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amino linker in U2-cy5 were labeled with Cy5 (GE Healthcare) in labeling buffer (100 

mM Na2CO3, pH 8.5) overnight at room temperature.  The labeled RNA was purified by 

ethanol precipitation and reverse-phase HPLC.  RNA concentrations of all samples 

were measured by UV-Vis absorbance at 260 nm.  

All the Protein samples (full length and truncated Prp24) were obtained from the 

Butcher’s lab in University of Wisconsin-Madison. Protein samples came in the storage 

buffer containing 50% glycerol, 25mM Tris, 125 mM NaCl, 1.25 mM DTT and 0.2 mM 

EDTA. 

2.2: MALDI-MS experiments 

Matrix-assisted laser desorption ionization-mass spectrometry was carried out to 

confirm the position of the modified nucleotide used for cy5 labeling in U6 RNA as 

described.64 The U6 RNA (300 pmol) were RNase T1 (~100 units) digested for 15 

minutes in order to produce smaller fragments. The molecular weights of the fragments 

were calculated by using the Mongo Oligo Mass Calculator v2.06. After RNase T1 

digestion, the reaction was stopped in dry-ice, dried and dissolved in 1ul of distilled 

water. 1 ul of MALDI matrix (3-hydroxypicolinic acid (HPA) in 50% acetonitrile), 0.5 µl of 

100 mM ammonium citrate and 1µl of RNA sample were mixed on the MALDI plate in 

the given order. The spot was dried for about 30min and used in MALDI experiment. 

Representative spectrums for Cy3-U6 and U2-linker sample are shown in Figure 7. The 

fragment that appears at 2654.716 is the fragment with the modified nucleotide used for 

Cy5 labeling in U6. In addition to the fragment with the modified nucleotide, all the other 

digested fragments were also observed within a reasonable error (Table 2). 
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Figure 7: MALDI result reveals the mass of the fragment that is used for Cy5 labeling. The peak at 
2654.716 is corresponding to the fragment containing the modified nucleotide for Cy5 labeling. The other 
two peaks at 1963.249 and 2391.170 are two of other fragments resulting from RNase T1 digestion. 

 

Table 2: The expected and observed masses from MALDI-MS experiments for the RNaseT1 

digested U6 RNA.  All the masses are observed within a 5% error. * Not observed. 

 

 

2.3: Fluorescence anisotropy experiments 

Anisotropy experiments were carried out using a spectrofluorometer with 

automated polarizers (Varian, Carry Eclipse). The U6 RNA with 5’ fluorescein (25 nM) 

and U2 RNA (50 nM) were mixed in a standard buffer (50 mM Tris-HCl, pH 7.5, 100 mM 

Fragment Sequence Expected 

mass 

Expected mass 
(without 3’ 

phosphate  ) 

Observed 

mass 

A1:G6 pAUACAGp 3267.597 3249.579 N/O* 

A7:G8 AGp 692.433 674.418 693.985 

A9:G11 AUGp 998.602 980.587 999.348 

A12:G16 AUCAGp 1632.995 1614.980 1633.940 

C17:G19 CAGp 997.617 979.602 999.348 

U20:G26 UUCCCCGp 2654.708 2636.693 2654.716 

C27:G32 CAUAAGp 1962.204 1944.189 1964.155 

G33:G33 Gp 363.224 345.209 N/O* 

A34:G36 AUGp 998.602 980.587 999.348 

A37:G41 AACCGp 1632.010 1613.995 1633.940 

U42:G51 UUUUACAAAGp 3209.919 3191.904 3211.360 

A52:G53 AGp 692.433 674.418 693.985 

A54:U59 AUUUAU 2390.739  2392.434 
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NaCl, and 10 mM MgCl2) and heated at 94 °C for 45 s and then annealed at room 

temperature for 20 min. Anisotropy was measured for Prp24 concentrations of 0 to 1 

µM. Fluorescein was excited at 490 nm (5 nm bandwidth), and parallel      and 

perpendicular       emission intensities were measured at 520 nm (5 nm bandwidth). 

Fluorescence anisotropy (r) is given by; 

   
      

         
 

 

in which G is an empirically determined, instrument-dependent correction factor.65,66 

 

2.4: Gel-shift assays 

U2/U6 complex was made by mixing U2 (4 µM)/ U6 (2 µM) or U2-cy5 (2 µM)/U6-

cy3 (2 µM) in buffer (50 mM Tris-Cl, pH 7.5, 100 mM NaCl, 10 mM MgCl2) and heating 

at 94 °C for 45 s, followed by 20 min incubation at room temperature for annealing. 

