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KEY POINTS: 13 

• Prp38, Snu23, and Spp381 associate together to form the B Complex Proteins (BCP) 14 
Complex 15 

• During yeast spliceosome assembly, the BCP binds after the tri-snRNP and leaves after 16 
NTC arrival 17 

• At low ATP, the BCP pre-associates with the tri-snRNP in complexes that are likely 18 
unproductive  19 
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ABSTRACT 20 

 Spliceosome assembly and catalytic site formation (called activation) involve dozens of 21 

protein and snRNA binding and unbinding events. The B-complex specific proteins Prp38, Snu23, 22 

and Spp381 have critical roles in stabilizing the spliceosome during conformational changes 23 

essential for activation. While these proteins are conserved, different mechanisms have been 24 

proposed for their recruitment to spliceosomes. To visualize recruitment directly, we used 25 

Colocalization Single Molecule Spectroscopy (CoSMoS) to study the dynamics of Prp38, Snu23, 26 

and Spp381 during splicing in real time. These proteins bind to and release from spliceosomes 27 

simultaneously and are likely associated with one another. We designate the complex of Prp38, 28 

Snu23, and Spp381 as the B Complex Protein (BCP) subcomplex. Under splicing conditions, the 29 

BCP associates with pre-mRNA after tri-snRNP binding. BCP release predominantly occurs after 30 

U4 snRNP dissociation and after NineTeen Complex (NTC) association. Under low 31 

concentrations of ATP, the BCP pre-associates with the tri-snRNP resulting in their simultaneous 32 

binding to pre-mRNA. Together, our results reveal that the BCP recruitment pathway to the 33 

spliceosome is conserved between S. cerevisiae and humans. Binding of the BCP to the tri-34 

snRNP when ATP is limiting may result in formation of unproductive complexes that could be 35 

used to regulate splicing.  36 

  37 
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INTRODUCTION 38 

RNA splicing is the process of removing introns from precursor mRNAs (pre-mRNAs) 39 

concomitant with ligation of the flanking exons. The process is mediated by a megadalton 40 

ribonucleoprotein complex, the spliceosome. The components of spliceosomes can be broadly 41 

categorized as small nuclear ribonucleoprotein complexes (U1, U2, U4, U5, U6 snRNPs), protein-42 

only complexes (Nineteen Complex, NTC; NTC-related complexes, NTR), and transiently 43 

interacting protein splicing factors (e.g., several DExD/H-box ATPases required for splicing). 44 

While spliceosome assembly is largely ordered, it is also a highly dynamic process (Fig. 1A) (1-45 

3). In brief, spliceosome assembly begins by recruitment of the U1, U2, and U4/U6.U5 tri-snRNPs 46 

to pre-mRNA to form the pre-B complex spliceosome. This is then followed by spliceosome 47 

activation during which the nascent active site is formed, the U1 and U4 snRNPs are released, 48 

and the NTC and NTR complexes are recruited. These steps involve the sequential formation of 49 

the B and Bact intermediate complexes. Ultimately, large-scale conformational and compositional 50 

changes lead to the formation of a U2/U6 di-snRNA catalytic center associated with the intron 51 

and capable of catalyzing splicing chemistry. Upon completion of exon ligation, the spliceosome 52 

disassembles, and its components are recycled for processing of other pre-mRNAs.  53 

During the activation of human spliceosomes, B complex-specific factors (PRPF38, MFAP1, 54 

ZMAT2, FBP21, SMU1, RED, NPW38, NPW38BP) are recruited during the transition from the 55 

pre-B to B complex spliceosome and released during the transition from the B to Bact complex (4-56 

7). Cryo-EM structures of human spliceosomes have revealed where these factors are bound. 57 

ZMAT2 and PRPF38 are positioned to anchor the U6 snRNA/5' splice site (SS) duplex to the N-58 

terminal domain of PRP8 whereas MFAP1 helps to stabilize the interaction between the 5' exon 59 

and U5 snRNA and interacts with the PRP8 switch loop (5). The binding sites for these proteins 60 

are mutually exclusive with that of Prp28 (a DEAD-box ATPase involved in the transfer of the 5' 61 

SS from the U1 to the U6 snRNA) indicating that Prp28 must be released before they can bind at 62 
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that location (8). Consequently, presence of these proteins on the human spliceosome signifies 63 

a particular state in which activation has begun, the pre-B complex has been converted to the B 64 

complex, the U1 snRNP has dissociated, the 5' SS has been identified and transferred to U6, and 65 

Prp28 has departed. 66 

Only PRPF38, ZMAT2 and MFAP1 are evolutionarily conserved between human and S. 67 

cerevisiae (hereafter yeast; Prp38, Snu23 and Spp381, respectively) (9). However, the three 68 

yeast proteins can be isolated as part of the yeast U4/U6.U5 tri-snRNP in the absence of splicing 69 

(9-13). As a result, two different pathways for recruitment of B-specific factors have been 70 

proposed: ordered recruitment of the human proteins during spliceosome activation after 71 

association of the tri-RNP (5) or simultaneous recruitment of the yeast tri-snRNP and B-specific 72 

factors (14). Given the evolutionarily conservation of the splicing machinery, the origins and 73 

consequences for this variation remains elusive as do the implications for 5' SS identification and 74 

Prp28 function (9).  75 

Prp38, Snu23 and Spp381 are all essential for yeast viability (15-17). Though no crystal 76 

structures of a yeast Prp38-Snu23-Spp381 co-complex have yet been solved, a crystal structure 77 

containing a ternary complex formed from fragments of Chaetomium thermophilum Prp38, Snu23, 78 

and MFAP1 has been obtained (18). This structure and accompanying biochemical data suggest 79 

that they can potentially function as a heterotrimeric subcomplex during splicing and associate 80 

with one another in the absence of the spliceosome. Further, the yeast proteins can form an 81 

isolable complex by gel filtration experiments (9). Despite evidence for interactions between the 82 

three proteins, it is not known if either the yeast or human B-specific factors are recruited to and 83 

release from tri-snRNPs or spliceosomes individually or as a single subunit.  84 

Since the transition from B to Bact spliceosome involves the exchange of about fifty factors 85 

(including the release of BCPs and the U4 snRNP and recruitment of the NTC and NTR), it is 86 

unsurprising that this transition likely involves the formation of several intermediates (14,19). Two 87 
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recent human pre-Bact spliceosome structures stalled during this transition using a small molecule 88 

splicing inhibitor revealed at least two sub-steps (5). In pre-Bact-1 spliceosome (representing the 89 

first sub-step), U4 snRNP has been released, PRPF38, ZMAT2 and MFAP1 are present, and a 90 

subset of NTC proteins have associated and can be resolved in the structure. PRPF38, ZMAT2 91 

and MFAP1 are also retained in pre-Bact-2 where they function to impede docking of the U6/5' SS 92 

duplex into the nascent active site and Prp8 re-arrangement. Together, these data suggest that 93 

