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Abstract 
 

Angela Nicole Amorello 
 

Developing an in vitro thermal shift assay to assess target engagement of 

spliceosome inhibitors 

Successful human gene expression requires a balance of flexibility and accuracy. 

Human genes are transcribed as pre-mRNAs that contain coding exon sequences 

interspersed with non-coding intron sequences. Introns must be removed, and exons 

joined together to produce a functional mRNA by pre-mRNA splicing. Splicing is 

catalyzed by a ribonucleoprotein molecular machine called the spliceosome. The 

spliceosome is a complex enzyme with many key players and assembles piece-by- 

piece on each pre-mRNA. Accurate splicing requires identification of the intron/exon 

boundaries by the spliceosome. The spliceosome relies on identifying introns by 

unique sequence signatures. Poor conservation of these sequences in human 

introns affords the spliceosome flexibility for alternative splicing, but also 

necessitates tight regulation. My research focuses on U2 snRNP and its associated 

protein subcomplex SF3B, which are involved in branch point sequence recognition. 

I speculate that branch point sequence recognition by U2 snRNP in humans is reliant 

on SF3B-mediated interactions. I used two approaches to interrogate SF3B- 

mediated interactions, 1) assessing how drug binding impacts the thermal stability 

SF3B protein, SF3B1 and 2) determining whether SF3B1-interacting partner, U2AF 

is required for intron recognition. 
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Chapter I: Introduction 
 

Central Dogma 
 

The central dogma offers a simplified view of the genetic flow of information, 

stating that DNA is transcribed into mRNA, which can be translated into proteins. 

However, eukaryotic gene expression requires additional RNA processing steps (Fig. 

1.1). In the nucleus, nascent RNAs are modified co-transcriptionally at their 5′ end via 

a 5′ -5′ reverse triphosphate linkage with the N7-methylated guanosine cap structure 

(Shatkin et al. 1976, Moteki et al. 2002). Capping of mRNA is required for initiating 

protein synthesis, offers protection from 5′ to 3′ exonuclease cleavage, and helps 

recruit protein factors for other RNA processing steps (Topisirovic et al. 2010). 

Eukaryotic transcripts contain coding sequences called exons interrupted by non- 

coding sequences, termed introns that require removal to produce a mature mRNA. 

Intron sequences are excised, and exon sequences subsequently joined together in 

an essential RNA process called pre-mRNA splicing (Berget et al. 1977; Chow et al. 

1977). Splicing will be discussed in more detail throughout this dissertation. After 

successful 5′ end capping and pre-mRNA splicing, nearly all protein coding mRNAs 

are polyadenylated with about 200 adenosines (Coolgan and Manley et al. 1997). 

Finally, when key RNA-binding proteins declare that an mRNA is fully processed, it 

will be exported from the nucleus into the cytoplasm. 

Pre-mRNA Splicing 
 

Pre-mRNA splicing relies on signatures within the intron (Fig 1.2) to accurately 

differentiate between intron and exon sequences. These signatures, which are highly 

conserved in yeast, include the 5′ and 3′ splice site and the branch 
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point sequences. The consensus 5′ splice site and 3′ splice site and branch point 

sequences are GUAUGU (Burge et al. 1999), AG (Mount et al. 1982), and UACUAAC 

(Langford and Gallwitz, 1983, Zhuag et al.,1989) respectively. In humans, the 3′ splice 

site is preceded by a stretch of pyrimidines called the polypyrimidine tract immediately 

downstream of the branch point sequence. Distance between the branch point 

sequence and the 3′ splice site is typically 18-40 nucleotides. Conservation of these 

sequences, including the branch point sequence, is greatly reduced in human introns. 

Human branch point sequences generally have a yUnAy motif (Gao et al. 2008) but 

vary considerably. In addition to divergent branch point sequences, human genes 

have long introns, which together creates equivalency among branch point sequence 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.1. Central Dogma and RNA processing. 
Diagram of the central dogma expanded to reflect RNA processing steps required 
for eukaryotic gene expression (Adapted from Alberts et al., Molecular Biology of 
the Cell 6th Edition. 2015) 
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candidates. Weaker splicing signals likely afford human genes the flexibility to be 

alternatively spliced. The majority of human genes are alternatively spliced to produce 

multiple mRNA isoforms from the same transcript, greatly increasing proteome 

diversity (Lee and Rio 2015). 

 
 

The Spliceosome 
 

Splicing is catalyzed by a multi-megadalton molecular machine called the 

spliceosome comprised of five Uridine-rich small nuclear RNAs that with their core 

proteins form ribonucleoproteins (snRNPs). In addition to snRNPs, hundreds of 

proteins join and leave the spliceosome, as the result of many dynamic structural 

rearrangements (Fig. 1.3) occurring throughout splicing (Will and Lürhmann, 2011). 

The spliceosome assembles piece-by-piece on each pre-mRNA destined for splicing. 

U1 snRNP base-pairs with the 5′ splice site (Lerner et al., 1980), while SF1 and the 

U2AF heterodimer bind the branch point sequence, polypyrimidine tract and 3′ splice 

site respectively forming E complex (Selenko et al., 2011). During the transition from 

E-to-A complex, U2 snRNP defines the intron/exon boundary through recognition of 

the branch point sequence in incompletely understood, ATP-dependent process. After 

intron boundaries are delineated, the U4/U6.U5 tri-snRNP joins forming B complex, 

 
 
 
 
 

Figure 1.2 Intron Landmarks 
Schematic of a pre-mRNA highlighting intronic splicing signals, including the 5′ 
and 3′ splice sites, branch point sequence, and polypyrimidine tract. 5′ and 3′ 
exons are represented by pink and mauve boxes respectively. 
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which becomes activated for first-step chemistry following many structural 

rearrangements including the unwinding of U4/U6 snRNP and the departure of U1 and 

U4 snRNP (Bact) (Will and Lürhmann, 2011). Following first step chemistry, further 

rearrangements yield C complex, which will catalyze exon ligation. Generally, these 

structural rearrangements are orchestrated by RNA-dependent helicases and are 

dependent on NTP hydrolysis or binding. 

Splicing Chemistry 
 

Pre-mRNA splicing consists of two transesterification reactions called branching and 

exon ligation (Fig. 1.4). During the branching reaction the 2′-hydroxyl of the invariant 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.3 Splicing Cycle 
Splicing cycle depicting the different stages of the splicing reactions, spliceosome 
components, and the complexes that result from dynamic structural 
rearrangements (Adapted from Shi et al., 2017) 
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branch point adenosine launches a nucleophilic attack on the 5′ splice site producing 

the 5′ exon and 3′ exon-intron lariat intermediate. Next exon ligation is achieved by 

nucleophilic attack of the 3′ splice site phosphate by the 3′-hydroxyl group of the 5′ 

exon ligating the exons and releasing the intron. Although the spliceosome has 100s 

of proteins, it is a ribozyme. Splicing chemistry is catalyzed by U2 and U6 small 

nuclear RNAs (Fica et al. 2013). 

 
 

U2 snRNP 
 

Spliceosome component, U2 snRNP, defines the intron boundaries through 

ATP-dependent recognition of the branch point sequence (Matera and Wang, 2014). 

