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Abstract The spliceosome is a complex machine composed of small nuclear ribonucleoproteins
(snRNPs) and accessory proteins that excises introns from pre-mRNAs. After assembly the
spliceosome is activated for catalysis by rearrangement of subunits to form an active site. How this
rearrangement is coordinated is not well-understood. During activation, U4 must be released to
allow U6 conformational change, while Prp19 complex (NTC) recruitment is essential for stabilizing
the active site. We used multi-wavelength colocalization single molecule spectroscopy to directly
observe the key events in Saccharomyces cerevisiae spliceosome activation. Following binding of
the U4/U6.U5 tri-snRNP, the spliceosome either reverses assembly by discarding tri-snRNP or
proceeds to activation by irreversible U4 loss. The major pathway for NTC recruitment occurs after
U4 release. ATP stimulates both the competing U4 release and tri-snRNP discard processes. The
data reveal the activation mechanism and show that overall splicing efficiency may be maintained
through repeated rounds of disassembly and tri-snRNP reassociation.

DOI: 10.7554/eLife.14166.001

Introduction

The spliceosome is one of the most dynamic molecular machines inside the cell. Removal of introns
from precursors to mRNAs (pre-mRNAs) involves the coordinated action of 5 small nuclear RNAs
(snRNAs) and >100 proteins (Wahl et al., 2009; Hoskins and Moore 2012). Some of these proteins
along with the snRNAs assemble into small nuclear ribonucleoprotein particles (the U1, U2, U4, U5,
and U6 snRNPs) that work together with other accessory proteins to catalyze splicing. Experiments
in vitro (Hoskins et al., 2011; Ruby and Abelson 1988; Konarska and Sharp 1986; Cheng and
Abelson 1987) and in cells (Tardiff and Rosbash 2006) indicate that spliceosomes are unlikely to
exist as preformed complexes. Instead, spliceosomes are built from their snRNP and accessory pro-
tein components on pre-mRNAs, carry out splicing, and then are disassembled after each reaction
(Wabhl et al., 2009). Consequently, the overall process can be described as sequential progression
through distinct stages of spliccosome assembly, formation of the active site (called activation),
catalysis, disassembly, and component recycling. A number of biochemical and genetic experiments
have elucidated the splicing factors present at each stage (Wahl et al., 2009; Fabrizio et al., 2009),
as well as characteristic interactions between snRNA, pre-mRNA, and protein components
(Brow 2002; Wahl et al., 2009).

The U1 and U2 snRNPs identify the 5" splice site (SS) and branch site (BS), respectively, during
early stages of spliceosome assembly. While U1 binding is ATP-independent, U2 base pairing with
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elLife digest The genes in an organism’s DNA may be expressed to form a protein via an
intermediate molecule called RNA. In many organisms including humans, gene expression often
begins by making a precursor molecule called a pre-mRNA. The pre-mRNA contains regions called
exons that code for the protein product and regions called introns that do not. A machine in the cell
called the spliceosome has the job of removing the introns in the pre-mRNA and stitching the exons
together by a process known as splicing.

The spliceosome is made up of dozens of components that assemble on the pre-mRNAs. Before
a newly assembled spliceosome can carry out splicing, it must be activated. The activation process
involves several steps that are powered by the cell’s universal power source (a molecule called ATP),
including the release of many components from the spliceosome. Many of the details of the
activation process are unclear.

Spliceosomes in the yeast species Saccharomyces cerevisiae are similar to spliceosomes from
humans, and so are often studied experimentally. Hoskins et al. have now used a technique called
colocalization single molecule fluorescence spectroscopy to follow, in real time, a single yeast
spliceosome molecule as it activates. This technique uses a specialized microscope and a number of
colored lasers to detect different spliceosome proteins at the same time. Hoskins et al. found that
one of the steps during activation is irreversible — once that step occurs, the spliccosome must
either perform the next activation steps or start the processes of assembly and activation over again.

