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Abstract 

HOW THE SPLICEOSOME RECOGNIZES THE BRANCHPOINT OF A PRE-

MRNA SUBSTRATE 

Stephanie N. Nystrom 

Branchpoint (bp) recognition is a critical step in spliceosome assembly and influences 

3' (ss) selection. Improper splice site choices can produce aberrant proteins and 

targets of nonsense mediated decay (NMD). The U2 snRNP is stably bound to the bp 

in the first ATP dependent step of splicing. Initial recognition of the bp by the U2 

snRNP is through nucleation by the presenting nucleotides of the branchpoint 

interacting stem-loop (BSL) of U2 snRNA before this ATP dependent step. The exact 

mechanism of this ATP dependence is unknown. In yeast, we know that ATP 

dependence can be bypassed by loss of CUS2 or disruption of CUS2’s binding to 

HSH155. Here I use HeLa cells as a model system to determine if the human 

homolog of CUS2 also enforced the ATP-dependent step through its binding to 

SF3B1. I find that Tat-SF1 depletion or disruption of its interaction with SF3B1 is not 

enough to bypass the ATP requirement of early complex formation. Furthermore, I 

investigated the extended duplex that forms between the U2 snRNA and the eight-

nucleotide region upstream of the bp sequence of the intron. We did not expect to see 

this duplex forming in cryo-EM structures especially without Watson-Crick base 

pairing. Using both HeLa and Saccharomyces cerevisiae as model organisms I found 

that perfect base pairing in the duplex may not be beneficial. In yeast, extra base 

pairing in the duplex can make a bp the preferred bp despite another identical bp in 
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the intron. Hyperstabilized bp mutants trigger a decay pathway that would not 

normally be activated with canonical substrates. In mammals, extended duplex 

hyperstablization disrupts the stability of the A-complex spliceosomes but does not 

inhibit splicing. Taken together, these results uncover an evolutionary reason for the 

lack of Watson-Crick base pairing in the extended duplex upstream of the bp 

sequence.  
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CHAPTER 1: Extended base pairing between the U2 snRNA and the pre-mRNA 
promotes branchpoint recognition but can be detrimental with mutant branchpoints 
 

ABSTRACT 

Branchpoint (bp) recognition is a critical step in spliceosome assembly that influences 

3' splice site selection, with consequences for mRNA function. One surprise of cryo-

EM structures of yeast and human spliceosomes is that pairing between U2 snRNA 

and the bp is extended almost a full helical turn despite the absence of significant 

Watson-Crick base pairing in the extension. Neither human nor yeast intron 

sequences are conserved to pair with U2 in the extended part of the helix, yet some 

information may be present in mammalian introns at these positions. To address 

questions raised by this unusual structure, we tested the effect on splicing by adding 

Watson-Crick base pairing to the helix upstream of the bp. Using a dual branchpoint 

reporter in yeast that allows evaluation of relative branchpoint use within the same 

intron, we find that addition of eight intron nucleotides complementary to U2 just 

upstream of either bp strongly shifts branchpoint use to that bp with consequence of a 

decrease in splicing efficiency. The pairing of fewer than eight nucleotides has a 

position-dependent ability to increase the use of the nearby bp, suggesting that the 

effect is due to increased stability of the U2-branchpoint helix. We tested the ability 

of eight paired nucleotides to increase the use of adjacent mutant bps that are poorly 

recognized and find that although some mutations are susceptible to partial rescue by 

the upstream pairing, other mutations result in a loss of any spliced products. This 

result is also dependent on whether the hyperstabilized bp mutants are in either the 
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upstream or downstream bp position. These results suggest that although the region 

upstream of the bp can increase wild type bp use by the U2 snRNA when 

complementarity is high, the spliceosome’s ability to reject incorrect branchpoint 

choices may be compromised by the increased stability, explaining its evolutionary 

absence. The loss of any spliced products for certain mutant branchpoints suggests a 

failure of a fidelity mechanism that releases U2 from incorrect branchpoints and 

allows re-engagement of the pre-mRNA with the splicing machinery. If 

hyperstabilization prevents release, a previously unknown decay mechanism. with the 

help of Rrp6, may recognize the failed complex and destroy the pre-mRNA.  
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INTRODUCTION 

Splicing is a highly regulated process essential for eukaryotic gene expression 

that converts pre-mRNA into mature RNA (mRNA). This is accomplished by the 

spliceosome, a large ribonucleoprotein machine that assembles onto each pre-mRNA 

de novo. To achieve this two-step chemical process, the spliceosome must recognize 

splice sites (ss) of the intron to identify what will be removed and what will be ligated 

together to form the final mRNA product. The 5’ss and 3’ss define the intron 

boundaries (Will and Luhrmann 2011, Hoskins and Moore 2012). Spliceosome 

assembly occurs in an ordered fashion to ensure the proper intron regions of a pre-

mRNA are identified and removed. The branchpoint (bp) sequence, critical for the 

first step of splicing and defining the 3ss, is conserved in yeast but variable in 

mammals. Mutations in spliceosomal proteins that influence bp choice have been 

known to cause myelodysplastic syndromes and other blood cancers (Yoshida, 

Sanada et al. 2011, Yoshida and Ogawa 2014, Malcovati, Karimi et al. 2015). 

The first ATP-dependent step of spliceosome assembly is the association of 

the U2 snRNP to the bp sequence of the intron through base pairing to form the pre-

spliceosome complex. Proteins MSL5/SF1 and Mud2/U2AF have to be removed 

from the bp and 3’ss respectively before the U2snRNP can assemble (Kramer 1996). 

In both mammals and yeast, the U2 snRNP undergoes structural and compositional 

changes that are important during different steps of splicing (Krämer and Utans 1991, 

Hilliker, Mefford et al. 2007, Perriman and Ares 2007). One important U2 structure is 

the branchpoint-interacting stem loop (BSL), which makes the initial contacts with 
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the bp sequence before unwinding with the help of the DEAD-box helicase Prp5 

(Perriman and Ares 2010).  

Structure models of the spliceosome have changed how science in the field of 

RNA biology is being done (Scheres and Nagai 2017, Fica 2020). Structures at the 

major stages of spliceosome assembly allow RNA biologists to see the snapshots of 

how the spliceosome forms an intricate macromolecular structure on a pre-mRNA 

and completes its function. Caveats remain when looking at the details of these 

structure models since the resolution is not consistent throughout the whole structure. 

One surprise of cryo-EM structures of yeast and human spliceosomes is that pairing 

between U2 snRNA and the bp sequence is extended almost a full helical turn despite 

the absence of significant Watson-Crick base pairing in the extended helix (Fig 1A: 

Top Green (pre-mRNA) and Orange (U2snRNA)); (Plaschka, Lin et al. 2017)). 

Neither human nor yeast intron sequences are conserved to pair with U2 in the 

extended part of the helix (Fig 1A Bottom) (Spingola, Grate et al. 1999). Some weak 

sequence conservation may be present in mammalian intron positions in this region, 

but it is not a very defined motif (Paggi and Bejerano 2018). Based on these unusual 

structural observations, we wanted to know why base pairing might have been 

selected against in this extended duplex. 

Here we reveal a model for why base pairing in the extended duplex between 

the intron and U2 snRNA is problematic. We find that while addition of base pairing 

in the extended duplex increases bp competitiveness compared to other identical bps  
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Figure 1.  Hyperstabilizing the region upstream of a bp makes that bp more 
competitive. (A) Cryo-EM model of the pre-spliceosome complex in yeast (PDB: 

6G90) highlighting the U2-bp helix (purple and blue). An extended duplex (XP) is 
present upstream of the bp sequence between the invariant U2 snRNA (green) and the 

non-conserved intron sequence (orange). (B) Top: Diagram of the dual bp reporter 
based on the actin intron. The USBP (teal) is eight nucleotides upstream of the DSBP 
(pink). Usage of the USBP utilizes the closest 3’ss (teal) downstream of it. The DSBP 

cannot use the same 3’ss. The next closest 3’ss (pink) is used. Product sizes are 
indicated for bp usage. Bottom: Sequences of the bp region of the dual bp reporters 
that were transformed into KH46 yeast strains. (C) Primer extension targeting the 

reporter RNA was done on extracts prepared from yeast strains carrying the reporters 
in B. Primer extension products were resolved on a 6% acrylamide/8M Urea gel and 

visualized by autoradiography. The autoradiograph shown is representative of 
triplicate experiments. SCR1 is a loading control for all the lanes. The amount of 

RNA recovered from each lane [(Pre-mRNA + USBP + DSBP)/SCR1] is plotted and 
normalized to WT/WT. Splicing efficiency is calculated as [(USBP + DSBP)/(Pre-

mRNA + USBP + DSBP)]. Differences in BP usage was calculated by 
[(USBP/(USBP + DSBP)]*100. The values plotted for all three graphs are the 

averages of the triplicate experiments and the error bars indicate standard deviation.  
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in a splicing reporter with two competeing branchpoints, it is catastrophic when 

combined with a poor bp sequence only in the upstream bp position. Nuclear 

exonuclease, Rrp6, is triggered in this situation to degrade the pre-mRNA and this 

degradation can be rescued only when the basepairing between U2 and the bp is 

restored. Finally, we observed a first step catalysis defect in substrates containing 

base pairing in the extended helix. These data evoke a model whereby increased base 

pairing in the helix can be beneficial for bp choice but slows down splicing efficiency 

and can be disastrous when combined with a poor bp sequence.  

RESULTS 

The addition of extended base pairing in the extended duplex makes a bp more 

competitive but at the cost of splicing efficiency 

To understand the significance of the helix formed between U2 and the region 

upstream of the intron bp, we evaluated the splicing of a reporter containing two 

competing bps and 3'ss (Fig 1B). This dual bp reporter, based on the ACT1 intron, 

contains two bp sequences that are eight nucleotides apart and was designed so that 

we could measure the relative bp usage within the same intron. In humans, a scanning 

model is proposed as the first AG downstream of a bp sequence that is not too close 

to the bp is utilized as the 3’ ss (Smith, Porro et al. 1989, Smith, Chu et al. 1993). 

Similarly, in yeast, an AG that is at least seven nucleotides downstream from the 

chosen bp is used (Green 1986, Rymond, Torrey et al. 1987, Gozani, Potashkin et al. 