U2 snRNP exists in two forms, 12S and 17S, the latter being the functional snRNP 

(Fig. 1.5). 12S U2 snRNP comprises the U2 snRNA and core proteins A′ and B′′, while 

17S U2 snRNP additionally contains SF3A and SF3B protein subcomplexes (Behrens 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 1.4 Splicing Chemistry 
The two chemical steps of splicing. 
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et al., 1993, Behzadnia et al., 2006). U2 snRNP identifies the branch point sequence 

by a not fully resolved mechanism. Branch point sequence choice can determine which 

3′ splice site is used, and thus the mRNA produced (Luukonen et al., 1997), which has 

biological consequences, and must be tightly regulated. Recognition of the branch 

point sequence by U2 snRNP involves base-pairing between the branch point 

interacting step loop (BSL) and branch point sequence. Given the variance of branch 

point sequence contenders in human genomes, base-pairing is likely insufficient to 

ensure splicing fidelity. U2 snRNA/pre-mRNA base-pairing is likely supplemented with 

protein-RNA and protein-protein interactions (Gozani et al., 1998). Cancer cells reduce 

splicing fidelity by mutating splicing factors that recognize the branch point sequence. 

SF3B sub-complex component (Lee and Abdel-Wahab, 2016), SF3B1 helps recruit 

U2 snRNP to a branch point sequence seemingly via U2AF2/SF3B1 interactions 

(Gozani et al., 1998, Cretu et al., 2016). SF3B1 mutations are frequently detected 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.5. U2 snRNP 
Structural model of 17S U2 snRNP adapted from Zhang et al., 2020. 
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hematological malignancies, including chronic lymphocytic leukemia and 

myelodysplastic syndrome (De Kesel et al., 2022). Cancer-associated SF3B1 

mutations result in alternative branch point sequence and 3′ splice site usage 

producing aberrant transcripts (Darman et al., 2015, Alsafadi et al., 2016). 

SF3B Inhibitors 
 

Natural products that display potent cytotoxicity towards tumor cells and mouse 

xenografts were identified in screens for anti-tumor compounds (Mizui et al., 2004, 

Sakai et al., 2002, Nakajima et al., 1996). Later, it was discovered that these 

compounds inhibit splicing through targeting SF3B activity (Kaida et al., 2007, Kotake 

et al., 2007, Hasegawa et al., 2011). These compounds stall spliceosome assembly 

prior to the ATP-dependent step of A complex assembly resulting in labile A-like 

complexes prone to disassembly (Corrionero et al. 2011, Roybal and Jurica et al. 

2010). Although, structurally distinct, binding assays (Kotake et al. 2007, Kaida et al., 

2007), competition assays (Effenberger et al. 2016, Lopez et al., 2021) and structural 

models (Cretu et al., 2018, Cretu et al., 2021) reveal that these compounds all bind 

SF3B1. 
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Figure 1.6 Spliceosome inhibitor structures. 
Chemical structures of pladienolide B, spliceostatin A, and herboxidiene 
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Chapter II: Thermal shift assay to measure native SF3B inhibitor binding 

Abstract 

SF3B1, a core spliceosome component, is often mutated in cancer. The role 
 

of SF3B1 in pre-mRNA splicing is to accurately identify a branch point sequence in an 

intron to be excised, deciding the fate of the mRNA product. Three compounds that 

inhibit tumor cell growth were shown to inhibit splicing by targeting SF3B1 activity. 

Structure activity relationships identified analogs that do not inhibit splicing. However, 

some inactive analogs can compete with active inhibitors suggesting binding is not 

sufficient for activity. To better understand the mechanism of splicing inhibition by 

SF3B1-targetting inhibitors, we used an in vitro thermal shift assay with HeLa nuclear 

extract, to test the thermostability of SF3B1 in the presence of spliceosome inhibitors, 

herboxidiene, pladienolide B, and spliceostatin A or their inactive analogs. This assay 

exploits the principle that ligand binding increases the thermostability of their target 

proteins by inducing conformational changes. We observed that binding of 

spliceostatin A increases SF3B1 thermostability, suggesting that binding induces a 

stabilizing conformational change. Monitoring SF3B1-inhibitor engagement in this 

system allows to observe the interplay between SF3B1, its natural ligands, and 

spliceosome inhibitors. 
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Introduction 
 

Eukaryotic genes are transcribed as precursor messenger RNAs (pre-mRNAs) with 

discontinuous sequences that encode genetic information, called exons, interrupted 

by non-coding sequences, called introns, that are removed by the process of pre- 

mRNA splicing. Splicing is catalyzed by a complicated and dynamic ribonucleoprotein 

(RNP) called the spliceosome. The spliceosome is composed five U-rich small nuclear 

RNAs (U1, U2, U4, U5 and U6 snRNAs) that with their associated proteins form RNPs 

called snRNPs (Wilkinson et al., 2019). Apart from snRNPs, the spliceosome has 

hundreds of proteins that join and leave in a series of structural rearrangements that 

occur throughout the splicing process. Spliceosomes assemble and function through 

a series of transient complexes. To initiate spliceosome assembly, intronic features, 

such as the 5′ and 3′ splice sites are identified by U1 snRNP and U2AF forming E 

complex (Figure 3.1 A). The spliceosome A complex forms with ATP-dependent 

recognition of the branch point sequence (BPS) by U2 snRNP (Kramer 1996, Staley 

and Guthrie, 1998). This step is crucial because, the branch point adenosine will 

initiate the first of two chemical steps of splicing through nucleophilic attack the 5′ 

splice site, which produces a free 5′ exon and 3′ exon-intron lariat intermediate (Will 

and Lürhmann et al., 2011). BPS recognition also influences the 3′ splice site choice 

that determines the exon-intron boundary. 

U2 snRNP is composed of U2 snRNA and its core proteins (12S U2 snRNP), 

as well as SF3A and SF3B components and transient proteins like TatSF1(17S U2 

snRNP) (Will et al. 2002). U2 snRNA base pairing with the BPS is considered the most 

important factor in branchpoint selection (Wu and Manley, 1989), but U2 snRNP 

proteins are also likely involved- particularly, SF3B1. SF3B1 is part of the SF3B 
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complex that contacts sequences flanking the BPS in an ATP-dependent manner 

(Gozani et al. 1998). Whole exome sequencing of individuals with chronic lymphocytic 

leukemia (CLL) identified somatic mutations in SF3B1 (Quesada et al. 2011). Patients 

with SF3B1 mutations were more likely to have faster disease progression and a 

poorer prognosis (Quesada et al. 2011). SF3B1 mutations have also been identified 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.1. SF3B1 cancer mutations complicate branch point sequence 
selection 
A) Schematic showing transition from E to A complex when U2 snRNP joins the 
intron. B) Cartoon representation of SF3B1 (Zhang et al. 2020) with locus of 
common MDS and CLL mutations indicated by magenta spheres (Cretu et al. 
2016). C) Schematic depicting potential consequences of alternative branch point 
sequence and 3′ splice site use. D) Comparison of SF3B1 conformation in 17S U2 
snRNP (PDB: 65YQ) and Spliceostatin A-Stalled A3′ complex (PDB: 7ONB) 
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in myelodysplastic syndrome, as well as in breast and pancreatic cancers (Wan et al. 

2013, Yoshida and Ogawa 2014). Analysis of transcriptome data from CCL, breast 

cancer, and uveal melanoma tumor samples reveal that their associated SF3B1 

mutations result in usage of a non-canonical BPS and 3′ splice site pair producing 

aberrantly spliced transcripts (Darman et al. 2015, DeBoever et al. 2015) (Fig. 2.1C). 

Interestingly, the most frequently occurring SF3B1 mutation, SF3B1K700E drives Myc 

hyperactivation via aberrant splicing (Liu et al. 2020). Further, interfering with splicing 

genetically or pharmacologically in vivo reduces viability and tumorigenicity in MYC- 

dependent breast cancers (Hsu et al., 2015). The crucial role of SF3B1 in splicing 

fidelity represents a vulnerability for anti-cancer therapeutics. 