Hoskins et al. also discovered that ATP causes some spliceosomes to be discarded during
activation and not used for splicing. This indicates that before spliceosomes are allowed to activate,
they may undergo ‘quality control’, which may be important for making sure that gene expression
occurs efficiently and correctly. Future studies will investigate how this quality control process works
in further detail.

DOI: 10.7554/¢eLife.14166.002

the intron to form the pre-spliceosome or A complex typically requires ATP hydrolysis (Figure 1A).
A pre-formed complex of U4, U5, and Ué (the U4/U6.U5 tri-snRNP) then joins A complex to form B
complex. While B complex contains dozens of proteins and five snRNAs, it is not capable of mediat-
ing either of the two chemical steps of splicing (5’ SS cleavage and exon ligation) since the spliceoso-
mal components are not yet rearranged into a configuration capable of catalysis. This
rearrangement encompasses two stages during the activation process. In the first stage, the Prp19-
associated complex (NTC), the final major spliceosomal subcomplex, joins and U1 and U4 are
expelled to form the B> spliceosome. In the second stage, B> is further remodeled to the B” com-
plex (Lardelli et al., 2010; Wlodaver and Staley 2014; Liu and Cheng 2012). Single molecule FRET
(smFRET) experiments suggest that it is only in B* complex that the 5’ SS and BS become juxta-
posed, a necessary prerequisite for formation of a spliccosome competent for 5' SS cleavage
(Crawford et al., 2013; Krishnan et al., 2013). These catalytically activated B” spliceosomes then
progress further through stages of exon ligation, mRNA product release, and finally disassembly of
the lariat intron-containing product complex.

Despite the central importance of the B-to-B®** transition, key mechanistic questions remain unan-
swered. For example, the order of U4 loss and NTC association is uncertain and alternative models
have been proposed (Fabrizio et al., 2009; Chan et al., 2003; Tarn et al., 1993). It is also unclear
whether U4 snRNP loss is irreversible or whether it can rejoin an activated spliceosome to fix incor-
rectly assembled complexes by possible proofreading or spliceosomal discard pathways.

Single-molecule fluorescence microscopy techniques have proven valuable in elucidating the
kinetic mechanisms of several parts of the splicing process (Hoskins et al., 2011, Abelson et al.,
2010; Shcherbakova et al., 2013; Crawford et al., 2013; Krishnan et al., 2013; Cherny et al.,
2010; Karunatilaka and Rueda 2013; Guo et al., 2009). To investigate the mechanism of spliceoso-
mal activation, we have used Colocalization Single Molecule Spectroscopy (CoSMoS)
(Friedman et al., 2006; Hoskins et al., 2011) to study the binding dynamics of U4 relative to other
spliceosome components. CoSMoS is particularly suited for the study of unsynchronized reactions
such as spliceosomal activation since individual reaction trajectories can be followed in real time and
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Figure 1. Cartoon of major steps in spliccosome assembly and activation and impact of 2 mM (dark green) and 50 uM (light green) ATP concentrations
on U1 and NTC interactions with pre-mRNA. (A) Spliceosome assembly and activation. snRNPs interact with the pre-mRNA to form the A complex,
containing U1 and U2 associated with the 5' SS and BS, respectively. The U4/U6.U5 tri-snRNP is then recruited to form B complex. At 2 mM ATP,
activation can proceed and result in release of U1 and U4 and acquisition of the NTC to form B®“". Subsequent steps then lead to splicing. At 50 uM
ATP, the first step of activation is inhibited. (B) Schematic of a two-color CoSMoS experiment for observing U1 binding dynamics. The U1 snRNP
contained two green-excited (Dy549) fluorophores attached to two different proteins while the pre-mRNA was immobilized to the slide surface and
contained a single Alexa 488 or Alexa 647 fluorophore. (C) Time record of the number of U1 fluorescence spots relative to the number of surface-
tethered pre-mRNA molecules at 2 mM and 50 uM ATP. (D) Example fluorescence intensity records showing binding of U1 to individual pre-mRNA
molecules at 2 mM and 50 uM ATP. (E) Probability density histogram of dwell times for U1 at 2 mM and 50 uM ATP (N = 535 events on 166 pre-mRNAs
at 50 uM ATP). Results at 2 mM ATP were originally reported by Hoskins et al. and those data sets were used to generate this new figure for
comparison (Hoskins et al., 2011). Lines represent fits of the distributions of dwell times to multi-exponential equations. (F) Schematic of a two-color
CoSMoS experiment for observing NTC binding dynamics. (G) Time record of the number NTC fluorescence spots relative to the number of surface-
tethered pre-mRNA molecules at 2 mM and 50 uM ATP. (H) Example fluorescence intensity records showing binding of the NTC to individual pre-
mRNA molecules at 2 mM and 50 uM ATP. (1) Probability density histogram of dwell times for the NTC at 2 mM and 50 uM ATP (N = 234 events on 169
pre-mRNAs at 50 uM ATP). Results at 2 mM ATP were originally reported by Hoskins et al. and those data sets were used to generate this new figure
Figure 1 continued on next page
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for comparison (Hoskins et al., 2011). Lines represent fits of the distributions of dwell times to multi-exponential equations. Parameters for fits in (E)
and (I) are shown in Figure 1— source data 1.

