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ABSTRACT 10 

Most human genes contain multiple introns, necessitating mechanisms to effectively define 11 

exons and ensure their proper connection by spliceosomes. Human spliceosome assembly 12 

involves both cross-intron and cross-exon interactions, but how these work together is unclear. 13 

We examined in human nuclear extracts dynamic interactions of single pre-mRNA molecules 14 

with individual fluorescently tagged spliceosomal subcomplexes to investigate how cross-intron 15 

and cross-exon processes jointly promote pre-spliceosome assembly. U1 subcomplex bound to 16 

the 5' splice site of an intron acts jointly with U1 bound to the 5' splice site of the next intron to 17 

dramatically increase the rate and efficiency by which U2 subcomplex is recruited to the branch 18 

site/3' splice site of the upstream intron. The flanking 5' splice sites have greater than additive 19 

effects implying distinct mechanisms facilitating U2 recruitment. This synergy of 5' splice sites 20 

across introns and exons is likely important in promoting correct and efficient splicing of multi-21 

intron pre-mRNAs. 22 
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INTRODUCTION 23 

Spliceosomes consist of the U1, U2, and U4/U6.U5 small nuclear ribonucleoproteins 24 

(snRNPs) and multiprotein Prp19-complex as major building blocks, plus many transiently 25 

interacting splicing factors (Wahl, Will, & Luhrmann, 2009). This machinery recognizes and 26 

assembles stepwise at splice sites (SS) (U1 at 5'SS and U2 at the 3'SS/branch site) to form pre-27 

spliceosomes, which are subsequently remodeled into catalytically active spliceosomes. Pre-28 

spliceosomes can form on multi-intron pre-mRNAs through at least two different pathways. An 29 

intron can be recognized a) via cross-intron interactions leading directly to a catalytically active 30 

spliceosome, or b) via cross-exon interactions where the exons flanking an intron are first 31 

defined, after which cross-intron interactions between adjacent cross-exon complexes lead to 32 

spliceosome assembly (Moldon & Query, 2010). On human pre-mRNAs, which 33 

characteristically harbor multiple long introns and short exons, exon definition predominates 34 

(Berget, 1995; Fox-Walsh et al., 2005). Indeed, splicing is greatly enhanced when a 5'SS is 35 

present across the exon downstream of an intron, highlighting the importance of exon definition 36 

in humans (Talerico & Berget, 1990; Yue & Akusjarvi, 1999). Cross-exon pre-spliceosomes can 37 

transition into cross-intron pre-spliceosomes, each having a distinct protein composition; the 38 

latter can then productively splice the pre-mRNA (Chiara & Reed, 1995; Schneider et al., 2010). 39 

However, the mechanisms by which cross-intron and cross-exon pre-spliceosomes work together 40 

to facilitate pre-mRNA splicing remain unclear. In S. cerevisiae, where the cross-intron pathway 41 

predominates, single-molecule approaches have proven invaluable for elucidating the kinetic 42 

pathways and subcomplex dynamics involved in spliceosome assembly (Semlow, Blanco, 43 

Walter, & Staley, 2016; Warnasooriya & Rueda, 2014). Here we developed the tools necessary 44 

to implement colocalization single-molecule spectroscopy (CoSMoS) in human cell extracts and 45 



3 

 

used this system to investigate the dynamic mechanism of cross-intron and cross-exon 46 

cooperation in human pre-spliceosome assembly. 47 

 48 

RESULTS 49 

Single-molecule visualization of spliceosome assembly and function in human cell extract 50 

We began by investigating whether human nuclear extracts can assemble catalytically-51 

competent spliceosomes on surface-tethered pre-mRNA molecules. To do this, we utilized the 52 

pre-mRNA model substrate PIP85A (Moore & Sharp, 1992) (Figure 1A, Table 1). We refer to 53 

this RNA here as “5i3” to indicate that, reading in the 5'-to-3' direction, it contains a partial 54 

exon, a 5'SS (“5”), an intron (i), a 3'SS (“3”), and another partial exon. For this pre-mRNA 20% 55 

± 2% (s.d.) was converted to spliced products after 40 mins in human cell line HEK293 nuclear 56 

extract (Figure 1B). No spliced products were observed in the absence of ATP, which is required 57 

for spliceosome assembly. To monitor splicing of individual 5i3 molecules, we incorporated a 58 

green-excited dye into the 5' exon, a red-excited dye into the intron, and biotin at the end of the 3' 59 

exon (Figure 1C). We sparsely deposited this pre-mRNA onto a streptavidin-functionalized glass 60 

surface, added nuclear extract and followed green and red fluorescence from single pre-mRNA 61 

molecules over time. To exclude pre-mRNAs that lost intron signal due to RNA degradation, we 62 

selected only those molecules retaining 5' exon (green) fluorescence at the end of the 40 min 63 

experiment. Of these, 1.1 ± 0.7% (s.e.) lost intron (red) fluorescence in a control conducted in the 64 

absence of ATP (likely due to photobleaching) whereas 18 ± 4% (s.e.) lost intron fluorescence in 65 

the presence of ATP. This single-molecule assay specifically monitors intron release, while the 66 

bulk assay measures the second splicing step. Intron release requires an ATP-dependent 67 

structural rearrangement of the splicing machinery after the second splicing step, so as expected 68 
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the lag phase was somewhat longer in the single-molecule assay (Figure 1C) than in the bulk 69 

splicing assay (Figure 1B). However, surface-tethered 5i3 pre-mRNA molecules were spliced 70 

with a similar efficiency (17%) to what is observed in solution (20%). 71 

To enable single-molecule visualization of individual spliceosomal subcomplexes, we 72 

generated three HEK293 cell lines, each stably expressing C-terminally fSNAP-tagged U1-70K, 73 

U2B", or Snu114 at a level comparable to the endogenous protein (Figure1-figure supplement 1). 74 

Co-immunoprecipitation experiments confirmed efficient incorporation of the tagged protein into 75 

U1, U2, or U5 respectively (Figure 1-figure supplement 2). Treatment of nuclear extracts with a 76 

green-excited dye-benzylguanine conjugate resulted in highly specific labeling of the fSNAP-77 

tagged proteins (Figure 1-figure supplement 3). Because spliceosomal subcomplex 78 

concentrations in human nuclear extracts exceed the low dye concentrations optimal for single-79 

molecule fluorescence, we labeled the tagged proteins using a limiting dye concentration (200 80 

nM). Under these conditions, 30%, 60%, and 50% of total (tagged plus untagged) U1-70K, 81 

U2B", and Snu114 were labeled, respectively (Figure 1-figure supplement 4). Importantly, all 82 

tagged and dye-labeled extracts exhibited bulk splicing efficiencies comparable to extracts from 83 

the untagged parental cell line (Figure 1-figure supplement 5). 84 

 85 

Assembly of cross-intron and cross-exon pre-spliceosomes 86 

We next used the labeled extracts in CoSMoS experiments in which we compared 87 

subcomplex dynamics on individual RNAs designed to promote assembly of cross-intron or 88 

cross-exon pre-spliceosomes (Figure 2A). The cross-intron RNA (5i3, Figure 2B) was identical 89 

to that in Figure 1 except that it contained a single red-excited dye adjacent to the biotin tether at 90 

the end of the 3' exon. An identically-labeled cross-exon RNA (3e5, Figure 2B) was constructed 91 
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by swapping the 5' and 3' halves of 5i3. Thus, 5i3 and 3e5 consist of identical sequence 92 

segments, and differ only by whether the 5' and 3'SS are separated by an intron (i) or an exon (e). 93 

Simultaneous presence of the two RNA species at distinct, known locations on the slide surface 94 

allowed us to compare their behavior under identical experimental conditions within a single 95 

reaction chamber (Figure 2C). After introducing extract containing dye-labeled U1, we 96 

monitored the binding and dissociation of labeled U1 to individual RNA molecules and to 97 

control locations that had no RNA (e.g., Figure 2D). Similar experiments were performed using 98 

U2- and U5-labeled extracts. 99 

To quantitatively characterize subcomplex binding to the surface tethered RNAs, we 100 

measured both the frequency of RNA-specific subcomplex binding events and the steady-state 101 

fractional occupancy RNA molecules by the subcomplex. U1 binding to 5i3 RNA was highly 102 

dynamic with many arrivals and departures per active RNA molecule (Figures 2E-G) and high 103 

frequency of short (<50 seconds) binding events (Figures 2F and 2H). In comparison, 104 

progressively fewer 5i3 molecules bound U2 and U5 and the average occupancy of RNAs by 105 

these subcomplexes was also progressively lower (Figures 2F and 2I). Observed binding events 106 

were almost entirely RNA-specific; fewer and only short-duration binding events were observed 107 

at control "no RNA" locations (Figure 2-figure supplement 3). Overall, the kinetics of human 108 

spliceosomal subcomplex binding and dissociation on the cross-intron 5i3 substrate were similar 109 

to those observed in CoSMoS experiments on cross-intron RNAs in S. cerevisiae extracts 110 