Prp24 (full length and truncated-first RRM is removed, denoted as 234C; 4 µM each) 

was added and incubated for ~10 min. After incubation, an equal volume of 40% 

glycerol was added to the reaction mixture. Non-denaturing (29:1 

acrylamide:bisacrylamide ratio, 15%) gel electrophoresis was performed in 50 mM Tris-

acetate, pH 7.5, 100 mM sodium acetate, 10 mM magnesium acetate, and 5 mM DTT at 

4 °C for >18 hrs at 100 V. The gel was scanned using a Typhoon 9210 Variable Model 

Imager (GE Healthcare) and analyzed with ImageQuant software (Amershan 

Bioscience). 
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2.5: Single-molecule experiments 

Single molecule experiments were performed as described.58, 60 Two RNA strands (2 

µM U6 and 4 µM U2) in standard buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, and 10 

mM MgCl2) were heated at 94 °C for 45 s and annealed by cooling to room temperature 

over 20 min. The annealed, biotinylated, fluorophore-labeled complex was then diluted 

to 25 pM and immobilized on a PEGylated surface of Quartz slides via a biotin-

streptavidin interaction to generate a surface density of ~0.1 molecules/µm2. The donor 

fluorophores were excited in a home-built total internal reflection microscope with a 

laser (532 nm, 3 mW, Spectra-Physics Excelsior).  The donor and acceptor emission 

were separated using appropriate dichroic mirrors (610DCXR, Chroma) and detected as 

two side-by-side images on a back-illuminated electron-multiplied CCD camera (Andor 

I-Xon).56,58,60  The individual donor (ID) and acceptor (IA) intensities were measured by 

integration of their relative spot intensities. The donor (ID) and acceptor (IA) 

fluorescence signals of optically resolved single molecules (characterized by single-step 

photobleaching) were detected and used to calculate the FRET ratio as IA / (IA + ID), 

and followed in real time for each molecule. 

In concentration-based experiments, the measurements were obtained under 

variable Protein concentrations (0 – 100 nM full length and truncated Prp24, 234C) at 

room temperature with an oxygen-scavenging system (OSS), consisting of 5 mM 

protocatechuic acid (PCA) and 0.1 µM protocatechuate 3,4-dioxygenase(PCD), to 

reduce photo-bleaching.67 Resulting time trajectories were then used to draw a 

histogram, which represents the frequency of the population at different FRET values. A 

cutoff FRET value of 0.3 was used to distinguish between high and low FRET 
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conformations. To determine dissociation constant (KD) values for binding of full length 

Prp24 and truncated proteins; the fraction of molecules with low FRET state was plotted 

as a function of the concentration of protein and fitted to a modified Hill equation: 

                      
        

  
          

 

in which f0 is the initial fraction of molecules at  low FRET state, fmax is the final fraction 

of molecules at low FRET state, n is the Hill coefficient, KD is the dissociation constant 

and [Prp24] is the concentration of protein . 

          In time-dependent experiments, cy3-U6 (2 µM) and U2-cy5 RNA (2 µM) strands 

(Figure 11a) were used and samples were prepared as described earlier. The 

measurements were done every five minutes and histograms were drawn for each time 

point. A cutoff FRET value of 0.14 was used to distinguish the FRET states 

corresponding to the conformations with and without U2. To determine the rate constant 

(Kobs) for dissociation of U2, the fraction of molecules with zero FRET state was plotted 

as a function of time and fitted to an exponential fit. 

 

 

 

 

 

 

 

 



19 
 

 

CHAPTER 3: Results and Discussion 

Although many studies have revealed the role of Prp24 on U4/U6 complex, it’s 

unclear whether it also has any role in modulating the structural dynamics of U2/U6 

complex. Since it was suggested that Prp24 acts as a recycling factor and is also tightly 

associated with U6, we propose that Prp24 may be involved in unwinding the U2/U6 

complex after catalysis, and therefore helping to recycle snRNAs. To study the effect of 

Prp24 on the structural dynamics of U2/U6 complex and the role of Prp24 as a 

chaperone to unwind U2 from the complex, we carried out single-molecule FRET 

experiments in the presence and absence of full length and truncated Prp24. Doing sm-

FRET allows us to determine the actual KD for Prp24 binding, structural dynamics of the 

complex and the intermediate steps occur during unwinding of the U2.  