PRPF38, ZMAT2 and MFAP1 are released after U4 snRNP dissociation and after NTC 94 

recruitment by an unknown mechanism. Similar activation intermediates have not yet been 95 

structurally characterized for the yeast spliceosome. 96 

The highly compositional and conformational dynamic activation process renders the 97 

underlying mechanism intrinsically complicated and difficult to study. Even though cryo-EM 98 

structures have provided a few snapshots along the activation path, the number of kinetic steps 99 

and characteristic spliceosome complexes involved in each transition are challenging to predict. 100 

Previously, our lab has employed Colocalization Single Molecule Spectroscopy (CoSMoS) to 101 

study the dynamics of major factors (U4 snRNP proteins, NTC proteins and Lsm2-8 proteins) 102 

involved in the activation pathway (19,20). In this work, we analyze the dynamics of yeast Prp38, 103 

Snu23 and Spp381 during activation and compare these to other splicing factors to order their 104 

arrival to and departure from single spliceosomes. Our results show that a human-like activation 105 

pathway is conserved for the yeast splicing machinery. Prp38, Snu23 and Spp381 bind to and 106 

dissociate from spliceosomes as a subcomplex, which we refer to as the B Complex Protein (BCP) 107 

subcomplex. Under splicing conditions, spliceosomes assemble by ordered, sequential addition 108 

of the tri-snRNP and BCP to pre-mRNAs. Surprisingly, association of the BCP with the tri-snRNP 109 

is ATP-dependent. Under low ATP conditions that prevent splicing, the BCP and tri-snRNP 110 

instead associate with pre-mRNA simultaneously. This observation likely explains the presence 111 

of the yeast BCP in tri-snRNPs and tri-snRNP-containing complexes purified under non-splicing 112 
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conditions. Together, our results provide insight into how tri-snRNP composition may be regulated 113 

by ATP and demonstrate evolutionary conservation of a fundamental step in spliceosome 114 

activation.  115 

MATERIALS AND METHODS 116 

Yeast Strains 117 

Yeast strains (Supplementary Table S1) were derived from the protease-deficient strain 118 

BJ2168. Splicing factors were C-terminally tagged by integrating fast SNAP or DHFR tags at the 119 

appropriate genomic locations by homologous recombination as described (1,20).  120 

Yeast Growth Assay 121 

Selected yeast strains were grown in YPD media to saturation in a 30oC shaking incubator. 122 

Concentrated yeast cultures were then diluted to OD600 = 0.03 with YPD media and placed in a 123 

48-well plate (Corning Costar 48-well Flat Bottom Cell Culture Plate). The plate was covered with 124 

a Breathe-Easy plate sealing membrane to limit evaporation during incubation. A Tecan Infinite 125 

200Pro plate reader was then used to monitor yeast growth by measuring the OD600 for 30 h at 126 

30 oC with shaking. 127 

Preparation of Yeast Whole Cell Extract (WCE) 128 

Yeast WCE for splicing was prepared according to published protocols using the ball mill 129 

method (21). SNAP-tagged proteins were fluorophore labeled as previously described (22). Briefly, 130 

SNAP-Surface® 549 dye (S9112S, New England BioLabs; abbreviated elsewhere as SNAP-131 

DY549) in DMSO was added to 1.2 mL yWCE to a final concentration of 1 μM. The reaction tube 132 

was rotated in the dark for 30 min at room temperature.  The reaction was then loaded onto a pre-133 

equilibrated G-25 Sephadex column (Kontes Flex Column) in SEC buffer (25 mM HEPES-KOH 134 

pH 7.9, 50 mM KCl, 1 mM DTT, 10% v/v glycerol) at 4oC to remove excess dye. A peristaltic pump 135 
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was used for pre-equilibrating the column and eluting the labeled extract at a flow rate of ~0.25 136 

mL/min with the SEC buffer. Fluorophore labeling of the proteins was confirmed by SDS-PAGE 137 

and fluorescence using a Typhoon FLA 9000 scanner (Cytiva) at 532nm. Results were analyzed 138 

with ImageQuantTL (Cytiva) software. 139 

In Vitro Splicing Assays 140 

 [α-32P] UTP radio-labeled (PerkinElmer) and m7G(5′)ppp(5′)G capped (New England Biolabs) 141 

RP51A pre-mRNA substrates were made by in vitro transcription of a linear DNA template with 142 

T7 RNA polymerase (Agilent or purified in the laboratory). The DNA template was produced from 143 

a PCR reaction of pBS117 plasmid (23) using Taq DNA polymerase (M7122, Promega), followed 144 

by gel purification of the products with a Wizard SV Gel and PCR Clean-Up System kit (Promega). 145 

Transcription products were separated on a 6% denaturing polyacrylamide gel (AccuGel 19:1, 146 

National Diagnostics), followed by ethanol precipitation of the extracted RP51A transcripts. 147 

Transcripts were resuspended in nuclease-free water (Ambion, Fischer Scientific) and quantified 148 

with a liquid scintillation counter (LSC, tri-carb 2900TR, Packard). 149 

A typical in vitro splicing reaction included 40% v/v WCE and 0.2 nM RP51A substrate in a 150 

splicing buffer [final concentrations: 100mM KPi pH 7.3, 3% w/v PEG-8000, 1mM DTT, 2.5mM 151 

MgCl2, 0.2U/μL RNasin Plus (Promega)]. The reaction was incubated at room temperature for 45 152 

min. The reaction was quenched in a splicing dilution buffer (100mM Tris base pH 7.5, 10mM 153 

EDTA pH 8.0, 1% w/v SDS, 150mM NaCl, 300 mM NaOAc pH 5.3). RNAs from the reaction were 154 

extracted using phenol-chloroform, ethanol precipitated, resuspended in deionized formamide, 155 

and separated on a 12% denaturing polyacrylamide gel. Gels were then dried and exposed to a 156 

phosphor screen overnight. The screen was imaged with a Typhoon FLA 9000 scanner (Cytiva), 157 

and results were analyzed with ImageQuantTL (Cytiva) software. The intensities efor RP51A pre-158 

mRNAs and splicing products were determined by integrating the signals within same-sized 159 

rectangles around the band. The background corrected intensities for bands were then used for 160 
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calculating splicing efficiencies. The 1st step efficiency was calculated as the ratio of the sum of 161 

the intensities of bands corresponding to products having completed 5' SS cleavage (the mRNA 162 

and intron lariat-3' exon) over the sum of those intensities plus that for the pre-mRNA band. The 163 