(Hoskins et al., 2011; Shcherbakova et al., 2013). 111 

Spliceosomal subcomplex interactions with the cross-exon 3e5 RNA were quantitatively 112 

different from interactions with the cross-intron 5i3 RNA. 3e5 RNA molecules exhibited more 113 

frequent binding events (Figures 2F and 2G) and higher mean occupancy (Figure 2I) for all 114 



6 

 

subcomplexes than 5i3 molecules. These differences might be partially explained by the inability 115 

of the cross-exon pre-mRNA to form a catalytically active spliceosome (Figure 2-figure 116 

supplement 4), resulting in the greater accumulation of inactive spliceosome assembly 117 

intermediates at steady state. Consistent with this idea, U1, U2 and U5 exhibited a higher 118 

frequency of long-lived (>50 s) binding events on the splicing-inactive 3e5 RNA than on the 119 

spliceable cross-intron 5i3 RNA (Figure 2H).  In addition, possible differences between 5i3 and 120 

3e5 three-dimensional structures could also alter the kinetics of their interactions with snRNPs. 121 

We next investigated the effects of SS consensus sequence mutations on U1 and U2 122 

binding dynamics. We restricted alterations to short consensus subcomplex binding sequences to 123 

reduce the possibility of the mutations causing large-scale changes in the three-dimensional 124 

structures of the RNAs.  Functional U2 association with pre-mRNA depends on a 125 

polypyrimidine tract and the 3'SS AG (Ruskin, Zamore, & Green, 1988). As expected, multiple 126 

pyrimidine to purine substitutions within the polypyrimidine tract combined with a 3'SS AG to 127 

GG mutation (Figure 3A) greatly decreased the frequencies of RNA-specific U2 binding events, 128 

reducing binding to near-background levels (Figure 3-figure supplement 1). U1 binding, 129 

however, was largely unaffected by these mutations, with U1 specific association frequencies 130 

and dwell time distributions on 5iX and Xe5 RNAs indistinguishable from those on 5i3 and 3e5, 131 

respectively (Figure 3B and Figure 3-figure supplement 2). Thus, consistent with previous cross-132 

intron data in yeast (Seraphin & Rosbash, 1991), human U1 binding is independent of U2 133 

binding in both cross-intron and cross-exon contexts. 134 

Functional U1 association is blocked by mutation of the 5'SS consensus from AG/GU to 135 

CCCC (Roca, Krainer, & Eperon, 2013). As expected, this mutation (Figure 3C) decreased the 136 

U1 association rate and eliminated RNA-specific long-duration (> 60 s) U1 binding events to 137 
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both cross-intron and cross-exon contexts (Figure 3-figure supplement 3). Thus long-duration U1 138 

binding events reflect its association with the canonical 5'SS, as reported previously in S. 139 

cerevisiae extract (Larson & Hoskins, 2017). In contrast, short duration U1 binding events are 140 

still present (although reduced in frequency) after 5'SS mutation and may reflect sequence non-141 

specific interactions with the RNA. 142 

Surprisingly, the 5'SS mutations affected U2 binding even more strongly than U1 143 

binding. In both the cross-intron and cross-exon contexts, elimination of the canonical 5'SS 144 

decreased U2 binding frequency to background within experimental uncertainty (Figure 3D and 145 

Figure 3-figure supplement 4).  Absence of U5 binding to these RNAs (Figure 3-figure 146 

supplement 5) confirmed that the mutations abolished the formation of functional pre-147 

spliceosomes. These observations could indicate that observable U2 binding requires the U1 148 

binding to a 5'SS positioned either cross-exon or cross-intron. Alternatively the results could also 149 

be explained if the 5'SS mutation indirectly affects U2 binding by affecting the pre-mRNA 150 

secondary structure. To exclude the latter possibility, we demonstrated U2 binding to the 5i3 and 151 

3e5 was also eliminated in experiments (Figure 3-figure supplement 6) in which U1 interaction 152 

with the 5'SS was blocked by the addition of an oligonucleotide antisense to the U1 snRNA 153 

(Kaida et al., 2010). We conclude that U2 binding to the 3'SS is strongly dependent on U1 154 

binding to a 5'SS either upstream (cross-intron) or downstream (cross-exon). This suggests an 155 

ordered human pre-spliceosome assembly pathway in which stable U2 association in the 156 

presence of ATP requires prior U1 binding, in contrast to the branched pathway observed in S. 157 

cerevisiae (Shcherbakova, et al., 2013). 158 

 159 

Synergistic effects of cross-intron and cross-exon 5'SS on pre-spliceosome assembly. 160 
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In multi-intron pre-mRNAs, internal exons have 5'SS both upstream and downstream, 161 

either or both of which could bind U1 and act to recruit U2 to the 3'SS. In principle, the two U1s 162 

could act either independently or synergistically. If there is only one means by which U1 can 163 

recruit U2 (e.g., via binding to a single site on U2), the combined effect of two U1s on U2 164 

binding would be at most the sum of their individual actions (Herschlag & Johnson, 1993). Such 165 

is the case for the activities of multiple SR proteins on splicing efficiency (Graveley, Hertel, & 166 

Maniatis, 1998). In contrast, if the upstream and downstream U1s can interact with U2 167 

simultaneously, or if they accelerate different steps in the overall U2 recruitment process, their 168 

combined effect could be larger, i.e., synergistic. Such synergy was previously observed between 169 

two distinct sequence elements within a regulated splicing enhancer (Lynch & Maniatis, 1995). 170 

To determine whether the upstream and downstream 5'SS independently or 171 

synergistically promote U2 binding, we constructed a pre-mRNA with 5'SS both upstream and 172 

downstream of the 3'SS (5i3e5, Figure 4A) as well as RNAs with mutations in either one 5'SS 173 

(Xi3e5 and 5i3eX) or both (Xi3eX). In these constructs, the sequences flanking both 5'SS were 174 

identical, minimizing potential sequence context effects. Consistent with the concept of exon 175 

definition (Talerico & Berget, 1990), splicing of 5i3e5 was 5-fold more efficient than 5i3eX in 176 

ensemble splicing reactions (Figure 4B). In fact, the effect of adding the downstream 5'SS was 177 

strong enough to activate an otherwise dormant cryptic 5'SS in the Xi3e5 construct. As expected, 178 

no splicing was observed on Xi3eX RNA. 179 

We next performed single-molecule observations of U2 binding to these same four 180 

RNAs, all tethered and observed in a single reaction chamber to facilitate their direct 181 

comparison. Consistent with the observation that U2 binding in the cross-intron and cross-exon 182 

contexts depends on a 5'SS (Figures 3C and 3D), no U2 binding above background levels was 183 
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observed for the RNA with no 5'SS (Xi3eX) (Figure 4C and Figure 4-figure supplement 1). 184 

Additionally, the shapes of the U2 dwell time distributions on 5i3eX and Xi3e5 (Figure 4C) were 185 

similar to those of the shorter 5i3 cross-intron and 3e5 cross-exon constructs (Figure 2F). Thus, 186 

the 5'SS dependence of U2 binding seen with the longer RNAs was qualitatively similar to that 187 

observed on the previously characterized shorter RNAs. 188 

Striking differences were apparent, however, when we compared the single 5'SS RNAs 189 

(Xi3e5 and 5i3eX) to the double 5'SS RNA (5i3e5) (Figure 4C and Figure 4-figure supplement 190 

1). The presence of flanking 5'SS upstream and downstream of the 3'SS dramatically increased 191 

U2 recruitment, with the RNA-specific U2 binding event frequency being more than 2.5 times 192 

the sum of the frequencies observed when either the upstream or downstream 5'SS was present 193 

alone. A similar effect was seen in the U2 occupancy measurements (Figure 4C), although the 194 

occupancy data is more difficult to interpret due to splicing via the cryptic splice site in Xi3e5.  A 195 

much greater than additive effect was also seen when we compared the distributions of the time 196 

to the first U2 binding observed on each RNA (Figure 4-figure supplement 2), a metric that is 197 

comparatively immune to artefacts from spot detection dropouts (Friedman & Gelles, 2015). 198 