The SF3B complex was identified as a target for natural products pladienolide 

B (PB), herboxidiene (HB), and spliceostatin A (SSA) (Yokoi et al., 2011, Kaida et al., 

2007), which display cytotoxicity and anti-tumor activity (Mizui et al., 2004, Sakai et 

al., 2002, Nakajima et al., 1996) (Figure 2.1B). Consistent with SF3B’s role in BPS 

recognition, they impede spliceosome assembly during A complex formation. Although 

these compounds, collectively known as SF3B1 inhibitors, share a common target, 

many of their chemical features differ, raising the question of whether they have a 

conserved mechanism of action. Recent structural studies reveal that a common diene 

functionality that fits in a tunnel-like cavity between SF3B1 and the SF3B PHF5A 

protein. Comparison of recent structural models of the 17S U2 snRNP (Zhang et al. 

2020) and drug-stalled splicing complexes (Cretu et al. 2018, Cretu et al. 2021) both 

display SF3B1 in an open conformation that appears to be stabilized by Tat-SF1 and 

spliceostatin A or Pladienolide B respectively (Fig. 2.1D). Drug-bound SF3B1 appears 

to be propped open with the branch point adenosine binding site occluded and unable 



13  

to associate with intron (Cretu et al. 2021). In contrast, a Saccharomyces cerevisiae A 

complex (aka prespliceosome) cryo-EM structure shows the N- and C- termini of 

SF3B1 coming together to stabilize the U2-BPS branch helix (Plaschka et al. 2018). 

These observations support a model where inhibitor and pre-mRNA binding are 

mutually exclusive and compete for an SF3B1 population that is in the open 

conformation. 

Our group has carried out extensive structure activity relationship studies of 

SF3B1 inhibitors and identified chemical features required for splicing inhibition 

(Effenberger et al., 2014; Effenberger et al., 2016). Competition assays provide 

evidence that a herboxidiene analog that binds but does not inhibit splicing (iHB) 

competes with its active analog as well as with pladienolide B and spliceostatin A to 

rescue splicing inhibition, suggesting that 1) all compounds have a common 

pharmacophore and 2) that binding is not sufficient to interfere with SF3B1 function 

(Effenberger et al. 2014). The second result is surprising given the current model of 

SF3B1 inhibition. However, the assay used for these experiments did not directly 

assess binding. 

In principle, the efficacy of any drug is contingent upon its ability to bind its 

target. Evidence from binding assays and structural models show that spliceosome 

inhibitors bind to purified SF3B complex and in U2 snRNP assembled into an A-like 

complex (Cretu et al. 2018, Cretu et al. 2021). Further, a streptavidin pull-down assay 

using biotinylated spliceostatin A confirmed that SF3B is a target for the compound 

(Kaida et al. 2007). However, this may not capture how these compounds interact with 

SF3B in its native environment. Unfortunately, monitoring SF3B1 inhibitor binding in 

cells or nuclear extract directly is not yet possible. However, it is possible to assess 
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whether a drug binds its target by treating cells or cell lysates with a compound and 

measuring its thermal stability (Molina et al., 2013). This biophysical method exploits 

the principle of ligand-induced stabilization of proteins. Thermal denaturation curves 

can be generated for purified proteins with measured thermal shifts at saturating ligand 

concentration and correlate with binding affinities determined by other methods. 

Molina and co-workers developed a thermal shift assay to measure drug interactions 

in a cells and cell lysates context (CETSA) wherein, aliquots of cell lysates are treated 

with drug and heated to a range of temperatures, followed by isolation of soluble 

protein by centrifugation (Jafari et al., 2014). For a protein to be well-suited to this 

assay, highly sensitive detection by its associated antibody is needed to measure 

subtle changes in the amount of protein in a sample. Further the protein must unfold 

cooperatively, being stable for some lower temperatures with a sharp decrease at an 

intermediate temperature. 

In this study, I employ an in vitro thermal shift assay with HeLa nuclear 

extract to better understand how well splicing inhibitors engage with SF3B in its 

native environment. My findings indicate that SF3B1 exhibits a sigmoidal thermal 

denaturation profile following exposure to a range of increasing temperature. SF3B1 

thermal stability is moderately impacted by binding of some spliceosome inhibitors. 

We also find that ATP-dependent conformational changes in SF3B have no 

detectable impact on SF3B thermal stability. By determining which splicing inhibitors 

productively engage with SF3B1 in nuclear extract, we can better understand which 

chemical features favor target engagement its natural environment, thus improving 

their clinical success. 
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Methods 
 

HeLa Nuclear Extract Preparation 
 

HeLa nuclear extract was prepared as previously detailed (Dignam et al. 1983) 

with HeLa S3 cells cultivated in DMEM/F-12 at a 1:1 ratio and 5% (v/v) newborn calf 

serum. 

SF3B1 Thermal Shift Assay 
 

HeLa nuclear extracts diluted to 50% (v/v) in Buffer E (20 mM Tris pH 7.9, 0.1 

M KCl, 0.2 mM EDTA, 20% glycerol) were incubated with drug or vehicle for 10 

minutes at 30 ºC. Following incubation, the nuclear extract was transferred into PCR 

tubes or a PCR plate in 10 µL aliquots. The PCR tubes or plate were heated 

temperatures ranging from 40-65 ºC for 3 minutes by thermal cycler. Heated samples 

were diluted to a final volume of 50 µL with cold Buffer E then transferred to 1.7 mL 

microfuge tubes. Insoluble protein was separated by centrifugation at 17,000 g for 30 

minutes at 4 ºC. Supernatant containing soluble protein was transferred to new tubes 

and stored at -20 ºC for future analysis. 

Quantitative Dot Blot 
 

Milipore Immobilon® PVDF membrane (045 µm, Cat. No. IPL00010) was 

activated with methanol for 15 seconds, then rinsed with ddH2O for 2 mins. The 

membrane and one piece of filter paper were allowed to equilibrate in 1X Tris buffered 

saline with Tween 20 (1X TBS-T) for at least 5 minutes. Dot blots (Minifold I Dot Blot 

System – 10447900) were assembled as follows: one dry piece of filter paper 

(Whatman 1), one 1X TBST-soaked piece of filter paper, equilibrated membrane and 

tightly secured with the 96-well top. Typically, 50 µL samples were loaded by 

multichannel pipette as close to the membrane as possible. Vacuum was applied until 
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the liquid from the samples was passed through the membrane into the collection 

chamber. Wells were then rinsed with the same volume of Buffer E with vacuum. The 

membrane was blocked for one hour in 1X TBS-T with 1% non-fat dry milk. After 

addition of primary antibody (anti-SF3B1, 27684-1-AP, Proteintech, 1:7000 dilution) 

the membrane was incubated overnight at 4 ºC with agitation. The blots were washed 

three times with 1X TBS-T, followed by incubation with secondary antibody (IRDye® 

680RD Donkey anti-Rabbit IgG, 926-68073, LICOR, 1:15,0000 dilution) in 1X TBS-T 

with 1% non-fat dry milk for 1 hour. The blots were washed three times again and 

imaged with the Odyssey® Infrared Imaging System (LI-COR Biosciences). Dot blot 

images were quantified using LICOR Image Studio Lite. Thermal unfolding data was 

fit to a non-linear regression, inhibitor vs. response (four parameters) curve fit in 

GraphPad Prism 10. Calculated IC50 was used as the value Tm, since the dose of 

temperature was increasing in lieu of drug. 