 

Figure 8: Structural dynamics of the U2/U6 complex in the absence of Prp24 (a) Secondary structure 
model of the spliceosomal snRNAs U2-U6 of Saccharomyces cerevisiae. U6 strand (purple) is labeled 
with cy3 at the 5’ end, internal cy5 and biotin at the 3’ end. U2 (blue) base paired with U6. Highly 
conserved residues are highlighted in red. (b) Time trajectory of a single U2/U6 complex (10 mM Mg

2+
). 

Top: individual donor (blue) and acceptor (red) intensities and resulting FRET trajectory. Bottom: 
corresponding FRET histogram. Three distinct FRET states indicate the presence of three conformations. 
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We used the minimal U6 strand (nucleotide 45-104) including the GNRA pentaloop 

and minimal U2 strand, to study the effect of Prp24 on the dynamics of U2/U6 complex 

using sm-FRET (figure 8a). The labeling strategy is similar to previous study, and RNAs 

were purified, labeled and immobilized on quartz slides (figure 6) as described in the 

Material and Methods section.  

3.1: Gel-shift assay and fluorescence-anisotropy measurements reveal binding of 

Prp24 with the yeast minimal U2/U6 construct  

Previous studies on Ppr24 have shown that Prp24 binds to U6 tightly and only 

associates with U6, but not with U4. Apparent KD values for binding of full-length and 

truncated (some RRMs were removed) Prp24 were observed previously using gel-shift 

assays and filter-binding assays.49 Similarly, we have carried out gel-mobility-shift 

assays and fluorescence-anisotropy experiments to check binding of Prp24 to the 

minimal U2/U6 complex used in this study. 

We incubated preformed U2/U6 complex with full length Prp24 or truncated 

protein, (RRM1 removed; denoted as 234C), and ran a native gel (Figure 9a). Lane 1of 

the figure 9a has only U6, represents by the high intensity band. The low intensity band 

migrating slower than the main band in the lane 1 may correspond to randomly folded 

U6, given that we were not been able to see that band in a denaturing gel. The shift in 

the band at second lane corresponds to formation of the U2/U6 complex. The slower 

migrating band in 3rd lane corresponds to Prp24 bound to U2/U6 complex. Interestingly, 

the Prp24-U2/U6 complex shows lower FRET than the U2/U6 complex alone, 

suggesting that binding of Prp24 induces a rearrangement in the U2/U6 complex, 
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resulting in a low FRET conformation. The 4th lane has a very faint band that 

corresponds for the Prp24-U2/U6 complex, suggesting that the binding of truncated 

protein, 234C, is few folds less than that of full-length protein. This result is in good 

agreement with the gel-shift results of the Brow lab, in which deletion of RRM1 leads to 

five-fold decrease in the Prp24 binding affinity for U6.49 In the 3rd and 4th lanes, some of 

the sample has retained, may be due to the formation of higher order complexes with 

U2/U6 and Prp24 result in the bright bands. 

 

Figure 9: Prp24 binds to U2/U6 complex. (a) Gel-shift assay with Prp24 and the U2/U6 complex. Lane 1: 
U6 only, Lane 2: U2/U6 complex, Lane 3: U2/U6 with Prp24, Lane 4: U2/U6 with 234C. (b) Fluorescence 
anisotropy experiment with U2/U6 complex at different Prp24 concentrations. Anisotropy data was plotted 
against Prp24 concentration and fitted to a quadratic binding equation. 
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To further characterize binding of Prp24 to the U2/U6 complex, we performed 

fluorescence anisotropy experiments. In anisotropy, the fluorophores attached to a 

particular molecule are excited using polarized light. The excitation of the fluorophores 

depends on the orientation of those against the applied polarization.  If the fluorophores 

are not changing their orientation, the emission light also is polarized. Freely moving 

fluorophores show a reduction in the polarization of the emitting light. On the other hand 

if the fluorophore cannot rotate freely the emitting polarization will be high.65,66 This 

phenomenon is used in fluorescence anisotropy experiments to check the protein-RNA 

interactions. We attached Fluorescein to U6 RNA (U6-fl) and anneal the complex with 

unlabeled U2. In the absence of Protein, fluorophore attached to the U6 snRNA rotates 

in a characteristic time scale which will then result in a relatively low anisotropy value. 

