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SUMMARY

Removal of introns from nascent transcripts (pre-
mRNAs) by the spliceosome is an essential step in
eukaryotic gene expression. Previous studies have
suggested that the earliest steps in spliceosome
assembly in yeast are highly ordered and the stable
recruitment of U1 small nuclear ribonucleoprotein
particle (snRNP) to the 50 splice site necessarily pre-
cedes recruitment of U2 snRNP to the branch site
to form the ‘‘prespliceosome.’’ Here, using coloc-
alization single-molecule spectroscopy to follow
initial spliceosome assembly on eight different
S. cerevisiae pre-mRNAs, we demonstrate that
active yeast spliceosomes can form by both U1-first
and U2-first pathways. Both assembly pathways
yield prespliceosomes functionally equivalent for
subsequent U5,U4/U6 tri-snRNP recruitment and
for intron excision. Although fractional flux through
the two pathways varies on different introns, both
are operational on all introns studied. Thus, multiple
pathways exist for assembling functional spliceo-
somes. These observations provide insight into the
mechanisms of cross-intron coordination of initial
spliceosome assembly.
INTRODUCTION

Excision of introns from precursors to messenger RNAs

(pre-mRNA splicing) is carried out by the spliceosome, a multi-

megadalton machine composed of five small nuclear

ribonucleoprotein particles (snRNPs) (U1, U2, U4, U5, and U6

snRNPs), the protein-only Prp19 complex (NTC), and numerous

transiently interacting splicing factors. For each round of intron

excision, these pieces must assemble into an active spliceo-

some. Ensemble studies following the appearance and disap-
C

pearance of stable complexes in vitro (Ruby and Abelson,

1988; Seraphin and Rosbash, 1989) and the accumulation of

chromatin IP (ChIP) signatures for snRNPs in vivo (Görnemann

et al., 2005; Moore et al., 2006; Tardiff et al., 2006) have led to

a widely accepted model for early spliceosome assembly across

yeast introns wherein 50 splice site (SS) recognition by U1

precedes branch site (BS) recognition by U2 (reviewed in

Hoskins and Moore, [2012], Matlin and Moore [2007], Staley

andWoolford [2009], and Wahl et al. [2009]). After establishment

of a U1,U2 prespliceosome (A complex), U5,U4/U6 tri-snRNP

addition (to form B complex) is quickly followed by NTC acquisi-

tion and subsequent structural rearrangements, culminating in a

catalytically active spliceosome (C complex; Figure 1A). Using

colocalization single-molecule spectroscopy (CoSMoS) (Fried-

man et al., 2006) to directly observe the real-time dynamics of

subcomplex associations with surface-tethered pre-mRNA

molecules in S. cerevisiae whole cell extract (WCE) (Crawford

et al., 2008), we recently confirmed that spliceosome assembly

on RP51A pre-mRNA, an optimized splicing substrate contain-

ing a shortened intron (Pikielny et al., 1986), occurs predomi-

nantly by this ordered U1/U2/U5,U4/U6/NTC pathway

(Hoskins et al., 2011).

Is this single highly ordered assembly pathway the same for all

yeast introns? To address this, we here selected for CoSMoS

seven additional single-intron pre-mRNAs from S. cerevisiae.

In ensemble splicing assays, these pre-mRNAs displayed a

wide range of splicing rates and efficiencies. We then examined

the rates and binding order for all major subcomplexes via

CoSMoS. This revealed an alternate spliceosome assembly

pathway, wherein U2 is recruited before U1. Both the U1-first

and U2-first pathways were used on all pre-mRNAs studied,

including RP51A, but the fractional fluxes through these

pathways varied widely for different pre-mRNAs. Additional ex-

periments revealed that U1,U2,pre-mRNA prespliceosomal

complexes formed by either the U1-first or U2-first pathway

are functionally equivalent for both tri-snRNP recruitment and

intron excision. Taken together, our results show that there is

no requisite binding order for U1 and U2 during the initial stage

of spliceosome assembly. Both the high reversibility of U1
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Figure 1. Splicing of S. cerevisiae Pre-mRNAs Studied in Ensemble Experiments In Vitro

(A) Spliceosome assembly and splicing pathway for RP51A pre-mRNA (Hoskins et al., 2011). Rectangles, exons; line, intron.

(B) Cartoon showing the first and second chemical steps of splicing.

(C) Products of the first and second step reactions of radioactively labeled RP51A pre-mRNA incubated with WCE in the presence of ATP for 0–60 min and

visualized by denaturing PAGE.

(D) Fraction of molecules that completed the first and second steps of splicing for eight different pre-mRNAs as a function of incubation time.

(E) Compiled first (darker bars) and second step (lighter bars) rates (±SE) for the specified pre-mRNAs.
binding and the existence of multiple alternative assembly

pathways have implications for our understanding of the cross-

intron coordination of initial spliceosome assembly in vivo and

of regulated splice site pairing that closely follows prespliceo-

some formation in higher eukaryotes (Kotlajich et al., 2009).

RESULTS

Ensemble Splicing Rates and Efficiencies Differ
for Different Pre-mRNAs
Very few S. cerevisiae pre-mRNAs have previously been

analyzed in in vitro splicing reactions. To remedy this, we

selected eight single-intron pre-mRNAs with diverse features

(Table 1). Includedwere bothRP51A, the optimized splicing sub-

strate (Pikielny et al., 1986) we used in our previous CoSMoS
152 Cell Reports 5, 151–165, October 17, 2013 ª2013 The Authors
study (Hoskins et al., 2011), and the full-length intron from its

parent gene (RPS17A). ACT1 and UBC4 are two other well-

studied introns (Abelson et al., 2010; Ruby and Abelson, 1988).

The introns of TEF4 and IMD4 contain snoRNAs, so are likely

highly structured (Villa et al., 2000). RPS30A and RPS30B, which

both encode the same ribosomal protein, displayed differential

sensitivities to mutations in core spliceosome components

in vivo (Pleiss et al., 2007); this suggested that splicing of these

two introns might be governed by different rate-limiting steps.

RP51A pre-mRNA was generated as previously described

(Hoskins et al., 2011). For the seven endogenous introns, pre-

mRNAs were transcribed from PCR products amplified from

genomic DNA of strain BJ2168. Because S. cerevisae introns

tend to be located very close to the transcription start site

(Fink, 1987), each in vitro-transcribed pre-mRNA consisted of



Table 1. Pre-mRNAs Examined in This Study

Name Features Schematic 5’SS BS 3’SS

RP51A Model pre-mRNA with 
shortened intron GUAUGU UACUAAC UAG

RPS30A GUACGU UACUAAC UAG

20042

6450

129

429
RPS30A

Differentially affected by 
mutations in core 

spliceosome components 

GUACGU UACUAAC UAG

CAUGB03SPR GU UACUAAC UAG

ACT1 Full length parent of well-
studied model pre-mRNA GUAUGU UACUAAC UAG

144

54829

50

713221
55

678846

50

Chr VI

Chr XII

Chr XV

307

410

UBC4 Model pre-mRNA with a 
short intron GUAUGU UACUAAC UAG

TEF4 snoRNA (snR38) in 
intron GUAUGU UACUAAC UAG

54829

282475

50325265

Chr XI

Chr VI
1599550

407275Chr II

IMD4 snoRNA (snR45) in 
intron GUAUGU UACUAAC CAG

RPS17A Full-length parent of 
RP51A GUAUGU UACUAAC UAG

407

164301

58550

Chr XIII
35

225857

50397

Chr XIII
Schematics indicate exons (blocks), introns (lines), and their lengths in nucleotides (numbers above). Except for RP51A, each pre-mRNA began at the

50 end of the endogenous transcript (chromosomal position indicated below; Xu et al., 2009). Right and left arrows indicate Watson and Crick tran-

scripts. Underlined letters in the 50 splice site (SS) sequence column indicate deviations from the canonical sequences.
the entire first exon, the intron, and 50 nucleotides of the second

exon of the parent gene. When assayed in bulk splicing reac-

tions, first and second step products could be observed for all

eight pre-mRNA species. Thus, the ability to splice in vitro seems

to be a general feature of yeast introns. Nonetheless, they

exhibited significantly different rates and yields for the two

chemical steps of splicing (Figure 1). The difference in splicing

rates between the fastest and slowest pre-mRNAs, RPS30A

and RPS17A, respectively, was >30-fold.