2nd step efficiency was calculated as the ratio of the intensity of the mRNA band to the sum of the 164 

intensities of the pre-mRNA, intron lariat-3' exon, and mRNA bands.  165 

Preparation of Fluorescently-Labeled RP51A pre-mRNAs 166 

 Fluorescent, biotinylated RP51A pre-mRNAs were prepared as described by splinted 167 

ligation of a fluorescent biotin handle oligonucleotide to a capped, RP51A transcript prepared by 168 

in vitro transcription using T4 RNA Ligase 2 (19,24).  169 

CoSMoS Assays 170 

Microscope slides (100490-396, VWR) and cover glasses (12-553-455, Fischer) were 171 

cleaned and passivated using a mixture of mPEG-SVA (MPEG-SVA-5K, Laysan Bio) and mPEG-172 

biotin-SVA (BIO-PEG-SVA-5K, Laysan Bio) at a ratio of 1:100 w/w in 100mM NaHCO3 (pH 8) 173 

buffer as previously described (19). 174 

For each CoSMoS assay, the mPEG mixture was washed off the slide with 1x PBS and 175 

then streptavidin (0.2 mg/mL, SA10, Kelowna International Scientific) was added and allowed to 176 

bind the surface. The excess streptavidin was washed off the surface using PBS and the 177 

biotinylated, fluorescent RNAs were then bound. The slide was washed a final time with PBS 178 

before addition of splicing assay buffer containing 40% v/v WCE, 20 nM Cy5-TMP, oxygen 179 

scavenger (5 mM PCA and 0.96 U/mL PCD), 1 mM Trolox, and triplet quenchers (0.5 mM propyl 180 

gallate, 1 mM cyclooctatetraene, 1 mM 4-nitrobenzyl alcohol) was added (1). The triplet 181 

quenchers were added as a mixture from a 100x stock in DMSO. Additional details of these 182 

procedures have been recently described elsewhere (19). 183 

CoSMoS Data Acquisition 184 
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 185 

Single molecule data were collected on a custom-built objective-type TIRF microscope 186 

using GLIMPSE software (https://github.com/gelles-brandeis/Glimpse) as previously described 187 

(19). For the laser illumination, powers were set to the ranges of 1.2 – 1.5 mW, 500 – 600 μW, 188 

400-440 μW, and 2.5 mW for the 488 nm (blue), 532 nm (green), 633 nm (red) and 785 nm 189 

(infrared) lasers, respectively. The 488, 532, and 633 nm lasers were used to image fluorophores 190 

while the 785 nm laser was used for focusing.  191 

Cycles of time-lapse imaging were used according to the following excitation scheme with 192 

each frame lasting 1s: the sample was illuminated with the 785 nm for focusing, the 488 nm blue 193 

laser was then turned on to collect two consecutive frames to image the immobilized RNAs, and 194 

then the 532 and 633 nm lasers were turned on to simultaneously collect 14 frames with a 3 s 195 

delay between adjacent frames. The total cycle time was ~1 min and this cycle was repeated 50x 196 

to collect videos lasting for ~50 min. To avoid photo bleaching of DY-549 and Cy5 fluorophores 197 

by the 488 nm laser, the path of the laser was physically blocked after collection of 10 frames of 198 

blue laser-illuminated images.  199 

Photobleaching Control 200 

 To estimate the influence of photobleaching of the SNAP tag fluorophore (DY549) on the 201 

experiments, we utilized a purified, biotinylated, and fluorescently-labeled SNAP protein. The 202 

protein was imaged under the same conditions used to follow splicing reactions, and its average 203 

fluorophore lifetime (t = 995 s) was determined by measuring the loss in fluorescence signal 204 

overtime as previously described (19). 205 

CoSMoS Data Analysis 206 

Single molecule data were analyzed as described previously (1,19,25) using a custom program 207 

imscroll (https://github.com/gelles-brandeis/CoSMoS_Analysis) written in MATLAB (The 208 
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Mathworks). Binding events were identified as signals centered within the AOI that appeared with 209 

intensities greater than 3.6x the standard deviation above the mean of the background noise. 210 

Loss of signals were identified as points in time at which the signal fell below 1x standard deviation 211 

above the mean background. 212 

Analysis of the measured dwell times and fits to kinetic equations were carried out using 213 

MATLAB and AGATHA software (https://github.com/hoskinslab/AGATHA) using maximum 214 

likelihood methods and fitting to equations containing one (Eq. 1), two (Eq. 2), or three (Eq. 3) 215 

exponential terms as described (25). 216 

 217 
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 223 

Bootstrapping was used to calculate standard errors for all fitted parameters. Fit parameters are 226 

included in Supplementary Tables S2 and S3. Histograms for the distribution of events were 227 

generated in MATLAB with empty bins removed. The error (standard deviation) for each bin were 228 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.08.08.606642doi: bioRxiv preprint 

https://github.com/hoskinslab/AGATHA
https://doi.org/10.1101/2024.08.08.606642
http://creativecommons.org/licenses/by-nc-nd/4.0/


 11 

calculated using Eq. 4, with the assumption that the number of events within a bin follows a 229 

binomial distribution. 230 

𝜎 = 	8𝑁𝑃(1 − 𝑃)										(𝐸𝑞. 4) 231 

RESULTS 232 

Prp38, Snu23 and Spp38 Have Similar pre-mRNA Binding Kinetics 233 

To visualize splicing factor dynamics directly, we genetically encoded C-terminal fast SNAP 234 

tags on Prp38, Snu23, and Spp381 in three separate yeast strains (Supplementary Table S1, 235 

strains #5-7). As a control, we also labeled the tri-snRNP protein Snu66 in a separate strain 236 

(Supplementary Table S1, strain #4).  Snu66 is released during the B to Bact transition but 237 

occupies a different binding site on the spliceosome than the other three factors (12). We 238 

confirmed that these SNAP-tagged proteins can be readily labeled with benzylguanine-239 

fluorophores (SNAP-DY549) in yeast whole cell extracts (WCEs) and that the labeled extracts 240 

efficiently spliced RP51A substrate pre-mRNAs (Supplementary Figs. S1, S2). We do note, 241 

however, that strains containing tagged Prp38 grew more slowly and produced WCE with lower 242 

splicing activity when Snu23 and Spp381 or NTC components were also DHFR tagged 243 

(Supplementary Fig. S2) relative to others. It is possible that tagging of Prp38 disrupts 244 

expression of its neighboring gene, SMD1 (a component of the U snRNP Sm ring), and that this 245 

contributes to the observed differences in growth and splicing activity (26). 246 

To observe splicing factor dynamics, we flowed a pre-mixed solution consisting of a 247 

fluorescently labeled WCE and splicing buffer into a reaction chamber containing surface-248 

immobilized, Alexa Fluor 488-labeled RP51A pre-mRNAs (Fig. 1B, C). We carried out the 249 

experiments at two ATP concentrations that either permit spliceosome activation and splicing 250 

(2mM ATP) or inhibit activation and splicing but permit assembly (0.05mM ATP)(27). Using a 251 

custom-built CoSMoS microscope(28), we could observe binding and unbinding dynamics of 252 

fluorescently labeled proteins on the fixed fluorescent pre-mRNA molecules in real time. 253 
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All of the proteins showed ATP-dependent dynamics. At 0.05mM ATP, the dwell times of each 254 

protein bound to single pre-mRNA molecules often lasted for tens of minutes (Supplementary 255 

Fig. S3). In comparison, the binding events at 2 mM ATP were much shorter and lasted from a 256 

few seconds to a few minutes. These results resemble single molecule data obtained from other 257 

proteins involved in spliceosome activation, such as Prp3 and Prp4 from U4 snRNP complexes 258 