DOI: 10.7554/eLife.14166.003

The following source data and figure supplements are available for figure 1:

Source data 1. Fit parameters describing the distribution of dwell times observed for the UT and NTC subcomplexes.

DOI: 10.7554/elife.14166.004

Figure supplement 1. Additional examples (to supplement those shown in Figure 1D) of fluorescence intensity traces showing individual UT-SNAP
subcomplexes co-localizing with surface-tethered pre-mRNA in the presence of 2 mM (A-E, dark green) or 50 uM (F-J, light green) ATP.

DOI: 10.7554/elife.14166.005

Figure supplement 2. Additional examples (to supplement those shown in Figure TH) of fluorescence intensity traces showing individual NTC-SNAP
subcomplexes co-localizing with surface-tethered pre-mRNA in the presence of 2 mM (A-E, dark green) or 50 uM (F-J, light green) ATP.

DOI: 10.7554/eLife.14166.006

subsequently grouped into common patterns of behavior during data analysis (Larson et al., 2014;
Walter et al., 2008; Chen et al., 2012). Here we followed the comings and goings of U4, U5 and
the NTC under conditions that permitted or prevented spliceosomal activation. By simultaneously
observing multiple species, we were able to distinguish reaction pathways relevant to activation
from off-pathway processes and define the order and reversibility of on-pathway binding and disso-
ciation steps. Together the data reveal new features of spliceosomal activation, provide evidence for
an ATP-dependent checkpoint that results in rapid tri-snRNP discard, and define the major pathway
for NTC recruitment.

Results
Limiting ATP changes U1 and NTC dynamics

In previous studies, we have shown that snRNPs and the NTC can dynamically engage pre-mRNAs
under ATP concentrations that permit splicing (2 mM) (Hoskins et al., 2011; Shcherbakova et al.,
2013). In the absence of ATP, however, only U1 snRNP could stably interact with pre-mRNA
(Hoskins et al., 2011), consistent with previous spliccosome assembly models (Legrain et al., 1988;
Wahl et al., 2009). In between these two extremes, lower amounts of ATP (e.g., 50 uM) allow for
spliceosome assembly up to tri-snRNP addition (B complex formation) but prevent loss of U4 snRNP
and spliceosomal activation (Figure 1A) (Chan et al., 2003; Tarn et al., 1993). This has proven par-
ticularly useful for isolating B complex and investigating its composition (Fabrizio et al., 2009). We
wondered if a similar approach could be used to stall spliceosomes to observe B complex on single
pre-mRNA molecules and gain insights into the mechanisms of spliceosomal activation in single mol-
ecule experiments.