Western Blot analysis 
 

Protein samples from immunoprecipitation reactions were prepared in 5x 

Laemmli buffer (62.5 mM Tris, 25% glycerol, 6.25% SDS, 0.1% bromophenol blue, 5% 

beta-mercaptoethanol) and heated at 95ºC for 1 minute prior to loading on 10% 

acrylamide gels for SDS-PAGE. Gels were transferred to PVDF membrane 

(Immobilon FL, Bio-Rad Mini Trans-Blot Cell). Membranes were blocked{Citation} with 

1% milk in 1X TRIS-buffered saline with Tween 20 (TBST) for 1 hour at room 

temperature while rocking. Antibody was added directly to blocking buffer and 

incubated overnight at 4ºC with agitation. From Proteintech: anti-SF3B1 rabbit 

polyclonal (27684-1-AP, used at 1:7000), SNRPB2 rabbit polyclonal (13512-1-AP, 

used at 1:2500). From Santa Cruz Biotech: SF3A2 mouse monoclonal (sc-390444, 
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used at 1:1000). After removing the primary antibody, blots were washed with 1x TBST 

for 5 minutes three times. Corresponding LICOR secondary antibodies: LICOR 

IRDye® 680RD Donkey anti-Rabbit IgG secondary antibody (P/N: 926-68073) and 

IRDye® 800CW Donkey anti-mouse IgG secondary antibody (P/N: 926-32212) were 

added at 1:15000 in 1X TBST with 1% milk and incubated at room temperature for 1 

hour. After removing the secondary antibody, blots were washed with 1x TBST for 5 

minutes three times. Blots were imaged with LICOR Odyssey Infrared Imager (Model 

#: 9120). Images were quantified using LICOR Image Studio Lite software. 

 
 

Results 
 

SF3B1 thermal stability can be measured by both western blot and dot blot analysis 
 

To assess how SFB31 interacts with different spliceosome inhibitors in a 

biologically relevant context, we developed an in vitro thermal shift assay with HeLa 

nuclear extract (Fig. 2.2A). We first evaluated whether we could generate a thermal 

unfolding profile for SF3B1 in nuclear extract by quantifying the amount of soluble 

SF3B1 following heat treatment by quantitative western blot analysis. We detected a 

cooperative decrease in signal for ant-SF3B1 in response to increases in 

temperature. Analysis of the thermal denaturation curve allowed us to calculate a 

temperature at which half of the protein in a sample is denatured (Tm). We 

determined the Tm of SF3B1 in HeLa nuclear extract to be 51ºC (R2=0.99) (Fig. 

2.2B). 
 

To overcome the challenge of screening of multiple conditions simultaneously 

with experimental replicates, we developed a quantitative dot blot protocol that 
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greatly increases throughput of the assay. I tested the assay’s ability to accurately 

detect decreasing amounts of SF3B1 in a sample by analyzing serially diluted nuclear 

extract samples by quantitative dot blot and found that signal intensity for SF3B1 

decreased linearly with decreasing nuclear extract dilution (Fig. 2.2C). I next evaluated 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.2. Thermal unfolding of SF3B1 is detected by western and dot blot. 
A) Procedural schematic of in vitro thermal shift assay in HeLa nuclear extract B) 
Western and dot blots showing SF3B1 in samples heated to temperatures shown, 
followed by thermal denaturation curves. Thermal shift assay was performed in 
triplicate. Percent soluble SF3B1 was quantified using LICOR Image Studio. An 
average of the signal for SF3B1 at the lowest temperature was assumed to be 
100% SF3B1. C) Linear regression of anti-SF3B1 signal detected from serial 
dilutions of nuclear extract. Each sample was adsorbed to the dot blot in triplicate. 
D) Distribution of anti-SF3B1 signal when same amount of nuclear extract is 
adsorbed to dot blot multiple times (n=43). Average signal for n dots was used as 
100% of SF3B1. 
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the precision afforded by quantitative dot blot by loading 48 identical samples. SF3B1 

signal in equivalent samples exhibited a 10.4% coefficient of variation (Fig. 2.2D). 

Side-by-side comparison of western and dot blot analysis produced similar 

thermal unfolding profiles, although, the Tm values differed slightly, with Tm
western= 51ºC 

(R2=0.99) and Tm
dot= 50ºC (R2=0.94) (Fig. 2.2B). With the dot blot, we find that anti- 

SF3B1 signal in samples subjected to non-denaturing temperatures is more variable, 

which influences Tm determination. We hypothesize competition associated with the 

increased presence of other soluble proteins in the lower temperature samples 

interferes with SF3B1 adsorption to a membrane. Indeed, variance of the SF3B1 signal 

correlates with overall protein abundance as measured by UV absorbance at 280 nm 

(data not shown). Western blots allowed more accurate detection of the amount of 

soluble SF3B1 in samples treated at lower temperatures. 

Spliceostatin A shifts SF3B1 thermal stability but not pladienolide B or herboxidiene 
 

Recent cryo-EM and crystal structures of spliceostatin A in complex with 17S 

U2 snRNP and purified SF3B complex respectively demonstrate that spliceostatin A 

arrests SF3B1 in an open conformation (Cretu et al. 2021). To determine whether the 

SF3B1 conformation can resist thermal denaturation in the presence of inhibitor, we 

heated aliquots of HeLa nuclear extract incubated with either 5 µM spliceostatin A or 

DMSO across a range of temperatures and used the dot blot assay to quantify the 

remaining soluble SF3B1. Spliceostatin A treatment induces a small but consistent 

increase in soluble SF3B1 abundance (Fig. 2.3A) at higher temperatures resulting in 

a Tm shift from 52 ºC (R2=0.9) to 53ºC (R2=0.9). This result supports the possibility 

that the inhibitor-bound open conformation of SF3B1 is more stable relative to the 

unbound state. 
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Structural models of SF3B in complex with pladienolide B (PB) and analog 

E7107 show the drug bound in the same tunnel that splieostatin A occupies between 

PHF5A and the open conformation of SF3B1 (Cretu et al. 2018, Finci et al 2018). I 

used the dot blot assay to test whether pladienolide. B and herboxidiene binding 

results in the same increase of SF3B1 thermal stability focusing on temperatures 

expected to capture a shift in thermal stability. Surprisingly, only nuclear extract treated 

with spliceostatin A and not pladienolide B or herboxidiene led to increased amounts 

of soluble SF3B1 at denaturing temperatures relative to DMSO (Fig. 2.3B). Despite all 

compounds being potent inhibitors of splicing, this result suggest spliceostatin A may 

induce slight differences in SF3B1 conformation compared to other compounds. The 

effect may also be due to spliceostatin A covalent interaction with the inhibitor binding 

pocket (Cretu et al., 2021). Pladienolide B does not form a covalent link with PHF5A 

like spliceostatin A and interacts with different residues outside of the tunnel (Cretu 

 

 
 
 
 
 
 
 
 
 
 

Figure 2.3. SSA shifts SF3B1 thermal stability. 
A) Thermal unfolding curves of SF3B1 in HeLa nuclear extract treated with either 
DMSO (black circles, solid black curve) or SSA (gray squares, gray dotted line). 
Average signal at 40ºC was assigned as 100% anti-SF3B1 signal. B) Percent of 
soluble SF3B1 in samples treated with DMSO (Black), SSA (medium gray), PB 
(dark gray), or HB (pale gray) that were heated to temperatures near or above the 
Tm of untreated SF3B1. Average signal at 40ºC was assigned at 100% SF3B1. 
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etal., 2018, Finci et al., 2018). Herboxidiene (HB) is predicted to bind in the same 

manner. 

SF3B1 thermal stability shows variability in different nuclear extract preparations 
 

It is not uncommon for in vitro splicing and spliceosome assembly to differ 

across nuclear extract preps. To verify that SF3B1 thermal stability is not nuclear 

extract-dependent observation, we generated thermal unfolding profiles for multiple 

thermal stability of SF3B1 across four nuclear extract preparations. Overall, we 

observe no marked difference in most nuclear extract preparations the with Tm being 

consistently near 50ºC (Fig. 2.4A). Surprisingly, we did encounter a nuclear extract in 

which SF3B1 shows increased vulnerability to thermal denaturation. The Tm of 46ºC 

for this population of SF3B1 (Fig. 2.4B) is a pronounced difference from other nuclear 

extracts. 