Subcomplex Association Kinetics Are Similar for
Pre-mRNAs that Are Spliced at Widely Different Rates
To determine if the above ensemble splicing rate differences

(Figure 1E) were attributable to different rates of subcomplex

association, we employed CoSMoS experiments to individually

monitor U1, U2, U5, and NTC binding dynamics on all eight

pre-mRNA species. These experiments were performed in

WCEs, in which the subcomplex of interest was fluorescently

labeled by a tight, noncovalent interaction between two protein

substituents carrying a C-terminal E. coli dihydrofolate reduc-

tase (eDHFR) tag and a trimethoprim-dye conjugate. We

exposed surface-tethered, dye labeled pre-mRNA molecules
C

toWCE (Figure 2A). Subcomplex bindingwas detected as coloc-

alization of subcomplex and pre-mRNA fluorescent labels (Fig-

ure 2B). Neither photobleaching (see Experimental Procedures)

nor dye exchange (Hoskins et al., 2011) contributes significantly

to the subcomplex dynamics observed under the experimental

conditions used here. Control samples lacking surface-tethered

pre-mRNAs exhibited very few binding events for any of the four

subcomplexes. For each pre-mRNA species, hundreds of indi-

vidual molecules were analyzed (n = 153 to 422), allowing pro-

duction of rastergrams (digital representations of single-mole-

cule fluorescence time records) that display the binding

dynamics of each subcomplex (Figures 2C and 2D).

In these experiments, the majority of pre-mRNA molecules

bound each subcomplex at least once. Further, as observed in

previous work on RP51A (Hoskins et al., 2011), many pre-

mRNAmolecules bound a given subcomplexmultiple times (Fig-

ure S1A). Thus reversible binding of individual subcomplexes is a

common feature of initial spliceosome assembly on many pre-

mRNAs. As we previously reported, U1 snRNP exhibited the

most dynamic binding (during the first 20 min, an average of

3.2 ± 0.5 [SEM] binding events lasting R1.5 s were observed

per pre-mRNA molecule), with the other subcomplexes being
ell Reports 5, 151–165, October 17, 2013 ª2013 The Authors 153
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less dynamic (1.7 ± 0.2 for U2; 1.9 ± 0.3 for U5; 1.4 ± 0.2 for NTC).

Among pre-mRNA species, there was no apparent correlation

between the splicing rate (Figures 1D and 1E) and either the

percentage of pre-mRNA molecules that bound individual

subcomplexes or the total number of subcomplex binding events

(Figure S1A). Therefore, the >30-fold range in splicing rates

cannot be readily explained by differences in subcomplex bind-

ing rates or the apparent ratio between productive and unpro-

ductive events.

In addition to the number of binding events, our single-

molecule traces allowed us to examine the kinetics of subcom-

plex association. We observed that different pre-mRNA species

exhibited distinct kinetics. For example, much of the U2 associ-

ation with RPS30A occurred in the first 500 s, whereas U2 asso-

ciation with UBC4 was more uniformly distributed across the

1,600 s time course shown (Figure 2D). Nevertheless, when the

subcomplex binding data are considered as a whole (Figure 2E),

there is no single subcomplex binding step whose kinetics

appear to explain the >30-fold range in splicing rates (Figure 1).

Notably, even the most poorly spliced pre-mRNAs in our set

(TEF4, IMD4, and RPS17A) displayed average times to first

subcomplex binding that were similar to (or at most 2-fold

greater than) those of the fastest splicing pre-mRNAs. Further,

for all three species, >48% of pre-mRNA molecules exhibited

one or more long-lived (R1.5 s) U5 binding events and >33%

exhibited one or more long-lived NTC binding events during

the first 20 min of the experiment (Figure S1A). Thus, we hypoth-

esize that the low splicing efficiencies for TEF4, IMD4, and

RPS17A are not due to their failure to enter and proceed along

the initial spliceosome assembly pathway.

Taken together, the data characterizing subcomplex recruit-

ment by (Figure 2) and splicing rates and efficiencies for different

pre-mRNAs demonstrate that processes other than subcomplex

binding kineticsmust account for the differences in splicing rates

observed in vitro. A likely explanation is that different rates of

activation or chemistry after the spliceosome is assembled

account for the broad range of splicing kinetics observed.

U1,U2,pre-mRNA Prespliceosome Formation prior to
Tri-snRNP Recruitment Is a General Feature of Yeast
Spliceosome Assembly
In our previous CoSMoS study (Hoskins et al., 2011), we used

dual-labeled WCEs to examine the order in which spliceosomal

subcomplexes bound to pre-mRNA molecules. This analysis
Figure 2. Recruitment of Individual Spliceosomal Subcomplexes to Sin

(A) Experimental design. Spliceosomal subcomplexes (circles) labeled with a gre

with a red dye (star) were visualized by total internal reflection fluorescence (TIRF)

free in bulk solution (gray shading) were not detected.

(B) Example CoSMoS data showing binding of U1 snRNP to ACT1 pre-mRNA. Flu

to produce images of pre-mRNA and U1 snRNPmolecules. Individual molecules a

a pre-mRNA molecule with U1 bound.

(C) Top: part of the time series of U1 fluorescence images taken from the location

record of U1 fluorescence from the same pre-mRNA. Intervals in which U1 is co

(D) Rastergrams (stacked time ribbons for multiple individual pre-mRNA molecul

pre-mRNAs. Each rastergram shows data on 100 pre-mRNA molecules taken f

2,000, and 2,000 s of data are shown for U1, U2, U5, and NTC, respectively.

(E) Average time (±SEM) to first binding of the indicated subcomplex to each pre

See also Figure S1.

C

revealed that, for RP51A pre-mRNA, U1 generally binds before

U2 and U2 generally binds before the U5,U4/U6 tri-snRNP.

However, those experiments were unable to reveal whether

tri-snRNP binding requires prior formation of an U1,U2,pre-
mRNA complex, as suggested by the sequential spliceosome

assembly model (Figure 1A). To test whether U1,U2,pre-
mRNA complex formation generally precedes tri-snRNP recruit-

ment, we performed CoSMoS experiments with triply labeled

WCE, in which U1, U2, and U5 were each labeled with a different

colored fluorophore. For these experiments, we used RP51A,

RPS30A, RPS30B, ACT1, UBC4, and RPS17A pre-mRNAs.

Pre-mRNA molecules were first attached to the surface and

the surface density verified by imaging a dye label on the RNA.