Upon Prp24 binding to U2/U6 complex, the movement of RNA (and therefore its 

attached fluorophore), will be hindered and the anisotropy will increase. The change in 

anisotropy is proportional to the fraction of U2/U6 complex bound to Prp24. By 

measuring the fluorescence anisotropy at different Prp24 concentrations and fixing data 

in to quadratic equation, we were able to estimate the dissociation constant for Prp24 

binding to the U2/U6 complex.  

 

                       
                                                      

        
  

 

In the equation above, ro is lowest anisotropy value, rmax is highest anisotropy 

value, [Prp24] is the corresponding protein concentration, [RNA] is the concentration of 
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U6-fl used and KD is the dissociation constant. Since, in the fluorescence-anisotropy 

experiments RNA concentration is limited (we have to use at least 25nM fluorescein-

labeled RNA), the fit in figure 9b yielded an apparent KD value, but not the actual. The 

apparent KD value for the Prp24-U2/U6 complex obtained by this experiment is 42 ± 6 

nM. Previous gel-shift results of the Brow lab49 has came up with an apparent KD value 

of 43 ± 11nM, and our KD value is similar to that.  

3.2: Presence of Prp24 affects the structural dynamics of U2/U6 complex 

According to our hypothesis, if binding of Prp24 induces a conformational change 

in the U2/U6 complex, we should obtain different FRET states distributions in the 

presence and absence of Prp24. Previous studies carried out in our lab using minimal 

U2 and minimal U6 RNAs suggested that the U2/U6 complex adopts at least three 

distinct conformations corresponding to three different FRET states.33 Figure 8b 

represents a typical FRET trajectory, and the corresponding histogram obtained for the 

U2/U6 complex at 10 mM Mg2+ which clearly shows three FRET values corresponding 

to three distinct conformations, which is in accordance with the previous single molecule 

data.33 A characteristic FRET trajectory and FRET histogram in the presence of Prp24 

are shown in Figure 10a. Addition of Prp24 resulted in static 0.2 FRET state compare to 

the dynamic three FRET states in the absence of Prp24. The FRET histogram show, in 

the presence of Prp24, there is a dramatic increase of the 0.2 FRET population, 

indicating that the binding of Prp24 with U2/U6 complex affects the structural dynamics 

of U2/U6 complex.  
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In order to confirm the specificity of Prp24 at stabilizing the low FRET state, we 

carried out similar single-molecule FRET experiments with PTB (polypyrimidine tract 

binding) protein and Mss116 at 100 nM concentrations. PTB protein is a RNA binding 

protein with RNA recognition motifs similar to the Prp24.35 PTB has used as a control in 

this experiment, due to its similarities. If the resulting change in the FRET states is due 

to a binding of RNA binding protein and it has a better chance that binding of PTB also 

giving a same result. Similarly, Mss116, an ATP-dependent RNA helicase68, should 

make such change in the FRET states by its helicase activity. Histograms in figure 10b 

show that there is no increase in the 0.2 FRET state at a higher concentration of both 

PTB and Mss116, revealing that the inducing conformational changes in U2/U6 complex 

and stabilizing low FRET state are specific for Prp24.  

 

Figure 10: Binding of Prp24 with the U2/U6 complex stabilizes the low FRET conformation. (a) The 
single-molecule FRET time trajectory and the corresponding histogram in the presence of Prp24.  Prp24 
shifts the FRET ratio to 0.2, revealing a conformational change in the U2/U6 complex. (b) Histograms for 
the control single-molecule experiments with PTB and Mss116 proteins reveal that conformational 
change in U2/U6 is specific for Prp24. 
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3.3: Effect of RRMs on the binding of Prp24 with U2/U6 complex 

As stated in previous studies, the four RRMs of Prp24 have different functions in 

formation and destabilization of the U4/U6 complex. Among the four RRMs, it has been 

shown that RRM1 is more important for the high affinity binding of Prp24 to U6.49 To 

study the effect of RRM1 on the binding of Prp24 with U2/U6 complex, we carried out a 

set of single-molecule experiments at various concentrations of the full-length protein 

(Prp24) and truncated protein (234C), where the N-terminus and RRM1have been 

removed49. For this set of experiments, we kept [Mg2+] constant at 10 mM. In the 

presence of the full length protein (Prp24), histograms were built for each Prp24 

concentration. Then, we divided the integral of the peak at 0.2 FRET by the total integral 

of all the peaks, obtaining the fractions of molecules at 0.2 FRET for each Prp24 

concentration (Figure 11a). Those fraction values were plotted as a function of Prp24 

concentration and fitted to the modified Hill equation. As shown in figure 11a, in the 

absence of Prp24, more molecules tend to be in higher FRET states (0.4 and 0.6). 