We next treated this unusual nuclear extract with spliceostatin A and generated a 

thermal unfolding profile. Strikingly, spliceostatin A restored the Tm of SF3B1 to that 

observed in the other extracts (Fig. 2.4B). We tested whether herboxidiene and 

pladienolide B can restore thermal stability of this unusual SF3B1 population and find 

that both significantly increase SF3B1 thermal stability relative to DMSO. Interestingly, 

we also find that an analog of herboxidiene that binds SF3B1 but does not inhibit 

splicing, also restores thermal stability of defective SF3B1. Based on these results, we 

speculate that the small increase in SF3B1 thermal stability observed following SSA- 

treatment of most nuclear extracts results from its presence in the 17S U2 snRNP in 

a stable, open conformation, while more free SF3B complex may be present in the 

extract with the less stable population of SF3B1. Indeed, U2 snRNA and other 17S U2 

snRNP components may act as endogenous ligands of the SF3B protein subcomplex 
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that afford the protein conformational stability. The exogenous ligands–inhibitors may 

then rescue the loss in the thermal stability when SF3B1 is not associated with the 

snRNP. 

 
 

Discussion 
 

Modulating splicing by interfering with intron selection by U2 snRNP represents 

a vulnerability for treating hematological cancers and suboptimal blood cell production, 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.4. All compounds increase thermal stability in unstable SF3B1 
population. 
A) Thermal unfolding profiles for SF3B1 across four nuclear extract preparations. 
B) Thermal unfolding curves of DMSO (black) and SSA (gray) generated from a 
nuclear extract preparation with less thermal stable SF3B1. C) Plots of remaining 
soluble less stable SF3B1 at temperatures at or near the Tm of stable SF3B1 
treated with DMSO, PB, HB, or iHB. 
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as in myelodysplastic syndrome (Papaemmanuil et al., 2011, Wang et al., 2011). 

Screens for natural products with tumor-selective cytotoxicity led to the discovery of 

FR901463, GEX1 (Sakai et al., 2002), and the pladienolides (Mizui et al., 2004) with 

FR901463 being structurally distinct from the latter. Analogs of these natural products, 

spliceostatin A (FR901463) and E7107(pladienolides), with improved solubility and 

stability have been synthesized (Nakajima et al., 1997, Folco et al. 2011). These 

compounds achieve tumor suppression through splicing inhibition (Kotake et al., 2007, 

Yokoi et al. 2011, Effenberger et al., 2014). The ability of these compounds to diminish 

solid tumors cells and mouse xenografts at a low-nanomolar dose (Bonnal et al., 2012) 

underlines their potential as cancer therapeutics. U2 snRNP component, the 

heptameric SF3B complex was identified as a common pharmacophore for 

spliceostatin A by affinity chromatography (Kaida et al. 2007) and pladienolide B by 

scintillation proximity assay (Kotake et al. 2008). Analogs of potent splicing inhibitors 

have been generated that are unable to inhibit splicing (inactive) but compete with 

inhibitors to restore splicing activity (Effenberger et al. 2014). Incidentally, this supports 

a model where binding is insufficient to ensure inhibition. Recent structural models of 

17S U2 snRNP and a drug-stalled A-like complex displays SF3B1 in an open 

conformation with the latter revealing mutual exclusion of the intron for bound drug 

(Zhang et al., 2020, Cretu et al., 2021). In contrast, structural models of complex A to 

Bact display SF3B1 in a closed conformation with the U2 snRNA/intron helix 

sandwiched between the N- and C- termini (Yan et al., 2016, Plaschka et al., 2018). 

Overall, this suggests that a potent splicing inhibitor should stabilize the open 

conformation of SF3B1, preventing the entry of an intron. While structural models and 

binding assays utilizing purified SF3B complex or 17S U2 snRNP are evidence of their 



24  

engagement with these small molecule inhibitors, this data does not necessarily 

capture binding in a native context. 

Our group developed an assay to evaluate spliceosome inhibitor binding in 

nuclear extract, wherein, all accessory splicing factors are present. This assay is a 

modified cellular thermal shift assay (CETSA), which uses a HeLa cell-derived nuclear 

lysate, often used in vitro splicing and assembly assays, in lieu of intact cells. Thermal 

shift assays, which previously were restricted to purified proteins, have been adapted 

to reproduce the complexity of ligand binding in cells (Molina et al. 2014). Success of 

drugs generally relies on their ability to engage productively with one or few targets, 

retaining effectiveness while preventing unintended adverse effects. Remarkably, 

pladienolide derivatives E7107 and H3B-800 have been or are currently being 

evaluated for their efficacy at terminating solid tumor cells in patients (Eskens et al., 

2013, Seiler et al., 2018). However, the E7107 clinical trial was aborted at phase I due 

to its toxicity to patients. What remains to be known about these compounds is how 

well they engage with SF3B in a spliceosomal context. Understanding how 

spliceosome targeted therapies bind in a native environment is imperative for 

preventing unforeseen adverse events in patients. 

Our in vitro thermal shift assay finds that SF3B1 is amenable to thermal 

unfolding experiments, evidenced by a sigmoidal unfolding profile, which suggests 

cooperativity. I have calculated Tm values from fitting the data, which signifies the 

temperature at which half of the protein in a sample is denatured. This assay can also 

be scaled to high-throughput studies through use of quantitative dot blot, allowing 

replicates and multiple conditions to be assayed simultaneously on the same 

immunoblot. We tested spliceostatin A, herboxidiene, and pladienolide B for their 
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ability to shift the thermal stability of SF3B1, and detected a modest increase in SF3B1 

thermal stability in spliceostatin A treated nuclear extract, but detected no change with 

herboxidiene or pladienolide B. Although the latter compounds comparably inhibit 

splicing (Kotake et al., 2007, Kaida et al., 2007, Hasegawa et al., 2011) and bind to 

purified SF3B complexes (Cretu et al., 2018, Cretu et al., 2021), they differ structurally 

from spliceostatin A. Spliceostatin A covalently modifies SF3B component, PHF5A via 

nucleophilic attack of the epoxide moiety by the zinc-activated thiol on cysteine 26. As 

mentioned previously, SF3B1 adopts an open conformation in 17S U2 snRNP prior to 

joining an intron to form complex A, thus without substrate to trigger closing of SF3B1, 

it likely remains open whether drug binds or not. This could explain why a thermal shift 

could not be observed for non-covalent inhibitors, pladienolide B and herboxidiene. 

Perhaps their binding is short-lived or reversible, whereas permanent stabilization is 

achieved by the drug being covalently bound to SF3B. 

Different nuclear extract preparations vary in their splicing efficiency and 

spliceosome complex assembly in our in vitro splicing system, thus we wanted to 

assess SF3B1 thermal stability in multiple nuclear extracts. We find that SF3B1 

thermally unfolds similarly across most nuclear extracts, however one nuclear extract 

had a population of SF3B1 that was more susceptible to thermal denaturation. 

Interestingly, all compounds including non-covalent inhibitors restore the thermal 

stability of this SF3B1 population. 