This dye was then photobleached to avoid interference with sub-

sequent subcomplex imaging. Next, we introduced the triply

labeled WCE (Figure 3A). Control samples lacking surface-

tethered pre-mRNAs exhibited very few binding events for any

of the three subcomplexes (Figure S2C). In contrast, when a

pre-mRNA was present, fluorescent spots of each of the three

colors were readily observable (Figure 3B and S2A) and often

occurred either simultaneously or sequentially at the same posi-

tion in the microscope field. Given the low pre-mRNA surface

densities used, these colocalized spots likely represented sub-

complexes binding to a single pre-mRNA molecule. Consistent

with earlier studies (Ruby and Abelson, 1988), only U1 accumu-

lation was observed in the absence of ATP (Figure S2B).

To assess whether U5,U4/U6 tri-snRNP binding requires prior

formation of a U1,U2,pre-mRNA prespliceosome, we first

picked pre-mRNA molecules that displayed U5 binding events.

For each of the six pre-mRNA species examined, 90%–95% of

the U5 binding events were preceded by the observed simulta-

neous presence of U1 and U2 on the same pre-mRNA molecule

(n = 521 to 651 for each pre-mRNA species). This high degree of

correlation suggests that tri-snRNP binding requires prior

U1,U2,pre-mRNA prespliceosome formation. To exclude the

possibility that this apparent correlation resulted simply from

the faster binding kinetics of U1 and U2 compared to U5, we per-

formed a control analysis in which we examined whether each

U5 binding event on a pre-mRNA molecule was preceded by

U1,U2,pre-mRNA prespliceosome formation on a different,

randomly chosen pre-mRNA. For RPS30A (which is the most

stringent test, because it displayed the fastest U2 binding

kinetics; Figure 2E), the correlation measured in the control

analysis, 65% ± 3% (n = 286) was significantly lower than the
gle Surface-Tethered Pre-mRNA Molecules Observed by CoSMoS

en dye (star) colocalized with surface-tethered pre-mRNA molecules labeled

microscopy using excitation with red and green lasers (arrows). Subcomplexes

orescence emission from a single field of view (diameter 24 mm) was separated

re detected as discrete spots of fluorescence; red squares mark an example of

of the pre-mRNAmolecule marked in (B) (1 s per frame). Bottom: complete time

localized with the pre-mRNA are indicated as black bands on the time ribbon.

es) summarizing the recruitment of the U1, U2, U5, and NTC by eight different

rom a separate experiment (32 experiments total). Only the first 1,100, 1,600,

-mRNA molecule.
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Figure 3. Sequence of U1, U2, and U5 Binding to Surface-Tethered Pre-mRNAs

(A) Experimental design. Surface-tethered pre-mRNA was labeled with a blue fluorophore that was used to monitor pre-mRNA surface density. Before the

experiment, this fluorophore was photobleached (white star with blue outline) so as not to interfere with detection of U5 fluorescence. U1, U2, and U5 inWCEwere

each dye labeled; binding to the pre-mRNA was detected with red, green, and blue lasers, respectively. Only events in which formation of a U1,U2,pre-mRNA

prespliceosome was followed by U5 binding were selected for analysis.

(B) Example images. Fluorescence of U1 (left), U2 (center), and U5 (right) was recorded from a single field of view at 1,110 s after addition of triple-labeled WCE

containing ATP to a chamber with surface-immobilized UBC4 pre-mRNA. Insets show magnified images from the same 3.54 3 2.93 mm area of the chamber

surface (white frames).

(C) Example segments of fluorescence records of U1, U2, and U5 binding to three RPS30A pre-mRNAmolecules. Prespliceosome formation by the U1/U2 (red

dashed line) and U2/U1 (green dashed line) pathways is marked.

(D) Distribution (±SE) of the time intervals (tU5� tU1,U2) between the formation of the U1,U2,RPS30A pre-mRNA complex and the binding of U5. Prespliceosomes

that formed by the U1/U2 (red) and U2/U1 (green) pathways were analyzed separately; exponential fits (lines) yielded apparent first-order rate constants for

U5 binding to the U1,U2,pre-mRNA complex of 0.40 ± 0.05 and 0.36 ± 0.06 min�1, respectively.

(E) Summary of the pathways observed in this experiment. Spliceosome assembly up to B complex (bottom) can occur via both U1/U2 and U2/U1 branches.

(F) Fraction (±SE) of complexes that formed through the U1/U2 (red) or U2/U1 (green) pathways or for which the pathway was indeterminate (gray).

See also Figure S2.
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same molecule measurement 93% ± 1% (n = 488; p = 10�20,

assuming the errors are normally distributed). We conclude

that, on all introns tested, most or all U5,U4/U6 tri-snRNP bind-

ing requires prior U1,U2,pre-mRNA prespliceosomal complex

formation. Ordered formation of the prespliceosome and B com-

plex is thus likely to be a general feature of yeast spliceosome

assembly.

Prespliceosomal Complexes on Pathway for Tri-snRNP
Addition Can Form by First Recruiting Either U1 or U2
Having confirmed that U1,U2,pre-mRNA prespliceosome for-

mation generally precedes tri-snRNP recruitment on our set of

yeast pre-mRNAs, we next investigated whether U1 recruitment

must precede U2 in order to recruit the tri-snRNP. Consistent

with such a highly ordered U1/U2/U5,U4/U6/NTC assem-

bly pathway (Hoskins et al., 2011), the average time to first

binding of a given subcomplex to pre-mRNA occurred in the

order U1 < U2 < U5 < NTC on seven of our eight pre-mRNA spe-

cies (Figure 2E). For RPS30A, however, the pattern was U1 z
U2 < U5 < NTC (Figure 2E, arrow), suggesting that a significant

fraction of RPS30Amolecules might first bind U2 simultaneously

with or prior to U1. Experiments with RPS30A in dual-labeled

WCE, in which U1 and U2 were labeled with different colored flu-

orophores, confirmed that �40% of RPS30A pre-mRNA mole-

cules appeared to recruit U2 prior to U1 (Figure S1B). In contrast,

U2 bound first to <10%ofRP51Amolecules in our studies. Thus,

U1,U2,pre-mRNA complex formation on RPS30A pre-mRNA

may not be as highly ordered as on RP51A pre-mRNA.

Are U1,U2,pre-mRNA complexes formed by the U1-first and

U2-first pathways equally competent for U5,U4/U6 tri-snRNP

recruitment? Within the triply labeled WCE data set (Figures 3A

and 3B), we could readily observe U5 binding to prespliceo-

somes formed by either the U1-first (Figure 3C, left) or the

U2-first pathway (Figure 3C, center and right). To examine the

U5 binding rates for RPS30A prespliceosomes formed by either

pathway, we measured for each U5 binding event tU5 – tU1,U2,

the time between arrival of the final component of the prespliceo-

some and arrival of U5 (Figure 3C). The distribution of tU5 – tU1,U2
values was exponential, consistent with a single rate-limiting

step between prespliceosome formation and tri-snRNP associa-

tion, as was previously inferred for RP51A pre-mRNA (Hoskins

et al., 2011). When we separately considered complexes pro-

duced by the U1-first versus U2-first assembly pathways, the

tU5 – tU1,U2 distributions were indistinguishable (Figures 3D and

S2D). In addition, the assembly pathway had no effect on the

efficiency of tri-snRNP recruitment, with 80% ± 3% of all U1/

U2 complexes and 83% ± 5% of all U2/U1 prespliceosomes

recruiting U5, respectively. Thus, prespliceosomes formed by

the two pathways are equally competent to perform the next

major step in spliceosome assembly and are likely to be identical

(Figure 3E).