1998). With this information, we positioned two AG’s in such a way that the first will 

only be used if the upstream bp is selected, and the second only used if the 
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downstream bp is selected. This reporter was validated by mutating either bp to be 

weaker than one another, which confirmed that one bp matched with only one 3’ss 

(data not shown). 

With this reporter, we first wanted to ask what would happen to bp usage 

when base pairing between the intron and U2 snRNA in the extended duplex is 

present. We mutated the regions of an intron in front of the upstream bp (USBP), the 

downstream bp (DSBP), or both bps in this reporter to contain eight nucleotides that 

make perfect Watson-Crick base pairing (XP) with the U2 snRNA in the region of the 

extended helix. These reporters were transformed into the KH46 yeast strain and 

primer extended with a primer that targets the 5’ end of exon 2 (Fig 1B). In the 

WT/WT control reporter, both the USBP and DSBPs are used, but with a preference 

for the DSBP. The addition of the XP made the bp that it was associated with the 

preferred bp (Fig 1C, lanes 2 and 3). The USBP is still the preferred bp when both the 

US and DSBPs are hyperstabilized, but to a lesser degree than when only the USBP 

contained the XP (Fig 1C, lane 4). The addition of the XP the amount of reporter 

RNA recovered because it is significantly less than WT/WT. We conclude that while 

the addition of extended base pairing between U2 and the intron makes a bp more 

competitive, it leads to a decrease in recovered reporter RNA.  

More base pairing increases the competitiveness of bps 

The addition of base pairing in the eight-nucleotide region upstream of a bp 

made that bp more competitive than another identical bp within the same intron (Fig 

1C). We next wondered if there was a length or position-dependent requirement of  
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Figure 2.  The addition of the XP sequence makes a bp more competitive than 
another. (A) Primer extension targeting reporter RNA extracted from the strains 

labeled in B. was performed. Products were resolved on a 6% acrylamide/8M Urea 
gel and visualized by autoradiography. The autoradiograph shown is representative of 

triplicate experiments. (B) Diagrams of the basepairing introduced by mutating the 
region upstream of a bp (C) Right: The amount of RNA recovered from each lane 
[(Pre-mRNA + USBP + DSBP)/SCR1] is plotted and normalized to WT/WT. Left: 

Differences in BP usage was calculated by [(USBP/(USBP + DSBP)]*100. The 
values plotted for all three graphs are the averages of the triplicate experiments and 

the error bars indicate standard deviation. 
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the base pairing in this extended duplex that influenced a bp’s competitiveness. We 

added base pairing in a systematic fashion from the left (farthest from the bp) to the 

right (closest to the bp) of the eight-nucleotide target region and added some base 

pairing directly in the middle of the target sequence in front of the USBP only (Fig 

2B).  

All reporters with extra base pairing in the extended duplex showed at least a 

30% increase in USBP usage as compared to WT/WT (Fig 2C). In the reporters, with 

three extra nucleotide base pairs, the usage of either bp becomes almost equal (Fig 

2A lanes 3 and 4). Interestingly, extra base pairing in the middle of the target 

sequence showed a more significant shift in USBP usage compared to reporters with 

three extra base pairs at the end but not to the same degree of having eight base pairs 

(Fig 2B). Reporters with added base pairing had a decrease in the amount of reporter 

RNA recovered, as seen earlier (Fig 1C and Fig 2C). Ultimately, the bp with the 

ability to make more base pairing in the extended helix is the preferred bp. This result 

suggests that the effect is due to the increased stability of the U2-branchpoint helix, 

but this increased stability triggers reporter RNA loss.  

pre-mRNA is lost when extended pairing is adjacent to a bp mutant in the 

upstream position 

All reporters so far have contained two canonical bp sequences (UACUAAC) 

in competition with each other. We wanted to know if the addition of base pairing, 

thus hyperstabilizing U2 to the pre-mRNA increased the use of adjacent mutant bps 

that are poorly recognized. We chose three bp mutants to test with base pairing in the 
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extended duplex: A259C (A6C), C256A (C3A), and U257A (U4A). These mutations 

elicit different levels of splicing inhibition with A6C, U4A, and C3A in order from 

most inhibition to least (Vijayraghavan, Parker et al. 1986, Parker 1987). A6C is a 

mutation in the BP-A, critical for the first chemical step of splicing, and inhibits 

splicing by 90% (Vijayraghavan, Parker et al. 1986). The other two mutations disrupt 

the duplex between U2 and the bp sequence.  

We mutated reporters to contain either of the three bp mutations in the USBP 

while the DSBP was wild type. In all cases without the base pairing upstream, the 

DSBP was used, and the mutant USBPs were rejected (Fig 3A, lanes 2-4). When the 

extended base pairing was combined with these bp mutants, we noticed two different 

phenotypes: 1) No spliced or unspliced RNA is recovered in A6C and U4A (Fig 3A, 

lanes 6 and 8) or 2) both bps were used in C3A (Fig 3A, lane 7). In the bp mutants 

A6C and U4A in combination with the XP, the DSBP is not used despite being a 

perfect bp sequence. Instead, the reporter RNA is lost (Fig 3B). We think that 

extended base pairing makes a poorly recognized bp more competitive than another 

bp, but RNA is lost in this situation. 

The upstream branchpoint is preferred when extended pairing is upstream of bp 

mutants in the downstream branch point 

We previously showed that hyperstabilizing a weak bp with a perfect extended 

duplex made it the preferred bp despite the presence of a perfect bp in the same intron 

and led to a loss of reporter RNA (Fig 3A). To further test the model, we used the same 

bp mutants and hyperstabilized them in the DSBP. We were surprised to see that  
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Figure 3.  Hyperstabilizing the region upstream of a poor bp sequence leads to RNA 
loss (A) Right: Primer Extension was done on the RNA extracted from the strains 

depicted on the left. and resolved on a 6% acrylamide/8M Urea gel and visualized by 
autoradiography. The autoradiograph shown is representative of triplicate 

experiments. Left: -Diagrams of base pairing disruption between the U2 snRNA and 
intron by addition of bp mutations (B) The amount of RNA recovered from each lane 

[(Pre-mRNA + USBP + DSBP)/SCR1] is plotted and normalized to WT/WT. The 
values plotted for all three graphs are the averages of the triplicate experiments and 

the error bars indicate standard deviation. An ANOVA was done to compare the 
WT/WT sample to all the other reporters. Significance is indicated by p-values.  
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the USBP was used despite the lack of extended base pairing (Fig 4). None of the 

samples show any RNA loss, which in stark contrast to the previous data. In the C3A 

substrate, more DSBP usage is visible compared to the others, and could be because 

C3A is the weakest bp mutant and can splice more efficiently (Fig 4 lane 5). This 

result suggests that the presence of extended pairing does not always mean that bp is 

referred. The U2 could go to the mutant bp first because of the XP and once the weak 

bp is identified, it could escape to a good upstream bp. 

U2 suppressors rescue the RNA loss in the bp mutants with the extended base 

pairing 

Compensatory mutations in the U2 snRNA that restore base pairing between 

the U2 and mutant bp sequences can partially rescue splicing of those bp mutants 

(Parker et al. 1987). Above, we showed extended base pairing upstream of severe bp 

mutants in the USBP led to a loss of recovered reporter RNA (Fig 3A). Next, we 

wanted to know if compensatory U2 mutants would rescue the RNA loss seen in U4 

or increase splicing in the USBP of C3A (Fig 5A). This would allow us to determine 

if the mismatch between the U2 snRNA and bp sequence triggered the reporter RNA 

loss. We chose two U2 snRNA mutants, A36U (36U) and G37U (37U), because they 

would restore U2-bp sequence base pairing between the mutants U4A and C3A, 

respectively. KH46 yeast strains containing genomic WT U2 snRNA and the dual bp 

reporters were transformed with plasmids that contained WT or either of the two 

mutant U2 snRNAs.  
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 Both the USBP and DSBPs are used in the C3A mutant with the WT U2 

snRNA plasmid (Fig 5A lane 1), replicating the phenotype seen above (Fig 3A lane 

7). The C3A reporter RNA is lost with the addition of the 36U U2 mutation even in 

the presence of genomic WT U2. 36U is a dominant-negative U2 snRNA mutation 

and is thought to bind to bps but cannot be removed after the improper base pairing is 

recognized. (Miraglia, Seiwert et al. 1991). It is possible that 36U binding to the 

hyperstabilized C3A reporter blocks any bps from being recognized by the WT U2. 

U2 mutant 37U restores base pairing with the C3A mutation and splicing in the USBP 

of this reporter is increased compared to the WT U2 with some of the DSBP used as 

well.  

The extra WT U2 on a plasmid did not rescue the RNA loss in mutant reporter 

U4A (Fig 5A lane 4). Neither did the U2 mutant 37U, which is not a compensatory 

mutation to U4A (Fig 5B lane 5). Reporter RNA is recovered when the compensatory 

36U U2 mutation is present. Splicing occurs only in the USBP, where the U4A bp 

mutant is present. RNA can be restored when the match between the U2 snRNA and 

bp sequence is fixed. Taken together, these data suggest that when the extended 

duplex is hyperstabilized, and there is a mismatch between the U2 snRNA and bp 

sequence, the RNA is discarded.  

To further support our finding that the transformed U2 plasmids rescued RNA loss, we 

wanted to confirm the presence of the different U2 snRNA isoforms. Relative steady-

state amounts of both the mutant and WT U2s were measured using primer extension 

for all yeast strains (Fig 5B). For this primer extension, some of the  
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Figure 4.  The upstream branchpoint is preferred when extended pairing is upstream 
of bp mutants in the downstream branchpoint (A) Right: Primer extension was done on 
the RNA and resolved on a 6% acrylamide/8M Urea gel and visualized by 
autoradiography. Left: Diagrams of base pairing disruption between the U2 snRNA 
and intron by addition of bp mutations 
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dNTPs were replaced with the respective ddNTPs and this allowed for the 

visualization of stops that can be mapped to each U2 snRNA in the cell. The amount 

of mutant and WT U2 visualized led us to be confident that compensatory U2 

mutations could rescue extended base pairing bp mutants.  

