do not interact with each other (153,165,167).  In 

yeast, an SF3A3/A1 dimer interacts with the U2 snRNA SL2 (U2-SL2), which toggles 

between SL2a and SL2c conformations during the splicing cycle (168,169).  This 

SF3A3/A1 dimer binds to SL2a but not SL2c through the first zinc finger domain of the 

yeast SF3A3 (170).  The lack of SL2c binding has been postulated to be the mechanism 

for the release of SF3A from the spliceosome before the first catalytic step of splicing in 

yeast (170,171).  Interestingly, the SL2a-interacting ZnF domain is not conserved in 
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human SF3A3, although the overall structure and charge distribution of the protein 

appear to be similar in the two species.  In addition, recent chemical probing of RNA 

structure in human spliceosomes did not detect the mutually exclusive U2 snRNA 

conformations (172).  This indicates that some differences likely exist in the molecular 

interactions and dynamics of yeast and human spliceosome assembly.  Future studies 

will focus on defining more of these molecular contacts between the 5’ and 3’ splice site 

complexes during splice site pairing, commitment to splicing, and the transition to active 

spliceosomal complexes in metazoans. 
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FIGURES 

Figure 3-1 Suppressor U1 snRNAs can rescue splicing   
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Figure 3-2 SL4 of U1 snRNA is important for U1 function 
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Figure 3-3 Free U1-SL4 inhibits pre-mRNA splicing in vitro 
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Figure 3-4 Identification of U1-SL4-interacting proteins 
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Figure 3-5 SF3A complex proteins interact with the wild-type U1-SL4 
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Figure 3-6 Interaction between SF3A1 and U1 snRNA occurs in pre-spliceosomal 
complexes 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 91 

Figure 3-7 SL4 mutations that affect function also affect binding of the SF3A1 
protein 
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Figure 3-8 Model for the role of SL4 of U1 snRNA in splicing assembly 
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FIGURE LEGENDS 

Figure 3-1 Suppressor U1 snRNAs can rescue splicing.  (A) Schematic 

representation of three-exon/two intron Dup51 and Dup51p reporters.  (B) Base-pairing 

of the wild-type and mutant 59 splice sites with the 59 end of U1 and U1-5a snRNAs.  

(C) Primer extension analysis of the Dup51minigenes after co-transfection with control 

pcDNA or U1 expression plasmids.  The mRNA products are indicated at the right and 

quantified in the graph below.  (D) Primer extension analysis with oligonucleotide U17–26 

showing expression of the wild-type U1 and variant U1-5a and U1-5g snRNAs. 

 

Figure 3-2 SL4 of U1 snRNA is important for U1 function.  (A) Schematic of the 

secondary structures of SL4 region of the wild-type and mutant U1 snRNAs.  Structures 

predicted to have the lowest DG are shown (173).  (B) Primer extension analysis of the 

Dup51 minigene transcripts after co-transfection with control or U1 plasmids.  The 

mRNA products are indicated at the right and quantified in the graph below.  (C) Primer 

extension analysis with oligonucleotide U17–26 showing expression of the endogenous 

wild-type U1 and variant U1-5a snRNAs. 

 

Figure 3-3 Free U1-SL4 inhibits pre-mRNA splicing in vitro.  (A) In vitro splicing of 

the AdML transcript in HeLa nuclear extract in the absence (lane 1) or presence of 0.5, 

1.0, 2.5, 5.0, 7.5, and 10 mM wildtype (lanes 2–7) and mutant (lanes 8–13) short U1-

SL4 RNA competitors.  Prior to addition of the pre-mRNA, the splicing reactions were 

pre-incubated with the SL4 RNAs for 20 min at 4°C.  The RNA splicing products and 

intermediates are diagrammed at the right.  (B) Splicing activity is plotted as a function 
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of SL4 concentration (in micromolar).  Splicing was measured as the percent intensity of 

the intron lariat product in the presence of wild-type (A, lanes 2–7) and mutant (lanes 8–