Based on the abundance of U1 snRNP in biochemically-purified, stalled B complex
(Fabrizio et al., 2009), we predicted that these stalled splicecosomes could be detected at the single
molecule level by an increase in U1 snRNP dwell time at 50 uM ATP compared to dwell times mea-
sured under conditions that permit U1 release and splicing. We previously described procedures for
monitoring U1 snRNP interactions with surface-tethered pre-mRNAs in yeast whole cell extract
(WCE) using green-laser excitable (Dy549) SNAP tag fluorophores on U1 components (Snp1, Prp40;
Table 1) and RP51A pre-mRNA containing a 5’ cap, 3’ biotin handle, and a single, site-specifically
incorporated Alexab47 (red-laser excitable) or Alexa488 (blue-laser excitable) fluorophore
(Figure 1B) (Hoskins et al., 2011).

As expected, U1 snRNPs initially bound RP51A pre-mRNAs at both 2 mM and 50 uM ATP
(Figure 1C). However, the profile of U1 fluorescent spot accumulation under the two conditions was
quite different: at 2 mM ATP, U1 snRNP spot numbers increased, then decreased as splicecosomes
underwent activation; at 50 uM ATP, U1 spots reached a higher surface density that did not
decrease with time (Figure 1C). The latter result is consistent with U1 remaining bound to pre-activa-
tion spliceosomal B complexes. Inspection of individual U1 binding events on single pre-mRNAs con-
firmed this assumption. In 50 pM ATP, U1 spots often remained visible for tens of minutes (e.g.,
Figure 1D, light green and Figure 1—figure supplement 1). This is much longer than previously
observed either in the absence of ATP (which prevents A complex formation) or at an ATP
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Table 1. Yeast strains and labeled proteins.

SNAP Tag DHFR Tag
Strain Labels® Labels Genotype References
yAAHO0001 None None MATa prc1-407 prb1-1122 pep4-3 leu2 trp1 ura3-52 gal2 Parental Strain
BJ2168
yAAHO0006 U1: Snp1, Prp40 None yAAHOO1 + snp1:snp1-SNAP-HYG + prp40::prp40-SNAP-NAT Hoskins et al.,
2011
yAAH0020 NTC: Cef1, None yAAHO001 + cefl::cef1-SNAP-HYG + ntc90::ntc90-SNAP-NAT Hoskins et al.,
Ntc?0 2011
yAAH0067 U4: Prp3, Pro4  None yAAHO01 + prp3::prp3-SNAPf-Hyg + prpd::prp4-SNAPH-NAT this work
yAAHO0071 U4: Prp3 US: Brr2, Snu114 yAAHO01 + prp3::prp3-SNAPE-NAT + brr2::brr2-DHFR-HYG + snul114:snu114- this work
DHFR-BLE
yAAHO0077 U4: Prp3 NTC: Cef1, yAAHO01 + prp3::prp3-SNAPE-NAT + cefl::cefl-DHFR-HYG + ntc90::ntc90-DHFR-  this work
Ntc90 BLE

“Strains yAAH0067, 71, and 77 were labeled with the fast SNAP (SNAPy) tag

DOI: 10.7554/elLife.14166.007

concentration (2 mM) that supports splicing (Figure 1D, dark green and Figure 1—figure supple-
ment 1; [Hoskins et al., 2011)). The distribution of U1 dwell times fit a three component model.
This model contained short and intermediate dwell time components (~0.15 and 1.3 min, respec-
tively) previously observed in 2 mM ATP (Hoskins et al., 2011) plus a much longer-lived component
(>11 min) new to the 50 uM ATP condition (Figure 1E and Figure 1—source data 1). It is likely that
these long-lived U1s are in stalled B complexes analogous to those previously purified from 50 uM
ATP splicing reactions (Fabrizio et al., 2009; Tarn et al., 1993; Chan et al., 2003).