All Pre-mRNAs Exhibit Both U1- and U2-First Pathways
Having found that prespliceosomes capable of recruiting the

U5,U4/U6 tri-snRNP could assemble by either a U1-first or

U2-first pathway on RPS30A pre-mRNA, we next wondered

whether this was also true for other pre-mRNAs. Therefore, we

analyzed, as for RPS30A, the triply labeled WCE data for
C

RP51A, RPS30B, ACT1, UBC4, and RPS17A pre-mRNAs.

Remarkably, this revealed that prespliceosomes capable of

recruiting U5 could assemble by either the U1-first or U2-first

pathway for all six pre-mRNAs. However, the prevalence of the

two pathways differed among pre-mRNA species (Figure 3F).

At one extreme was RP51A, for which 81% ± 2.1% of molecules

went through the U1/U2 pathway, a result consistent with both

previous ensemble data (Seraphin and Rosbash, 1989) and our

previous single-molecule observations (Hoskins et al., 2011),

given the different data acquisition rates and analytical methods

employed (see Experimental Procedures). At the other extreme

were UBC4 and RPS30A, for which 43% ± 2.4% to 47% ±

3.4% of molecules, respectively, either recruited U2 before U1

or recruited them simultaneously within the time resolution of

the experiment. Thus, the ability to form a prespliceosome func-

tional for tri-snRNP recruitment is not a strictly ordered process

for any pre-mRNA studied, but the U1-first and U2-first path-

ways are used to different extents on different pre-mRNAs.

Pre-mRNAs that Initiate Spliceosome Assembly via the
U1- or U2-First Pathways Are Equally Competent for
Splicing
Because the above experiments demonstrated that prespliceo-

somes formed by the U1-first and U2-first pathways were

equally competent for tri-snRNP recruitment, we next asked

whether they were also equally competent for splicing. To

address this, we synthesized RPS30A pre-mRNA containing

an average of eight fluorophores within the intron and performed

CoSMoS experiments with WCE, in which U1 and U2 were

labeled with different colored fluorophores (Figure 4A). For these

experiments, U1 and U2 fluorescence was monitored continu-

ously (1 s frames), but the intron fluorescence was monitored

only once every 2.5 min to limit photobleaching of the pre-

mRNA dyes. Because splicing requires ATP, experiments

lacking ATP could be used to determine the extent of intron flu-

orophore photobleaching. Without ATP, 11% of RNA molecules

had completely lost intron fluorescence by the end of 28 min of

observation (Figure 4B) and fluorescence loss by single mole-

cules occurred in multiple small steps consistent with succes-

sive photobleaching of the dyes (as in Figure 4C, bottom). In

the presence of ATP, a much larger fraction of molecules

(57%) lost intron fluorescence (Figure 4B), and in many cases,

most or all of the fluorescence was lost in a single, large step,

consistent with intron release (Figure 4C, top). The apparent

57% � 11% = 46% splicing yield was comparable to what

was observed in ensemble reactions on unlabeled RPS30A

pre-mRNA (Figure 1D, bottom), suggesting both that the intron

fluorophores did not significantly impair splicing and that fluores-

cence loss was an accurate reporter of splicing.

To examine U1 and U2 dynamics on pre-mRNAs that

ultimately spliced, we picked 54 single-molecule records where

most of the intron fluorescence abruptly disappeared in a single

step, indicative of splicing.We ordered the records by the time of

intron departure and plotted the binding of fluorescent U1 and

U2 to each of these pre-mRNA molecules as a horizontal bar in

a multicolor rastergram (Figure 4D). This rastergram revealed

key features of spliceosome assembly and splicing. First, prior

to intron departure, both U1 and U2 were observed to bind to
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all pre-mRNA molecules. Subsequent to intron departure,

however, essentially no U1 or U2 binding events were detected

on any of the pre-mRNA molecules in this data set. Thus, neither

U1 nor U2 detectably interact with the 114 nt spliced exon

product complex, suggesting that their binding is exquisitely

dependent on the presence of the intron. Second, the rate of

intron release in this single-molecule assay was remarkably

similar to the rate of second step chemistry determined in our

ensemble assays (Figure 4E). Thus, intron release occurs quickly

after second-step chemistry duringRPS30A pre-mRNA splicing.

Finally, in the single-molecule experiment, we observed an

apparent lag in intron release of �200 s (Figure 4E, arrow). This

is consistent with the presence of multiple partially rate-limiting

steps in the process of initial spliceosome assembly and activa-

tion (Hoskins et al., 2011).

Examination of the dynamics of U1 and U2 binding prior to

intron release (Figure 4D) confirmed that many of the features

we observed for the entire population of RPS30A molecules

were shared by the subset of RPS30A pre-mRNA molecules

destined to splice (46%; Figures 1D, bottom, and 2D). Even on

the molecules destined to splice, U1 was highly dynamic, with

an average of 4.4 binding events per pre-mRNA molecule (236

events observed on 54 molecules). In contrast, U2 was far less

dynamic on the pre-mRNA molecules destined to splice: the

average number of binding events per molecule (56 events

observed on 54 molecules) was less than for U1. Most impor-

tantly, roughly half of all U1,U2,pre-mRNA prespliceosome

formation events that preceded intron loss on RPS30A occurred

by binding U2 before U1 (Figure 4F), similar to the fraction of

RPS30A prespliceosome formation events that preceded U5

binding (Figure 3F). Taken together, these data clearly support

the existence of a branched pathway in which functional spliceo-

somes can form by either a U1-first or a U2-first mechanism.

They further suggest that the branches come together at the

prespliceosome stage (Figure 4G), as both branches produce

functionally (and likely structurally) identical prespliceosomes.

DISCUSSION

Spliceosome assembly in S. cerevisiae has been understood to

be a highly ordered process progressing linearly through a series
Figure 4. Splicing of RPS30A Pre-mRNAs through Alternative Presplic

(A) Experimental design. Binding of labeled U1 andU2was visualized with red and

dye molecules on average; intron release was detected as loss of blue-excited fl

(B) Fraction of intron fluorescent spots lost from a single field of view at various tim

The open red symbol is a photobleaching-independent estimate (average n = 47

(C) Time records of intron fluorescence loss inWCE + ATP. Top: an example of fluo

fluorescence loss in multiple steps, presumably due to photobleaching. Insets:

shown.

(D) Rastergram summarizing the presence of fluorescent U1 (red), U2 (green) sn

mRNAs that were observed to lose intron fluorescence in a large step, presumab

ordered by the time interval in which intron departure occurred (shading).

(E) Time courses of intron departure (open symbols; from CoSMoS experiment) a

red arrow indicates an apparent lag in the intron departure detected in the CoSM

(F) Genesis of the U1,U2,pre-mRNA complex that most closely preceded intron

formed through the U1/U2 (red) or U2/U1 (green) pathways are indicated.

(G) Summary of the pathways observed in this experiment. Catalysis of splicing an

both U1/U2 and U2/U1 branches.