Upon increasing Prp24 concentration, the fraction at 0.2 FRET state increases, 

reaching a plateau at Prp24 concentrations above 5 nM. The titration curve (Figure 

11b), yields a KD value of ~2 nM, indicating a tight binding of Prp24 to U6. Since in 

single-molecule FRET experiments we immobilize the RNA, the RNA concentration is 

considered as zero and thus the resulting KD value has not limited by the RNA 

concentration, which will be the actual KD value for the Prp24 binding. According to the 

previous gel-shift results of Brow lab, the actual KD value for the full-length Prp24 is ~ 2 

nM, which has calculated from bulk binding studies. Our data has given a ~10 fold lower 
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KD. The difference between two KD values may be due to the use of single-molecule 

experiments, where we consider one molecule at a time. 

 

 

Figure 11: of full-length Prp24 (a) and truncated 234C (c) on the conformational dynamics of U2/U6. 
Each panel corresponds to an average smFRET histogram from >100 single-molecule trajectories at the 
indicated full-length and truncated protein concentrations. The fraction of molecules in the 0.2 FRET state 
is plotted against Prp24 (b) and 234C (d) concentrations and fitted to a Langmuir equation to yield the KD 

values for the binding of protein to U2/U6 complex. 

 

In order to characterize the role of RRM1 in binding and activity, we carried out 

another set of experiments with different concentrations of 234C, the truncated protein 

in which RRM1 has removed. All the experiments and analysis were done in the same 
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way as explained above for the full-length protein. When RRM1 is removed, only ~58% 

of molecules found to be in 0.2 state, whereas ~42% are in 0.4 state (figure 11c). This 

indicates that RRM1 is important for Prp24 binding to U2/U6 complex. The lower affinity 

of 234C allows U2/U6 to undergo dynamics to some extent, which results in 40% of the 

molecules having a 0.4 FRET state. Despite the decrease in binding upon RRM1 

removal, a stabilization of the 0.2 FRET state could be observed, indicating that the rest 

of the protein can bind to U2/U6 complex and stabilize the low FRET conformation. 

Previous studies have shown that RRM1 interacts with the phosphate backbone of 3’ 

downstream GAUCA sequence via electrostatic interactions and when RRM1 is 

removed, binding affinity of Prp24 is reduced.49 Gel shift binding assays demonstrated 

that RRM1 and RRM2 are important for the high affinity binding of U6 snRNA and 

removal of RRM1 results in a five-fold reduction in the binding of Prp24.49 Although our 

gel-shift assay have also revealed similar results where 234C shows few fold lower 

binding with U2/U6 complex resulting a very low intensity band in the gel, our single-

molecule results have not shown such a big different between the effect from full-length 

and 234C protein. According to the single-molecule data, only about 60% of the 

molecules stay at 0.2 FRET state in the presence of 234C, whereas about 80% of 

molecules stay at 0.2 FRET state in the presence of full-length protein. Calculated KD 

for the 234C binding is ~0.4nM, which is just a two fold increase than that of full-length 

protein (Figure 11d). This suggests that the higher concentrations of 234C also facilitate 

the conformational dynamics of U2/U6, but it is less effective than the full-length protein. 

Therefore we suggest that with removal of RRM1, the magnitude of disruption of base 
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pairing between U2 and U6 may be reduced and the low FRET conformation is less 

stabilized.  

These results can be explained according to the previously proposed model for 

binding of different RRMs of to U6.48,49 RRM1 binds with the 3’ downstream GAUCA 

bases, which are involved in base pairing with U2 in the U2/U6 complex. Binding of 

Prp24 with the U2/U6 complex can destabilize those base pairings, resulting in a 

disruption of helix I. In addition, RRM4 disrupts the lower region of U6 ISL.48 Altogether, 

these disruptions will result in the formation of a large bulge consisting of ACAGAGA 

loop, downstream GAUGA sequence, and the bases in the lower ISL region, which 

might weaken the base-pairing in helix III. These changes in U2/U6 may cause a 

conformational change that result in a low FRET state. When RRM1 is removed, 

disruption of base pairing at helix I is prevented. Therefore, the effect of formation of the 

extended loop is reduced, leading to a concomitant reduction in the magnitude of the 

disruption of base pairing between U2 and U6. The difference between our KD and the 

previously published data can again be due to the use of single-molecule experiments, 

which provides actual KD values because it doesn’t limit the RNA concentration as in the 

bulk studies. This model explains why the 0.2 FRET state is less populated, even at a 

higher [234C] and why it shows a lesser effect on the conformational dynamics of 

U2/U6 compared to full-length protein. 
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3.4: Binding of Prp24 facilitates the unwinding of U2 from the complex 