Taken together, these data indicate that the upstream and downstream 5'SS act synergistically to 199 

accelerate the rate of stable U2 recruitment to the 3'SS. 200 

 201 

DISCUSSION 202 

Here we establish methods for observing the dynamics of spliceosomal subcomplexes on 203 

and the splicing of individual pre-mRNA molecules in human cell extract. The experiments 204 

reveal that the dynamics of U1 binding to the 5'SS are largely unaffected by the presence of U2 205 

binding sites positioned either downstream (cross-exon) or upstream (cross-intron) of the 5'SS. 206 
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In contrast, stable U2 binding to the 3'SS is accelerated by a 5'SS situated across either the 207 

adjacent intron or adjacent exon. Strikingly, when functional 5'SS are present together at both 208 

cross-intron and cross-exon locations, they synergistically promote U2 recruitment.   209 

The more than additive effect of the flanking 5'SS indicates that U1 employs different 210 

molecular mechanisms/interactions across introns and across exons to accelerate U2 recruitment. 211 

A simple model that would explain this observed synergy of cross-exon and cross-intron 5'SS on 212 

U2 recruitment rate is that cross-exon U1 binding assists in recruiting the splicing factors that 213 

form a platform for U2 binding to the upstream 3'SS region, whereas the cross-intron U1-U2 214 

interaction favors a U2 conformation capable of productive branch site engagement (Figure 5, 215 

left). Across exons, U1 is known to recruit U2AF (U2 auxiliary factor), which recognizes the 216 

polypyrimidine tract and 3'SS AG, and physically interacts with other proteins (e.g., SF1, p14, 217 

SF3B and SR proteins) required for stable U2 binding (Black, 2003). Across introns, U1 and U2 218 

can interact via the DEAD-box protein Prp5, the ATPase activity of which promotes a structural 219 

change in U2 that makes the branch site recognition sequence more solvent accessible (Abu 220 

Dayyeh, Quan, Castro, & Ruby, 2002; O'Day, Dalbadie-McFarland, & Abelson, 1996; Xu et al., 221 

2004). A different and not necessarily mutually exclusive model is that cross-exon and cross-222 

intron U1 interactions could both help form the binding platform for U2, but by interacting with 223 

different proteins (e.g., the upstream U1 stabilizes SF1 and the downstream U1 stabilizes U2AF) 224 

(Black, 2003). This arrangement would increase the likelihood of U2 encountering a fully 225 

assembled binding platform when in a conformation capable of stable branch site engagement 226 

(Figure 5, right). Other mechanisms for synergy, such as those mediated by effects on RNA 227 

secondary structure, are also possible. 228 



11 

 

Models of the type presented in Figure 5 assume that once a functional U1-U2 pre-229 

spliceosome forms across the intron, interactions with U1 bound to the downstream 5'SS provide 230 

no additional U2 binding stabilization or stimulation of subsequent steps of spliceosome 231 

assembly (Figure 5, bottom). Such models predict that the presence of a downstream U1 will not 232 

affect the lifetimes of stable U2 complexes once formed. The data in Figure 4C are consistent 233 

with this prediction: both the overall shape of dwell time distributions and the ratios of binding 234 

frequency to occupancy are similar for the RNAs with (5i3e5: 1.0 ± 0.2 s
-1

) or without (5i3eX: 235 

1.3 ± 0.9 s
-1

) the downstream site. Taken together, our data suggest that the synergistic 236 

stimulatory effect of the downstream 5'SS on splicing is exerted at the U2 recruitment step and 237 

the processes that enable it, not at the subsequent steps of spliceosome assembly and splicing. 238 

Inappropriate skipping of otherwise constitutive internal exons can occur with 239 

exceptionally low frequency (~1 in 10
5
 splicing events) (Fox-Walsh & Hertel, 2009). But the 240 

molecular mechanisms contributing to this remarkable accuracy were previously unclear. By 241 

implementing CoSMoS in extracts from human cells expressing genetically-tagged proteins, we 242 

here show that a major contributor to exon inclusion is collaboration between flanking 5'SS. This 243 

collaboration dramatically increases the rate of stable U2 recruitment during pre-spliceosome 244 

formation. Cross-intron and cross-exon 5'SS synergy on U2 recruitment rate explains how U1 245 

can have such a strong effect on U2 recruitment despite its association with pre-mRNA being 246 

much more dynamic than U2. This mechanism is likely crucial for rapid definition of internal 247 

exons in multi-intron RNAs, enabling the human splicing machinery to avoid inappropriate exon 248 

skipping. 249 

 250 
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MATERIALS AND METHODS 251 

Nuclear extract preparation 252 

Stable HEK293 Tet-On Flp-In cell lines were generated to express fSNAP fusions of U1-253 

70K, U2B'', and Snu114 at near endogenous levels as previously described (Singh et al., 2012). 254 

Stable HEK293 Tet-On Flp-In cell lines were generated from the Flp-In™ T-REx™-293 Cell 255 

Line (Invitrogen, R78007). The cells were purchased from Invitrogen and their resistance to 256 

Zeocin and their Flp-In competence were confirmed. No further authentication or mycoplasma 257 

contamination testing were performed. Plasmid pcDNA5-FRT-TetO-fSNAPc was generated by 258 

amplifying the open reading frame of fSNAP using PCR primers fSNAP-F and fSNAP-R (Table 259 

2) and inserting into pcDNA5-FRT-TetO (Invitrogen) using the HindIII and XhoI restriction 260 

sites. Plasmids containing spliceosomal subcomplex protein-fSNAP fusions (Table 3) were 261 

generated by PCR amplification from HEK293 cDNA for U1-70K and U2B'', and from Kazusa 262 

DNA Research Institute cDNA clone ORK00375 (Nomura et al., 1994) for Snu114 using the 263 

specified primers (Table 2) and cloning the products into pcDNA5-TetO-fSNAPc using the KpnI 264 

and NotI restriction sites. Expression levels of the fSNAP fusion proteins were adjusted to 265 

endogenous level by inducing the U1-70K-fSNAP, U2B''-fSNAP, and Snu114-fSNAP Flp-In 266 

cell lines with 6 ng/ml, 3 ng/ml, and 3 ng/ml Doxycycline (BD Biosciences, 631311), 267 

respectively. Parental cells were not induced. Nuclear extracts were prepared as previously 268 

described (Lee, Bindereif, & Green, 1988). In brief, HEK293 cells were grown at 37°C 5% CO2 269 

in DMEM medium supplemented with 10% FBS. Cells from 10 confluent 15-cm dishes were 270 

harvested and washed with ice cold PBS. Cells (900 µl) were resuspended in 900 µl Buffer A [10 271 

mM Tris, 1.5 mM MgCl2, 10 mM KCl and 0.5 mM DTT, pH 7.9 at 4°C, supplemented with 272 

complete protease inhibitor cocktail (Roche, 04693159001)], transferred to a 2 ml Eppendorf 273 
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tube, incubated for on ice 15 minutes and then disrupted by 10 passages through a 25 gauge 274 

needle. After centrifuging the lysate for 20 seconds at 12,000 ✕ g, the nuclear pellet was 275 

resuspended in 450 µl Buffer C [20 mM Tris, 25% (v/v) glycerol, 0.42 M NaCl, 1.5 mM MgCl2, 276 

0.2 mM EDTA and 0.5 mM DTT, pH 7.9 at 4°C, supplemented with complete protease inhibitor 277 

cocktail (Roche, 04693159001)] and rapidly stirred in a 2 ml round-bottom microcentrifuge tube 278 

with a 12.7 x 3 mm stir bar for 30 minutes. After clarifying the lysate by centrifuging for 10 279 

minutes at 12,000 ✕ g, the SNAP-Surface 549 dye-benzylguanine conjugate (New England 280 

BioLabs, S9112S) was added to the supernatant at a final concentration of 200 nM and incubated 281 

for 30 minutes at 30°C. After labeling, the supernatant was dialyzed 2 times for 2 hours each 282 

against Buffer E (20 mM Tris, 20% (v/v) glycerol, 0.1 M KCl, 0.2 mM EDTA and 0.5 mM DTT, 283 

pH 7.9 at 4°C). The dialysate (1 ml) was spun again for 10 minutes at 16,000 ✕ g and frozen in 284 

liquid nitrogen. Typical total protein concentration was 8.5 mg/ml. For negative control 285 

experiments, extracts were depleted of ATP using Centri-sep spin columns (Princeton 286 

Separations, CS-901) (Anderson & Moore, 2000). A single preparation of each of the three 287 

extracts was used in all reported experiments. 288 

 289 

RNA preparation 290 

Radioactively labeled pre-mRNA substrate PIP85A (Table 1) was synthesized by in vitro 291 

transcription as previously described with a m7G(5')ppp(5')G 5' cap and [α-
32

P]UTP (Moore & 292 

Sharp, 1992). 293 

Two color pre-mRNAs carrying a 3' biotin (Figure 1C) were prepared by splinted ligation 294 

as previously described (Crawford, Hoskins, Friedman, Gelles, & Moore, 2013; Shcherbakova, 295 

et al., 2013) using DNA oligonucleotides and RNA segments listed in Tables 1 and 2. 296 
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Specifically, RNA segments S1 (with a m7G(5')ppp(5')G 5' cap) and S4 were produced in vitro 297 

by transcription by T7 RNA polymerase of templates generated by PCR from the plasmid 298 