Extended base pairing makes a bp more competitive in vitro 

With all the experiments so far being done in vivo, we next wanted to know if 

the addition of extended base pairing would make a bp more competitive than another 

in vitro. To test if the extended pairing influenced bp competitiveness, 32P-

radiolabeled pre-mRNA substrates were incubated in cell free extracts and run on a 

denaturing polyacrylamide gel. In a WT/WT substrate the DSBP is more frequently 

used than the upstream and we can see the splicing intermediates corresponding to the 

DSBP choice (Fig 6 lane 1). When the substrate carries XP adjacent to the USBP, we 

see that the BP is activated and splicing intermediates corresponding to both bps 

being used are apparent (Fig 6 lanes 2 and 3). Strikingly, when the XP is adjacent to 

the DSBP, overall splicing appears to be diminished compared to WT/WT and 

XP/WT (Fig 6 lanes 1-3). 

To see if there was any effect of XP on a natural intron it was added to ACT1 

adjacent to the wild type BP. Splicing in the WT and XP reporters appear similar, and 

all the splicing intermediates are visible (Fig 6 lanes 4 and 5). One interesting thing to 

note is in the dual reporter with the XP paired with the DSBP, splicing is not as 

efficient as when the XP is paired with the DSBP in a single bp reporter (Fig 6 lanes 

3 and 5). It is unclear as to why this is the case, but it might have  
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Figure 5.  Compensatory U2 mutation can rescue RNA loss of hyperstabilized bp 
mutants (A) Right-Primer Extension was done on the RNA extracted from the strains 

labeled in B. and resolved on a 6% acrylamide/8M Urea gel and visualized by 
autoradiography. The autoradiograph shown is representative of triplicate 

experiments. Left-Diagrams bp mutants with the different U2 plasmid that were 
transformed in the cells. The differences in base pairing of each U2 with each reporter 
is indicated (B) The amount of RNA recovered from each lane [(Pre-mRNA + USBP 

+ DSBP)/SCR1] is plotted and normalized to WT/WT. The values plotted for all 
three graphs are the averages of the triplicate experiments and the error bars indicate 
standard deviation. A paired T-Test was done to compare the WTU2 mutants to the 

same bp mutant with different U2 isoforms. Significance is indicated by p-values. (C) 
The amount U2 snRNA in each sample was visualized using a primer extension with 

ddNTP instead of dNTP.  
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to do with protein factors that bind to the bp before U2 does. Both the dual and the 

single bp reporters support in vivo results in which addition of extended pairing 

increase the competitiveness of one identical bp over another (Fig 1C). 

Hyperstabilized mutant bp’s are degraded in the nucleus 

 We observed that hyperstabilizing USBP mutants lead to RNA loss. We 

wanted to identify the nuclease(s) responsible for the RNA loss in the mutants seen 

above (Fig 3A). We looked at four different factors known to be important for RNA 

stability: 1) Xrn1- a cytoplasmic 5’-3’ exonuclease (Decker and Parker 1993, Johnson 

1997), 2) Upf1- part of the NMD pathway (Hentze and Kulozik 1999, Hilleren and 

Parker 1999), 3) Rrp6- a nuclear 3’-5’ exonuclease (Bousquet-Antonelli, Presutti et 

al. 2000, van Hoof, Lennertz et al. 2000), and 4) Rat1- a 5’-3’ nuclear exonuclease 

(Amberg, Goldstein et al. 1992). We expressed dual bp reporters in yeast strains 

either deleted of genes (rrp6△, upf1△, and xrn1△) or contains mutations that disrupt 

the protein function (rat1-1). 

 Just like the KH46 yeast strain, RNA is lost in a hyperstabilized U4A bp 

mutation in a BY4741 yeast strain (Fig 7 lane 4).  RNA is not recovered with rat1-1, 

upf1△, and xrn1△, and products are only seen without the XP (Fig 7 lanes 5-8 and 

11-12). In cells lacking Rrp6, the 3’-5’ exonuclease, RNA is recovered (Fig 7 lanes 9-

10). In the absence of Rrp6, pre-mRNA is present even though splicing is not 

occurring, suggesting that Rrp6 is responsible for pre-mRNA loss. The fact that 

deletion of Rrp6 led to recovery of pre-mRNA suggests that the unspliced reporters 

are degraded in the nucleus by the nuclear exosome as opposed to the cytoplasm.  
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Figure 6.  Hyperstabilizing the extended duplex causes a first step catalysis defect in 
vitro. (A) In vitro splicing analysis using cell-free splicing extracts and radiolabeled 
pre-mRNA substrate. Pre-mRNA was incubated in Lea1-Tap tagged extracts for 20 

minutes with ATP. RNA was extracted from the reactions and ran on a 6% 
Polyacrylamide/8M Urea gel and imaged by autoradiography. Spliced products of 

each bp are indicated. 
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DISCUSSION  

Here we show that hyperstabilizing the extended duplex upstream of a bp 

sequence makes that bp more competitive than another identical bp within the same 

intron (Fig 1). There is a failure when the extended duplex is hyperstabilized in front 

of a bp that poorly matches the U2 snRNA (Fig 3). A mutation in the bp sequence has 

different effects depending on whether it is the context of the XP, and its relative 

position to a competing bp sequence (Fig 3 and Fig 4). Somehow the failed complex 

is recognized and is recruited to the nuclear exosome (Fig 7). This failure can be 

rescued when base pairing between the bp and the U2 snRNA are restored (Fig 5). 

Together this data suggests that while extra base pairing in the extended duplex may 

be beneficial for increasing the competitiveness of a bp over another, it can be 

detrimental when the bp is a poor match to U2 and that bp is chosen. The U2 snRNA 

can bind to the bp before checking the bp sequence and if the bp is recognized to be 

poor, U2 cannot be removed to try again and Rrp6 degrades the pre-mRNA substrate 

(Fig 8). 

Additional base pairing in the extended duplex and the current model of bp 

recognition 

In the current model for bp recognition the U2 snRNP is released from a 

previous round of splicing, the yeast protein, CUS2, helps reform the U2 snRNA 

from a stem IIc into the stem IIa confirmation allowing the BSL to form (Hilliker, 

Mefford et al. 2007, Perriman and Ares 2007, Plaschka, Lin et al. 2017, Plaschka, Lin 

et al. 2018). This allows the highly conserved stem loop, the BSL, to be poised to  
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Figure 7. Deletion of the 3’-5’ nuclear exonuclease, RRP6, recovers destabilized 
RNA from hyperstabilized bp mutants. Primer extension of yeast strains with various 

nucleases containing different Dual bp Reporters. RNA was resolved on a 6% 
acrylamide/8M Urea gel and visualized by autoradiography.  
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make the initial recognition with the bp of the intron through nucleation (Perriman 

and Ares 2010). ATP-hydrolysis by the DEAD-box helicase Prp5 removes CUS2 

from its interaction with the U2 snRNP protein HSH155 (Perriman and Ares 2010, 

Liang and Cheng 2015, Talkish, Igel et al. 2019). The removal of CUS2 allows the 

BSL to unwind and make contacts upstream of the bp sequence. At this stage, the bp 

is chosen and the U2 snRNP is stably bound to the intron forming the pre-

spliceosome complex.            

         In this model the nucleation between the U2 snRNA and the bp sequence 

happens before the BSL unwinds and the U2 snRNP is stably bound. Suggesting that 

1) addition of basepairing between the intron and U2 snRNA would not influence bp 

choice and 2) a poor bp sequence would be rejected independently of the extra base 

pairing. Here I show that addition of the extended pairing leads to one bp being 

chosen more often than a competing identical bp. I show that in a hyperstabilized 

mutant bp is chosen more often than wild type bp despite the poor bp sequence match 

to the U2 snRNA and that this is also dependent on the position of the bp within the 

dual bp reporter. In this case, the U2 is so stably bound to the intron by the extra base 

pairing that it cannot reject the mutant bp and triggers a decay pathway. Previous 

evidence has shown that the U2 mutant, A36U, has a dominant negative phenotype 

when expressed in yeast, suggesting that the U2 can bind to the bp despite incorrect 

pairing and cannot be removed (Miraglia, Seiwert et al. 1991). Taken together, these 

data suggest that initial recognition of the bp may not be via classical U2-bp  
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Figure 8. A model for branchpoint fidelity with and without the hyperstabilized 
extended duplex. The U2snRNP is added onto the E-complex, in which the 5’ss is 

recognized by the U1 snRNP. In the pre-A complex, the U2 snRNP is recruited to the 
intron through other spliceosomal proteins The BSL unwinds and tries to pair with 

the bp. TOP: In the Wild Type dual bp reporter, the DSBP is the preferred bp. 
BOTTOM:  In the event that you have extensive pairing in the extended helix splicing 
is ok if the bp matches the U2 snRNA and splicing is shifted to the USBP. If the bp is 

mutated, then the mispairing between the U2 snRNA and bp is recognized. The U2 
snRNA either gets released successfully for another try at a bp choice or gets stuck 

and degraded. In the case where base pairing is in the extended duplex, the U2 
snRNA is tightly bound to the intron and creates a stuck complex that can sequester 
limiting splicing factors while waiting to get unstuck or result in a lot of degradation 

that also slows the cell down. 
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basepairing but by some other mechanism leading to the establishment of the 

extended duplex. 

 Another interesting observation is that pre-mRNA loss only occurs with a 

hyperstabilized USBP mutant. The presence of hyperstabilization in most 

experiments suggests that it determined which bp was going to be chosen by U2. 

When the DSBP is hyperstabilized and combined with a mutant bp, it is rejected and 

the USBP is used. Therefore, extended pairing is not the only factor that is 

influencing the bp.  

How might a U2 complex encounter a specific sequence on a pre-mRNA 

substrate? Two models come to mind for how the bp is chosen in these dual bp 

reporters. We first thought about productive collisions between U2 and the bp 

sequences. The U2 could diffuse to the intron by colliding with the RNA and then 

letting go. A productive collision would involve the BSL colliding with a bp 

sequence. If a U2 BSL collides with a bp and it looks to be the best fit, then it would 

stick and use that bp. Each bp would be able to get some amount of U2’s, but then 

how would the XP be able to shift one bp use over another? If productive collisions 

with the BSL were a main driver, then we would not expect bp mutants to be chosen 

because they would be rejected by the BSL. 