Using our in vitro splicing assay, we tested the impact this more labile SF3B1 

on splicing efficiency and found that this nuclear extract could not convert pre-mRNA 

to spliced product. Considering that SF3B1 participates in splicing as a component of 

17S U2 snRNP and that SF3B1 in active nuclear extracts resists thermal denaturation 
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even in the absence of drug, we speculated that SF3B1 in the splicing-deficient nuclear 

extract may not be in U2 snRNP. I proposed a model that the less stable SF3B1, which 

does not participate in splicing maybe in its heptameric, SF3B subcomplex, but not 

with its stabilizing natural ligands in U2 snRNP. I found through separating 

spliceosome components from their complexes by glycerol gradient and subsequent 

fractionation that the extract with less thermal stable SF3B1 had no fractions 

containing both SF3B1 and U2 snRNP components. These findings suggest that 

binding of purified SF3B containing complexes may not capture their ability to form 

productive interactions with therapeutic agents in their native environment. Our 

thermal shift assay in HeLa nuclear extract can identify SF3B1-targeting compounds 

that have a sustained interaction with native SF3B1, which can be functionalized for 

tumor-selective splicing inhibition. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.5. Model for SF3B thermal stability. 
Schematic demonstrating model for SF3B1 thermal stability in the presence of 
endogenous ligand, drug, or both. 
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Chapter III: Reconstituting U2 snRNP interactions with an intron 
 

Abstract 
 

In this study, I aimed to reconstitute BPS recognition by U2 snRNP using HeLa 

nuclear extract with affinity tagged U2 snRNP. We speculated that U2 snRNP would 

require factors in the nuclear extract to not only bind introns, but also to distinguish 

intron from random RNA sequence. To investigate this theory, we immunoprecipitated 

U2 snRNP before or after incubation with minimal intron substrates and performed 

RNA immunoprecipitation to determine the requirements for recognition of an intron. 

We also tested the impact of ATP hydrolysis on intron binding and U2 snRNP protein 

composition. We find that U2 snRNPs isolated from nuclear extract are capable of 

binding minimal intron RNA with some ability to distinguish intron sequence from 

random RNA sequence. In addition, we learned that in the absence of ATP, U2AF is 

stably bound to our immunoprecipitated snRNPs and that ATP alters the protein 

composition of U2 snRNP. 
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Introduction 
 

Splicing is catalyzed by a macromolecular machine called the spliceosome. 

The spliceosome assembles stepwise onto precursor mRNAs (pre-mRNAs) and is 

comprised of five, U-rich small nuclear RNAs and their associated proteins (snRNPs). 

Splicing commences with U1 snRNP and U2AF2/1 identifying the 5′ splice site (ss), 

polypyrimidine tract (PYT) and 3′ ss forming E complex (Will et al. 2011, Wahl et al. 

2009). Initial recognition of the branch point sequence (BPS) by SF1 also occurs 

during the ATP-independent E complex formation (Will et al. 2002). However, 

selection of the branch point sequence is ultimately determined by U2 snRNP during 

ATP-dependent, A complex assembly. U2 snRNP identifies the branch point sequence 

by an unclear mechanism that is likely a cooperative process between both RNA and 

protein components. Long introns and inconsistent BPSs, which are typical for human 

genes, create equivalency among BPS candidates and suggest base-pairing between 

the U2 snRNA and the BPS is insufficient for accurate splicing. Previous studies show 

evidence that U2AF recruits U2 snRNP to a BPS through interactions with SF3B1 

(Gozani et al. 1998, Cretu et al. 2016) (Fig 3.1A). Cancer-associated mutations of 

SF3B1 can alter 3′ ss choice, often through usage of an alternative BPS (Darman et 

al. 2015, DeBoever et al. 2015). These mutations are concentrated in the HEAT repeat 

domain of SF3B1, which cradles the 3′ end of the intron immediately prior to first step 

chemistry (Cretu et al. 2016, Yan et al. 2016, Carrocci et al.2018) (Fig 3.1B). 

Interestingly, this domain of SF3B1 is the point of contact for U2AF interactions (Cretu 

et al. 2016, Gozani et al. 1998), implying the importance of this protein-protein 

interaction and the polypyrimidine tract in identifying the ideal BPS. 
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Previously, Query et al. 1997 demonstrated that U2 snRNP-containing 

complexes that migrate similarly with A complex can be assembled in the absence of 

ATP on minimal introns that contain only a BPS and PYT. These minimal introns 

present a useful tool to study U2 snRNP interactions with an intron, especially those 

that are ATP-dependent, that may not be captured a full-length pre-mRNA due to their 

short life-span. 

In this study, I reconstituted intron recognition by U2 snRNP to better 

understand the requirements for branch point sequence section during the ATP-driven 

E-to-A complex transition. Further, I assessed the impact of ATP on intron binding and 

U2 snRNP composition to identify events that require ATP. Here, I provide evidence 

for a U2 snRNP remodeling event that requires ATP hydrolysis and the minimum 

requirements for U2 snRNP/intron interactions. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1. Branch point sequence selection may be influenced by 
polypyrimidine tract. 
A) Model of yeast activated spliceosome showing the 3′ end of the intron 
contacting the C-terminus of SF3B1 (Yan et al. 2016). B) SF3B1 from human 
17S U2 snRNP with location of MDS and chronic lymphocytic leukemia 
mutations depicted in magenta 
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Methods 
 

HeLa nuclear extract 
 

HeLa cells containing an integrated transgene for V5-tagged SNRPB2 were 

generated using the HILO-RMCE cassette and RMCE acceptor cells (generously 

provided by E. Makeyev) as described in Khandelia et al. (2011). Expression of V5- 

tagged SNRPB2 was induced with doxycycline 48 h prior to harvest (Kim 2019). 

Prior to use for the NTP studies, HeLa nuclear extract was either incubated at 30°C 

for 15 min to cycle residual ATP or passed through a G-50 size exclusion column to 

deplete residual nucleotides. 

T7 run-off transcription 
 

For minimal introns used in binding assays, DNA oligonucleotides containing 

a T7 promoter sequence and the appropriate minimal in intron sequence were 

annealed and used as templates using standard T7 run-off transcription reactions 

including G(5′) ppp(5′)G cap analog (New England Biolabs) and 32Pα-UTP. 

Τranscripts were purified by G-25 resin size exclusion (Sephadex, 9041-35-4). 

Immunoprecipitation/ RNA Immunoprecipitation 
 

Prior to immunoprecipitation experiments HeLa nuclear extract generated from 

cells expressing V5-SNRPB2 was diluted to 60% (v/v) with a buffer containing 2 mM 

magnesium acetate, 20 mM potassium glutamate, and either 2 mM ATP, GTP, AMP- 

PnP or nuclease-free water. For in-extract binding experiments, either 60 nM of 

radiolabeled synthetic intron or an equivalent volume of nuclease-free water were 

added to the nuclear extract preparation and incubated at 30 ºC for 10 minutes. 

Nuclear extract preparations incubated with 2-5 µg of mouse anti-V5 (GenScript 

A01724-100, Invitrogen R960-25) overnight at 4 ºC rotating end over end. Protein A 
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magnetic bead (New England Biolabs S1425S) aliquots of 20 µL washed with 1X PBS 

were then incubated with anti-V5 treated nuclear extract for 4 hours at 4 ºC while 

rotating. The beads were washed 3 times with IP wash buffer (20 mM Tris pH 7.9, 120 

mM KCl, 1 mM EGTA, 0.1% NP-40, 5% glycerol) and complexes were eluted either 

with 0.1 M Glycine pH 2.5 for protein analysis or with 100 mM Tris pH 7.5, 10 mM 

EDTA, 1% SDS, 150 mM sodium chloride, 0.3 M sodium acetate pH 4.8 for RNA 

analysis. For RNA analysis, elutions were spiked with a known concentration of a 398 

nt radiolabeled RNA to control for precipitation efficiency. The elution were then 

subjected to 25:24:1 phenol:chloroform:isoamyl alcohol extraction and ethanol 

precipitation of the aqueous layer. Aliquots of input and flow-through were prepared in 

the same way. 