PIP85A using the PCR primers S1-T7-F and S1-R or S4-T7-F and S4-R respectively. S2 and S3 299 

were purchased from Dharmacon. Prior to the ligation 5' ends of S2, S3 and S4 were 300 

phosphorylated and S2 was labeled with AlexaFluor 647 NHS ester (Thermo Scientific, A20006) 301 

as previously described (Crawford, et al., 2013; Shcherbakova, et al., 2013). For the final 302 

splinted ligation S1, S2, S3, S4 RNA segments and the ligation splint oligonucleotide were 303 

annealed. The ligation resulted in an RNA where the 5' exon was labeled with a single green-304 

excited dye (DY547) at position -7 relative to the 5'SS, the intron was labeled with on average 305 

two red-excited dyes (AlexaFluor 647) at positions 18,30 and/or 42 relative to the 5'SS, and a 306 

single biotin was added to the 3' end by Klenow extension with biotin-dCTP (Trilink Bio 307 

Technologies Inc, N5002) (Braun & Serebrov, 2017; Shcherbakova, et al., 2013). 308 

One-color pre-mRNAs (Figures 2, 3, and 4) were labeled at the 3' end by Klenow 309 

extension with both AlexaFluor 647 dUTP (Life Technologies, A32763) and biotin dCTP, 310 

resulting in one (5i3 and 3e5) or two (5i3e5) AlexaFluor 647 dyes and one biotin per pre-mRNA 311 

molecule. All oligonucleotides used for Klenow extensions are listed in Tables 1 and 2. 312 

 313 

Western blotting 314 

Protein samples were separated by SDS-PAGE and transferred to a 0.45 μm pore size 315 

nitrocellulose membrane (Whatman, PROTRAN BA 85, 10 401 196). Proteins were detected 316 

using the indicated antibodies and an Odyssey CLx Imager (LI-COR) according to 317 

manufacturer’s instructions. 318 

 319 
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Co-immunoprecipitation 320 

Cells (one 15 cm dish per condition) were lysed in 3 ml Buffer 1 (10 mM Tris pH 7.4, 321 

100 mM NaCl, 2.5 mM MgCl2) supplemented with 40 μg/ml digitonin. Nuclei were collected by 322 

pelleting at 2,000 ✕ g for 10 minutes and resuspended in 3 ml Buffer 1 supplemented with 0.1% 323 

Triton X-100 and complete protease inhibitor cocktail (Roche, 04693159001). The suspension 324 

was sonicated (Branson Digital Sonifier-250) for 8 seconds in bursts of 2 seconds and the NaCl 325 

concentration adjusted to 150 mM. This nuclear lysate was clarified by centrifugation at 15,000 326 

✕ g for 10 minutes and an input sample taken. Dynabeads Protein A (Life Technologies, 327 

10002D) or Protein G (Life Technologies, 10001D) pre-incubated with respective antibodies 328 

were added and nutated for 2 hours. After 4 washes with Buffer 2 (20 mM Tris pH 7.4, 150 mM 329 

NaCl, 0.1% NP-40), bound proteins were eluted with SDS loading dye and analyzed by Western 330 

blotting as described above. 331 

 332 

Fluorescence and Coomassie gels 333 

Protein samples were separated by denaturing polyacrylamide gel electrophoresis (SDS-334 

PAGE). Gels were fixed in 25% isopropanol and 10% acetic acid, and fluorescence was imaged 335 

using a Typhoon scanner (GE Healthcare). Gels were subsequently stained with Coomassie 336 

brilliant blue dye R-250 (Thermo Scientific, 20278) to visualize total protein. 337 

 338 

Bulk in vitro splicing assays 339 

Splicing reactions were performed at 30°C in 20 µl of 40% HEK 293 nuclear extract in 340 

final concentrations of 60 mM K
+
-MOPS pH 7.3, 2 mM ATP, 0.5 mM DTT, 2 mM MgOAc2, 20 341 

mM potassium glutamate, 5 mM creatine phosphate, and 0.1 mg/ml E.coli tRNA with 20 fmol 342 
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radioactively labeled pre-mRNA substrate. To make conditions correspond to those in the 343 

CoSMoS experiments, the bulk assays also included 0.9 U/ml B. cepacia protocatechuate 344 

dioxygenase (Sigma P8279; 5U/mg; 9 mg/ml) and 5 mM protocatechuate (Sigma 37580, 345 

recrystallized from hot water before use) as an O2 scavenging system and 1 mM Trolox (6-346 

hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid, Aldrich, 23,881-3) as a triplet quencher 347 

(Hoskins, et al., 2011). Where indicated anti-U1 AMO or control AMO (Gene Tools, sequences 348 

are described in Table 2) were added at 10µM final concentration as previously described 349 

(Kaida, et al., 2010) and the splicing reaction was 20 minutes pre-incubated at 30°C prior to the 350 

addition of pre-mRNA substrate. After incubating at 30°C for times indicated, splicing reactions 351 

were stopped by adding 10 volumes of Stop Buffer (100 mM Tris-Cl
-
, 10 mM EDTA, 1% SDS, 352 

150 mM NaCl, and 300 mM sodium acetate, pH 7.5). RNAs were extracted and separated by 353 

denaturing polyacrylamide (15%) gel electrophoresis. The dried gel was phosphorimaged with a 354 

Typhoon PhosphorImager and RNAs quantified using ImageQuant with signal intensities being 355 

normalized to their U content. Splicing efficiencies were calculated as the ratio of spliced RNA 356 

product (i.e., ligated exons) to pre-mRNA starting material at time zero. 357 

 358 

Single molecule in vitro splicing assays 359 

Glass slides and cover slips were prepared as described previously (Friedman, Chung, & 360 

Gelles, 2006) except that PEGylation was only allowed to proceed for 3 hours at room 361 

temperature after which slides and coverslips were washed with 50 mM potassium phosphate 362 

buffer pH 7.4, dried with N2 gas and stored at −80°C until use. After assembly of reaction 363 

chambers with vacuum grease (up to five lanes per slide with a volume of ~25 µl each), 364 
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individual lanes were rehydrated immediately before use with 50 mM potassium phosphate 365 

buffer pH 7.4. 366 

Single-molecule fluorescence imaging used a micro-mirror total internal reflection 367 

fluorescence (TIRF) microscope with automatic focus (Friedman, et al., 2006; Hoskins, et al., 368 

2011). Sample temperature was maintained at 30°C using a custom-built temperature control 369 

system (Paramanathan, Reeves, Friedman, Kondev, & Gelles, 2014). Streptavidin-conjugated 370 

fluorescent beads (Life Technologies, T10711) were tethered to the surface (multiple beads per 371 

field of view) and were used as reference for stage drift correction. RNAs were tethered on the 372 

slide surface at a total density of ~0.2 – 0.5 fluorescent spots per µm
2
. When multiple different 373 

RNA species were tethered sequentially, a microscope image was taken after each round of 374 

deposition to individually identify the molecules of each RNA species. Splicing reactions (60 µl) 375 

were assembled as described for the bulk assays above (but without pre-mRNA) and introduced 376 

into individual slide lanes by capillary action and wicking; imaging was initiated immediately 377 

after reaction loading. For experiments with the two color pre-mRNA we acquired a 1 s duration 378 

frame every 5 minutes with 150 μW 633 nm (red) excitation except at the beginning and end of 379 

the experiment when we acquired 1 frame per second with 300 μW 532 nm (green) excitation. 380 

For experiments with the one color pre-mRNAs and labeled nuclear extracts we acquired 381 

sequences of 100 one-second duration frames with 300 μW 532 nm excitation alternating with a 382 

single one-second frame with 150 μW 633 nm excitation. All excitation powers are measured 383 

incident to the input micro-mirror. 384 

 385 

Single molecule data analysis 386 
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Data analysis was performed using custom software (https://github.com/gelles-387 

brandeis/CoSMoS_Analysis) implemented in MATLAB (MathWorks) as previously described 388 

(Friedman & Gelles, 2015; Hoskins, et al., 2011); locations of fluorescent spots were identified 389 

by image analysis using the spot-picker algorithm (Friedman & Gelles, 2015). Locations of 390 

tethered RNA molecules and control locations were determined in drift-corrected, color-aligned 391 

images. For spliceosomal subcomplex detection, images were averaged with a 5 frame sliding 392 

window before spot picking. Binding frequencies were calculated as described (Friedman & 393 