Another model is lateral diffusion whereby the U2 bindis to nucleic acids 

using non-sequence specific contacts and then slids along the pre-mRNA until the 

sequence specific contacts kick in. This is seen with restriction enzymes and can go in 

one or either direction or can be driven by ATPases (Shimamoto 1999, Bonnet, 
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Biebricher et al. 2008, van den Broek, Lomholt et al. 2008). The dual bp reporter 

shows signs of polarity between each bp. The downstream being in the natural 

context of a pre-mRNA with a PY-tract downstream of the branch point sequence and 

nearby binding of MUD2/U2AF. The difference in bp usage between a 

hyperstabilized poor bp in either the USBP or DSBP suggests that U2 could escape 

the XP in the 3’-5’ direction. A hyperstabilized poor bp mutant in the USBP is the 

most upstream bp in the intron and that is the preferred bp. The DSBP is ignored 

when it contains a hyperstabilized poor mutant and the USBP is chosen instead. We 

are not sure how this would happen, but it looks like the U2 snRNP can escape a bad 

bp in the 3’-5’d direction. Unlike mammals, who use bps that are in the window of 

18-37 nucleotides upstream of the 3’ ss, yeast can choose a bp that is farther away if it 

is a good match to U2 (Ruskin, Krainer et al. 1984, Konarska, Grabowski et al. 1985, 

Ruskin, Greene et al. 1985, Ruskin, Pikielny et al. 1986).  

A new decay pathway triggered by the addition base pairing 

Organisms transcribe more RNA than what is needed and must have a way to 

control the amount of RNA. One major goal of RNA degradation is the targeting and 

removal of aberrant RNA products. RNA degradation pathways are highly conserved 

across organisms illuminating just how Important these RNA degradation pathways 

are. Many of the degradation factors have multiple functions. For example, the 

exonuclease Rat1 not only degrades RNA created by polymerase I, II and III but also 

functions in RNA processing events to create mature RNA (Houseley and Tollervey 

2009).  
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Two mechanisms of degradation of unspliced pre-mRNA include 1) 3’-5’ degradation 

of the exosome as the major pathway and 2) 5’-3’ degradation by Rat1 (nucleus) and 

Xrn1 (cytoplasm) (Bousquet-Antonelli, Presutti et al. 2000). Both Rat1and Rrp6 are 

localized in the nucleus and are required for pre-mRNA turnover. It has been 

suggested that there is a competition between splicing and RNA turnover. In prp2-1 

mutations, the first catalytic step was blocked but there was also a decrease in pre-

mRNA. The pre-mRNA accumulated in cells depleted of Rrp41 suggesting that the 

nuclear exosome is responsible for degrading a hyperstabilized bp mutant.  

Normally, a cell would not come across a situation in which the U2 is so 

stably bound as seen when perfect base pairing is added upstream of bp. 

Hyperstabilizing a bp mutant triggers a decay pathway in which the pre-mRNA is 

degraded by Rrp6 in complex with the nuclear exosome. This dismantling of the 

spliceosome and degradation of a hyperstabilized poor bp pre-mRNA may be a way 

for a cell to try to rescue splicing by freeing the U2 snRNP so it could find another 

bp, but the extended base pairing keeps recruiting the U2 to that poor bp. 

The Goldilocks principle: how much base pairing is just right 

The U2 snRNA binds to the bp sequence through perfect base pairing to the 

intron sequence in yeast. Mutations in the bp sequence that disrupt this basepairing 

can decrease splicing efficiency and can be recovered by compensatory U2 mutations 

(Vijayraghavan, Parker et al. 1986, Parker 1987). The presence of the extended 

duplex, present in both yeast and mammals, was a surprise for the lack of Watson-

Crick base pairing available (Plaschka, Lin et al. 2017). Adding more basepairing 
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between the U2 and bp sequence does increase the use of the bp but at a cost of 

splicing efficiency and a first step catalysis defect. In our model, this hyperstabilizing 

can be problematic if the the U2 snRNP is bound to a weak bp by this extra pairing 

and when then triggers pre-mRNA degradation. Evolution has not allowed for 

extensive base pairing in this region for too much base pairing does allow for bp 

selection fidelity until after the U2 is bound to the intron. Introns have evolved to 

allow a balance between the ability of the U2 to find a bp and factors to reject the bp 

if it is incorrect. 
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MATERIAL AND METHODS 
Yeast strains and growth conditions 

 All yeast strains used in this study are listed in (Supplemental Table S1) and 

were grown on the indicated media at 30°C. Plasmid transformation into KH46 yeast 

cells was carried out using the lithium acetate method according to (Ito, Fukuda et al. 

1983).  

Splicing extract preparation and in vitro splicing reactions 

Forward primer (5’-

TACGAATTTAATACGACTCACTATAGGGCTTTTAGATTTTTCACGCTTACT

GCT -3’) containing a T7 promoter and Reverse Primer (5’-

TTATTTCCCAGAGCAGCATG-3’) were used to amplify the products for 

transcription from the dual branchpoint reporters. 32P-radiolabeled substrates were 

transcribed using the MEGAscript T7 transcription kit (Invitrogen). Splicing extracts 

were made from the yeast strain BJ81 following the liquid nitrogen protocol as 

described in Stevenson and Abelson 2002. Yeast popcorn was disrupted using a 

Retsch MM301 ball mill for 3 minutes at 10 Hz for five cycles. 4nM of 32P-

radiolabeled substrates were spliced with either a final concentration of 20mM ATP 

or water for 20 min at 23°C as described in Ares (2015). 

To visualize splicing complexes, reactions were incubated with 2x Native 

Loading Dye (20mM Tris/glycine, 25% glycerol, 0.1% bromophenol blue, and 

1mg/ml heparin) for 10 minutes at room temp. Samples were loaded on a 2.1% Low 

Melt agarose gel as described in Effenberger et al. 2013.  
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To visualize spliced products, reactions were incubated for 65C for 10 

minutes after addition of 200ul Splicing Dilution Buffer (0.3M NaOAc, 0.2% SDS, 

1mM EDTA, and 10ug/ml proteinase K). 200ul of acid phenol was added to each 

reaction, ethanol precipitated, and resuspended in FEB (95% Formamide, 20mM 

0.5M EDTA, 1% bromophenol blue, and 1% cyan blue). Samples were loaded onto a 

6% polyacrylamide gel with 8M Urea. 

Both Native and Splicing gels were visualized using autoradiography. 

RNA extraction and Quality Control 

Total RNA was prepared from all yeast strains grown to an OD600=0.5 

according to Method 1 in Ares 2012. 2µg of RNA was run on a 2% agarose and 

imaged to look at the quality of RNA before Primer Extension. 

Primer Extension 

All strains were grown in 2mls of selective media at room temp overnight 

before 2mls of YEPD was added for another night of growth. The 5ml cultures were 

used to inoculate 15mls of YEDP. Cells were grown to an OD600=0.5 before RNA 

extraction. 5µg of RNA was annealed to 0.1ng of Dual BP Rep 2 Primer (5’-

GCACTCATGACCTTCATTTTG-3’) and 0.1ng of SCR1 (5’-

GAGAACTATCCCTTGCCCAAAGGG-3’) following the method previously 

described in Perriman 2007.  

To measure the relative amounts of WT U2 to mutant U2 in strains 

transformed with U2’s on a plasmid, 2.5µg of RNA was annealed to Primer 

U2Branchpoint (5’-TTGTTACACTGAAAAGAACAGAT-3’). To measure relative 
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amounts of G37U, 0.1mM of Dideoxycytidine triphosphate was used instead of 

deoxycytidine triphosphate. To measure relative amounts of A36U, 0.1mM of 

Dideoxyuridine triphosphate was used instead of deoxyuridine triphosphate. 

All Primer Extensions with the Dual BP Rep 2 Primer and SCR1 Primers 

were run on 6% polyacrylamide gels with 8M Urea. The U2 Quantifications were 

done on a 10% polyacrylamide gel with 8M Urea 
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CHAPTER 2: Hyperstabilizing the extended duplex between U2 snRNA and the 
pre-mRNA branchpoint region alters A-Complex formation in HeLa 
  

ABSTRACT 

 Branchpoint (bp) recognition is a critical step in spliceosome assembly that restricts 

and influences the fidelity of 3’ splice site (ss) selection, with important consequences 

for mRNA function. One surprise of many cryo-EM structures of both yeast and 

human splicing complexes is a duplex formed between U2 snRNA and the bp region 

of the intron. This is extended almost an additional full turn of an A-form like helix 

between sequences upstream in the intron and downstream in U2 to the stem-loop IIa. 

Although yeast and human U2 sequences are identical through this region, yeast 

introns have a strong bps, UACUAAC that is complementary to U2, while human 

introns have a more degenerate set of bps. In neither species are intron sequences 

upstream of the branchpoint conserved in their complementarity to U2 snRNA, yet 

spliceosome assembly forces them into a duplex. As an apparent RNA duplex lacking 

strong Watson-Crick base pairing, this structure is unusual and raised several 

questions. For example, what would happen to splicing if the pre-mRNA substrate 

contained nucleotides upstream of the bp sequence that made a perfect Watson-Crick 

base pairing to the U2 snRNA? Using substrates that contained extended base pairing 

in the extended helix, we spliced in vitro using HeLa extracts and analyzed 

spliceosomal complex formation and splicing efficiency. Our results indicate a 

second step catalysis defect, and we observe a unique complex on native gels that 
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requires ATP, is Pladienolide B sensitive, and on path to forming a complete 

spliceosome.   
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INTRODUCTION 

 An important part of eukaryotic gene expression is splicing by the large 

ribonucleoprotein machine called the spliceosome. This converts a newly and more 

often, as we are finding out, co-transcribed pre-mRNA into a mature RNA (mRNA) 

(Carrillo Oesterreich, Bieberstein et al. 2011, de Almeida and Carmo-Fonseca 2014, 

Naftelberg, Schor et al. 2015). Before this two-step chemical process can happen, 

splice site sequences of an intron must be identified (Hoskins and Moore 2012). One 

of the most critical ss that needs to be recognized is the branchpoint (bp). This 

variable sequence is present multiple times in a single intron of mammals (Gao, 

Masuda et al. 2008, Hui 2009). Choosing this bp indirectly defines which 3’ss is 

chosen. Mutations in spliceosome proteins that influence both bp choice and 3’ss 

choice are frequent in myelodysplastic syndromes and other blood cancers (Yoshida, 

Sanada et al. 2011, Yoshida and Ogawa 2014, Malcovati, Karimi et al. 2015). 