It has been previously found that the NTC does not co-purify with B complex but only with acti-
vated spliceosomes (Tarn et al., 1993; Chan et al., 2003; de Almeida and O’Keefe 2015). To inves-
tigate whether and for how long NTC associates with stalled B complexes, we used yeast extracts
bearing green-excited SNAP tag fluorophores on NTC components (Cef1 and Ntc90) to compare
NTC association with pre-mRNA at 2 mM and 50 uM ATP (Figure 1F, Table 1). As previously
observed (Hoskins et al., 2011), spots of NTC fluorescence accumulated on a surface with tethered
pre-mRNAs in the presence of 2 mM ATP. However, at 50 uM ATP we observed much less NTC
accumulation (Figure 1G). These results suggest that either the NTC cannot associate with B com-
plex or it can associate only transiently, consistent with previous hypotheses (Tarn et al., 1993;
Chan et al., 2003). Inspection of individual pre-mRNAs showed fewer bound NTC molecules in 50
UM ATP and that NTC binding events often lasted for only a few seconds (Figure 1H, light green
and Figure 1—figure supplement 2). Analysis of the observed dwell times showed that at both
2 mM and 50 uM ATP, NTC binding events could be described by a distribution containing two
exponential terms corresponding to short (~0.4 min) and long (~5 min) dwell time components
(Figure 11 and Figure 1—source data 1). However, under 50 uM ATP the long dwell time compo-
nent represented only a negligible fraction of the distribution (amplitude of 0.06 vs. 0.46 for 50 uM
and 2 mM ATP, respectively). Thus, the kinetically more stable interactions of NTC that are present
at 2 mM ATP are largely absent at 50 uM ATP. In summary, the single-molecule U1 and NTC binding
dynamics under low ATP conditions are consistent with the formation of stalled, B complex spliceo-
somes on surface tethered pre-mRNAs.

Limiting ATP results in long-lived U4 binding events

To gain further information about the step at which spliceosome activation is blocked at 50 uM ATP,
we incorporated fluorophores into U4/U6-snRNP proteins (Prp3 and Prp4, [Hardin et al., 2015]) that
were previously shown to be lost during activation along with the U4 snRNA (Fabrizio et al., 2009).
We used homologous recombination to create a yeast strain harboring SNAP¢ tags (Sun et al.,
2011) on both Prp3 and Prp4 (Table 1 and Figure 2—source data 1). This strain was viable, had a
similar growth rate to the untagged parental strain (Figure 2—figure supplement 1A), and yielded
WCE in which both SNAP; tagged proteins could be specifically and rapidly labeled (Figure 2—fig-
ure supplement 1B,C). Further, the labeled extract was active in bulk splicing reactions (Figure 2—
figure supplement 1D, E).
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Figure 2. Two-color CoSMoS observation of U4 dynamics at 2 mM (dark green) and 50 uM (light green) ATP. (A)
Schematic of an experiment for observing U4 binding dynamics with a design similar to that in Figures 1B and 1F.
(B) Time record of the number U4 fluorescence spots relative to the number of surface-tethered pre-mRNA
molecules at 2 mM and 50 uM ATP. (C) Example fluorescence intensity records showing binding events of U4 to
single pre-mRNA molecules at 2 mM and 50 uM ATP. (D) Probability density histogram of dwell times for the U4 at
2 mM (N = 336 events on 229 pre-mRNAs) and 50 uM ATP (N = 151 events on 226 pre-mRNAs). Lines represent
fits of the distributions of dwell times to multi-exponential equations; fit parameters for U4 are given in Figure 2—
source data 2.

DOI: 10.7554/eLife.14166.008

The following source data and figure supplements are available for figure 2:

Source data 1. Oligonucleotides used for generating yeast strains.
DOI: 10.7554/eLife.14166.009
Source data 2. Fit parameters describing the distribution of dwell times observed for the U4 subcomplex.

Figure 2 continued on next page
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Figure 2 continued

DOI: 10.7554/elLife.14166.010

Figure supplement 1. Characterization of U4-labeled yeast strains and splicing extracts.