(20) and Lsm8 from the Lsm2-8 ring complex (19). It is likely that the long dwell times observed 259 

at 0.05 mM ATP originated from stalled spliceosome complexes while the shorter times seen at 260 

2 mM ATP originated from transient binding due to release of these factors during spliceosome 261 

activation. 262 

We further analyzed the binding dynamics by fitting the collected, unbinned dwell times to 263 

exponential-based functions (Supplementary Table S2) and generating probability density 264 

histograms. At low ATP, histograms and fits for Prp38, Spp381, Snu23, and Snu66 are very 265 

similar to one another (Fig. 1D, Supplementary Table S2). In contrast, under conditions that 266 

permit activation (2mM ATP), the distributions and fits for Prp38, Spp381 and Snu23 remained 267 

similar to one another but were distinct from those of Snu66 (Fig. 1E, Supplementary Table S2). 268 

Together, these results indicate that Prp38, Spp381, Snu23 interact with the splicing machinery 269 

with similar kinetic features. These features are shared with Snu66 only under low ATP conditions 270 

that inhibit spliceosome activation and splicing.   271 

Prp38, Spp381, Snu23 are Recruited to and Released from Spliceosomes Simultaneously 272 

To see if the similarity in Prp38, Spp381, and Snu23 kinetics is coincidental or results from 273 

their presence together in a single spliceosomal subcomplex, we carried out experiments to 274 

visualize the recruitment and release of the proteins relative to one another during splicing. We 275 

carried out 3-color CoSMoS assays using WCE containing Prp38-SNAP labeled with SNAP-276 

DY549 fluorophores and DHFR tags on Spp381 and Snu23 labeled with Cy5-TMP fluorophores 277 

(Fig. 2A). 278 
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We first identified events in which DY549 signals from Prp38 and Cy5 signals from Spp381 279 

and Snu23 were colocalized on the immobilized RNAs since during spliceosome activation Prp38, 280 

Snu23, and Spp381 should all be simultaneously present (Fig. 2B, Supplementary S4). For 281 

these events, the binding patterns were then classified based on the relative recruitment and 282 

release orders for Prp38 and Snu23/Spp381 (Supplementary Fig. S5). For example, we 283 

determined if the DY549 signal appeared or disappeared before, after, or simultaneously with the 284 

Cy5 signal for each colocalized pair. We found that most of the event pairs (91%; 102/112) 285 

showed simultaneous arrival of Prp38-SNAP and Snu23/Spp381-DHFR signals (Fig. 2C). Among 286 

this subset, 77% showed simultaneous release of all three proteins (Fig. 2D). While it is possible 287 

that the proteins individually bind and dissociate too quickly one after the other for our 288 

measurements to detect, our data is most consistent with structural and gel filtration data 289 

(4,5,14,18) supporting formation of a Prp38/Snu23/Spp381 ternary complex in the absence of a 290 

spliceosome (i.e., the BCP). The BCP binds to and releases from the spliceosome as a single 291 

unit. 292 

We additionally used the measured dwell times for the colocalized event pairs to determine the 293 

lifetime of the BCP-containing spliceosome (the BBCP complex, Fig. 2E). The distribution of lifetime 294 

measurements could be described by a function containing a single exponential term, resulting in 295 

a characteristic lifetime of ~41 s for BBCP (Fig. 2F, Supplementary Table S3). Our determined 296 

lifetime of the BBCP species is unlikely to be limited by photobleaching since simultaneous 297 

bleaching of the DY549 and Cy5 signals should be rare and we were readily able to measure 298 

lifetimes >10-fold larger for the SNAP-labeled proteins when ATP was limiting (Fig. 1D, 299 

Supplementary Table S2). Since splicing in vitro occurs over tens of minutes, dissolution of the 300 

BBCP complex occurs rapidly enough to support splicing and likely involves just a single, rate-301 

limiting kinetic step.  302 

The BCP Joins the Spliceosome after tri-snRNP Recruitment under Splicing Conditions 303 
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 We then studied when the BCP subcomplex is recruited to the spliceosome and when it 304 

is released during activation relative to the U4 snRNP. The U4 snRNP is a core component of the 305 

tri-snRNP and thus reports on tri-snRNP binding to the pre-mRNA. Release of U4 snRNP is a key 306 

event during the B to Bact complex transition since it permits formation of the U2/U6 di-snRNA 307 

catalytic site. We carried out 3-color CoSMoS assays using extracts containing SNAP-tagged 308 

Snu23 labeled with SNAP-DY549 fluorophore and DHFR-tagged U4 snRNP proteins (Prp3 and 309 

Prp4) labeled with Cy5-TMP fluorophores along with surface-immobilized Alexa Fluor 488-labeled 310 

pre-mRNAs (Fig. 3A, Supplementary S6A). We first identified all paired binding events in which 311 

fluorescent signals from the U4 snRNP proteins were simultaneously present on the pre-mRNA 312 

with signals from Snu23. We found that most of the event pairs (89%; 31/35 events) showed 313 

sequential arrival. The U4 snRNP protein signals appeared first followed by appearance of Snu23, 314 

suggesting that the BCP is not recruited as part of the tri-snRNP (Fig. 3B, C, Supplementary 315 

S7A). Consistently, the same recruitment pattern was also found when extracts containing SNAP-316 

tagged Spp381 or Prp38 were used along with DHFR-tagged U4 snRNP proteins 317 

(Supplementary Figs. S6B-C, S7B-E). Together these results indicate that the BCP is recruited 318 

to the spliceosome after the tri-snRNP associates.  319 

We further analyzed the order of BCP and U4 snRNP release for pairs of colocalized events. 320 

In the case of the BCP protein Snu23, the majority of event pairs (86%) showed loss of signals 321 

from the U4 snRNP proteins occurring before loss of signals from Snu23 (Fig. 3D, 322 

Supplementary S7A). This was also the predominant pattern for signal loss from Spp381 and 323 

Prp38 when WCEs containing those labeled proteins were used (Supplementary Figs. S7B- C, 324 

F-G). This result is consistent with ordered release of the U4 snRNP and then the BCP from the 325 

spliceosome as well as a previously determined structure of the human pre-Bact-1 activation 326 

intermediate that contains the human BCP but not the U4 snRNP (5).  Thus, the yeast 327 
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spliceosome appears to share with humans conserved pathways for both recruitment and release 328 

of BCP proteins during activation. 329 

The single molecule data also indicate the existence of at least three types of spliceosome B 330 

complexes: B23⬚  in which the tri-snRNP has associated with the pre-mRNA but the BCP has not 331 

yet joined, B235678 in which the BCP has bound but U4 has not been released, and B678923 in which 332 

the U4 snRNP has been released and the BCP has not yet dissociated (Fig 3E). In this 333 

nomenclature, we use the subscript to identify components of the B complex spliceosome and 334 

the superscript to signify loss of a particular subunit.  335 

We were able to determine the characteristic lifetimes of each complex to be ~57s, ~13s, and 336 

~101s for the B23, B235678,and B678923 complexes, respectively (Fig S8, Supplementary Table 337 