C

of intermediate complexes culminating in a catalytically active

spliceosome (Figure 1A). This model was based largely on the

order of stable complexes observable in ensemble biochemical

reactions. But not all stable complexes are necessarily on-

pathway for active spliceosome assembly. Further, key transient

intermediates and branched pathways can be difficult to detect

in ensemble assays.

In the current work, we developed single-molecule methodol-

ogies to allow for the real-time observation of up to three different

molecular species binding to and dissociating from a surface-

tethered RNA molecule in a crude cell lysate. This three-way

CoSMoS allowed us to identify on-pathway spliceosome assem-

bly intermediates occurring in unperturbed splicing reactions on

nonmutant pre-mRNAs. We examined the order of U1, U2, and

U5,U4/U6 tri-snRNP binding to a broad set of yeast introns of

varying length and sequence. These experiments reveal that

the mechanism of U1 and U2 recruitment is not linear but occurs

by a branched pathway that converges at the prespliceosome

stage. Further, U1 binding was highly dynamic on all pre-mRNAs

examined. This readily reversible U1 binding, coupled with the

existence of multiple pathways for the initial assembly of func-

tional spliceosomes, suggests that alternative splicing regulation

in higher eukaryotes (particularly alternative 50 splice site choice)

likely involves modulation of the fractional flux along multiple

assembly pathways that are in kinetic competition.

A Branched Pathway for Prespliceosome Formation
The previous model that yeast prespliceosome assembly occurs

entirely via a U1-first pathway was largely based on the following

data from in vitro splicing reactions: (1) the most rapidly observ-

able complexes formed on a well-spliced pre-mRNA contain U1

snRNA, but not other snRNAs (Ruby and Abelson, 1988); (2) sta-

ble U1 snRNP binding to the 50 SS can occur in the absence of

ATP, whereas stable binding of other snRNPs requires ATP

(Ruby and Abelson, 1988); (3) stable association of U2 and U5

snRNPs with a pre-mRNA requires intact U1 snRNA (Ruby and

Abelson, 1988); and (4) a portion of radioactive pre-mRNA mol-

ecules preincubated in splicing extracts incapable of forming

U2-containing complexes (because they lacked either ATP or

intact U2 snRNP) was found to be stably associated with U1

snRNP in ‘‘commitment complexes’’ that could be subsequently
eosome Assembly Pathways

green excitation. The intron of each pre-mRNAmolecule was labeled with eight

uorescence.

es after adding WCE with ATP (red; n = 923) or without ATP (black; n = 1,272).

4 ± 12 spot per field of view after 35 min; see Experimental Procedures).

rescence loss that occurs in a single step, presumably due to splicing. Bottom:

a gallery of the images (1.34 3 1.34 mm) corresponding to each time point is

RNPs, or both (yellow) on individual RPS30A pre-mRNA molecules. Only pre-

ly due to the intron departure, were selected for analysis (n = 54). Records are

nd the second step of splicing (filled symbols; from ensemble experiment). The

oS experiments (see text).

departure from each pre-mRNA molecule in (D). Fractions (±SE) of complexes

d subsequent intron release can occur through prespliceosomes assembled by
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chased into active spliceosomes, even when challenged with a

large excess of unlabelled competitor pre-mRNA (Legrain

et al., 1988; Seraphin and Rosbash, 1989).

Whereas the above studies were instrumental in pioneering

our understanding of the major steps in initial spliceosome as-

sembly, such ensemble studies are largely restricted to the

detection and analysis of stable species in stalled splicing reac-

tions. Therefore, such results are consistent with multiple

possible assembly pathways. By allowing us to study the

dynamics of both short- and long-lived interactions with individ-

ual pre-mRNA molecules in unperturbed splicing reactions, our

CoSMoS technology allows us to directly follow the pathway of

individual assembly events. Using two-color WCEs, we previ-

ously reported (Hoskins et al., 2011) that RP51A pre-mRNA

exhibits highly ordered (�90% or more) U1/U2 binding. The

experiments with three-color WCEs reported here further refined

this analysis by allowing us to focus on the subset of U1 and U2

binding events that are productive in the sense that they are

directly followed by U5,U4/U6 tri-snRNP addition. Because

the first U1 binding to RP51A is 3.3-fold faster than U5 binding

(Figure 2E) and is much more dynamic (with on average 3.5 U1

versus 0.9 U5 long-lived events [R1.5 s] per RP51A pre-mRNA

molecule during the first 20 min of the experiment; Figure 2D),

many U1 binding events are necessarily unproductive for subse-

quent U5 recruitment. Nonetheless, when only U1 binding

events productive for subsequent U5 binding were considered,

a large fraction (>80%) still proceeded through the U1/U2/

U5 pathway on RP51A pre-mRNA (Figure 3F). Thus, our current

data are consistent with our previous report that RP51A exhibits

largely ordered U1/U2 binding. However, the improved

methods developed for the present study (see Experimental

Procedures) show clearly that a fraction (<20%) of RP51A pre-

spliceosomes do in fact assemble by the U2-first pathway.

Coincidentally, of all six pre-mRNAs for which we performed

three-way CoSMoS experiments, the RP51A pre-mRNA exam-

ined in our earlier study exhibited the greatest fractional flux

through the U1/U2/U5 pathway and the least through the

U2/U1/U5 pathway. In contrast, the U2/U1/U5 pathway

was more prevalent on each of the other five pre-mRNAs in

our set, with UBC4 and RPS30A exhibiting the most fractional

flux through the U2/U1/U5 pathway (Figure 3F). Thus,

different pre-mRNA species utilize the alternative branches to

different extents, possibly because of differences in the relative

rates of U1 and U2 binding to or dissociation from the pre-

mRNA species. The pre-mRNA-specific kinetics may reflect

differential 50 SS and BS accessibilities due to internal RNA

structures and/or differential association kinetics of these sites

with factors (e.g., branchpoint-binding protein) present in the

WCE. These kinetic differences in snRNP recruitment in vitro

may explain in part the previously reported in vivo transcript-spe-

cific effects of mutations in the core splicing machinery (Pleiss

et al., 2007).

Unifying the In Vitro and In Vivo Spliceosome Assembly
Models
During transcription in vivo, the 50 SS of a pre-mRNA molecule is

necessarily synthesized before the BS and 30 SS. Consistent with

this, ChIP experiments in budding yeast have shown that U1
160 Cell Reports 5, 151–165, October 17, 2013 ª2013 The Authors
signal accumulates along the entire length of introns in vivo,

whereas U2 and U5 signals are skewed toward intron 30 ends
(Görnemann et al., 2005; Moore et al., 2006; Tardiff et al.,

2006). These data could be interpreted as supporting a highly

ordered, U1-first spliceosome assembly mechanism. However,

fluorescence recovery after photobleaching experiments in

mammalian cells indicate that U1 is�10-fold moremobile in vivo

than the other spliceosomal subcomplexes (Huranová et al.,

2010). Further, the cold-sensitive phenotype observed in yeast

upon lengthening (hyperstabilization) of theU1/50 SS duplex sug-

gests that efficient splicing in vivo requires that the U1/50 SS
interaction be relatively weak (Staley and Guthrie, 1999). All of

these results are consistent with our CoSMoS data, indicating

highly dynamic U1 binding in vitro (Figures 2D and 4D; Hoskins

et al., 2011). Thus, 50 SSs on nascent transcripts may be subject

to numerous U1 arrivals and departures prior to synthesis and

appearance of the downstream BS and 30 SS. This means that

the particular U1 molecule that participates in productive

cross-intron interactions with U2 on a nascent transcript in vivo

may well have bound the 50 SS after U2 arrived at the BS

(Figure 5A).