DOI: 10.7554/elife.14166.011

Figure supplement 2. Additional examples (to supplement those shown in Figure 2C) of fluorescence intensity
traces showing individual U4-SNAP subcomplexes co-localizing with surface-tethered pre-mRNA in the presence
of 2 mM (A-E, dark green) or 50 uM (F-J, light green) ATP.

DOI: 10.7554/elLife.14166.012

We performed two-color CoSMoS experiments to detect U4 interactions with surface-tethered
pre-mRNAs via the labels on Prp3 and Prp4 (Figure 2A; Video 1). At 50 uM ATP, U4 signals accu-
mulated on the surface and reached a high density that did not decrease with time (Figure 2B, light
green), similar to the behavior we observed with U1. At 2 mM ATP we saw little accumulation of U4
signals (Figure 2B, dark green). As for U1, these results suggest that at limiting ATP, U4 remains
bound to pre-activation spliceosomal B complexes. However, we do not yet know if complexes
formed at limiting ATP that contain U4 are the same complexes that also contain U1. The properties
of individual U4 binding events on single pre-mRNAs were consistent with B complex formation. In
50 uM ATP, some U4 particles interacted transiently while others remained associated for tens of
minutes, whereas at 2 mM ATP nearly all U4 binding was transient (Figure 2C; Figure 2—figure
supplement 2). Also consistent with these observations, at 2 mM ATP U4 exhibited two compara-
tively short lifetime components of ~0.2 and ~2 min (Figure 2D; Figure 2—source data 2). In con-
trast, at 50 UM ATP the measured dwell times fit to a tri-exponential distribution with two similar
short components (~0.1 min and ~1 min), but with a substantial fraction in an additional much longer
component (>13 min). We hypothesize that this long component arises from the formation of stalled
B complex spliceosomes at 50 uM ATP. Absence of this component at 2 mM ATP is consistent with
the idea that binding of U4/U6.U5 to form B complex is followed quickly by activation and concomi-
tant U4 dissociation.

Three-color CoSMoS identifies distinct U4 and U5 arrival and departure
pathways

In WCE, U4 snRNP exists in three major com-
plexes: U4 snRNP alone, the U4/U6 di-snRNP,
and the U4/U6.U5 tri-snRNP (Raghunathan and
Guthrie 1998a). Although it is presumed that
only the tri-snRNP binds to the U1.U2 pre-spli-
ceosome, this has not been directly tested.
Therefore, it is possible that the short-lived dwell
time components reported above might repre-
sent transient interactions of U4 alone or U4/U6
di-snRNP with pre-spliceosomes. In order to spe-

U4-Double SNAP
yAAH67

Low ATP (50 uM)

High ATP (2 mM)

cifically identify tri-snRNP binding events, we con-
structed a yeast strain bearing labels on both U5
and the U4/U6 component Prp3 (Table 1). This
strain grew similarly to the parental strain and its
WCE exhibited high levels of in vitro splicing
activity (Figure 2—figure supplement 1). We
then used the WCE in a three color CoSMoS
experiment with red-excited DHFR tags on U5
(Brr2, Snu114), a green-excited SNAP; tag report-
ing on U4 (Prp3), and blue-excited RP51A pre-
mRNA (Figure 3A, Video 2).

At 2 mM ATP, three-color CoSMoS experi-
ments showed that the largest cohort of U5 spot
arrivals (63%; 551 of 876 total) on pre-mRNA
molecules exhibited simultaneous appearance of

Yellow Circle = Tracking Bead

Video 1. Surface accumulation of the U4 snRNP on
surface-tethered pre-mRNAs (not shown) under both
low (50 uM) and high (2 mM) ATP conditions.
Spliceosome activation is prevented at low ATP. White
spots represent fluorescent U4 subcomplexes labeled
with Dy549-SNAP; tags. This movie was obtained from
recordings (60 min) of 1 s duration frames recorded at
3 s intervals. To reduce the movie file size, only every
third frame was included from 0 to 45 min in the movie
file, and the movie is played back at 20 frames/s. Each
of the two recordings shows a ~20 x 20 um field of
view, and the two individual movie files were combined
using Apple Keynote software.