 The bp choice is solidified after the first ATP-dependent step in which the U2 

snRNP is stably bound to the bp of the pre-mRNA. The BBP needs to be removed 

from the bp before the U2 snRNP can assembly as well as proteins U2AF1 and 2 

from the polypyrimidine tract (Rymond, Torrey et al. 1987, Kielkopf, Lücke et al. 

2004, Glasser, Agrawal et al. 2017). Despite the differences between mammalian and 

yeast splicing, some general steps are conserved between both organisms. For 

example, the structural and compositional changes that the U2 snRNP undergoes 

during different steps of splicing is the same (Krämer and Utans 1991, Hilliker, 

Mefford et al. 2007, Perriman and Ares 2007).  
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 The model for bp recognition by the U2snRNP is that initial contacts with the 

bp sequence are made by a U2 structure called the branchpoint-interacting stem loop 

(BSL). After the nucleotides at the stem-loop contact the bps, the BSL unwinds with 

the help of the DEAD-box helicase Prp5 (Perriman and Ares 2010). This BSL was 

seen for the first time ever in a Cryo-EM model by Luhrmann’s group in 2020 

(Zhang, Will et al. 2020). These structure models have advanced our knowledge of 

the spliceosome structure by both providing support to what we know and some 

additional surprises. One such surprise is the presence of an extended duplex between 

U2 snRNA and the bp despite the absence of significant Watson-Crick base pairing 

(Fig 1A: Top Green (pre-mRNA) and Orange (U2snRNA)); (Plaschka, Lin et al. 

2017)). The Bejerano group suggested that mammalian introns, unlike yeast, contain 

a ‘motif’ of 2-3 nucleotides that could make base pairs and promote formation of the 

duplex. They argue that because mammalian bps are so variable, that fewer base 

pairing possibilities would allow more flexibility for the duplex to form upstream 

(Paggi and Bejerano 2018). 

 Here we try to understand what addition of perfect base pairing in the extended 

duplex would do in a mammalian system. We find that extra base pairing alters early 

spliceosome complex stability. A new complex is visible on native gels and is not a 

dead-end complex in hyperstabilized reporters. We think that addition of more base 

pairing in the extended duplex disrupts contacts made by other proteins in that region 

that lead to proteins not being as stably bound. 
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RESULTS 
A fast-complex form when the extended helix is hyperstabilized 

         Like the yeast experiments in the previous chapter, we studied the extended 

duplex by adding eight perfect Watson-Crick base pairs upstream of a bp sequence. 

Instead of the dual bp Reporter, which is based on a yeast pre-mRNA, a model 

substrate based on the Adenovirus Major Late transcript was used. Nuclear HeLa 

extracts (A gift from the Jurica lab) were incubated with an in vitro transcribed 

substrate labeled with 32P. The splicing reactions were run on native gels and then 

imaged using autoradiography to visualize the different complexes in spliceosome 

assembly.  

As controls, three different splicing reporters were used: 1) the unaltered 

AdML intron (viral), 2) the AD2 intron without a bp (No BP), and 3) the AdML 

intron with a perfect bp sequence (UACUAAC) (WT).  These were compared to an 

AdML intron with extended base pairing in front of a perfect bp sequence (XP). 

Without a bp sequence we did not expect the spliceosome to form with or without 

ATP, and in fact we do not see any complex formation (Fig 9A lanes 4 and 5). Both 

the Viral and WT substrates showed both the A and B complexes after 10 minutes of 

splicing with ATP only (Fig 9A lanes 2-3 and 6-7). The hyperstabilized AdML 

substrate formed a fast-complex that is visible below A complex (Fig 9A lanes 8-9). 

This fast-complex is ATP dependent and is only present with extended pairing 

suggesting that the extended pairing may alter spliceosome assembly. 
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Figure 9.  A unique complex is seen on a native gel when the extended duplex is 
hyperstabilized. A) Native gel of reporters spliced for 10 minutes before loading on a 
gel. B) Time course of WT and hyperstabilized reporter on a native gel. C) Average 

band intensities of three independent replicates graphed over time. The ratios of 
complex are (band/B-Complex band at 12 minutes). 
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 We next wanted to know if this fast-complex was on path to forming a 

spliceosome or was a dead-end complex. A time course was conducted with the time 

points 0, 2, 4, and 12 minutes with substrates that had identical perfect bp sequences 

with or without the extended base pairing. The fast-complex formed as early as 2 

minutes (Fig 9B lane4) in XP substrate and was still visible at 12 minutes, but to a 

lesser degree. At 12 minutes, most of the complexes progress to B-Complex, so this 

was used as an end point for quantifying spliceosome assembly across time. To 

quantify the rate of complex formation, the ratio of bands at each time point was 

taken over the ratio of the B-Complex at the final time point (12 minutes) and plotted 

(Fig 9C). All bands from three biological replicates were quantified using 

ImageQuant.  

In the WT substrate, A and B-complexes were at their max intensity at 4 and 

12 minutes respectively. The same was seen in XP substrate but an overall lower 

amount. Also, the fast-complex formed at the same rate as A-complex and decreased 

as time continued and more B-Complex formed. Overall, this formation suggests the 

extended base pairing does show a new complex on a native gel and it displays 

similar kinetics of formation and decay as an A-complex forming B-complex.  

A slight splicing defect is observed in the hyperstabilized substrates 

With the observation that a fast-complex is seen with the addition of the 

extended pairing and is on path to becoming a fully formed spliceosome, we next 

wanted to know if there were any splicing defects. A time course was done with 0,  
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Figure 10.  A slight splicing defect is observed in the hyperstabilized substrates. 

Time course of splicing reactions spliced at 25C for the indicated time points. Ran on 
a 10% polyacrylamide gel with 8M Urea and imaged by autoradiography.  
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15, 60, and 90-minute increments using HeLa extracts with ATP (Fig 10). We 

compared the Viral, WT, and XP substrates to each other. The two control substrates, 

Viral and WT, spliced at the same rates without any obvious splicing defects. A 

second step defect is visible with an accumulation with the ⅔ product in the XP 

reactions and it looks as though the splicing efficiency decreased slightly. This has 

only been done once and would need to be repeated to find any significant changes in 

splicing. This suggests that the addition of the extended base pairing might cause a 

very slight defect in splicing 

ATP is still required for A-complex formation in Tat-SF1 depleted extracts with 

substrates containing the extended pairing 

At the first ATP dependent step of spliceosome assembly, the U2 is stably 

bound to the bp of the intron. In yeast, we think that this ATP dependent step is 

responsible for the removal of CUS2 from its binding to both the U2 snRNA and 

HSH155. Deletion of CUS2 or disruption of CUS2’s binding to HSH155 allows for 

the spliceosome assembly to bypass the first ATP-dependent step of splicing (Talkish, 

Igel et al. 2019).  The homology between CUS2 and Tat-SF1, a mammalian protein, 

suggest that they would have similar functions (Yan, Perriman et al. 1998). We 

wanted to know if addition of the extended pairing combined with loss of Tat-SF1 

could bypass the ATP requirement at A-complex formation. It is possible that there is 

a stricter requirement of ATP for bp recognition in mammalian introns because of the 

degenerate bps that are not present in yeast introns. We depleted HeLa extracts of 

Tat-SF1 by immunoprecipitation (Fig 16, Chapter 3) and used those extracts for  
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Figure 11.  ATP is still required in hyperstabilized extracts. A) Complexes of a 
hyperstabilized reporter that were spliced with ATP, with AMP-PCP, or in the 

absence of ATP. The extracts were also depleted of the mammalian TATSF1 protein 
(D) compared to a Mock depleted (M) and WT extract (WT).  B) Complexes of two 
hyperstabilized reporters with a yeast bp (UACUAAC) or a viral bp (UACAAAC) 

that were spliced with or without ATP. The extracts were also depleted of the 
mammalian protein (D) compared to a Mock depleted (M) and WT extract (WT). 
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  splicing with either a WT or XP substrate. A-complexes did not form with 

either the WT or XP substrates when Tat-SF1 was depleted from the extracts lacking 

ATP. This suggests that depletion of Tat-SF1 combined with more base pairing 

between the intron and U2 snRNA is not enough to bypass the ATP requirement for 

early spliceosome formation (Fig 11 A and B).  

The fast-complex is sensitive to Plad B and represents a complex with highly 

stable proteins  

The splicing inhibitor Pladienolide B (PB) is a potent cytotoxic agent being 

investigated as a chemotherapeutic (Kotake, Sagane et al. 2007). It impedes the 

ability of SF3b1 to close over the bp by binding to the hinge region of the protein 

(Cretu, Agrawal et al. 2018). PB stops the spliceosome from moving past the A-

complex into the B-complex (Brosi, Hauri et al. 1993, Roybal and Jurica 2010, 

Corrionero, Miñana et al. 2011, Effenberger, Anderson et al. 2014). To get a better 

idea of what stage the fast-complex is relative to the A-complex in the spliceosome 

assembly pathway, extracts were treated with 1uM of PB prior to splicing with ATP 

or AMP-PCP. The extracts spliced for 10 minutes before the reactions were 

quenched. The A-complex was seen in all the lanes with ATP and did not move to the 

B-Complex in the presence of 1uM PB as expected (Fig 12A).  The fast-complex is 

only seen in the lanes without PB suggesting that this complex is PB sensitive. This 

further supports a model in which the fast-complex is formed after A-complex and is 

an intermediate before B-complex. To get an idea of how stable this  
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Figure 12.  The fast-complex is PB sensitive and WT extracts can be forced to make 
fast-complex when challenged with high heparin concentrations. A) Native gels of 
WT and hyperstabilized reporters with or without ATP treated with or without 1uM 

PB. Extracts allowed to splice for 10 minutes before being quenched and ran on a gel. 
B) Time course WT and hyperstabilized reporters challenged with 5X Heparing. 
Extracts allowed to splice for 10 minutes before being quenched and ran on a gel. 
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fast-complex is, we did a time course of 0, 5, 10, and 15 minutes and challenged the 

reactions with 5x the amount of heparin normally used for native gels. Heparin 

completes with non-specific binding of factors to the highly negative pre-mRNA 

(Konarska and Sharp 1986). Any molecules that are not tightly bound to the pre-

mRNA are displaced by heparin. Increasing heparin concentration does not influence 

A and B-Complex formation of the WT substrate, but results in the appearance of a 

faint band corresponding to the fast-complex. However, when the substrate contains 

the extended base pairing, the A-complex is missing and replaced by the fast-complex 

while the B-Complex is still able to form (Fig 12 B). This further supports the idea 

that the fast-complex forms after A-complex and is more stable than the A-complex. 