Gelles, 2015). The provided source data files are “intervals” files readable by imscroll 394 

(https://github.com/gelles-brandeis/CoSMoS_Analysis). The time-averaged specific occupancy 395 

of RNA molecules by a spliceosomal subcomplex (i.e., the fraction of time the RNA a 396 

fluorescently labeled subcomplex is bound to the RNA) was calculated as (fm - fc) / (1 - fc) where 397 

the subscripts m and c refer to RNA and no RNA control locations, respectively, and f represents 398 

the fraction of time that a fluorescent spot was present, averaged over all locations measured for 399 

each type. Note that this value underestimates the subcomplex occupancy since only a fraction of 400 

each subcomplex is labeled (Figure 1-figure supplemental 4). Standard error of the fractional 401 

occupancy was determined by bootstrapping (2000 random samples). Distributions of time to 402 

first binding event were fit to background-corrected single-exponential models as described 403 

(Friedman & Gelles, 2015). 404 
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 521 

Figure 1. Observing splicing of the PIP85A (5i3) model pre-mRNA (A) in bulk (B) and single-522 

molecule (C) splicing assays. Introns and exons are schematized as blue lines and rectangles, 523 

respectively, with A indicating the branchpoint. For bulk analysis (B) trace-labeled 5i3 was 524 

incubated with nuclear extracts, aliquots were analyzed on denaturing gel (15%) and 2nd splicing 525 

products quantified in graph. 2nd step splicing efficiency (± s.d.) was calculated as the amount of 526 

ligated exon product relative to the amount of 5i3 starting material at time zero. For single-527 

molecule analysis (C), dyes tethered to the surface (red, green stars) were visualized using total 528 

internal reflection fluorescence microscopy using alternating red and green laser excitation 529 

(arrows); dye-labeled molecules in solution are not detectable. Fraction (± s.e.) of labeled introns 530 

remaining was calculated as the fraction of the N molecules retaining the exon dye fluorescence 531 

(green star) through the entire experiment duration which retained intron dye fluorescence (red 532 

star) at a particular time. Labeling of spliceosomal subcomplexes is shown in Figure 1-figure 533 

supplements 1-5. 534 

 535 
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 536 

Figure 2. CoSMoS monitoring of spliceosomal subcomplex interactions with individual cross-537 

intron (5i3) and cross-exon (3e5) pre-mRNA molecules in human nuclear extracts. (A) 538 

Schematic of a CoSMoS experiment in which green dye-labeled U1 is observed binding to red 539 

dye-labeled, surface-tethered RNAs. Introns and exons are schematized as blue and magenta 540 
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lines and rectangles, respectively, with A indicating the branchpoint. Dyes (stars) linked to 541 

tethered RNAs were visualized using total internal reflection fluorescence microscopy using 542 

alternating red and green laser excitation (arrows); dye-labeled molecules in solution are not 543 

detectable. (B) Schematic of 5i3 and 3e5 RNAs, with features indicated as in (A). See Table 1 544 

for RNA sequences. (C) Protocol: 5i3 (blue) and 3e5 (magenta) RNAs were sequentially 545 

deposited and located (squares) under red laser excitation. Non-overlapping control “no RNA” 546 

locations (gray) were selected. Then, extract was introduced and spliceosomal subcomplex (e.g., 547 

U1) binding to individual RNA molecules was visualized under green laser excitation. Images 548 

(grayscale) are a small portion (2.6 μm x 2.6 μm) of the microscope field of view recorded at 549 

each stage of the process. See Figure 2-figure supplement 1 for complete field of view. (D) Time 550 

series images (1 second per frame; 1.3 μm x 1.3 μm) of U1 fluorescence from example surface 551 

locations containing a single 5i3 RNA (top), a single 3e5 RNA (middle) or no detected RNA 552 

(bottom). Images with fluorescence spots (highlighted) indicate U1 binding. See Figure 2-figure 553 

supplement 2 for additional traces and detected events. (E) Rastergrams aggregating U1, U2, and 554 

U5 binding time courses from random samples of 50 individual 5i3 and 3e5 RNA molecules 555 

over 2,400 seconds. Each row in these plots contains data from a single RNA molecule; color 556 

indicates presence and white indicates absence of bound spliceosomal subcomplex. In each 557 

panel, RNA molecules are sorted by the time of first subcomplex binding (latest to earliest); the 558 

percentage (± s.e.) of N observed RNA molecules that exhibited subcomplex binding during the 559 

experiment is indicated. Rastergrams for “no RNA” control locations are shown in Figure 2-560 

figure supplement 3. (F) Cumulative distributions of U1, U2, and U5 dwell times on N observed 561 

5i3 and 3e5 RNAs or control “no RNA” locations. Data show the mean frequency per RNA 562 

molecule (or per “no RNA” location) of subcomplex binding events with durations greater than 563 
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or equal to the indicated dwell time. All frequencies on RNAs are substantially higher than the 564 

non-specific binding seen at “no RNA” locations (note logarithmic scale). (G) Total frequencies 565 

(± s.e.) per RNA molecule of RNA-specific subcomplex binding. These RNA-specific binding 566 

frequencies correspond to the RNA minus the no RNA vertical axis intercepts of the curves in 567 

(F); they represent the total rate of subcomplex-RNA binding throughout the 2,400 second 568 

experiment averaged over all observed RNA molecules. (H) Frequencies (± s.e.) per RNA 569 

molecule of the subsets of RNA-specific subcomplex binding events shorter or longer than 50 570 

seconds. (I) Specific occupancy (± s.e.), corresponding to the fraction of RNA molecules bound 571 

by the indicated fluorescent subcomplex averaged over the duration of the experiment. Numbers 572 

of RNA molecules observed in (G-I) are the same as those reported in (F). The specific 573 

occupancy values are calculated as described (see Methods) to correct for the small amount of 574 

binding observed at “no RNA” locations. Source data for Figure 2: SourceDataFigure2.zip. 575 

 576 
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 577 

Figure 3. Interdependence of U1 and U2 binding to cross-intron and cross-exon RNAs. (A) 578 

Schematics of 5i3 and 3e5 RNAs without or with polypyrimidine tract and 3'SS mutations (X). 579 

See Table 1 for RNA sequences. (B) Dynamics of dye labeled U1 binding to the RNAs depicted 580 

in (A), in a CoSMoS experiment in which all four RNAs were simultaneously present. 581 

Cumulative dwell time distributions and frequencies of RNA-specific binding were measured 582 

and plotted as in Figures 2F and 2G. For clarity, pairs of distributions are plotted in separate left 583 

and right panels and the no RNA data from the experiment is shown in both. Corresponding 584 

rastergrams are shown in Figure 3-figure supplement 2. (C) Schematics of 5i3 and 3e5 RNAs 585 

without or with 5'SS mutations (X). (D) Dynamics of dye-labeled U2 binding in two separate 586 

CoSMoS experiments, one with 5i3 and Xi3 RNAs (left) and one with 3e5 and 3eX (right). 587 

Corresponding rastergrams are shown in Figure 3-figure supplement 4. Dependence of U1 588 
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binding on 5'SS mutations and dependence of U2 binding on polypyrimidine tract and 3'SS 589 

mutations are shown in Figure 3-figure supplement 1 and Figure 3-figure supplement 3 590 

respectively. Source data for the single-molecule experiments in Figure 3 and Figure 3-figure 591 

supplements: SourceDataFigure3.zip, SourceDataFigure3S1.zip, SourceDataFigure3S3.zip, 592 

SourceDataFigure3S5.zip, and SourceDataFigure3S6.zip. 593 

 594 



30 

 

 595 

Figure 4. Synergistic recruitment of U2 by 5'SS across introns and exons. (A) Schematic of 596 

5i3e5 RNAs without or with 5'SS mutations (X). Black brackets indicate two regions (113 nts) of 597 

identical sequence. (B) Ensemble splicing time courses of 
32

P-labeled RNA. Second step splicing 598 

efficiencies (± s.d.) were calculated as fraction of 5i3e5, 5i3eX, Xi3e5 and Xi3eX starting 599 

material at time zero. Arrow indicates 5' exon resulting from usage of a cryptic 5'SS 12 nts 600 

upstream of the canonical 5'SS in Xi3e5. (C) Cumulative dwell time distribution, RNA-specific 601 

binding frequency (± s.e.) and time-averaged fractional occupancy (± s.e.) U2 binding to 5i3e5, 602 

5i3eX, Xi3e5 and Xi3eX RNAs measured in the same experiment. Corresponding rastergrams are 603 

shown in Figure 4-figure supplement 1. Analysis of time of first U2 binding event distributions is 604 

shown in Figure 4-figure supplement 2. Source data for the single-molecule experiments in 605 