Previous studies have shown that Prp24 acts as a chaperone and binding of Prp24 

can disrupt the base pairings, resulting in a destabilization of the U6 ISL. Similarly, our 

single-molecule data also revealed that binding of Prp24 induces a conformational 

change in U2/U6, and thus, we suggest that it occurs via disruption of base pairing 

between U2 and U6, especially within helix I and III. To test whether Prp24 acts as a 

chaperone and facilitates the unwinding of U2 from the complex, we have done a gel-

shift assay followed by single-molecule experiments with a different labeling pattern. For 

this set of experiments we labeled the 3’ end of U2 with cy5 using a C7 amino linker, 

and used 5’ -cy3 labeled and 3’ biotin attached U6 (Figure 12a). According to the 

position of the fluorophores, if the U2/U6 complex is formed, we should get high FRET. 

On the other hand, if binding of Prp24 destabilizes base pairing between U2 and U6 and 

unwinds U2 from U6 as suggested earlier, we should then obtain a zero or a low FRET 

value. Using this construct, we carried out experiments to determine the effect of Prp24 

and 234C in the unwinding of U2 from the complex.  

First we have done a gel-shift assay as described in Materials and Methods. Lane 

1 and 2 of figure 12b correspond to U2 and U6 RNA strands alone and the clear shift in 

lane 3 is indicating the formation of U2/U6 complex. The color of the band represents 

the corresponding FRET of the complex, which confirms the adoption of a high FRET 

conformation by the U2/U6 complex. The larger shift in lane 4 corresponds to the 

binding of Prp24 with the complex, and green color of the band suggests that the Prp24-

U2/U6 complex is adopting a low FRET conformation. This is in accordance with our 

previous results (3.2, 3.3) in which binding of Prp24 stabilizes a low FRET conformation. 
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Increase of free U2 in the presence of Prp24 confirms our hypothesis that binding of 

Prp24 disrupts the base pairing between U2 and U6 and results in unwinding of U2 from 

the complex. The slow migrating green band in the presence of Prp24 may be due to 

the formation of a low FRET conformation of U6 as a result of removal of the U2 strand 

from the complex. 

To confirm the unwinding of U2 in the presence of Prp24, we carried out single -

molecule flow experiments, in which we flow Prp24 in standard buffer solution in real 

time. The results of this experiment show a change of FRET from 1 to zero upon 

introducing Prp24 in solution via an intermediate state of 0.2 (Figure 12c). We have 

done a control experiment where we flow the buffer without Prp24 (Figure 12d). The 

resulting traces barely showed any change in FRET state before and after the flow, 

confirming that the FRET change occurs due to the binding of Prp24.  

 

Figure 12: Prp24 induces unwinding of U2 from the complex. (a) Schematic diagram of U2/U6 complex 
used. Cy3 (donor) is attached to U6 and cy5 (acceptor) is attached to U2.  (b) Gel-shift assay with U2/U6 
complex and Prp24. Lane 1: cy3-U6, Lane 2: U2-cy5, Lane 3: U2/U6 complex, Lane 4: U2/U6 with Prp24, 
Lane 5: U2/U6 with 234C. (c) and (d) Characteristic FRET trajectories for single-molecule flow 
experiment with (c) and without (d) Prp24. 
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Then, we carried out single-molecule time-dependent experiments (as described in 

Materials and Methods section), to confirm that the formation of zero FRET state is not 

due to photobleaching of cy5, but unwinding of U2 from the complex upon Prp24 

binding. We have done these experiments at different concentrations of Prp24 and 

234C and as a control we did experiments with buffer only (Figure 13a). Upon addition 

of Prp24, the zero FRET population increased over time. In order to get the true rate for 

the U2 removal we first deduct the fraction of molecules at zero FRET due to 

photobleaching of fluorophores at each time point and then the resulting data were fitted 

to a mono-exponential function, yielding a rate (kobs) of ~ 0.15 min-1 in the presence of 

Prp24 (Figure 13b). Then we calculated the maximum fraction of molecules at zero 

FRET at different Prp24 concentrations and again did the correction for photobleaching. 