We believe that treating the hyperstabilized complexes with higher amounts of 

heparin and running them through a gel disrupts weakly bound factors to the A-

complex and a smaller complex is visible on the gel. Taken together, these data 

suggest that addition of the XP weakens an A-complex that is on the path to forming 

the B-Complex 

DISCUSSION: 
Here I showed that when the upstream region of the inton directly in front of 

the bp is a perfect match to the U2 snRNA that splicing efficiency is slightly 

decreased and that there is a second step catalysis defect (Fig 10). Interestingly, there 

was a unique complex that was formed below the A-complex on a native gel that was 

not visible in yeast native gels when comparing WT to XP substrates (Fig 9B). This  

complex is not a dead-end complex and is on pathway to become a full-fledged 

spliceosome. The A-complex can be forced to form this ‘fast-complex’ when heparin 
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is 5x the normal concentration used in in vitro splicing experiments (Fig 11A). This 

suggests two models. 1. that the fast-complex is like the A-complex but some factors 

may not be as stably bound and removed when run through a gel. Alternatively, with 

the addition of the XP, the A-complex is recognized as having a problem and 

remodeled to the fast-complex. The pre-mRNA is released from fast-complex and A-

complex tries to form again. The remodeling that forms fast-complex requires SF3B1 

“closing” and adding PB to the spliceosome does not let it form. The fast-complex 

forms after A-complex because it did not form when treated with 1uM of PB (Fig 

11B) Together this evidence shows that the extended pairing is problematic for 

splicing both chemically and during assembly (Fig 12). 

How Cryo-EM structures have provided more details 

The increase in Cryo-EM structures that have been published within the last 

several years have dramatically increased our understanding of the spliceosome and 

its assembly. They are only snapshots in time of the process and miss the dynamic 

movement between, but they are still informative, nonetheless. The observation of a 

helix that is almost a full turn upstream of the bp region was extremely surprising to 

us (Plaschka, Lin et al. 2017). Not only was this duplex surprising, but this duplex is 

also lacking strong Watson-Crick base pairing. The Berjerano lab suggested a motif 

in which positions -12, -9, -7 and -6 upstream of the bp are either G’s or C’s and 

promote formation of the duplex (Paggi and Bejerano 2018). Even with this proposed 

motif, it still does not explain why this duplex, one necessary for a spliceosome 

structure, forms without strong base pairing. 
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         The model of bp recognition suggested that the Branchpoint Interacting Stem-

loop (BSL) would make RNA: RNA pairing with the bp through the bp recognition 

nucleotides. After the PRP5 recognizes the base pairing between the pre-mRNA and 

U2, ATP is used to not only remove Cus2 from HSH155 but unwind the BSL 

(Perriman and Ares 2010, Talkish, Igel et al. 2019). We knew that the BSL would 

unwind but we did not expect that the newly unbound nucleotides of the stem would 

form such a helix with the pre-mRNA. 

Extended helix disrupts protein binding   

Addition of the extended pairing created an on-pathway band seen on a native 

gel. By strengthening the base pairs in the helix, we might have weakened protein 

interactions in that area. This is what we think is happening to force the formation of 

the fast-complex. The stronger extended pairing might disrupt the binding of the SF3a 

protein complex (prp21, 11, and 9) and has not yet been tested. These proteins 

assemble onto the U2snRNA to form the 17s U2snRNP before assembling onto the 

pre-mRNA (Krämer and Utans 1991, Brosi, Groning et al. 1993, Nesic and Kramer 

2001, Zhang, Will et al. 2020). With the extra base pairing, the normal contacts are 

closer to each other and farther away from the proteins allowing Heparin treatment to 

remove them easier (Fig 12). 

The Tat-SF1 Mystery: What is its function? 

With the homology and similar binding partners as CUS2 in yeast, I thought 

that Ta-SF1 might have a similar function. I hypothesized that giving the U2 snRNA 

more base pairs to increase recognition of the bp would allow for the A-complex to 
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form without Tat-SF1 or ATP. This was not the case. Even with the extra pairing, 

Tat-SF1 and ATP was needed to see both the A and fast-complex on a native gel. Tat-

SF1 may still have other functions we do not know about for spliceosome assembly. 

Evolution did not favor basepairing in this extended helix 

I have previously shown in chapter one that having extended pairing in the 

upstream region can be a double-edged sword. It can make a bp more competitive 

than another but the risk of increasing the usage of poor bps. The extended pairing is 

tolerated only when a perfect bp (UACUAAC) is present. It is unclear if the extended 

base pairing has any influence in BP choice in mammals, but it has similar splicing 

defects. The mammalian spliceosome tolerates more variable bp sequences so it 

would be interesting how and if the extended pairing influences bp competition. It is 

possible that there may be different levels in competitiveness between the various 

tolerated bps. The Berjerano lab have identified what they are calling as a motif in the 

human introns that may be responsible for helix formation. The lack of high base pair 

options lets the duplex shift slightly to make some contacts in the extended duplex. 

This may allow for the duplex to be stable enough for the duplex to form but not too 

stable that it triggers a decay pathway or causes splicing defects. 
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MATERIAL AND METHODS 

Plasmids Construction 

Plasmids were constructed using the Round the Horn Site Directed 

Mutagenesis method (Moore and Prevelige 2002). Primers were designed so that the 

top primer contained the mutation, and the bottom primer matched the parent strand. 

Primers were phosphorylated with PNK Kinase and PCR was used to amplify the 

target sequence with the PFU Ultra Polymerase. The PCR samples were treated with 

1ul of DPNI for 1 hour at 37C before the PCR products were ligated together using 

DNA ligase. The ligated products were transformed into XL-1 competent cells and 

selected for on LB-AMP plates. 

Protein depletion and Western blotting 

1.5mg of protein G Dynabeads (Invitrogen) (30mg/ml) were washed 3x with 

0.1M Sodium Phosphate buffer and 30ug of Mouse Anti-Tat-SF1 antibody was bound 

to the beads in the cold room for 1 hour. Beads were washed with 2x Nap and 2x with 

100mM Buffer E (20mM Tris PH 7.9, 100mM KCl, .2mM EDTA and 20% 

Glycerol). The prepped beads were added to 70ul of HeLa extract and incubated in 

the cold room for 2 hours. The supernatant was removed, and the beads washed 3x 

with 100mM Buffer E. 6x Laemmli buffer was added to the washed beads and boiled 

for 10 minutes and vortexed. The Buffer was removed and put into a new tube for 

western blotting. The supernatant was used for splicing reactions and western blot. 

         Proteins were separated on a 10% polyacrylamide gels and transferred to 

nitrocellulose membranes, blots were blocked in PBST (0.5% Tween 20) with 5% 
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Milk. Blots were washed and incubated with the primary antibody overnight in the 

cold room. Mouse Anti-Tat-SF1 (Santa Cruz Biotech) or Rabbit anti-SF3B1 (Abgent) 

were used to stain the proteins. Donkey anti-Rabbit and Goat anti-Mouse infrared 

antibodies were used to detect the primary antibodies and blots stained on a Licor 

Scanner. 

In vitro splicing 

         Pre-mRNA substrates were derived from the adenovirus major late (ADML) 

transcript and 32P-UTP body labeled and G(5’)ppp(5’)G-Capped by using T7 run-off 

transcription (MegaSctipt kit). The gel purified substrates contained varying BP’s and 

extended base pairing upstream of the BP. HeLa cell extracts (a gift from the Jurica 

Lab) were grown in DMEM/F-12 1;1 and 5% (v/v) newborn calf serum. For splicing 

reactions, 10nM pre-mRNA was incubated with 60mM Potassium Glutamate, 2mM 

magnesium acetate, 2mM ATP, 5mM creatine phosphate, 0.05 mg/mL-1 tRNA, and 

50% (v/v) HeLa NE at 30C for 5 to 60 minutes. In some reactions, ATP was depleted 

from NE extracts by incubation for 30 minutes at 30C and AMP-PCP added instead 

of ATP. SF3B1 inhibitors, antibodies, proteins, and combinations of these were added 

at the beginning of the splicing reactions unless otherwise noted. 

To visualize spliced products, reactions were incubated for 65C for 10 minutes after 

addition of 200ul Splicing Dilution Buffer (0.3M NaOAc, 0.2% SDS, 1mM EDTA, 

and 10ug/ml proteinase K). 200ul of acid phenol was added to each reaction, ethanol 

precipitated, and resuspended in FEB (95% Formamide, 20mM 0.5M EDTA, 1% 
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bromophenol Blue, and 1% cyan blue). Samples were loaded onto a 6% 

polyacrylamide gel with 8M Urea. 

Both Native and Splicing gels were vacuum dried visualized using autoradiography. 

Quantification of Native gels was done using the Image-Quant software (Molecular 

Dynamics). 
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CHAPTER 3: Tat-SF1, unlike its yeast homolog CUS2, does not enforce the first 

ATP dependent step of splicing in HEK293T cells 

Abstract 

Tat stimulatory factor 1 (Tat-SF1) was originally identified as a host factor that helps 

the viral Tat protein mediate efficient elongation of transcripts initiated from the 

human immunodeficiency virus-type 1 (HIV-1) promoter. The role of Tat-SF1 in 

uninfected human cells is unclear. Sequence homology between Tat-SF1 and yeast 

CUS2, the binding between their homologous partners in their respective organisms, 

and the observation that CUS2 enforces the first ATP-dependent step of pre-

spliceosome (PSP) complex formation in yeast all suggest that Tat-SF1 may be a 

dynamic subunit or extrinsic splicing factor associated with assembly of SF3B with 

the U2 snRNP during pre-spliceosome formation. Based on these strong parallels 

between CUS2 and Tat-SF1, we hypothesize that Tat-SF1 may play parallel roles in 

splicing to those observed for yeast CUS2, including interactions and functional 

support for SF3B1. We tested this hypothesis by depleting Tat-SF1 from HeLa 

splcing extracts or blocking the Tat-SF1 from interacting with other proteins. 