In vertebrates, where most genes contain multiple introns that

are much longer than internal exons, initial spliceosome assem-

bly is thought to initiate by ‘‘exon definition,’’ wherein cross-exon

interactions facilitate initial U2 and U1 recruitment to exon ends

(Robberson et al., 1990). Subsequent cross-intron interactions

then pair these species with independently recruited U1 and

U2 bound to adjacent exons. Thus, in higher eukaryotes, inde-

pendent recruitment of the U1 and U2 snRNPs at opposite intron

ends is likely the predominant spliceosome assembly pathway.

The data presented here showing that functional spliceosome

assembly in yeast can also occur by independent recruitment

of U1 and U2 at intron ends thus resolve long-standing inconsis-

tencies between the exon definition model of spliceosome

assembly supported by the in vivo effects of splice site and

exon mutations in higher eukaryotes (Moldón and Query, 2010;

Roca et al., 2013) and the ‘‘spliceosome cycle’’ model, based

largely on the series of stable complexes observable in in vitro

splicing reactions (Moore et al., 1993; Ruby and Abelson,

1991; Wahl et al., 2009).

Rethinking the Spliceosome Cycle
Given the existence of a branched pathway for U1 and U2 addi-

tion, are there other noncanonical pathways for subsequent

steps in spliceosome assembly? In our experiments in yeast

WCE, almost all U5 binding events occurred subsequent to

formation of a U1,U2,pre-mRNA complex. Thus, U5,U4/U6
tri-snRNP recruitment to yeast introns apparently requires prior

recruitment of both U1 and U2. This result is consistent with pre-

vious data showing that blocking or cleaving the portions of U1

and U2 snRNAs that base pair with the 50 SS and BS, respec-

tively, completely abrogates stable tri-snRNP recruitment

(Ruby and Abelson, 1988). Although spliceosome assembly in

human extracts is similarly blocked by degrading U2 snRNA

(Krainer and Maniatis, 1985), human extracts supplemented

with serine/arginine-rich (SR) proteins are capable of splicing,

even in the absence of U1 snRNP (Crispino et al., 1994; Konforti

et al., 1993; Tarn and Steitz, 1994). This difference between the



Figure 5. Implications of Alternative Pathways for U1 and U2 Addition

(A) Cotranscriptional prespliceosome formation. RNA polymerase II (RNAP) transcribes the 50 SS before the BS, providing U1 an opportunity to bind prior to U2,

but this may not dictate which binds first to form the prespliceosome (see text).

(B) Spliceosome cycle—2013. Overall pathway for yeast spliceosome assembly, activation, and splicing incorporating both U1/U2 and U2/U1 branches and

known reversibilities is shown (Hoskins et al., 2011; Tseng and Cheng, 2008).
yeast and mammalian systems likely reflects additional positive

interactions in the mammalian system between the core splicing

machinery and non-snRNP splicing factors bound to exonic and

intronic splicing enhancer elements (reviewed in Fukumura and

Inoue [2009] and Roca et al. [2013]).
C

More recent data suggest even greater flexibility for mamma-

lian spliceosome assembly. For example, the polypyrimidine

tract recognition factor U2AF, which functions to recruit U2

snRNP to mammalian BS sequences, was recently shown to

physically associate with both the NTC and the phosphorylated
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C-terminal domain of RNA polymerase II (David et al., 2011).

Thus, on some mammalian introns, U2AF and the NTC are likely

recruited cotranscriptionally and prior to U5,U4/U6 tri-snRNP

recruitment. Another study reported purification of an in vitro

assembled cross-exon complex thought to represent an exon

definition complex; mass spectroscopy analysis revealed it to

contain U1, U2, and U5,U4/U6 tri-snRNP components

(Schneider et al., 2010). This purified cross-exon complex could

be converted into a cross-intron B-like spliceosomal complex by

the addition of a 50 SS-containing oligonucleotide. The oligonu-

cleotide presumably bound the U5 and U6 snRNAs in the

cross-exon complex directly without ever engaging in a base

pairing interaction with U1 snRNA (which in the cross-exon com-

plex was paired with the 50 SS at the other end of the exon). Thus,

in higher organisms, the predominant mode of spliceosome as-

sembly on long introns separating short exonsmay be initial NTC

and U5,U4/U6 tri-snRNP recruitment to cross-exon complexes,

which are then converted to cross-intron spliceosomes, bypass-

ing any requirement for a cross-intron U1,U2 prespliceosome.

Thus, both the above studies and our single-molecule data

show that spliceosome assembly is more flexible and dynamic

than is suggested by the canonical spliceosome cycle (Moore

et al., 1993; Ruby and Abelson, 1991; Wahl et al., 2009). Our

single-molecule data examining the order of U1, U2, and

U5,U4/U6 tri-snRNP arrival suggest that the yeast spliceosome

cycle should simply be updated by adding a branched pathway

for U1 and U2 addition (Figure 5B). However, the full scope of

mammalian spliceosome assembly pathways is likely not

amenable to depiction in any single schematic. Importantly,

the existence of multiple alternative and reversible assembly

pathways has profound consequences for our understanding

of alternative splicing regulation. Our data suggest that alterna-

tive splice site choice may involve kinetic modulation of alterna-

tive assembly pathways. Therefore, full understanding of how

splice site selection is governed during alternative splicing will

now require elucidation of the kinetically competent spliceo-

some assembly pathway(s) functioning on individual splice site

pairs under specific cellular conditions. Whereas in vitro studies

such as ours may reveal a more complete spectrum of possible

assembly pathways, elucidating which pathways are relevant

in vivo and how the fractional flux through each pathway is

modulated to regulate alternative splicing will necessitate

development of methods capable of assessing spliceosome

assembly dynamics at the single-molecule level in living cells.

EXPERIMENTAL PROCEDURES

Preparation of the Pre-mRNAs

Capped pre-mRNAs were produced in vitro by T7 RNA polymerase transcrip-

tion (Crawford et al., 2008). The template for T7 RNApolymerasewas prepared

by PCR from yeast genomic DNA of strain BJ2168 using a forward primer

encoding the T7 promoter followed by GG and a segment of the gene of inter-

est. The gene segment consisted of the entire first exon, the entire intron,

and 50 nucleotides of the second exon (see Supplemental Experimental

Procedures).

The pre-mRNAs for ensemble splicing assays were 32P-labeled as

described (Crawford et al., 2008). The pre-mRNAs for the single-molecule ex-

periments were prepared using T4 RNA ligase 1 (New England Biolabs) by

splinted ligation of the 50 capped pre-mRNA to a biotinated 20-O-methyl

oligonucleotide (50-mAmUmCmCmGmGmAmGmCmGmAmGaaU*mAmGmA-
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biotin-30, where aaU* (5(3-aminoallyl)-uridine) was labeled with either Alexa647

or Alexa488 (Crawford et al., 2008).