13) SL4 RNAs relative to the control reaction lacking SL4 (lane 1).  (C) Analysis of ATP-

dependent spliceosomal complexes in the presence of the short U1-SL4 RNA 

competitors.  Transcripts were incubated in HeLa nuclear extract under splicing 

conditions with ATP in the absence (lanes 1–4) or presence of wild-type (lanes 5–8) or 

mutant (lanes 9–12) SL4 for the indicated times and separated by 2% native agarose 

gel.  (D) Analysis of ATP-independent spliceosomal complexes in the presence of U1-

SL4 RNA competitors.  Transcripts were incubated in HeLa nuclear extract under 

splicing conditions without ATP in the absence (lanes 1–4) or presence of wild-type 

(lanes 5–8) or mutant (lanes 9–12) SL4 RNA for the indicated times and separated by 

1.5% native agarose gel.  Positions of the H, E, A, B, and C complexes are indicated. 

 

Figure 3-4 Identification of U1-SL4-interacting proteins.  (A) Protocol for SILAC, 

RNA affinity purification, and MS.  (B) Graph of SILAC ratios versus protein. The inset 

shows the ratios for U2 snRNP-specific proteins. 

 

Figure 3-5 SF3A complex proteins interact with the wild-type U1-SL4.  (A) Salt-

dependent disassembly of the U2 snRNP.  (B) snRNA analysis of the complexes that 

bind to the biotinylated wild-type and mutant U1-SL4 RNAs after pre-incubation of HeLa 

nuclear extract with 0, 250, 500, and 1000 mM NaCl.  Positions of the spliceosomal 

snRNAs are indicated at the left.  (C) Western analyses of the proteins present in the 

wild-type and mutant U1-SL4 RNA complexes. 
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Figure 3-6 Interaction between SF3A1 and U1 snRNA occurs in pre-spliceosomal 

complexes.  UV cross-linking and immune-precipitation identified a direct contact 

between the wild-type SL4 RNA and SF3A1 protein.  (A) 32P-labeled wild-type and 

mutant SL4 RNAs were incubated in HeLa nuclear extracts in splicing conditions.  After 

incubation, the reactions were UV cross-linked and immune-precipitated with antibodies 

against U1 70k (lanes 2,6), SF3A1 (lanes 3,7), and SF3A3 (lanes 4,8) proteins, followed 

by analysis by SDS-PAGE.  (B) Splicing reactions containing ATP in the presence 

(lanes 5–7) or absence (lanes 2–4) of AdML premRNA were fractionated on glycerol 

density gradients (see Supplemental Figure S6).  Gradient fractions from the 21S peak 

containing the pre-mRNA and U1 and U2 snRNA were pooled, UV cross-linked, and 

immune-precipitated with anti-SF3A1 (lanes 7–10) or anti-His (lane 6) antibodies.  

Equivalent fractions from gradients lacking pre-mRNA were also immune-precipitated 

with anti-SF3A1 (lane 4) or anti-His (lane 3) antibodies.  Total RNA from the fractions 

(shown in lanes 2,5) and the immune-precipitated complexes was extracted and 

analyzed.  (Lanes 8–10) The identity of the U1 and U4 snRNAs was confirmed by 

RNase H cleavage in the presence of U1 oligos (U11–15 and U164–75) and U4 oligos 

(U42–16 and U466–85).  (Lane 1) Total RNA from nuclear extract was used as a marker for 

the U snRNAs.  The positions of the U snRNAs and pre-mRNA are indicated. 

 

Figure 3-7 SL4 mutations that affect function also affect binding of the SF3A1 

protein.  (A) Immunoblot of the SF3A1, PTBP1, and U1 70k proteins bound to 

immobilized SL4 RNAs after incubation in HeLa nuclear extract under splicing 
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conditions.  SL4 variants included the wild-type human sequence, the M10 and M10h 

mutants, and the D. melanogaster SL4 (Dm).  The input lane contains 1.5% of the total 

reaction. Lanes 2–5 contain 20% of the protein eluted from each RNA.  (B) 

Quantification of the amount of bound SF3A1 and PTBP1 proteins expressed as the 

ratio of bound protein to that bound by the wild-type SL4. 