S3). These data indicate that under splicing conditions, the BCP and U4 snRNP only transiently 338 

co-exist in the same spliceosome complex before U4 snRNP release is completed.  339 

Snu66 is Released with the U4 snRNP and Before the BCP  340 

We next tested if another protein released during the B to Bact transition but not part of the BCP 341 

also dissociates subsequent to U4 snRNP release. We carried out three-color CoSMoS assays 342 

using WCEs containing Snu66-SNAP labeled with SNAP-DY549 fluorophore and doubly DHFR-343 

tagged U4 snRNP proteins (Prp3 and Prp4) labeled with Cy5-TMP fluorophores (Fig. 4A). As 344 

before, we identified colocalized pairs of events and then studied the orders in which the signals 345 

appeared or were lost. At 2 mM ATP, the predominant pathway for Snu66 association with the 346 

pre-mRNA is coincident with U4 snRNP proteins (80%; 77/96 event pairs, Fig. 4B, C; 347 

Supplementary Fig. S9). Among the subset in which Snu66 and U4 snRNP protein signals 348 

appeared simultaneously, the majority also showed simultaneous loss of the signals (72%, 55/77 349 

event pairs, Fig. 4B, D). While we cannot exclude the possibility that Snu66 binding or release 350 

occurs very swiftly (< 4 s) relative to tri-snRNP binding and U4 dissociation, our data are most 351 

consistent with Snu66 being recruited to spliceosomes as part of the tri-snRNP and being 352 
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released along with the U4 snRNP. Release of Snu66 along with U4 snRNP proteins could be 353 

due to direct interaction between Snu66 and Prp3, as has been observed in human tri-snRNPs 354 

(29).   355 

The above data show that not all proteins released during the B to Bact transition dissociate 356 

simultaneously. When combined with the data from Fig. 3, we were able to predict that Snu66 357 

and the BCP should be released sequentially. Specifically, since the BCP is released after the U4 358 

snRNP dissociates and Snu66 dissociates along with the U4 snRNP, then the BCP should also 359 

be released after Snu66. To verify this prediction, we carried out a 3-color CoSMoS assay using 360 

extracts containing Snu66-SNAP labeled with SNAP-DY549 fluorophore and doubly DHFR-361 

tagged B complex proteins (Spp381 and Snu23) labeled with Cy5-TMP fluorophores 362 

(Supplementary Fig. S10A). As expected, 84% (66/79) of event pairs showed that Snu66 363 

associates with the pre-mRNA prior to the BCP (Supplementary Fig. S10B, C). Among this 364 

subset of event pairs, 67% (44/66) showed that BCP is released after Snu66 (Supplementary 365 

Fig. S10D), consistent with our prediction. 366 

The BCP is a tri-snRNP Component at Low ATP 367 

 The observation that the BCP is associating with the pre-mRNA after tri-snRNP binding 368 

was unexpected since the BCP has previously been identified as a tri-snRNP component by mass 369 

spectrometry (10,11,15,30) and was present in samples used to determine the cryo-EM structure 370 

of the tri-snRNP, although not modeled(31). One difference between those experiments and ours 371 

is that we carried out our single molecule assays under conditions that permit spliceosome 372 

activation and splicing (2 mM ATP). Under these conditions, the yeast tri-snRNP is unstable. 373 

Consequently, structural and analytical experiments were instead carried out in the absence of 374 

added ATP (12,31). We wondered if the presence or absence of ATP changes BCP association 375 

with the tri-snRNP. To test this, we repeated our three-color CoSMoS assays using labeled BCP 376 
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and U4 snRNP but under conditions that permit spliceosome assembly but inhibit activation (0.05 377 

mM ATP) (Fig. 5A). 378 

 At 0.05 mM ATP, Snu23 no longer predominantly associated with the pre-mRNA 379 

separately from the tri-snRNP. Instead, the most common pathway was simultaneous binding of 380 

Snu23 and U4 snRNP proteins (73%; 68/93 event pairs, Fig. 5B, C, Supplementary S11A). 381 

Simultaneous binding with U4 snRNP proteins was also observed for Spp381, Prp38 and Snu66 382 

when these proteins were labeled instead of Snu23 (Supplementary Figs. S11B-G). This 383 

observation likely explains why the BCP and Snu66 showed similar binding kinetics in two-color 384 

CoSMoS assays at 0.05 mM but not 2 mM ATP (Fig. 1D, E). These results indicate that under 385 

conditions that stall spliceosome activation, the BCP is recruited to the pre-mRNA as a stable 386 

component of the tri-snRNP and remains stably bound to these spliceosome complexes. 387 

The BCP is Released after NTC Recruitment. 388 

 Finally, we wished to order release of the BCP relative to recruitment of the NTC. We 389 

previously determined that the NTC is predominantly recruited after U4 snRNP release (20). Since 390 

the BCP is also released after U4 departure, we wondered if this occurs coincident with, before, 391 

or after NTC recruitment. To answer this question, we carried out 3-color CoSMoS assays using 392 

WCE containing SNAP-tagged BCP (via Snu23 labeling with SNAP-DY549 fluorophore) and two 393 

DHFR tags on NTC components (Syf1 and Cef1) labeled with Cy5-TMP fluorophores (Fig. 6A). 394 

 We identified pairs of BCP and NTC binding events closest in time to one another with a 395 

requirement that binding events for both components should be at least 2 frames in duration (> 8 396 

s) to eliminate sampling interactions of the NTC (19). For each pair, we then subtracted the time 397 

of NTC binding (t:;7<=><?@AB=CA) from the time of BCP signal loss (t678<=D=EF=) to yield a distribution of 398 

t678<=D=EF= − t:;7<=><?@AB=CA  values. In this distribution, positive values would indicate that BCP is 399 

released after NTC recruitment while negative values would indicate that BCP release occurs 400 
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before NTC recruitment. The distribution of t678<=D=EF= − t:;7<=><?@AB=CA values for the selected pairs of 401 

events showed that 85% had positive values (97/114 events), suggesting that the NTC is recruited 402 

while the BCP is still present and that the BCP is released after the NTC binds (Figs. 6B-E; 403 

Supplementary Figure S12). In comparison, the same analysis carried out for extracts 404 

containing SNAP-tagged Snu66 and doubly DHFR-tagged NTC proteins showed predominantly 405 

negative values, consistent with loss of Snu66 preceding NTC recruitment (Supplementary Fig. 406 

S13).  407 

The single molecule data also indicate the existence of several intermediate complexes: 408 

B678	in which the BCP has associated with the pre-mRNA but the NTC has not yet joined, 409 

B6785:;7  in which the NTC and BCP are both simultaneously present, and B:;79678  and later 410 

complexes in which the BCP has released but the NTC remains  (Fig 6F). The characteristic 411 

lifetimes of the B678 and B6785:;7 complexes are relatively short (~1 min; Fig. 6G, H, 412 