For isolated U2 snRNP binding, the same procedure was used except that 

intron was omitted prior to addition of magnetic beads. Instead, radiolabeled 60 nM 

intron in IP wash buffer was added to beads after washing and incubated for 90 

minutes at 4 ºC with rotation. The beads were then washed again 3 times with IP wash 

buffer before elution. 

Western Blot analysis 
 

Protein samples from immunoprecipitation reactions were prepared in 5x 

Laemmli buffer (62.5 mM Tris, 25% glycerol, 6.25% SDS, 0.1% bromophenol blue, 5% 

beta-mercaptoethanol) and heated at 95ºC for 1 minute prior to loading on 10% 

acrylamide gels for SDS-PAGE. Gels were transferred to PVDF membrane 

(Immobilon FL, Bio-Rad Mini Trans-Blot Cell). Membranes were blocked with 1% milk 

in 1X TRIS-buffered saline with Tween 20 (TBST) for 1 hour at room temperature while 

rocking. Antibody was added directly to blocking buffer and incubated overnight at 4ºC 
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with agitation. From Proteintech: anti-DHX15 rabbit polyclonal (12265-1-AP, used at 

1:1000), SNRPB2 rabbit polyclonal (13512-1-AP, used at 1:2500), and U2AF1 mouse 

monoclonal (60289-1-Ig, used at 1:1000). From Santa Cruz Biotech: SF3A2 mouse 

monoclonal (sc-390444, used at 1:1000). After removing the primary antibody, blots 

were washed with 1x TBST for 5 minutes three times. Corresponding LICOR 

secondary antibodies: LICOR IRDye® 680RD Donkey anti-Rabbit IgG secondary 

antibody (P/N: 926-68073) and IRDye® 800CW Donkey anti-mouse IgG secondary 

antibody (P/N: 926-32212) were added at 1:15000 in 1X TBST with 1% milk and 

incubated at room temperature for 1 hour. After removing the secondary antibody, 

blots were washed with 1x TBST for 5 minutes three times. Blots were imaged with 

the LICOR Odyssey Infrared Imager (Model #: 9120). Images were quantified using 

LICOR Image Studio Lite software. 

RNA denaturing gel analysis 
 

Precipitated RNA was resuspended in FEB (95% formamide, 20 mM EDTA, 

0.01% bromophenol blue and 0.01% cyan blue) and separated by 15% urea-PAGE. 

Gels were dried onto filter paper and visualized by phosphorimaging. Images were 

quantified using FIJI software (Image J). 

 
 

Results 
 

U2 snRNP isolated from nuclear extract can bind intron RNA 
 

We developed a HeLa nuclear extract with V5-tagged SNRPB2 (Khandelia et al. 2011, 

Maul-Newby et al. 2022), a core U2 snRNP protein (Fig 3.3B). This tool allows us the 

pull the entire snRNP out of nuclear extract and co-elute its binding partners. We 

speculated that U2 snRNP requires factors present in nuclear extract to stably 
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associate with an intron (Fig 3.2A). This hypothesis predicts that U2 snRNP from 

isolated from nuclear extract will not bind a pre-mRNA, while U2 snRNP in nuclear 

extract will bind. I considered that use of a full-length pre-mRNA to test this prediction 

may result in the co-immunoprecipitation of splicing intermediates or mRNA, not 

necessarily capturing intron recognition events. Instead, I decided to use a minimal 

intron substrate. Query et al. 1997 previously demonstrated that in the absence of 

ATP, a A-like complex can be assembled on an RNA with only a branch point 

sequence (BPS) and polypyrimidine tract (PYT). This non-canonical substrate is 

incapable of being spliced and thus is only capable of early U2 snRNP binding events. 

For my experiments, I added an intron RNA with the consensus BPS and 

U2AF2 binding motif of multiple U’s occasionally interrupted a C for the PYT (BPS- 

PYT) (Agrawal et al. 2016) or a scrambled sequence (Fig. 3.3A) to either to nuclear 

extract or immunoprecipitated U2 snRNP followed by RNA immunoprecipitation (IP). I 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2. Requirements for U2 snRNP-intron interaction 
A) Schematic adapted from Gozani et al. 1998, showing model for U2 snRNP 
recruitment to the branch point sequence by U2AF65 during E to A complex 
transition. B) Schematic of U2 snRNP binding assay conditions. 
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analyzed the co-immunoprecipitated RNA by denaturing Urea PAGE to quantify input 

and elutions (Fig 3.3B). As expected, when BPS-PYT RNA was added to nuclear 

extract, it co-eluted with U2 snRNP suggesting that this RNA stably engages with the 

snRNP in nuclear extract. Surprisingly, BPS-PYT RNA incubated with beads attached 

to U2 snRNP isolated from nuclear extract, still co-eluted with U2 snRNP. My evidence 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3 BPS-PYT RNA binds U2 snRNP on beads. 
A) Sequences of different RNAs used in U2 snRNP binding experiments B) 
Denaturing gel showing RNA immunoprecipitated from spliceosome complexes 
assembled in nuclear extract (NE) or from U2 snRNP complexes assembled with 
immunoprecipitated snRNPs (B for bead) and quantification of fraction of input 
remaining in eluted RNA. C) Same as B), but only RNA eluted U2 snRNP 
complexes assembled on beads is shown. 
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points to two possible scenarios, either the immunoprecipitated U2 snRNP is still 

bound to factors that aid in BPS-PYT binding, or additional factors are not required for 

intron binding. The scrambled RNA co-eluted with U2 snRNP in both contexts to a 

significantly lesser extent, suggesting that the interaction between the snRNP and 

intron is sequence specific. 

U2 snRNP isolated from nuclear extract can bind mutated intron RNA 
 

Although human branch point sequences have a general formula of yUnAy 

(Gao et al. 2008), they are not conserved, giving rise to degenerate BPS candidates. 

Cancer-associated mutations in SF3B1 can lead to erroneous BPS selection, 

producing aberrant transcripts even with canonical 3′ splice site (ss) usage (Darman 

et al. 2015). Splicing in humans requires flexibility to accommodate divergent BPSs, 

while maintaining accuracy in the selection process. In addition to 5′ and 3′ splice sites, 

another intron landmark, the polypyrimidine tract can influence splicing fidelity (Reed 

et al. 1989, Coolidge et al. 1997). We hypothesized that the quality of the 

polypyrimidine tract (PYT) can counteract an imperfect BPS or disqualify a consensus 

BPS through interactions with regulatory factors within the nuclear extract. Conversely, 

we speculated that introns with a weak BPS may be unable to bind U2 snRNP isolated 

from nuclear extract even with a compensatory high-quality PYT. To assess the 

influence of BPS and PYT sequence on BPS choice, we measured the ability of 

immunoprecipitated U2 snRNP to bind minimal intron RNAs with either a strong BPS 

and weak PYT (BPS-sc) or a weak BPS and strong PYT (wBPS-PYT) (Fig. 3.3A-B). I 

found that both BPS-sc and wBPS-PYT co-elute with U2 snRNP isolated from nuclear 

extract (Fig. 3.3C). This result could indicate that the polypyrimidine tract strength can 

minimize the effect of a weak branch point sequence on intron recognition. However, 
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the possibility that this is due to the human U2 snRNP being more permissive to 

suboptimal branch point sequences. 