The intron-labeled RPS30A pre-mRNA was constructed from three tran-

scripts (see Supplemental Experimental Procedures) by splinted ligation with

T4 RNA ligase 1 (Moore and Query, 2000) to produce the intron-labeled

RPS30A pre-mRNA. Several 5-(3-aminoallyl)-uridine triphosphates (UTPs)

were incorporated in the transcript comprising the middle part of the intron

and were posttranscriptionally labeled with Alexa488 tetrafluorophenyl ester

(ARES DNA labeling kit, Invitrogen, Molecular Probes). The 30 transcript was

biotinylated posttranscriptionally using splint-directed extension by Klenow

fragment (30/50 exo�; New England Biolabs). All pre-mRNAs were purified

from a denaturing electrophoresis gel. On average, eight Alexa488 dye

moieties per intron-labeled RPS30A were spectrophotometrically detected

(see Supplemental Experimental Procedures).

Preparation of Yeast Strains

Preparation of the yeast strains used tomonitor binding of single-spliceosomal

subcomplexes (Figures 2 and S1A) was described previously (Hoskins et al.,

2011). In each of these strains, two of the subcomplex proteins were tagged

with C-terminal eDHFR (E. coli dihydrofolate reductase) tags: SNP1 and

PRP40 in U1 snRNP; CUS1 and HSH155 in U2 snRNP; SNU114 and BRR2

in U5 snRNP; and CEF1 and NTC90 in NTC.

The yeast strain to simultaneously monitor U1, U2, and U5 binding (Figures 3

and S2) bears C-terminal eDHFR tags on SNP1 and PRP40 of U1 snRNP

(Hoskins et al., 2011), a C-terminal SNAPf tag of BRR2 (U5 snRNP), and a

C-terminal CLIPf tag on CUS1 (U2 snRNP). All tags were linked to their respec-

tive proteins through (Gly-Ser-Gly)2 linkers (see the Supplemental Experi-

mental Procedures).

Preparation of the yeast strain with U1 and U2 snRNPs labeled with fluoro-

phores of different colors (Figures 4 and S1B) was described previously

(Hoskins et al., 2011). U1 proteins SNP1 and PRP40 were tagged with eDHFR

tags, and the U2 protein CUS1 was tagged with the SNAP tag on their C

termini.

Preparation of Yeast Whole-Cell Splicing Extracts

Yeast WCEs were prepared as previously described (Crawford et al., 2008)

from yeast cultures grown to optical density at 590 nm (OD590) 1.5–1.8. For

strains that contained only eDHFR tags, the WCE was aliquoted and frozen

in liquid nitrogen after the dialysis.

For the yeast strains containing SNAP, SNAPf, and/or CLIPf tags in addition

to the eDHFR tags, the fluorophore(s) (SNAP-Surface 549 for the SNAP tag,

SNAP-Surface 488 for the SNAPf tag, and CLIP-Surface 547 for the CLIPf

tag) were added to the WCE to a final concentration of 1 to 2 mM after the

high-speed centrifugation step. The labeling reaction was carried out at

room temperature (24�C) for 30 min in the dark. Excess dye was removed

by gel filtration through Sephadex G-25 (Hoskins et al., 2011). Aliquots of

the dye-labeled WCE were frozen in liquid nitrogen.

The activity of each WCE was tested (after labeling the SNAP, SNAPf, and

CLIPf tags when present) in an ensemble splicing assay. Only WCE fractions

with splicing activities comparable to that of the wild-type WCE were used

in the single-molecule experiments.

WCE was thawed immediately before use. All extracts that contained

eDHFR tags were used with added Cy3- or Cy5-trimethoprim (TMP) conju-

gates that were synthesized in the laboratory of Virginia Cornish, as described

in Hoskins et al. (2011). The TMP conjugates were added to the splicing mix to

a final concentration of 20 nM immediately before loading it into the flow cham-

ber for single-molecule microscopy.

Ensemble Experiments

The rates and yields of the first and second step reactions were detected in

ensemble experiments in which pre-mRNA (trace labeled with a-32P-UTP)

was incubated with WCE in the presence of ATP for 0–60 min. Products of

the first and second step were visualized by denaturing PAGE. The radioac-

tivity in pre-mRNA, lariat intron intermediate, and spliced exon bands was

quantified by phosphorimaging and divided by the number of uridines present

in the corresponding species to yield the relative concentrations Rp, Rl, and



Re, respectively. The fraction of the RNAmolecules that accomplished first (f 1)

and second (f2) step of splicing was calculated as

f1=
Rl +Re

Rl +Re+Rp

f2=
Re

Rl +Re+Rp
:

The time dependence of f1 and f2 was plotted and fit to a single exponential

function with a time offset t0 and asymptote f0,

fðtÞ= f0
�
1� e�kðt�t0Þ�;

to determine the apparent rates k of the first and second chemical steps,

respectively.

Single-Molecule Experiments

The slides and the coverslips for flow chambers were plasma cleaned under

argon plasma (Selvin et al., 2007). The chamberswere constructed and treated

with polyethylene glycol (PEG)/biotin-PEG and streptavidin (Crawford et al.,

2008). Biotinated pre-mRNAs were tethered to the chamber surface at low

densities (typically 0.2–0.5 fluorescent spots mm�2). Custom-made micromir-

ror total internal reflection fluorescence (TIRF) microscopes (Friedman et al.,

2006) with modifications (Hoskins et al., 2011) were used to acquire images.

The microscope fields of view ranged between 314 mm2 and 3,250 mm2.

The splicing reaction was initiated at room temperature (24�C) by intro-

ducing into the flow chambers 40%WCE containing fluorophore-labeled pro-

teins in splicing buffer (Crawford et al., 2008). Introduction of the solution was

done either manually (dead time 30–120 s) or with the use of the syringe pump

(dead time <�20 s; Hoskins et al., 2011). The latter method was used to initiate

the splicing reaction in all experiments in which binding of fluorophore-labeled

U1 snRNP was monitored. A photoprotection system based on Pseudomonas

protocatechuate dioxygenase (Crawford et al., 2008) and 1 mM Trolox (Dave

et al., 2009; Hoskins et al., 2011; Rasnik et al., 2006) were used in all the exper-

iments. In the experiments where SNAP-Surface 488 (blue) dye was imaged,

additional triplet quenchers cyclooctatetraene and 4-nitrobenzyl alcohol

were included to final concentrations of 1 mM (Dave et al., 2009; Hoskins

et al., 2011; Rasnik et al., 2006). For most experiments, ATP was added to a

final concentration of 2 mM. For experiments conducted in the absence of

ATP, the WCE was depleted of ATP (Hoskins et al., 2011).

During the experiments that monitored binding of individual spliceosomal

subcomplexes to surface-tethered pre-mRNAs, Cy3-TMP-labeled (green

fluorophore) subcomplex fluorescence was imaged once every 1.4–1.5 s by

excitation at 532 nm (green laser; 1 s frame duration). Once every 50–75 s,

the subcomplex imaging was interrupted, the microscope was automatically

refocused (Hoskins et al., 2011), and the Alexa647-labeled (red fluorophore)

pre-mRNA molecules were imaged by excitation at 633 nm (red laser; one

frame of 1 s duration). Control experiments (Hoskins et al., 2011) demonstrated

that few spots of subcomplex fluorescence were observed in the absence of

surface-tethered RNA.

In experiments with the intron-labeled RPS30A pre-mRNA, we used an

extract doubly labeled with Cy5-TMP (red fluorophore) on U1 snRNP and

SNAP-Surface 549 (green fluorophore) on U2 snRNP. Samples were imaged

(1 s frame durations) by continuous excitation at 532 nm (green laser) and

633 nm (red laser). Once every 2.5 min, the U1 and U2 excitation and imaging

was interrupted, the microscope was automatically refocused, and a single

frame of intron fluorescence by excitation at 488 nm (blue laser) was acquired.