Surprisingly we show that Tat-SF1 does not enforce the first ATP dependent step of 

splicing. 
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Introduction 

Splicing is a highly regulated process essential for eukaryotic gene expression 

that converts pre-mRNA to mature RNA (mRNA). This is accomplished by the 

stepwise assembly of the spliceosome with pre-mRNA to catalyze the removal of 

introns through two transesterification reactions. The spliceosome is a 

macromolecular complex made up of five snRNAs and hundreds of proteins. Defects 

in spliceosome assembly lead to loss of fidelity-that is the use of suboptimal 

substrates leading to non-functional mRNA’s (Xu and Query 2007, Corrionero, 

Miñana et al. 2011, Larsson, Cote et al. 2013, Wan and Wu 2013, Darman, Seiler et 

al. 2015). While the process of spliceosome assembly is known, the functions of its 

individual factors still need to be elucidated to understand how splicing is regulated. 

The ability to use genetic and biochemical approaches in yeast have allowed us to 

gain clearer insights into the mechanism of splicing. The information gained from 

yeast can help guide the understanding of splicing in mammalian cells. 

In humans, Tat stimulatory factor 1 (Tat-SF1) was originally identified as a 

host factor that helps the viral Tat protein mediate efficient elongation of transcripts 

initiated from the human immunodeficiency virus-type 1 (HIV-1) promoter (Zhou 

and Sharp 1996). However, it is unclear whether Tat-SF1 functions as a general 

elongation factor in uninfected cells (Li and Green 1998, Kim, Yamaguchi et al. 

1999). The homology between Tat-SF1 and the yeast protein CUS2 suggests that Tat-

SF1 may also be a dynamic subunit or splicing factor associated with the SF3b 

protein complexes important for pre-spliceosome formation. In support of this, Tat-
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SF1 has been identified in mass spectrometry data of the U2 snRNP and co-

immunoprecipitates with snRNAs and the splicing factor SF3B1 (Fong and Zhou 

2001, Agafonov, Deckert et al. 2011). However, there is no known role for Tat-SF1 

in the mechanism of splicing (Yan, Perriman et al. 1998). 

The dynamic nature of the spliceosome requires several ATP-dependent 

remodeling events. The first ATP-dependent step is the binding of the U2 snRNP 

with the branchpoint (bp) sequence of the intron. In both mammals and yeast, the U2 

snRNA undergoes both structural and compositional changes during the different 

stages of splicing and spliceosome assembly (Krämer and Utans 1991, Hilliker, 

Mefford et al. 2007, Perriman and Ares 2007). The U2 snRNA transitions between 

the stem IIa conformation, important for spliceosome assembly and fidelity, and the 

stem IIc conformation, important during splicing catalysis (Zavanelli and Jr 1991, 

Zavanelli, Britton et al. 1994, Yan, Perriman et al. 1998, Perriman and Ares 2000, 

Hilliker, Mefford et al. 2007, Perriman and Ares 2007, Xu and Query 2007). CUS2 

has been implicated in this process and is thought to regulate the toggling between 

these two conformations by enforcing an ATP requirement (Yan, Perriman et al. 

1998, Perriman and Ares 2007). Deletion of CUS2 can bypass the need for ATP at 

this step of splicing, suggesting that the addition of the U2 snRNP the spliceosome 

doesn’t strictly require ATP (Perriman and Ares 2000, Talkish, Igel et al. 2019). 

CUS2 and Tat-SF1 contain both an RNA-recognition motif (RRM) and a U2AF-

homology motif (UHM), the latter which is important for protein-protein interactions 

with other splicing factors that play roles in both splicing catalysis and linking 
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splicing to other processes (Kielkopf, Lücke et al. 2004). Disruption of the interaction 

between CUS2 and HSH155, an important component of the SF3b complex, by 

mutation of residues in either CUS2’s UHM or HSH155’s U2AF-Like motif 

(ULM) leads to loss of interaction between CUS2 and HSH155 in a yeast two-hybrid 

assay and a loss of ATP-dependence during the first step of splicing which 

phenocopies CUS2 deletion in yeast (Talkish, Igel et al. 2019). These data have led to 

a model in which ATP is required to remove CUS2 from HSH155 before the pre-

spliceosome can be formed. It has also been shown that a Tat-SF1 peptide can be 

added to splicing extracts lacking CUS2 and reinforce the ATP requirement for pre-

spliceosome formation providing further evidence that Tat-SF1 has a parallel function 

to CUS2 (Talkish, Igel et al. 2019). 

A crystal structure of Tat-SF1 bound to one of the five ULM’s of SF3B1 

confirmed a canonical ULM-UHM interface and the physical binding of Tat-SF1 to 

SF3B1. Measurement of this binding was done by using Isothermal Titration 

Calorimetry and showed that Tat-SF1’s UHM has a high affinity for one of SFb1’s 

five ULMs despite being able to bind to three of the other UHM’s. One observation 

that is interesting is that the depletion of SF3B1 influenced Tat-SF1’s expression 

leading to the hypothesis that expression level of these proteins influences each other 

(Loerch, Leach et al. 2019). 

Based on the above parallels between Tat-SF1 and CUS2, one hypothesis is 

that Tat-SF1 regulates splicing by modulating the dynamics of early spliceosome 

assembly and by directly binding with SF3B1. Here, we directly test this hypothesis 
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with in vitro splicing using HeLa splicing extracts depleted of Tat-SF1 or bound in 

excess to added proteins and ask if A-Complex formation can occur in the absence of 

ATP. Loss of Tat-SF1 is not able to bypass the first step suggesting that other factors 

may be required for A-Complex formation in mammalian systems. 

RESULTS 

Tat-SF1 can be depleted in HEK293 cells with an siRNA 

To begin to understand how Tat-SF1 might function in pre-spliceosome 

formation, siRNAs that target Tat-SF1 were used to deplete the protein in HEK293 

cells. This knockdown was optimized based on testing three different siRNA’s and 

the most efficient siRNA, siRNA 179, was used for future experiments done in this 

thesis (Fig 13A). The knockdown of Tat-SF1 was successful with a 95% protein 

knockdown compared to control cells as quantified by Western Blotting with infrared 

probes that allow for quantification (Fig 13B). Cells treated with Tat-SF1 siRNA 179 

looked very small and round compared to the larger control cells, suggesting that lack 

of this protein influences cell health (data not shown). With the optimal siRNA 

identified and Tat-SF1 almost fully depleted, I started to ask about the relationship 

between SF3B1 and Tat-SF1. 

Tat-SF1 has been shown to bind to the ULM’s of SF3B1 by CO-IP, and the 

same is true with the homologs in yeast. I wanted to ask if the amount of Tat-SF1 and 

SF3B1 influenced each other in HEK293 cells. There is a reciprocal relationship 

between the amount of Tat-SF1 present versus SF3B1 (Fig 13C). When Tat-SF1 is 

knocked down using siRNA 179, 15% Tat-SF1 remains in the cell while 61.8%  
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Figure 13.  Tat-SF1 and SF3B1 influence each others expression. A) Diagram of the 
targets of the siRNA’s used to knockdown the respective proteins B) Western Blot of 
HEK293 extracts treated with an overexpression plasmid or siRNAs. Quantification 
done against the loading control of GAPDH C) Western Blot of HEK293 extracts 
treated with siRNAs against either Tat-SF1 or SF3B1. Quantified against ERK1/2. 

SF3B1 is still present. 
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Suggesting that while Tat-SF1 depletion significantly goes down, SF3B1 is still 

affected but not as drastically. The reciprocal experiment was done using an siRNA 

targeting SF3B1. While 10% of SF3B1 was remaining after the treatment, 31% Tat-

Sf1 was still left. This suggests that while these proteins do influence each other, Tat-

SF1 looks to me more dependent on SF3B1 levels than SF3B1 is dependent on Tat-

SF1 levels in the cell.   

Tat-SF1 does not influence the ATP requirement for A-Complex formation 

To begin to ask if the ATP requirement of A-complex formation was enforced 

by Tat-SF1, I first added increasing concentrations of a monoclonal Mouse anti-Tat-

SF1 antibody to ‘bind’ up all the protein. The idea being that the bound-up Tat-SF1 

would not be able to interact with its partners and allow the spliceosome to form in 

the absence of Tat-SF1. Binding up Tat-SF1 with the antibody did not bypass the 

ATP requirement in HeLa extracts (Fig 14). A and B-complexes formed after 10 

minutes in the reactions with ATP, but only E/H was seen in all the extracts 

containing a non-hydrolysable form of ATP called AMP-PCP. 

The Kielkopf lab has shown that the ULM’s of SF3B1 (ULM4 and ULM5) 

have a high affinity for the UHM of Tat-SF1 (Talkish, Igel et al. 2019). Similar with 

the antibody blocking experiment above, we thought that adding peptides of SF3B1’s 

ULMs that have been shown to bind to Tat-SF1 through Isothermal Titration 

Calorimetry  in a HeLa extract in high concentration before a splicing reaction would 

bind to Tat-SF1 and not allow it to interact with full-length SF3B1 (Fig 15A).  
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Figure 14.  Addition of Mouse anti-Tat-SF1 antibody does not bypass the ATP 
requirement of A-Complex formation. Native gel of 10-minute splicing reactions with 

ATP or AMP-PCP treated with increasing concentrations of Tat-SF1 antibody.   
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First, increasing concentrations of SF3B1’s ULM4 and ULM5 were added to extracts 

and then spliced with either ATP or AMP-PCP. After 10 minutes, both B and A-

complex were seen in all the lanes that contained ATP. There was no difference in 

lanes with the addition of either ULM’s as compared to WT in the ability of any 

complexes to form. (Fig 15B).  ULM5 has the highest affinity for the UHM of Tat-

SF1 (Talkish, Igel et al. 2019), even more ULM5 was added to a reaction to see if it 

could bypass the ATP requirement. After 4 minutes, A-complex was seen only in 

samples that contained ATP. There looks to be a dose dependent effect ULM5 on A-

complex formation (Fig 15C). Addition of SF3B1’s ULM high affinity peptides to 

inhibit Tat-SF1’s interaction with SF3B1 was not enough to bypass the ATP 

requirement of A-complex formation but it was significantly decreased. 