 

Figure 3-8 Model for the role of SL4 of U1 snRNA in splicing assembly.  Interaction 

of the SL4 with the U2 snRNP-specific SF3A1 protein occurs during pairing of splice 

sites prior to the formation of the pre-spliceosomal A complex.  The presence of free 

U1-SL4 blocks this interaction and subsequent A complex formation.  U2 is shown 

engaged at the branch point, as seen in the pre-spliceosomal A complex. 
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CHAPTER FOUR 

Concluding Remarks 

 

 Together with transcriptional regulation, alternative pre-mRNA splicing plays an 

essential role in generating unique gene expression profiles that are specific to tissues, 

developmental stages and environmental reponses.  Alternative pre-mRNA splicing is 

primarily regulated by splicing factors that bind to regulatory elements on pre-mRNAs. 

Once bound, these factors can either promote or disrupt recognition of splice sites to 

determine whether or not they will be used by splicing machinery.  Given a complexity 

of vertebrate genome, splicing factors have evolved various mechanisms to accomplish 

such goal. 

 In this dissertation, we aimed to characterize how a splicing factor PTBP1 

impose its repressive effects when it binds to distal sites flanking an alternative exon.  

Using a modified version of an alternative N1 exon as a model, we found that the 

process of exon definition is disrupted when PTBP1 is bound, resulting in a failure to 

recruit U2 snRNP to the exon.  Quantitative characterization of exon-bound proteins in 

the presence or absence of PTBP1 using SILAC-MS, revealed that PTBP1 can 

modulate proteome of the exon.  We also showed that PTBP1 cooperates with other 

proteins during the repression.  This resulted in blockage of two RNA helicases, DDX5 

and DDX17, which function to promote exon definition.  It is likely that the failure of the 

PTBP1-bound exon to recruit U2 snRNP, in part, stems from less association of DDX5 

and DDX17 RNA helicases.  

From the mass spectrometry analyses we also uncovered dynamic assembly of 
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the exon definition complex.  We found that hnRNP proteins, in general, are removed 

during the assembly.  This coincides with a significant increase in binding of SR protein 

to the N1 exon.  It is likely that the ATP-dependent RNA helicases DDX5 and DDX17, 

which we identified being associated with the exon, may facilitate these processes, 

because they have the potential ability to remodel the exon by removing hnRNP 

proteins and thus promoting binding of SR proteins.  These ATP-dependent remodeling 

events might represent the first ATP reactions before U2 snRNP binding.  Still, the 

contribution of the two RNA helicases in these remodeling processes needs to be 

determined.   

An increase in binding of SR proteins during the process of exon definition is 

intriguing.  It points toward unappreciated interactions inside the exon definition 

complex.  These interactions are likely to be important for exon definition as we 

demonstrated that having U1 snRNP and U2AF65 alone are not sufficient to recruit U2 

snRNP to the exon.  Future experiments are needed to identify those interactions.  This 

could be done by applying protein-protein crosslinkers on the purified EDC and 

analyzed cross-linked peptides by mass spectrometry.   

Interestingly, we found in Chapter three that stem-loop 4 of U1 snRNA is very 

important for U1 snRNP to interact with U2 snRNP on intron-defined pre-mRNA; thus it 

is important for pre-mRNA splicing.  However, some intriguing questions to pursue 

further are 1) whether or not stem-loop 4 is important for U1 and U2 snRNPs to interact 

across an exon and 2) if so, whether or not this interaction is one of the interactions 

disrupted by PTBP1.  If the stem-loop 4 and U2 snRNP interacted across an exon, this 

interaction may be an essential toggle switch that controls the transition from exon 
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definition to intron definition during pre-spliceosomal complex assembly. 

As exon definition is the major pathway for recognizing splice sites in vertebrates, 

it is becoming clear that an ultimate goal of splicing repression is to disrupt this process.  

Given divergent sequences of splice sites, exonic and intronic sequences in 

vertebrates, every exon is expected to have a different splice site strength, sets of SR 

proteins, hnRNP proteins and other RNA binding factors. Employing a quantitative 

proteomic approach on various model alternative exons under normal and repressive 

conditions will lead to an understanding of the steps during assembly of the EDC, 

revealing factors necessary for the process or factors needed for repression.  We 

showed in Chapter two how this approach could be used to gain insights into complex 

assembly of the EDC and the repression mechanism by PTBP1.  With an ensemble of 

data from different systems, we may be able to reveal a recurring principle of how 

splicing repressors accomplish their function. 
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