To formulate a photobleaching-independent estimate of the fraction of

unspliced introns remaining at the end of the 35-min-long incubation in WCE

plus 2 mM ATP experiment (Figure 4B, open red symbol), we measured the

intron fluorescent spot surface density in eight additional fields of view that

were not exposed to any laser excitation earlier in the experiment.

For the experiments in which U1, U2, and U5 were labeled with fluorophores

of different colors, the surface density of Alexa488-labeled pre-mRNA

molecules was first checked using the fluorescence from the Alexa488 label

(blue fluorophore). The Alexa488 label was then photobleached completely

by exposure to 488 nm (blue laser) excitation in the absence of photoprotec-
C

tion reagents. We then introduced extract that was labeled with Cy5-TMP

(red fluorophore) on U1 snRNP, CLIP-Surface 547 (green fluorophore) on U2

snRNP, and SNAP-Surface 488 (blue fluorophore) on U5 snRNP. U1 and U2

were imaged simultaneously by excitation at 532 nm (green laser) and

633 nm (red laser) either continuously (Figure 3F) or three continuous frames

every 6 s (Figures 3C and 3D; 1 s frame durations in each case). The U1 and

U2 excitation and imaging was interrupted once every 6 (Figures 3C and 3D)

or 10 s (Figure 3F) to automatically focus and acquire a single 1 s duration im-

age of U5 using excitation at 488 nm (blue laser). Each field of view included

several surface-bound fluorescent beads (TransFluoSpheres streptavidin-

labeled, 0.04 mm [488/645], Invitrogen). Bead locations were measured and

used to correct for stage drift. The locations of the pre-mRNA molecules on

the surface in these records were taken to be all locations at which binding

of U1 was observed, because surface binding of U1 in a control sample in

which no pre-mRNA was present was %1% that in experimental samples

(0.0009 versus 0.08–0.12 fluorescent U1 spots mm�2 averaged over all the

fames in a recording).

Data Analysis

Analysis of CoSMoS data were performed using custom programs imple-

mented in MATLAB (The Mathworks). Intensity of labeled snRNP fluorescence

at the position of each pre-mRNA molecule was integrated over a 33 3 or 53

5 pixel region and baseline corrected as described (Hoskins et al., 2011).

Spliceosomal subcomplex binding events were scored using previously re-

ported methods (Hoskins et al., 2011). The presence of two dye moieties on

U1 snRNP enabled an emission intensity analysis (Hoskins et al., 2011) that

confirmed that 71% ± 3% of fluorescent U1 snRNPs contained two dyes.

The fraction of nonfluorescent U1 snRNPs in triply labeled WCE could thus

be estimated as 8.4%. For U1 snRNPs labeled with two dyes, 81.5% ± 3%

of recorded U1 binding events involved simultaneous arrival of the two fluores-

cent U1 proteins, indicating that most of the observed binding events report on

the recruitment of U1 snRNP rather than free proteins. Further, glycerol

gradient sedimentation of the triply labeledWCE demonstrated that practically

all of fluorescently labeled CUS1 is part of U2 snRNP (Figure S2E). The analysis

of the emission intensities fromU2 snRNP (whichwas labeled with a single-dye

moiety) indicated that nearly all of the pre-mRNA molecules that assembled

the spliceosome via U2/U1/U5 pathway were not observed to bind a

second U2 snRNP when one was already bound (96% for RPS30A pre-

mRNA, n = 122). The times to the first binding event (Figure 2E) were averaged

for all pre-mRNAs that were observed to bind a spliceosomal subcomplex in

each experiment where a single spliceosomal complex was fluorescently

labeled.

In our previous study (Hoskins et al., 2011), we used WCE, in which U1 and

U2were labeled to determine the order of U1 andU2 binding by finding the first

U2 binding event in a record and then finding the U1 binding event that was

closest in time and recording whether this U1 event was before or after the

U2 event. In the present study, we refined these analysis methods in two

important ways. First, in the present study, we confined our analysis to mole-

cules that were observed to bind U5 (Figure 3) or for which intron departure

was observed (Figure 4). This reduced or eliminated spurious data from the

subpopulation of pre-mRNAs in the data set that were trapped in dead-end

complexes (Hoskins et al., 2011). Second, in the present study, we scored for-

mation of a U1,U2,pre-mRNA complex only when we observed both U1 and

U2 fluorescence present simultaneously on the same pre-mRNA molecule,

rather than merely requiring their sequential presence, as in the earlier study.

This may have removed a small number of events in which the U1 and U2 mol-

ecules were not simultaneously present on the pre-mRNA and therefore did

not form a prespliceosome. In particular, in the experiment shown in Figure 3,

we tabulated each U5 binding event that was preceded in the data record by a

time interval in which a U1,U2,pre-mRNA complex was present, as judged by

observation of simultaneously present U1 and U2 fluorescence. For U5 events

that were preceded by multiple intervals in which U1 and U2 were both pre-

sent, only the interval that most closely preceded U5 binding was included.

If two or more U5 binding events were detected after the formation of a given

U1,U2,pre-mRNA complex, only the earliest of these was included. For the

tabulated pairs of U1,U2 and U5 events, the time of the first frame in which

U5 was detected was defined as tU5 and the time of the first frame in which
ell Reports 5, 151–165, October 17, 2013 ª2013 The Authors 163



both U1 and U2 fluorescent spots were simultaneously present was defined as

tU1,U2 (e.g., see Figure 3C). Each pair was classified based on the order of U1

and U2 arrival (e.g., see Figure 3F): as ‘‘U1/U2’’ for events in which

U2 appearance coincided with tU1,U2; as ‘‘U2/U1’’ for events in which U1

appearance coincided with tU1,U2; and as ‘‘tU1=tU2’’ for events in which U1

and U2 appearances were simultaneous within the experimental time resolu-

tion. For events in each classification, the delay times tU5 � tU1,U2 were calcu-

lated and the probability density distribution plot (Figure 3D) was constructed

by binning the delay times and dividing the number of observations in each bin

by both the total number of events in the group and by the width of the bin. The

unbinned data were fit (Figure 3D, lines) with a one-parameter single exponen-

tial function using amaximum likelihood algorithm (Hoskins et al., 2011) to yield

the apparent first order rate constant for U5 snRNP binding to the prespliceo-

somal complex. The standard error of the rate constant was estimated by

bootstrapping (Hoskins et al., 2011).

For the experiments with labeled intron (Figure 4), we selected only

pre-mRNA molecules that displayed intron departure as judged by (1) loss of

intron fluorescence in a single step in intensity that was judged to be larger

than that observed for photobleaching of a single-dye moiety or (2) loss of

intron fluorescence inmultiple steps, the last of whichwas judged to be at least

twice the size of single-dye photobleaching steps observed earlier in the same

pre-mRNA molecule. Once these intron loss events were identified, the

preceding prespliceosome formation event was identified and classified with

respect to the order of U1 and U2 binding in a manner analogous to that

described for the Figure 3 experiment. The time course of intron departure

(Figure 4E) was normalized based on the assumption that the fraction of

pre-mRNA molecules that displayed intron departure by 1,844 s (CoSMoS

experiment) was equal to the fraction that performed the second chemical

step of splicing by 1,800 s (ensemble experiment).
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