These data were then fitted to the modified hill equation and obtained dissociation 

constant (KD) of ~ 0.3 nM (Figure 13c). In contrast when 234C is added, rate of U2 

removal has reduced by ~four fold (kobs ~ 0.8 min-1) and the dissociation constant has 

reduced by ~ ten fold (KD ~ 3.0 nM) (Figure 13b and c). These results indicate that 

binding of Prp24 has destabilized the base pairing between U2 and U6 resulting a 

removal of U2 from the complex. The removal of U2 from the complex has increased 

over time and in the presence of higher Prp24 concentrations. On the other hand the 

binding affinity of prp24 to U6 has reduced when RRM1 is removed and thus it reduced 

the rate of removal of U2 from the complex.  

With these data we proposed a model for the role of Prp24 in the removal of U2 

from minimal U2/U6 complex. Binding of Prp24 with the minimal U2/U6 complex can 

disrupts the base pairing between U2 and U6 in helix I, as well as in the lower region of 
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U6 ISL resulting in low FRET (0.2 or zero). Furthermore, the destabilization of helix I 

and lower region of ISL may result in the formation of an extended loop, accompanied 

by the disruption of four base pairs at the helix III.  These sequential events will lead to 

a destabilization of helix II, facilitating the removal of U2 (Figure 14). On the other hand, 

when RRM1 was removed, we observed ~ 5-10 fold reduction in the formation of low 

(Figure 10a,c) or zero (Fig.13a) FRET conformations compared to that of full-length 

protein, which suggested that the truncated protein, 234C cannot bind to the U2/U6 

complex as tight as full-length protein and thus it cannot destabilizes the base pairing as 

efficient as full-length protein. Therefore it results in a lower rate and a lower 

dissociation constant than that of full-length protein. 

 

Figure 13: Binding of Prp24 facilitates the removal of U2. (a) Histograms from single molecule time 
dependent experiments for Prp24 (left), 234C (middle) and control (right), showing the change in zero 
FRET state along with the time. (b) Fraction of molecules at zero FRET as a function of time was plotted 
to obtain the rate of removal of U2 in the presence of Prp24 (red) and 234C (green). (c) Fraction of 
molecules at zero FRET as a function of Prp24 concentration (red) and 234C concentration (green) was 
plotted to obtain the dissociation constant for U2 removal. In both (b) and (c), photobleaching rate has 
removed. 
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In summary in the light of the results we obtained, we suggest that Prp24 plays an 

important role in U2 and U6 snRNP recycling by dissociating the U2/U6 complex. Due to 

the short lengths of minimal U2/U6 complex, binding of Prp24 results in a complete 

dissociation of two snRNAs from each other. Although we found that the Prp24 

facilitates the complete removal of U2 from the minimal U2/U6 complex, we suggest 

there may be other protein factors such as some helicases are also involved in this 

process at cellular level, where full-length U2 and U6 snRNAs are present. After U2 

dissociates, Prp24 may remain bound to the U6 and also stabilizes U6 in an 

intermediate conformation, preventing the premature activation of U6 and later it binds 

with U4 to form the U4/U6 complex and join with another spliceosomal assembly cycle. 

 

 

Figure 14: The proposed model for the role of Prp24 on the conformational dynamics of U2/U6 complex. 
In the presence of Prp24, base pairing between U2 and U6 RNAs are disrupted and U2 is unwound from 
U6, suggesting a novel role for Prp24 in recycling spliceosomal snRNAs. 
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CHAPTER 4: Conclusions and future directions 

The spliceosome is a large RNA-protein complex that catalyses the splicing 

reaction, in which introns are removed and exons are religated to form mature mRNA. 

The spliceosome consists of five snRNPs and numerous proteins. Assembly of these 

snRNPs and proteins at different steps is crucial for its function. Some of the proteins 

are involved in assembly and catalysis, some are ATP-dependent helicases, and some 

are ATP-independent RNA chaperones, which facilitates the structural rearrangements 

of snRNA complexes in spliceosome. One of these proteins is Prp24, a U6-associated 

chaperone. Previous studies have shown that Prp24 is important for formation of the 

U4/U6 complex, and some studies have suggested that it may also be involved in the 

dissociation of U4/U6 prior to the formation of U2/U6 complex, which is the catalytically 

active complex42,44,64. These studies proposed that Prp24 acts as a recycling factor 

helping to unwind U4/U6, and it helps them to form a complex again at a later stage of 

the spliceosomal assembly pathway. Also, some studies suggested that after removing 

U4, Prp24 stays bound to U6 and prevents premature formation of the active 

conformation. Therefore, Prp24 seems to play an important role in spliceosomal 

assembly41,44. 