Supplementary Table S3). The total lifetime of the Snu23-SNAP-labeled BCP in these assays 413 

was 9-fold shorter than that for the fluorophore measured under the same conditions but attached 414 

to an immobilized SNAP protein (~110 s vs. ~995 s) (19). This supports the conclusion that the 415 

measured lifetimes are indicative of binding and release of the BCP from splicing complexes 416 

rather than being primarily due to photobleaching. The B6785:;7 intermediate has not yet been 417 

described for yeast spliceosomes and likely possesses a similar composition and structure to the 418 

human pre-Bact-1 complex (5). 419 

DISCUSSION 420 

Integrating previous work from our group (19,20) with single molecule data described here, 421 

we can derive a kinetic scheme for spliceosome activation in vitro (Fig. 7A). In our scheme, the 422 

tri-snRNP, lacking the BCP, joins the spliceosome A complex containing U1 and U2 to form the 423 

pre-B complex. After ~57s, the BCP joins as a single subunit to form the BU4+Lsm+BCP complex.  424 
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Based on cryo-EM structures of yeast and human spliceosomes, the BCP associates near the U6 425 

snRNA/5' SS duplex at the same site vacated by Prp28 (5,32,33). Thus, the ~57s time interval 426 

reports on both BCP association and transfer of the 5' SS from the U1 snRNA to the U6 snRNA 427 

by Prp28. We have not yet analyzed U1 snRNP dynamics during activation, but it is likely that it 428 

also dissociates during this time.   429 

The lifetime of BU4+Lsm+BCP is very short, ~13 s, before the U4 snRNP is lost along with at 430 

least a subset of tri-snRNP specific factors including Snu66. This forms a spliceosome complex 431 

lacking U4 and Snu66 but containing the Lsm2-8 and BCP complexes (BGFB5678923 ). This complex 432 

then persists for 49-53 s, before the NTC associates to form the BGFB56785:;7923 	 complex. 433 

BGFB56785:;7923 	 in turn persists for another ~52 s before dissociation of the BCP and Lsm2-8 434 

complexes to form the B:;7923 complex, which likely has a similar composition and structure to the 435 

Bact spliceosome (34,35). We do not yet know the order of BCP and Lsm2-8 complex departure, 436 

as we have not yet been able to assay this particular step (not shown). Once Bact is formed, 437 

spliceosomes usually persist for ~407 s before loss of the NTC due to either successful splicing 438 

or disassembly of stalled complexes.  439 

Currently, no structural data is available for yeast BGFB56789239:;7 or BGFB56785:;7923  complexes. 440 

However, it is likely that they may be structurally analogous to the human pre-Bact-1 and pre-Bact-2 441 

complexes, respectively, with the exception that yeast likely recruit the NTC as a single subunit 442 

while the Lsm complex remains bound (5,19). Importantly, our model is consistent with 443 

evolutionary conservation of BCP recruitment and release between yeast and humans: the BCP 444 

arrives independent of the tri-snRNP to B complex and is released after U4 snRNP dissociation 445 

and arrival of at least a partial complement of NTC proteins (5). Since our work indicates that 446 

yeast BGFB56789239:;7 or BGFB56785:;7923  complexes exist only transiently, obtaining cryo-EM structural 447 

data for these may benefit from either synchronizing spliceosome activation followed by rapid 448 
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freezing of the samples at short time intervals or use of small molecules or splicing factor 449 

mutations that result in accumulation of these states. 450 

BCP Association with the tri-snRNP is ATP Dependent 451 

It has previously been proposed that BCP components are part of the tri-snRNP and recruited 452 

to the spliceosome as part of this assembly. This was largely based on mass spectrometry data 453 

and biochemical assays of complexes isolated under no or limiting ATP conditions (10-13,15,30). 454 

Conversely, data from the human splicing machinery indicates that the corresponding human 455 

proteins are recruited during activation after tri-snRNP binding (33,36). Our CoSMoS data resolve 456 

these observations. Under conditions that permit activation and splicing, the BCP is recruited to 457 

the spliceosome after incorporation of the tri-snRNP, in agreement with a model proposed by the 458 

Shi laboratory based on cryo-EM structures of endogenous yeast pre-B and B complexes (32). 459 

This mechanism simplifies models for yeast spliceosome activation by eliminating the need to 460 

reconcile BCP occupancy near the 5' SS with Prp28 activity. Stepwise recruitment of the tri-461 

snRNP and BCP to spliceosomes would allow Prp28 to transfer the 5' SS from U1 to U6 and 462 

dissociate from the spliceosome prior to BCP binding. The BCP can then be positioned to stabilize 463 

interactions and conformational changes needed for subsequent steps in activation (5,7).   464 

However, limiting ATP results in the BCP being recruited to the yeast spliceosome as part of 465 

the tri-snRNP. Thus, the BCP is an ATP-dependent component of the yeast tri-snRNP, and this 466 

explains its presence in complexes isolated under low ATP conditions. Whether or not the BCP 467 

could similarly be recruited to human tri-snRNPs in the absence of spliceosome formation is 468 

uncertain. Human tri-snRNPs appear to be stabilized in an unactivated conformation with Brr2 469 

located far from its U4 snRNP substrate and with stably-bound Prp28 (36). These factors may 470 

preclude premature BCP association. 471 

Premature Association of the BCP May Result in Unproductive Spliceosomes 472 
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We believe that yeast tri-snRNPs formed at low ATP and containing the BCP are unlikely to be 473 

competent for splicing. Previous single molecule data showed that the majority (68%) of 474 

spliceosomes formed at 0.05 mM ATP were disassembled at 2 mM ATP (20). In addition, tri-475 

snRNPs purified in the absence of ATP and containing the BCP disassemble when ATP is added 476 

(31). This would support the hypothesis that many of the BCP-containing tri-snRNP complexes 477 

that bind to the pre-mRNA are not able to carry out subsequent steps and represent non-functional 478 

species. It should be noted; however, that we have not directly assayed the splicing competency 479 

of the BCP-associated tri-snRNP. 480 

Formation of non-functional yeast spliceosome complexes at low ATP is also supported by 481 

analysis of cryo-EM data for yeast and human B complexes. Importantly, the yeast B complex 482 

spliceosomes were assembled at low, 0.05 mM ATP (5NRL) or purified from yeast in the absence 483 

of ATP (5ZWO) whereas the human B complex was isolated at high ATP (2 mM) using a low Mg2+ 484 

concentration (5O9Z) (4,14,32). When comparing these structures, it is obvious that the 5' stem 485 

of the U6 snRNA and 5' exon of the pre-mRNA have exchanged locations (Fig. 7B). In catalytic 486 

spliceosomes from both yeast and humans (B* or C complexes that form after the B complex), 487 

the 5' exon is accommodated in an “exon channel” formed by Prp8. In the human B spliceosome, 488 

the 5' exon is already located in the exon channel and the 5' SS is base paired with the U6 snRNA 489 