Figure 4: SourceDataFigure4.zip. 606 

 607 
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 608 

Figure 5. Implications of synergistic U2 recruitment for the mechanism of exon and intron 609 

recognition. The cartoon illustrates how differing modes of U1 action from upstream (cross-610 

intron) and downstream (cross-exon) sites can synergize to promote faster U2 binding when both 611 

flanking U1 sites are present. Double-headed arrows denote physical interactions in which one 612 

component may accelerate association or slow dissociation of another. 613 

 614 
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 615 

Figure 1-figure supplement 1. Expression of fSNAP-fusion proteins in HEK293 cells. Western 616 

blots confirm expression of fSNAP-fusion proteins (black arrows) at levels similar to untagged 617 

endogenous proteins (gray arrows); Parental, untagged HEK293 cell line. Glyceraldehyde-3-618 

phosphate dehydrogenase (GAPDH) and cytochrome c oxidase polypeptide IV (COX4) serve as 619 

loading controls. Fractions tagged (the amount of fSNAP-fusion protein as a fraction of the 620 

amount of both untagged endogenous protein and fSNAP-fusion protein) are listed in the table. 621 

Anti-U1-70K (Synaptic Systems, 203011, RRID:AB_887903), anti-U2B'' (American Research 622 

Products, 4G3, 03-57035), anti-Snu114 (Bethyl, A300-957A, RRID:AB_805780), anti-COX4 623 

(Bethyl, A301-899A, RRID:AB_1524093), anti-GAPDH (Bethyl, A500-005A, 624 

RRID:AB_10895657), anti-rabbit-680 (LI-COR, 926-68021, RRID:AB_10706309), and anti-625 

mouse-800 (LI-COR, 926-32212, RRID:AB_621847) antibodies were used according to 626 

manufacturer’s recommendations. 627 

 628 
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 629 

Figure 1-figure supplement 2. Co-immunoprecipitation experiments show integration of fusion 630 

proteins into spliceosome assembly intermediates at efficiencies similar to their endogenous 631 

untagged counterparts. Indicated bait proteins were immunoprecipitated from nuclear extracts 632 

and aliquots from input (1%) and pulldown (30%) analyzed by Western blotting for 633 

immunoprecipitated bait protein (upper panel) and co-immunoprecipitated prey protein (both 634 

endogenous and fSNAP-tagged, gray and black arrows respectively). For co-635 

immunoprecipitation the following antibodies were used according to manufacturer’s 636 

recommendations: U1-70K, anti-SF3B155 (Bethyl, A300-996A, RRID:AB_805834); U2B'', 637 

anti-SF3B145 (Bethyl, A301-606A, RRID:AB_1078828); and Snu114, anti-Brr2 (Bethyl, A303-638 

453A, RRID:AB_10949362). For Western blotting anti-SF3B155 (Bethyl, A300-996A, 639 

RRID:AB_805834), anti-U1-70K (Synaptic Systems, 203011, RRID:AB_887903), anti-640 

SF3B145 (Bethyl, A301-606A, RRID:AB_1078828), anti-U2B'' (American Research Products, 641 

4G3, 03-57035), anti-Brr2 (Bethyl, A303-453A, RRID:AB_10949362), anti-Snu114 (Bethyl, 642 

A300-957A, RRID:AB_805780), anti-rabbit-680 (LI-COR, 926-68021, RRID:AB_10706309), 643 

and anti-mouse-800 (LI-COR, 926-32212, RRID:AB_621847) were used according to 644 

manufacturer’s recommendations. 645 

 646 
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 647 

Figure 1-figure supplement 3. Spliceosomal subcomplex labeling in human nuclear extracts. 648 

Fluorescence and Coomassie images of SDS-PAGE gel lanes show specific dye labeling of 649 

tagged spliceosomal components in nuclear extracts. Indicated migration position of unreacted 650 

dye was determined using control untagged nuclear extract spiked with the green-excited dye-651 

benzylguanine adduct. 652 

 653 
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 654 

Figure 1-figure supplement 4. Labeling efficiencies for spliceosomal proteins. Extracts were 655 

labeled at 200 nM, 1000 nM and 2000 nM benzylguanine-dye conjugate at 30°C for 1 hour. 656 

Fluorescence intensity in the region corresponding to each protein band is shown in the bar graph 657 

(N = 1) normalized to the fluorescence intensity at saturation (2000 nM). The fraction labeled of 658 

the tagged protein at 200 nM is estimated as ratio of labeled tagged protein at 200 nM and 659 

labeled tagged protein at saturation (2000 nM) and given in the table as “labeling efficiency”. 660 

Labeled fraction of total protein (tagged plus untagged) was calculated as the product of labeling 661 

efficiency and fraction tagged (Figure 1-figure supplement 1). 662 

 663 
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 664 

Figure 1-figure supplement 5. Bulk splicing efficiency and protein concentration for the 665 

nuclear extracts used in this study. 2nd step splicing efficiency was calculated as in figure 1 at 40 666 

minutes reaction time (N = 1). Protein concentration was determined using Bradford protein 667 

assay using bovine serum albumin as a standard (N = 1). 668 

 669 
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 670 

Figure 2-figure supplement 1. Complete microscope field of view (48 μm x 49 μm, grayscale) 671 

containing the region shown in Figure 2C (yellow box). RNA molecules were visualized under 672 

red laser excitation after both 5i3 and 3e5 molecules were tethered. The four brightest spots are 673 

fluorescent beads used as fiducial markers to correct for stage drift. 674 

 675 
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 676 

Figure 2-figure supplement 2. Sample fluorescence intensity traces and detected U1 binding 677 

events on 5i3 and 3e5 RNA molecules and at no RNA control locations (see Figure 2). For each 678 

location both time records of fluorescence intensity (green) and image-analysis-based detection 679 

of a fluorescent spot (blue; colocalization or absence of colocalization; (Friedman & Gelles, 680 

2015)) are shown. 681 

 682 
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 683 

Figure 2-figure supplement 3. Rastergrams of each subcomplex binding to 50 randomly 684 

selected no RNA control locations. Data are from the experiments shown in Figure 2. The stated 685 

fraction (± s.e.) of the no RNA locations that exhibited subcomplex binding was calculated from 686 

the total sample of N no RNA locations reported in Figure 2F. 687 

 688 
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 689 

Figure 2-figure supplement 4. Bulk assay detects no splicing of 3e5 pre-mRNA. Time points 690 

are 0, 10, 20, 30, and 40 minutes after nuclear extract addition. 691 

 692 
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 693 

Figure 3-figure supplement 1. U2 binding events to pre-mRNA depend on the polypyrimidine 694 

tract and 3'SS. (A) Rastergrams showing U2 binding data on 50 randomly selected individual 5i3 695 

and 5iX pre-mRNA molecules and no RNA control locations over the course of 2,400 seconds, 696 

sorted by the time of the first binding event to each RNA. The percentage (± s.e.) of N observed 697 

RNA molecules that exhibited subcomplex binding during the experiment is indicated. (B) 698 

Cumulative dwell time distributions of U2 binding events on wild-type 5i3 and mutated 5iX 699 

cross-intron RNAs, and at randomly selected locations with no RNA. (C) Frequencies (± s.e.) of 700 

RNA-specific U2 binding to 5i3 and 5iX RNAs calculated as in Figure 2G. (D-F) Same as (A-C), 701 

except for the 3e5 and Xe5 RNAs. Data in all three panels are from the same experiment. 702 
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 704 

Figure 3-figure supplement 2. Rastergrams showing U1 binding to 50 randomly selected 5i3, 705 

5iX, 3e5, and Xe5 pre-mRNA molecules and control locations over the course of 2,400 seconds, 706 

sorted by the time of the first binding event. Data are from the experiment in Figure 3B. The 707 

percentage (± s.e.) of N observed RNA molecules (see Figure 3B) that exhibited subcomplex 708 

binding during the experiment is indicated. 709 

 710 
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 711 

Figure 3-figure supplement 3. Long-duration U1 binding to pre-mRNA depends on a canonical 712 

5'SS. (A) Rastergrams showing U1 binding data on 50 randomly selected individual 5i3 and Xi3 713 

pre-mRNA molecules and control no RNA locations from the same experiment, sorted by the 714 

time of the first binding event at each RNA or no RNA location. The percentage (± s.e.) of N 715 

observed RNA molecules that exhibited subcomplex binding during the experiment is indicated. 716 

(B) Cumulative dwell time distributions of U1 binding events on wild-type 5i3 and mutated Xi3 717 

cross-intron RNAs. (C) Frequency (± s.e.) of RNA-specific U1 binding to 5i3 and Xi3 RNAs 718 

calculated as in Figure 2G. Data in panels A, B, and C are all from the same experiment. (D-F) 719 