U2 snRNP does not require U2AF to bind BPS-PYT RNA 
 

Splicing factor, U2AF has previously been shown to recruit U2 snRNP to an 

intron through interactions with SF3B1 (Gozani et al. 1998). Given that isolated U2 

snRNP was able to bind BPS-PYT RNA, we wanted to test whether U2AF was bound 

to the snRNP. Our western blot determined that U2AF co-elutes with IPed U2 snRNP, 

thus its requirement for U2/intron interactions cannot be ruled out. This suggests that 

U2AF is stably bound to U2 snRNP likely via interactions with SF3B1 as previously 

demonstrated (Gozani et al. 1998, Cretu et al. 2016). The transition from E to A 

complex requires ATP hydrolysis for presently uncharacterized structural 

rearrangements suggested by comparison of the 17S U2 snRNP (Zhang et al. 2020) 

and prespliceosome structural models (Plashka et al. 2018). U2AF association with 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.4 ATP alters protein composition of U2 snRNP. 
A) Denaturing gel showing RNA immunoprecipitated from spliceosome complexes 
following ATP-treatment of nuclear extract (NE). U2 snRNP on beads (B) was 
immunoprecipitated from nuclear extract that was treated with ATP. B) Western 
blot analysis of protein composition of immunoprecipitated U2 snRNP following 
treatment of nuclear extract with ATP, GTP, AMP-PNP or untreated. 
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SF3B1 is less stable than in E complex (Gozani et al. 1998) and is not present in 

prespliceosome structural models, thus it is possible that one ATP-dependent event 

could be the hand-off of PYT from U2AF2 to SFB31. The later Bact complex (Yan et al. 

2016, Carrocci et al. 2018) reveals that the C-terminus of SF3B1 cradles the PYT in 

lieu of U2AF2 in E complex. We suspected that U2AF heterodimer would be required 

for U2 snRNP/intron engagement, and that its departure from the spliceosome may 

be one such ATP-dependent rearrangement. To test the possibility that the departure 

of U2AF from U2 snRNP is one of the ATP-dependent events leading in the E to A 

complex transition, promoting BPS selection, we treated nuclear extract with ATP prior 

to immunoprecipitation of U2 snRNP and used western blot to detect the presence of 

U2AF. U2AF does co-elute with U2 snRNP isolated from ATP-treated nuclear extract 

(Fig. 3.4B), but to a much lesser extent suggesting that U2AF removal could be one 

of the aforementioned structural rearrangements. ATP-dependent spliceosome 

dynamics are driven by RNA-dependent helicases, most of which have a DEAD (DDX) 

or DEAH (DHX) motif. DDX and DHX enzymes differ in their selectivity of NTP energy 

source (O’Day et al. 1996; Uhlmann-Schiffler et al. 2006; Shen et al. 2007). DDX 

enzymes are limited to ATP as an energy source for activity, whereas DHX enzymes 

can use other NTPs with preference for purines (Robert-Paganin et al. 2017). 

Destabilization of U2AF from U2 snRNP is not recapitulated in nuclear extract treated 

with GTP or AMP-PNP, a slowly hydrolyzed ATP analog, evident of DDX activity 

requiring ATP hydrolysis. 

ATP-treatment did not affect binding of the isolated snRNP to BPS-PYT RNA 

or scrambled control (Fig 3.3A). Given our previous result that ATP-treatment reduces 
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U2AF association with U2 snRNP, I conclude that U2AF is may be inessential for 

binding of BPS-PYT RNA to isolated U2 snRNP. 

 
 

Discussion 
 

U2 snRNP defines the boundaries of an intron through identification of the 

branch point sequence and subsequent 3′ splice site selection. Although the 

spliceosome makes initial contact with the branch point sequence through SF1 (Liu et 

al. 2001), this process is passive and does not necessarily commit a pre-mRNA to 

splicing. Spliced products are determined during the E to A complex transition when 

U2 snRNP establishes the intron-exon boundaries through its dynamic, ATP- 

dependent selection of the branch point sequence. Branch point sequences are poorly 

conserved in human genes, suggesting base-pairing between the U2 snRNA and 

intron is insufficient to ensure splicing fidelity. To better understand the minimum 

requirements for intron recognition by U2 snRNP, I aimed to reconstitute this event in 

the absence of extraneous splicing factors by incubating immunoprecipitated U2 

snRNP with a minimal intron RNA. Interestingly, the minimal intron RNA, and the 

scrambled control–to a significantly lesser extent, co-elute with the isolated U2 snRNP. 

This evidence suggested that the immunoprecipitated U2 snRNP either did not require 

splicing factors to bind RNA in a sequence dependent manner, or that I had not 

isolated U2 snRNP from these factors. Western analysis of immunoprecipitated U2 

snRNP revealed that U2AF, a splicing factor that recruits U2 snRNP to introns (Gozani 

et al., 1998), co-elutes with U2 snRNP. This finding could suggest that U2AF is stably 

associated with U2 snRNP until intron recognition is achieved. Inspection of recent 

CryoEM models of 17S U2 snRNP (Zhang et al. 2020) and A (Plaschka et al. 2018) 
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and Bact complexes (Yan et al. 2016) indicates that U2 snRNP will experience many 

structural rearrangements, which likely require ATP. Notably, U2AF is not present in 

the A complex structure, and in the later Bact complex (Yan et al. 2016) SF3B1 takes 

hold of the 3′ end of the intron, so I speculated that U2AF departure maybe an ATP- 

dependent step. To test this theory, I immunoprecipitated U2 snRNP from ATP-treated 

nuclear extract and have identified destabilization of the U2AF heterodimer from U2 

snRNP as a probable ATP-dependent remodeling events in the E-to-A complex 

transition. Further, I find that immunoprecipitated U2 snRNP co-elutes U2AF following 

GTP, slowly cleaved ATP, and no NTP treatment. Dissociation of U2AF from U2 

snRNP is only achieved by ATP-treatment. The NTP-dependent structural 

rearrangements throughout the splicing cycle are driven by RNA-dependent NTPases, 

which either have a DEAH (DHX) or DEAD-box (DDX) motif. DHX and DDX enzymes 

both prefer to utilize ATP to drive their activity. However, DDX enzymes can only 

operate using ATP (Hilbert et al. 2009, Gilman et al. 2017) while DHX enzymes can 

use other NTPs (Robert-Paganin et al. 2017), with preference for purines. I conclude 

that the U2AF/SF3B1 interaction is likely destabilized through the activity of A complex 

DDX enzymes, DDX46 and DDX39B. U2AF was not depleted completely following 

ATP-treatment, which could indicate that I either do not have U2 snRNP in an A-like 

complex, or that U2AF does not leave the spliceosome until later steps. Interaction 

between U2AF and DDX39B were demonstrated biochemically (Fleckner et al. 1997) 

supporting a model for U2AF recruiting the helicase to a pre-mRNA. In contrast, 

DDX46 appears in the 17S U2 snRNP structure and whether it is involved in this 

rearrangement cannot be ruled out. Next, I tested the ability of ATP-treated U2 snRNP 

to bind to minimal intron RNA to determine whether U2AF was required for sequence- 
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specific intron recognition. I found that U2 snRNP isolated from ATP-treated nuclear 

extract co-elutes the minimal intron RNA and significantly more efficiently than 

scrambled control. This evidence suggests that U2AF could be indispensable for this 

binding event, but a more complete depletion is necessary to confirm this finding. What 

remains unclear is whether U2 snRNP fully depleted of U2AF can bind a minimal 

intron, which could be achieved using poly-U Sepharose (Zamore and Green, 1991). 

Isolation of native complexes would be helpful for confirming whether the events I 

observed were attributed to E complex or A complex spliceosomes. Mass 

spectrometry analysis revealed that these complexes were more heterogenous than 

anticipated, several non-splicing factors were identified, which complicates 

interpretation of the results substantially. Lastly, identifying the ATP-dependent steps 

that precede branch point sequence selection, and assigning these steps to activity of 

a particular helicase would advance our mechanistic understanding of canonical 

splicing. 
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