ACAGAGA sequence proximal to the channel (Fig. 7B, right). These interactions are stabilized 490 

by the human BCP. However, in the published yeast B spliceosome complexes the 5' SS has not 491 

yet base paired with the U6 ACAGAGA sequence and is instead pairing with an adjacent 492 

upstream element (the ACAGAGA stem). Additionally, the 5' exon is located outside the channel 493 

while the U6 5' stem is located inside, stabilized by the BCP (Fig. 7B, left and middle). Previously, 494 

the differences in 5' SS/U6 base-pairing and around the exon channel were interpreted as 495 

divergent activation mechanisms taken by yeast and human splicing machinery with yeast 496 

requiring additional steps to correctly pair U6 and position the 5' exon (37).  497 
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We propose that yeast B complex structures formed at limiting ATP represent off-pathway or 498 

non-functional intermediates due to pre-mature association of the BCP with the tri-snRNP. The 499 

BCP may structurally lock the U6 5' stem in the exon channel of the B complex as well as block 500 

correct transfer of the 5' SS to U6 by preventing Prp28 binding. This results in formation of 501 

spliceosomes not competent for carrying out the splicing reaction and that are substrates for 502 

disassembly at higher concentrations of ATP. It is interesting to note that insertion of the U6 503 

snRNA 5' stem into the exon channel was also observed in structures of endogenous 504 

spliceosomes purified from lysates (Fig. 7B, middle) (32). This suggests that formation of this 505 

structure may be biologically relevant and not specific to just one pre-mRNA substrate. 506 

Whether or not BCP-dependent formation of non-functional tri-snRNP or spliceosome 507 

complexes at low ATP is used to regulate splicing in vivo is unknown. It is possible that switching 508 

of the tri-snRNP between catalytically competent and incompetent conformations depending on 509 

the presence or absence of the BCP could be used to globally regulate cellular splicing in 510 

response to ATP levels. In S. cerevisiae, cellular ATP concentration is usually maintained at a 511 

constant level of ~4 mM (38). However, under certain conditions such as deletion of the Bas1 512 

transcription factor that regulates purine biosynthesis or in the presence of glycolysis inhibitors 513 

such as 2-deoxyglucose, intracellular levels can fall dramatically including to levels that we would 514 

predict would cause BCP association with the tri-snRNP (< 0.05 mM) (39). Under such conditions, 515 

“spliceosome shutdown” caused by formation of BCP-associated tri-snRNPs and non-functional 516 

spliceosomes could lead to reduced ribosome synthesis (since the majority of yeast introns are 517 

found within ribosomal protein genes (40)) and a redirection of cellular ATP towards other 518 

metabolic or cellular needs. 519 

DATA AVAILABILITY 520 

Single molecule data (microscope video recordings) will be deposited in Zenodo upon manuscript 521 

acceptance/publication. 522 
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SUPPLEMENTARY DATA 523 

Supplementary data (Supplemental Figures 1-13 and Supplemental Tables 1-3) accompany this 524 

manuscript.   525 
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 647 

 648 

Figure 1. Overview of yeast spliceosome assembly and activation and CoSMoS assays. (A) 649 
Spliceosome activation begins after the tri-snRNP joins the spliceosome A complex to form the 650 
pre-B complex. Release of the U1 snRNP is then followed by rearrangements that include 651 
exchange of ~50 protein and snRNA factors to form the activated spliceosome (Bact). This panel 652 
was adapted from Fu et al. (19). (B, C) Schematics of 2-color CoSMoS experiments for observing 653 
either Prp38, Snu23, or Spp381 binding dynamics (Panel B) or Snu66 binding dynamics (Panel 654 
C). (D, E) Probability density histograms for dwell times of Prp38, Snu66, Snu23, or Spp381 under 655 
conditions that either block (0.05 mM ATP, Panel D) or permit spliceosome activation (2 mM ATP, 656 
Panel E).  657 
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 660 

Figure 2. Prp38, Snu23, and Spp381 simultaneously bind to and release from spliceosomes. 661 
(A) Schematic of a 3-color CoSMoS assay in which Spp381/Snu23 are labeled with Cy5-TMP, 662 
Prp38 is labeled with a DY549, and the surface-tethered pre-mRNA is labeled with Alex Fluor 488. 663 
(B) Representative time record segment showing peaks in fluorescence intensity corresponding 664 
to colocalization of Snu23 and Spp381 (red) with Prp38 (green) on the same pre-mRNA molecule. 665 
The dashed rectangles mark examples of the simultaneous appearance and disappearance of 666 
Snu23, Spp381 and Prp38 spots; galleries show consecutive images taken from the indicated 667 
part of the recording showing that both spot appearance and disappearance are simultaneous. 668 
(C) Routes for recruitment of either the Prp38 or Spp381/Snu23 fluorescent spots at 2 mM ATP 669 
for N=112 pairs of overlapping events. Green and red shapes represent observation of 670 
fluorescence from the corresponding DY549 or Cy5 fluorophores on Prp38 or Snu23, Spp381, 671 
respectively. Grey colors represent the absence of fluorescence. Percentages represent the 672 
fraction of complexes in which fluorescence appeared by the indicated pathway; more prevalent 673 
pathways are emphasized with thicker arrows. (D) Routes for loss of either the Prp38 or Snu23, 674 
Spp381 fluorescent spots at 2 mM ATP for N=102 pairs of overlapping events that showed 675 
simultaneous recruitment. Black shapes represent the disappearance of fluorescence. (E) 676 
Schematic depicting how the lifetime of the BBCP complex is defined relative to the recruitment 677 
and release times of BCP-constiuent proteins. (F) Probability density histograms of B678	  complex 678 
lifetimes obtained from the subset of events (N) showing both simultaneous arrival and departure 679 
of Prp38, Snu23, and Spp381. The green line represents a fit of the distribution to an equation 680 
containing a single exponential term that yielded the parameters reported in Supplementary 681 
Table S3 (t1 ~41 s). Error bars (±SD) were calculated for each point as described in the Methods. 682 
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 685 

 686 

Figure 3. BCP association occurs after tri-snRNP binding and persists after U4 release. (A) 687 
Schematic of a 3-color CoSMoS assay in which U4 snRNP proteins (Prp3, Prp4) are labeled with 688 
Cy5-TMP, the BCP is labeled with a DY549 (here, Snu23), and the surface-tethered pre-mRNA 689 
is labeled with Alex Fluor 488. (B) Representative time record segment showing peaks in 690 
fluorescence intensity corresponding to colocalization of the U4 snRNP (red) with Snu23 (green) 691 
on the same pre-mRNA molecule. The dashed rectangle marks an example of ordered 692 
recruitment of the tri-snRNP and BCP, followed by U4 release. The image galleries show 693 
consecutive images taken from the indicated part of the recording showing that both spot 694 
appearances and disappearances are not simultaneous.  (C) Routes for the appearance of Snu23 695 
and U4 fluorescent spots at 2 mM ATP for N=35 pairs of overlapping events. Red and green 696 
shapes represent observation of fluorescence from the corresponding DY549 or Cy5 fluorophores 697 
on Snu23 or U4, respectively. Percentages represent the fraction of complexes in which 698 
fluorescence appeared by the indicated pathway; more prevalent pathways are emphasized with 699 
thicker arrows. (D) Routes for loss of either Snu23 or U4 fluorescent spots at 2 mM ATP for N=30 700 
pairs of overlapping events in which the U4 spot appearance preceded arrival of Snu23. (E) 701 
Schematic depicting how the lifetimes of the B23⬚ , B235678⬚ , and B678923  complexes are defined 702 
relative to the recruitment and release times of constituent factors. Corresonding data for Prp38 703 
and Spp381 are included in Supplementary Figs. S6-S10. 704 
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 707 