Same as (A-C), except for the 3e5 and 3eX RNAs. Data in all three panels are from the same 720 

experiment. 721 

 722 
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 723 

Figure 3-figure supplement 4. Rastergrams showing U2 binding data on 50 randomly selected 724 

individual 5i3, Xi3, 3e5, and 3eX pre-mRNA molecules and control no RNA locations over the 725 

course of 2,400 seconds, sorted by the time of the first binding event to each RNA or location. 726 

The percentage (± s.e.) of N observed RNA molecules (see Figure 3D) that exhibited 727 

subcomplex binding during the experiment is indicated. Data for the left and right halves of the 728 

figure are taken from the same experiments as the left and right halves of Figure 3D. 729 

 730 
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 731 

Figure 3-figure supplement 5. U5 binding to 5i3 pre-mRNA depends on the 5'SS. (A) 732 

Rastergrams showing U5 binding to 50 randomly selected individual 5i3 and Xi3 pre-mRNA 733 

molecules and to no RNA control locations over the course of 2,400 seconds, sorted by the time 734 

of the first binding event to each RNA. The percentage (± s.e.) of N observed RNA molecules 735 

that exhibited subcomplex binding during the experiment is indicated. (B) Cumulative dwell 736 

time distributions of U2 binding events on wild-type 5i3 and mutated Xi3 cross-intron RNAs, 737 

and at randomly selected locations with no RNA. (C) Frequencies (± s.e.) of RNA-specific U5 738 

binding to 5i3 and Xi3 RNAs calculated as in Figure 2G. 739 

 740 
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 741 

Figure 3-figure supplement 6. Antisense morpholino oligonucleotide (AMO) targeting U1 742 

snRNA strongly reduces U2 binding to both 5i3 and 3e5 RNAs. (A) Bulk splicing assay (as in 743 

Figure 1A) shows specific inhibition of 5i3 pre-mRNA splicing upon addition of anti-U1 AMO 744 
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at 10 µM final concentration as previously reported (Kaida, et al., 2010). A non-complementary 745 

control AMO of the same length showed minimal inhibition (Kaida, et al., 2010). (B) Single 746 

molecule observations of U2 binding to RNAs in extract preincubated with 10 µM control AMO.  747 

Rastergrams show U2 binding to 50 randomly selected individual 5i3 and 3e5 pre-mRNA 748 

molecules and control no RNA locations from the same experiment, sorted by the time of the 749 

first binding event at each RNA or no RNA location. The percentage (± s.e.) of N observed RNA 750 

molecules that exhibited subcomplex binding during the experiment is indicated. (C) Cumulative 751 

dwell time distributions of all U2 binding events from the experiment excerpted in (B). (D,E) 752 

Same as (B,C), except that the extract was preincubated with 10 µM anti-U1 AMO. (F) 753 

Frequency (± s.e.) of RNA-specific U2 binding in the presence of control and anti-U1 AMO to 754 

5i3 (left) and 3e5 (right) calculated from data in (B-E) as in Figure 2G. 755 

 756 
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 757 

Figure 4-figure supplement 1. Rastergrams showing U2 binding data on 50 randomly selected 758 

individual 5i3e5, 5i3eX, Xi3e5, and Xi3eX pre-mRNA molecules and control no RNA locations 759 

from the experiment shown in Figure 4C, sorted by the time to the first binding observed on each 760 

RNA. The percentage (± s.e.) of N (see Figure 4C) observed RNA molecules or no RNA 761 

locations that exhibited subcomplex binding during the experiment is indicated. 762 

 763 



49 

 

 764 

Figure 4-figure supplement 2. Cumulative distributions of the fraction of RNA molecules 765 

exhibiting at least one U2 binding event by the indicated time after the start of the experiment. 766 

Data include measurements on 5i3e5, 5i3eX, Xi3e5, and Xi3eX RNA molecules and no RNA 767 

control locations, all from the experiment in Figure 4C. For all four RNAs, data were consistent 768 

with a quantitative model (cyan fit lines; see (Friedman & Gelles, 2015)) that assumes a single 769 

rate-limiting step for U2 binding (with the indicated values for the apparent first-order 770 

association rate constant) to only a subpopulation (the “active fraction”) of the RNA molecules. 771 

The active fraction was determined from the fit to the 5i3e5 data and was held fixed at the 772 

indicated values (asterisks) for the other fits. 773 

 774 
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Table 1. RNAs. 775 

5-N-U, 5-aminoallyluridine modification. Small letters indicate mutated bases in the mutant 776 

sequence variants. The cryptic 5'SS in Xi3e5 (see Figure 4B) is underlined. 777 

 778 

RNA name RNA sequence (5' to 3') 

5i3 (cross-intron, 

PIP85A) 

GGGCGAAUUCGAGCUCACUCUCUUCCGCAUCGCUGUCUGCGAG

GUACCCUACCAGGUGAGUAUGGAUCCCUCUAAAAGCGGGCAUG

ACUUCUAGAGUAGUCCAGGGUUUCCGAGGGUUUCCGUCGACGA

UGUCAGCUCGUCUCGAGGGCGUACUAACUGGGCCCCUUCUUCU

UUUUCCCUCAGGUCCUACACAACAUACUGCAGGACAAACUCUU

CGCGGUCUCUGCAUGCAA 

Xi3 (cross-intron, 

5'SS mutant) 

GGGCGAAUUCGAGCUCACUCUCUUCCGCAUCGCUGUCUGCGAG

GUACCCUACCccccGAGUAUGGAUCCCUCUAAAAGCGGGCAUGA

CUUCUAGAGUAGUCCAGGGUUUCCGAGGGUUUCCGUCGACGAU

GUCAGCUCGUCUCGAGGGCGUACUAACUGGGCCCCUUCUUCUU

UUUCCCUCAGGUCCUACACAACAUACUGCAGGACAAACUCUUC

GCGGUCUCUGCAUGCAA 

5iX (cross-intron, 

polypyrimidine 

tract and 3'SS 

mutant) 

GGGCGAAUUCGAGCUCACUCUCUUCCGCAUCGCUGUCUGCGAG

GUACCCUACCAGGUGAGUAUGGAUCCCUCUAAAAGCGGGCAUG

ACUUCUAGAGUAGUCCAGGGUUUCCGAGGGUUUCCGUCGACGA

UGUCAGCUCGUCUCGAGGGCGUACUAACUGGGCCgCUaCaUgaUa

UaCgCaCGGGUCCUACACAACAUACUGCAGGACAAACUCUUCGC

GGUCUCUGCAUGCAA 

3e5 (cross-exon) GGGCGAAUUCGUCGACGAUGUCAGCUCGUCUCGAGGGCGUACU

AACUGGGCCCCUUCUUCUUUUUCCCUCAGGUCCUACACAACAU

ACUGCAGGACAAACUCUUCGCGGUCUCUGCAUGCGAGCUCACU

CUCUUCCGCAUCGCUGUCUGCGAGGUACCCUACCAGGUGAGUA

UGGAUCCCUCUAAAAGCGGGCAUGACUUCUAGAGUAGUCCAGG

GUUUCCGAGGGUUUCCAA 

3eX (cross-exon, 

5'SS mutant) 

GGGCGAAUUCGUCGACGAUGUCAGCUCGUCUCGAGGGCGUACU

AACUGGGCCCCUUCUUCUUUUUCCCUCAGGUCCUACACAACAU

ACUGCAGGACAAACUCUUCGCGGUCUCUGCAUGCGAGCUCACU

CUCUUCCGCAUCGCUGUCUGCGAGGUACCCUACCccccGAGUAUG

GAUCCCUCUAAAAGCGGGCAUGACUUCUAGAGUAGUCCAGGGU

UUCCGAGGGUUUCCAA 

Xe5 (cross-exon, 

polypyrimidine 

tract and 3'SS 

mutant) 