We have carried out single-molecule experiments to study the effect of Prp24 on 

the conformational dynamics of minimal U2/U6 complex. According to our previous 

studies, in the absence of Prp24, U2/U6 complex shows three distinct FRET states 

corresponding to three conformations. During our first set of experiments using doubly 

labeled U6 and unlabeled U2, we observed that addition of Prp24 stabilizes the low 

FRET (0.2) conformation. In contrast, the truncated protein, 234C in which the first RRM 
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was removed, is less efficient in promoting formation of the low FRET conformation. As 

proposed in previous studies, RRM1 is important for the high-affinity binding of Prp24 

with U649. Therefore, removal of RRM1 weakens binding, resulting in a less efficient 

stabilization of the low FRET state even at high concentrations of 234C. To test if Prp24 

plays a role in unwinding U2 from the complex, we used a construct with a cy3 label on 

U6 and a cy5 label on U2. Data from these experiments shows that upon addition of 

Prp24, the zero FRET state becomes populated over time, whereas when 234C is 

added, increase in the zero FRET state with time is ~four fold lesser over time. Also, gel 

shift assays with this construct shows that addition of Prp24 increases the level of free 

U2, suggesting that binding of Prp24 facilitates the removal of U2 from the complex.  

After two catalytic reactions and formation of mature mRNA, snRNAs should 

dissociate from each other to start a new cycle of spliceosome assembly. Previous 

studies have proposed that the ATP-dependent, DExD/H-box family protein Prp43 is 

involved in releasing U2, U5 and U6 after the completion of catalysis69. Similar to Prp24, 

Brr2; another DExD/H-box family protein, is also involved in unwinding the U4/U6 

complex70. In light of our results, we propose that Prp24 helps to unwind the minimal 

U2/U6 complex of yeast, similar to its function in dissociation of U4/U6. However in 

cellular conditions, in which full-length U2/U6 is associated with U5 at the catalytic core, 

other than Prp24, Prp43 may also involve in the unwinding of U2 from U6, and  also 

destabilizing U5 from U2 and U6 snRNAs, which results in dissociation of all three 

snRNAs from each other. With all these findings, we propose that Prp24 plays an 

important role in U2 and U6 snRNP recycling by dissociating the U2/U6 complex. 
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To further investigate the role of Prp24 and specific binding sites of RRMs, we 

propose to use fluorescently labeled Prp24 in single-molecule experiments. With these 

results we will be able to determine how each RRM contributes on the overall function 

of Pr24. We also plan on doing single-molecule experiments under cellular conditions 

with spliceosomal extracts, which will help us to understand the role of Prp24 and Prp43 

together in releasing U2, U5 and U6 after completion of catalytic reactions. These future 

studies will help us to reveal how Prp24 acts as a recycling factor helping to unwind U2 

from the active complex. 
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Splicing plays a major role in eukaryotic gene expression by processing pre-mRNA to 

form mature mRNA. Pre-mRNAs undergo splicing to remove introns, non-protein coding 

regions, and religate exons, protein coding regions. This process is catalyzed by the 

spliceosome, which consists of five small nuclear ribonucleoprotein particles (snRNPs: 

U1, U2, U4, U5 and U6) and numerous protein factors. Proper assembly of 

spliceosomal components is critical for function, and thus, defects in assembly can be 

lethal. Several spliceosomal proteins facilitate structural rearrangements important for 

spliceosomal assembly and function. Prp24 is an essential factor in U6 snRNP 

assembly, and it has been proposed to assist in U4/U6 formation and unwinding. Here, 

we address the question whether Prp24 affects the U2/U6 complex dynamics. Using 

single-molecule Fluorescence Resonance Energy Transfer (smFRET), we have 

previously shown that a minimal U2/U6 complex from yeast can adopt at least three 
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distinct conformations in dynamic equilibrium. Our new single molecule data show that 

Prp24 unwinds U2 from U2/U6 complex and stabilizes U6 in a low FRET conformation. 

We also show that the RNA Recognition Motifs of Prp24 affect the binding affinity of 

Prp24 for U6 and unwinding activity. We propose that Prp24 plays an important role in 

U2 and U6 snRNP recycling by dissociating the U2/U6 complex. 
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