Figure 4. Snu66 is released along with the U4 snRNP during activation. (A) Schematic of a 708 
3-color CoSMoS assay in which U4 snRNP proteins (Prp3, Prp4) are labeled with Cy5-TMP, 709 
Snu66 is labeled with a DY549, and the surface-tethered pre-mRNA is labeled with Alex Fluor 710 
488. (B) Representative time record segment showing peaks in fluorescence intensity 711 
corresponding to colocalization of the U4 snRNP (red) with Snu66 (green) on the same pre-mRNA 712 
molecule. The dashed rectangles mark examples of the simultaneous appearance and 713 
disappearance of U4 and Snu66 spots; galleries show consecutive images taken from the 714 
indicated part of the recording.  (C) Routes for the appearance of Snu66 and U4 fluorescent spots 715 
at 2 mM ATP for N=96 pairs of overlapping events. Red and green shapes represent observation 716 
of fluorescence from the corresponding DY549 or Cy5 fluorophores on Sun66 or U4, respectively. 717 
Percentages represent the fraction of complexes in which fluorescence appeared by the indicated 718 
pathway; more prevalent pathways are emphasized with thicker arrows. (D) Routes for loss of 719 
either Snu66 or U4 fluorescent spots at 2 mM ATP for N=77 pairs of overlapping events in which 720 
Snu66 and U4 bound the pre-mRNA simultaneously. 721 
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 724 

Figure 5. BCP association with the tri-snRNP is ATP-dependent. (A) Schematic of a 3-color 725 
CoSMoS assay in which U4 snRNP proteins (Prp3, Prp4) are labeled with Cy5-TMP, the BCP is 726 
labeled with a DY549 via Snu23, and the surface-tethered pre-mRNA is labeled with Alex Fluor 727 
488. A low concentration of ATP (0.05 mM) is used to inhibit spliceosome activation. (B) Segment 728 
of a representative time record showing peaks in fluorescence intensity corresponding to 729 
colocalization of U4 (red) and Snu23 (green) with the same pre-mRNA molecule. The dashed 730 
rectangle marks an example of the simultaneous appearance of U4 and Snu23 spots; galleries 731 
show consecutive images taken from the indicated part of the recording showing. (C) Routes for 732 
the appearance of Snu23 and U4 fluorescent spots at 0.05 mM ATP for N=93 pairs of overlapping 733 
events. Red and green shapes represent observation of fluorescence from the corresponding 734 
DY549 or Cy5 fluorophores on Snu23 or U4, respectively. Percentages represent the fraction of 735 
complexes in which fluorescence appeared by the indicated pathway; more prevalent pathways 736 
are emphasized with thicker arrows. Corresponding data for the BCP labeled on either Spp381 737 
and Snu23 are included in Supplementary Fig. S11. 738 
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 739 

Figure 6. Three-color CoSMoS observation of NTC and Snu23 binding dynamics during 740 
activation. (A) Schematic of a 3-color CoSMoS assay in which NTC proteins (Syf1, Cef1) are 741 
labeled with Cy5-TMP, the BCP is labeled with a DY549 via Snu23, and the surface-tethered pre-742 
mRNA is labeled with Alex Fluor 488. (B) Segment of a representative time record showing peaks 743 
in fluorescence intensity corresponding to colocalization of NTC (red) and Snu23 (green) with the 744 
same pre-mRNA molecule. The light grey dashed rectangle marks an example of the ordered 745 
recruitment of the NTC followed by the release of Snu23; galleries show consecutive images 746 
taken from that part of the recording. (C) Probability density histogram of measured delays 747 
between the times of NTC arrivals and Snu23 release events. Most often (85% of N= 117 total 748 
events), the NTC arrived before release of the Snu23 (tIC?01<=D=EF= − t:;7E<<@JED > 0). In 2% of cases, the 749 
exact order of events was indeterminate (I.D.) due to simultaneous loss of both signals or both 750 
signals remaining at the conclusion of the experiment. (D) Routes for the appearance of Snu23 751 
and NTC fluorescent spots at 2 mM ATP for N=116 pairs of the subset of overlapping events. Red 752 
and green shapes represent observation of fluorescence from the corresponding DY549 or Cy5 753 
fluorophores on Snu23 or the NTC, respectively; grey shapes represent the absence of 754 
fluorescence. Percentages represent the fraction of complexes in which fluorescence appeared 755 
by the indicated pathway; more prevalent pathways are emphasized with thicker arrows. (E) 756 
Routes for loss of either Snu23 or NTC fluorescent spots at 2 mM ATP for N=92 pairs of 757 
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overlapping events in which the Snu23 spot appearance preceded arrival of the NTC. (F) 758 
Schematic depicting how the lifetimes of the B678⬚ , B6785:;7⬚ , and B:;79678 complexes are defined 759 
relative to the recruitment and release times of constituent factors. (G-H) Probability density 760 
histograms of B678⬚   (Panel G, t:;7E<<@JED − tIC?01E<<@JED) and B6785:;7⬚  (Panel H, tIC?01<=D=EF= − t:;7E<<@JED) obtained 761 
from the subset of events (N) showing ordered arrival of Snu23 and then NTC spots followed by 762 
ordered loss of the Snu23 and then NTC signals. Lines represent fits of the lifetime distributions 763 
with equations containing single exponential terms that yielded the parameters reported in Table 764 
S3 (t1 ~66 and ~53 s for B678⬚  and B6785:;7⬚ , respectively). Error bars (±SD) were calculated for 765 
each point as described in the Methods. 766 
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 770 

Figure 7. A Kinetic Scheme for Spliceosome Activation. (A) In this kinetic scheme, a 771 
spliceosome complex containing an intact tri-snRNP (as evidenced by presence of the U4 snRNP 772 
and Lsm2-8 complexes) and the BCP (B235GFB5678⬚ ) forms very transiently (t ~13 s) before the 773 
U4 snRNP is released to form the BGFB5678∆23  complex. After ~50 s, the NTC joins to form the 774 
BGFB56785:;7∆23  spliceosome. The Lsm2-8 and BCP complexes are then released in an 775 
undetermined order after another ~50 s. The lifetime of the BGFB5678923  complex (red) was not 776 
directly measured in these experiments but can be deduced from our studies in combination with 777 
previously reported experiments that measured the delay between U4 release and NTC 778 
recruitment (19,20). (B) Structural alignment of yeast (left, middle) and human (right) B complex 779 
spliceosomes highlights differences in positioning of the U6 snRNA 5' stem region (red) and 5' 780 
exon (green) of the pre-mRNA substrates  in yeast and human spliceosomes. Spliceosomes were 781 
aligned based on the Prp8 N-terminal domain (Prp8NTD) using PyMol and visualized using PyMol 782 
and ChimeraX software. 783 
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