Blocking Tat-SF1 from interacting from the spliceosome may not be enough 

to see its effect on spliceosome formation. Next, Tat-SF1 was depleted from HeLa 

extracts by using a Mouse Anti-Tat-SF1 antibody bound to IgG Dynabeads. There is 

~3-10% residual Tat-SF1 left in these extracts after treatment (Fig 16A). 

Quantification of the protein was done with the Licor scanner as noted above. In these 

blots, two populations of SF3B1 were visible when Tat-SF1 was IP-ed. The higher 

band might be a phosphorylated form of SF3B1 that is also bound to Tat-SF1. SF3B1 

is phosphorylated by the kinase DYRK1A during the splicing process (de Graaf, 

Czajkowska et al. 2006). This result was not investigated any further. 

Using these Tat-SF1 depleted HeLa extracts, splicing is done with either ATP 

or AMP-PCP (Fig 16B). WT (untreated), and Mock (extracts depleted using a Mouse  
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Figure 15. Addition of SF3B1’s ULM’s to extracts to not bypass the ATP 
requirement of A-Complex formation. A. Diagram of Tat-SF1 and SF3B1’s protein 

domains. The ULM’s of SF3B1 used in the experiment are indicated. B. Native gel of 
10-minute splicing reactions with ATP or AMP-PCP. Increasing concentrations of 
either ULM4 or ULM5. C. Native gel of 4-minute splicing reactions with ATP or 

AMP-PCP. Increasing concentrations ULM5. 
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IgG Antibody) were used as controls. Another control was 1.4mM Mg. Low 

concentrations of Mg++ inhibit splicing from going past B-Complex, which was used 

as a marker of the difference complexes formed after 10 minutes. All three extracts 

(WT, Tat-SF1 depleted, and mock) showed A and B-Complexes after 10 minutes 

with ATP. The 3-10% depleted Tat-SF1 extracts still required ATP for the formation 

of A-Complex (Fig 16B). Splicing was extended to 60 minutes for the Mock and Tat-

SF1 depleted samples with AMP-PCP to see if A-complexes formed slower without 

ATP. Only the E/H complex was seen in those samples. The three different methods 

above lead to the conclusion that Tat-SF1 is not the only factor enforcing the first 

ATP dependent step of splicing. 

DISCUSSION 

Much of splicing between yeast and humans is similar in spliceosome 

assembly and chemistry, but there are still many differences that are not well 

understood. Yeast’s very few introns contain well defined splice sites such as the 

UACUAAC branchpoint sequence. Most mammalian pre-mRNA’s have an intron 

that could be spliced in a myriad of ways. Core splicing factors are observed in both 

the mammalian and yeast spliceosomes. Information gained from yeast can help 

inform a homologous protein’s function in a more complex environment such as the 

mammalian system. The human homolog of the yeast protein CUS2, called Tat-SF1, 

has been shown to have a similar structure, binding partners, and function while 

expressed in yeast. The question becomes whether Tat-SF1 has retained the same 

function or acquired new functions in the mammalian system. 
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         Improper splicing, use of cryptic splice sites for example, can lead to 

deleterious effects in an organism. Steps to ensure fidelity are scattered around 

spliceosome assembly and the splicing process. Early recognition of the branchpoint 

sequence is critical for intron selection because this choice can influence 3’ss choice 

(Darman, Seiler et al. 2015). CUS2 is important in an early step of spliceosome 

assembly in which the correct branchpoint is chosen. Alternative splicing mammals 

gives an extra push in the need for fidelity of splice site choice. Tat-SF1 may have the 

same functions as CUS2 or evolved to have other functions that are key to 

spliceosome assembly. To determine if Tat-SF1 does the same basic function as 

CUS2, I set out to splice in HeLa extracts lacking or blocking of Tat-SF1 and ask if it 

enforces the first ATP dependent step of splicing.   

I was able to knockdown Tat-SF1 and SF3B1 in Hek293 cells by using siRNA 

targeting each respective protein. Cells treated with either siRNA looked sick, 

supporting that both proteins influence a cell's health. It has been shown that 

embryonic stem cells lacking Tat-SF1 stalled at G2/M phases and after time they 

underwent cell death (Corsini, Peer et al. 2018). I also noticed a reciprocal 

relationship between Tat-SF1 and Sf3b. The proteins influence each other's protein 

expression but not equally. Tat-SF1 siRNA knockdown only slightly reduces SF3B1 

protein levels while SF3B1 siRNA has a bigger influence on Tat-SF1 protein levels. 

A similar result was seen by the Kielkopf lab as well (Loerch, Leach et al. 2019). 
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Figure 16. Depletion of Tat-SF1 from HeLa extracts does not bypass the ATP 
requirement of A-Complex formation. A) Western Blot of HeLa extracts depleted of 
Tat-SF1. Stained for both SF3B1 and Tat-SF1. B. Timecourse of extract WT, Mock, 

and Tat-SF1 depleted extracts spliced with ATP or AMP-PCP.   
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In the first attempt to ascertain if Tat-SF1 enforced the ATP requirement, a 

mouse anti-Tat-SF1 antibody was used. ATP was still required for A-complex 

formation, but it is possible that the binding of the antibody was not able to block its 

interaction with the spliceosome. The antibody was incubated in the extracts for 10 

minutes before splicing occurred, it is unclear if enough time was allowed for all or 

most of the Tat-SF1 was bound. 

Isothermal Titration Calorimetry of all five of SF3B1’s ULM’s to Tat-SF1’s 

UHM showed that ULM5 had the highest preference for binding followed by 

ULM4 (Talkish, Igel et al. 2019).  With this information, we thought that if peptides 

of these ULM’s were added to extracts then the ability of Tat-SF1 binding to SF3B1 

would be disrupted. With ULM4 and 5 peptides available (a gift from the Keilkopf 

lab), they were tested for the ability to bypass the first ATP requirement. ATP was 

still required for A-Complex formation in all situations. The direct ability of the 

ULM’s to block Tat-SF1’s ability to splice was not tested but they provided more 

evidence that Tat-SF1 alone is not enforcing the ATP requirement. 

It is possible that there are other factors that Tat-SF1 might be associating 

with that could be influencing the ATP requirement. To get a cleaner experiment Tat-

SF1 was depleted from HeLa extracts by pulldowns. With about 5% of Tat-SF1 

remaining in an extract, ATP was still required for A-complexes. Tat-SF1 did pull 

down some SF3B1 with it in the IP but it was not a significant amount to inhibit 

splicing. It was interesting to see the two bands corresponding to SF3B1 on the blot. 

These could correspond with phosphorylated and unphosphorylated SF3B1 
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populations. While this was never investigated further, it could suggest that either 

Tat-SF1 remains associated with the spliceosome for a longer time-period, 

corresponding to the phosphorylated SF3B1, or that there is no bias for the type of 

SF3B1 bound to by Tat-SF1. 

Overall, it looks as though while Tat-SF1 contains a similar structure to CUS2 

and can enforce the ATP requirement of A-Complex formation in yeast, it has a more 

complicated function in mammals. A recent Cryo-EM structure model showed Tat-

SF1’s presence in the 17s U2 snRNP and provided further evidence to Tat-Sf1’s 

interaction with SF3B1 (Zhang, Will et al. 2020). The evidence presented above, and 

others suggest that while Tat-SF1 may be able to replace CUS2’s function in yeast, it 

may not be as simple or the same in a mammalian system. Mammalian introns are 

more complex than yeast and require more for intron recognition than yeast.  Further 

studies need are required to elucidate the mysterious function of Tat-SF1 in 

uninfected cells.  
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MATERIALS AND METHODS 

Hek293 Transfection 

         Transfection was done on Hek293 cells grown to 80% confluency in 6-well 

plates with Lipofectamine 1000. 2ug of Plasmid DNA or 100uM siRNA was added, 

and cells were harvested after 24 hours. Samples were used for either Western 

Blotting or RTPCR. siRNA 180 5’GAGAGUACCUCAGACAGAAtt3’. siRNA 179 

5’GCUGAUUAUUGUAUUCAGAtt3’ Dharmacon 5’ 

GUUAAAUGCAUGCAGAAUAUU 3’. SF3B1 siRNA 

5’UAUAUCAUUAAGCAAUGCCACAGGG3’ 

Protein depletion and Western blotting 

 See methods in chapter 2 on page 57 

In vitro splicing 

         Pre-mRNA substrates were derived from the adenovirus major late (ADML) 

transcript and 32P-UTP body labeled and G(5’)ppp(5’)G-Capped by using T7 run-off 

transcription (MegaSctipt kit). The gel purified substrates contained varying BP’s and 

extended base pairing upstream of the BP. HeLa cell extracts (a gift from the Jurica 

Lab) were grown in DMEM/F-12 1;1 and 5% (v/v) newborn calf serum. For splicing 

reactions, 10nM pre-mRNA was incubated with 60mM Potassium Glutamate, 2mM 

magnesium acetate, 2mM ATP, 5mM creatine phosphate, 0.05 mg/mL-1 tRNA, and 

50% (v/v) HeLa NE at 30C for 5 to 60 minutes. In some reactions, ATP was depleted 

from NE extracts by incubation for 30 minutes at 30C and AMP-PCP added instead 
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of ATP. SF3B1 inhibitors, antibodies, proteins, and combinations of these were added 

at the beginning of the splicing reactions unless otherwise noted. 

To visualize spliced products, reactions were incubated for 65C for 10 minutes after 

addition of 200ul Splicing Dilution Buffer (0.3M NaOAc, 0.2% SDS, 1mM EDTA, 

and 10ug/ml proteinase K). 200ul of acid phenol was added to each reaction, ethanol 

precipitated, and resuspended in FEB (95% Formamide, 20mM 0.5M EDTA, 1% 

bromophenol Blue, and 1% cyan blue). Samples were loaded onto a 6% 

polyacrylamide gel with 8M Urea. 

Both Native and Splicing gels were vacuum dried visualized using 

autoradiography. Quantification of Native gels was done using Image-Quant software 

from Molecular Dynamics. 
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