GGGCGAAUUCGUCGACGAUGUCAGCUCGUCUCGAGGGCGUACU

AACUGGGCCgCUaCaUgaUaUaCgCaCgGGUCCUACACAACAUACUG

CAGGACAAACUCUUCGCGGUCUCUGCAUGCGAGCUCACUCUCU

UCCGCAUCGCUGUCUGCGAGGUACCCUACCAGGUGAGUAUGGA

UCCCUCUAAAAGCGGGCAUGACUUCUAGAGUAGUCCAGGGUUU

CCGAGGGUUUCCAA 
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5i3e5 GGGCGAAUUCGAGCUCACUCUCUUCCGCAUCGCUGUCUGCGAG

GUACCCUACCAGGUGAGUAUGGAUCCCUCUAAAAGCGGGCAUG

ACUUCUAGAGUAGUCCAGGGUUUCCGAGGGUUUCCGUCGACGA

UGUCAGCUCGUCUCGAGGGCGUACUAACUGGGCCCCUUCUUCU

UUUUCCCUCAGGUCCUACACAACAUACUGCAGGACAAACUCUU

CGCGGUCUCUGCAUGCGAGCUCACUCUCUUCCGCAUCGCUGUC

UGCGAGGUACCCUACCAGGUGAGUAUGGAUCCCUCUAAAAGCG

GGCAUGACUUCUAGAGUAGUCCAGGGUUUCCGAGGGUUUCCGA

CAAUUGCAUGAA 

5i3eX GGGCGAAUUCGAGCUCACUCUCUUCCGCAUCGCUGUCUGCGAG

GUACCCUACCAGGUGAGUAUGGAUCCCUCUAAAAGCGGGCAUG

ACUUCUAGAGUAGUCCAGGGUUUCCGAGGGUUUCCGUCGACGA

UGUCAGCUCGUCUCGAGGGCGUACUAACUGGGCCCCUUCUUCU

UUUUCCCUCAGGUCCUACACAACAUACUGCAGGACAAACUCUU

CGCGGUCUCUGCAUGCGAGCUCACUCUCUUCCGCAUCGCUGUC

UGCGAGGUACCCUACCccccGAGUAUGGAUCCCUCUAAAAGCGG

GCAUGACUUCUAGAGUAGUCCAGGGUUUCCGAGGGUUUCCGAC

AAUUGCAUGAA 

Xi3e5 GGGCGAAUUCGAGCUCACUCUCUUCCGCAUCGCUGUCUGCGAG

GUACCCUACCccccGAGUAUGGAUCCCUCUAAAAGCGGGCAUGA

CUUCUAGAGUAGUCCAGGGUUUCCGAGGGUUUCCGUCGACGAU

GUCAGCUCGUCUCGAGGGCGUACUAACUGGGCCCCUUCUUCUU

UUUCCCUCAGGUCCUACACAACAUACUGCAGGACAAACUCUUC

GCGGUCUCUGCAUGCGAGCUCACUCUCUUCCGCAUCGCUGUCU

GCGAGGUACCCUACCAGGUGAGUAUGGAUCCCUCUAAAAGCGG

GCAUGACUUCUAGAGUAGUCCAGGGUUUCCGAGGGUUUCCGAC

AAUUGCAUGAA 

Xi3eX GGGCGAAUUCGAGCUCACUCUCUUCCGCAUCGCUGUCUGCGAG

GUACCCUACCccccGAGUAUGGAUCCCUCUAAAAGCGGGCAUGA

CUUCUAGAGUAGUCCAGGGUUUCCGAGGGUUUCCGUCGACGAU

GUCAGCUCGUCUCGAGGGCGUACUAACUGGGCCCCUUCUUCUU

UUUCCCUCAGGUCCUACACAACAUACUGCAGGACAAACUCUUC

GCGGUCUCUGCAUGCGAGCUCACUCUCUUCCGCAUCGCUGUCU

GCGAGGUACCCUACCccccGAGUAUGGAUCCCUCUAAAAGCGGG

CAUGACUUCUAGAGUAGUCCAGGGUUUCCGAGGGUUUCCGACA

AUUGCAUGAA 

S1 GGGCGAAUUCGAGCUCACUCUCUUCCGCAUCGCUGUCUG 

S2 CGAGGUACC(U-DY547)UACCAGGUGA 

S3 GUAUGGAUCCCUC(5-N-U)AAAAGCGGGCA(5-N-

U)GACUUCUAGAG(5-N-U)AGUCCAGGGUUUCCGA 

S4 GGGUUUCCGUCGACGAUGUCAGCUCGUCUCGAGGGCGUACUAA

CUGGGCCCCUUCUUCUUUUUCCCUCAGGUCCUACACAACAUAC

UGCAGGACAAACUCUUCGCGGUCUCUGCAUGCAA 
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Table 2. Oligonucleotides. 780 

m, 2'-O-methyl ribonucleotide; 3ddN, 3' dideoxy nucleotide. 781 

 782 

Oligonucleotide name Oligonucleotide sequence (5' to 3') 

fSNAP-F AGAGATAAGCTTTCCAGCGGTACCGAGCTCGGATCCAGCGG

ACCTAGGGAAACCTGCGGCCGCGGCTCCGGAGGCTCCGGC

GGGAGCGGCATGGACAAAGACTGCGAAATG 

fSNAP-R ACAGATCTCGAGCTAACCCAGCCCAGGCTTGCCCAGTC 

U1-70K-F AGAGATGGTACCATGACCCAGTTCCTGCCGCCCAAC 

U1-70K-R ACAGATGCGGCCGCACTCCGGCGCAGCCTCCATC 

U2B"-F AGAGATGGTACCATGGATATCAGACCAAATCATAC 

U2B"-R ACAGATGCGGCCGCATTTCTTGGCGTATGTAATTTTC 

Snu114-F AGAGATGGTACCATGGATACCGACTTATATGATGAG 

Snu114-R ACAGATGCGGCCGCACATGGGGTAATTGAGCACAACATC 

ligation splint ACATCGTCGACGGAAACCCTCGGAAACCCTGGACTACTCTA

GAAGTCATGCCCGCTTTTAGAGGGATCCATACTCACCTGGT

AAGGTACCTCGCAGACAGCGATGCGGAAGAG 

S1-T7-F TAATACGACTCACTATAGGGCGAATTCGAGCTCAC 

S4-T7-F TAATACGACTCACTATAGGGTTTCCGTCGACGATGTCAGCT

C 

S1-R mCmAGACAGCGATGCGGAAG 

S4-R mUmUGCATGCAGAGACCGCGAAG 

2-color RNA Klenow 

splint 

GTTCCTTGCATGCAGAGACCGCGAAGAG/3ddC/ 

5i3 template-F TAATACGACTCACTATAGGGCGAATTCGAGCTCAC 

5i3 template-R mUmUGCATGCAGAGACCGCGAAG 

5i3 Klenow splint GTTCTTCTTATTGCATGCAGAGACCGCGAAGAG/3ddC/ 

5i3 Klenow capture CTCTTCGCGGTCTCTGCATGCAATAAGAAGAAC 

3e5 template-F TAATACGACTCACTATAGGGCGAATTCGTCGACG 

3e5 template-R mUmUGGAAACCCTCGGAAACCCTG 

3e5 Klenow splint GTTCTTCTTATTGGAAACCCTCGGAAACCCTGGA/3ddC/ 

3e5 Klenow capture TCCAGGGTTTCCGAGGGTTTCCAATAAGAAGAAC 

5i3e5 template-F TAATACGACTCACTATAGGGCGAATTC 

5i3e5 template-R mUmUCATGCAATTGTCG 

5i3e5 Klenow splint GTTCTTATCTTATTCATGCAATTGTCGGAAACCCTC/3ddC/ 

5i3e5 Klenow capture GAGGGTTTCCGACAATTGCATGAATAAGATAAGAAC 

control-AMO CCTCTTACCTCAGTTACAATTTATA 

anti-U1-AMO GGTATCTCCCCTGCCAGGTAAGTAT 

 783 
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Table 3. Plasmids. 784 

 785 

Plasmid name Description 

pcDNA5-FRT-TetO Singh et al, 2012 

pcDNA5-FRT-

TetO-fSNAPc 

open reading frame of fSNAP inserted into pcDNA5-FRT-TetO using the 

HindIII and XhoI restriction sites 

pcDNA5-FRT-

TetO-U1-70K-

fSNAPc 

open reading frame of U1-70K inserted into pcDNA5-FRT-TetO-fSNAPc 

using the KpnI and NotI restriction sites 

pcDNA5-FRT-

TetO-U2B''-

fSNAPc 

open reading frame of U2B'' inserted into pcDNA5-FRT-TetO-fSNAPc 

using the KpnI and NotI restriction sites 

pcDNA5-FRT-

TetO-Snu114-

fSNAPc 

open reading frame of Snu114 inserted into pcDNA5-FRT-TetO-fSNAPc 

using the KpnI and NotI restriction sites 

PIP85.A (=T7-5i3) Moore and Sharp, 1992, T7 transcription template for 5i3 

T7-3e5 T7 transcription template for 3e5 

T7-5iX T7 transcription template for 5iX 

T7-Xi3 T7 transcription template for Xi3 

T7-3eX T7 transcription template for 3eX 

T7-Xe5 T7 transcription template for Xe5 

T7-5i3e5 T7 transcription template for 5i3e5 

T7-5i3eX T7 transcription template for 5i3eX 

T7-Xi3e5 T7 transcription template for Xi3e5 

T7-Xi3eX T7 transcription template for Xi3eX 
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