DOI: 10.7554/eLife.14166.013
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Figure 3. Three-color CoSMoS observation of U4 and U5 binding dynamics at 2 mM and 50 uM ATP. (A) Schematic of a three-color experiment in
which U5 was labeled with two red-excited (Cy5) fluorophores, U4 was labeled with a single green-excited (Dy549) fluorophore, and the surface-
tethered pre-mRNA was labeled with a single blue-excited (Alexad88) fluorophore. (B and C) Representative time records at 2 mM (B) or 50 uM ATP (C),
each showing peaks in fluorescence intensity corresponding to colocalization of U4 (green) and U5 (red) with the same individual pre-mRNA molecule.
Dashed rectangles mark examples of the simultaneous appearance of U4 and U5 spots; galleries show consecutive images (~0.7 x 0.7 pm) taken from
those parts of the recording showing that spot appearance is simultaneous. (D and E) Routes for loss of either the U4 or U5 fluorescent spots at 2 mM
(D, N =128) or 50 uM ATP (E, N = 207) in two typical experiments collected under otherwise identical conditions. Red and green shapes represent
observation of fluorescence from the corresponding Dy549 (green-excited) or Cy5 (red-excited) fluorophores on U4 or U5, respectively; grey shapes

represent the absence of fluorescence. Percentages represent the fraction of U4/U5 complexes in which fluorescence disappeared by the indicated
pathway; more prevalent pathways are emphasized with thicker arrows.
DOI: 10.7554/elife.14166.014

The following figure supplements are available for figure 3:

Figure supplement 1. Additional examples (to supplement those shown in Figure 3B) of fluorescence intensity traces showing individual U5-DHFR

subcomplexes (red) co-localizing with U4-SNAP subcomplexes (dark green) on surface-tethered pre-mRNA in the presence of 2 mM ATP.
DOI: 10.7554/elLife.14166.015

Figure supplement 2. Additional examples (to supplement those shown in Figure 3C) of fluorescence intensity traces showing individual U5-DHFR
subcomplexes (red) co-localizing with U4-SNAP subcomplexes (light green) on surface-tethered pre-mRNA in the presence of 50 uM ATP.
DOI: 10.7554/elife.14166.016

Figure supplement 3. Probability density histogram of dwell times (points) for U4 recorded at 150 (blue) and 450 uW (red) laser powers, and global fit
to a two-exponential model that includes power-proportional photobleaching.
DOI: 10.7554/elife.14166.017
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a U4 spot at the same location (e.g., Figure 3B
and Figure 3—figure supplement 1). Similarly
46% of U4 spots (467 of 1016 total) arrived simul-
taneously with a U5 spot appearance. Colocaliza-
tion of simultaneously arriving U4 and U5 spots
sometimes persisted for tens or hundreds of sec-
onds; these events likely reflect tri-snRNP bind-
ing. Consistent with this interpretation,
simultaneous appearances of U4 and U5 at con-
trol areas of interest (AQls) with no detected pre-
mRNA molecules were extremely rare (~3 X 104
events AOI™ min™). In contrast, the U4-only and
U5-only binding events were typically transient,
often lasting only a single frame (<3 s), and were
not analyzed further (data not shown).

In contrast to the observations at 2 mM ATP,
we observed at 50 uM ATP a higher proportion
of coincident U5 and U4 binding [79% of U5
spots appeared simultaneously with a U4 spot
(223/284) and 85% of U4 spots appeared simulta-
neously with a U5 spot (223/262); e.g., Figure 3C
and Figure 3—figure supplement 2]. Because
the same preparation of labeled U4/U5 extract
was used in both 2 mM and 50 uM ATP experi-
ments, it is probable that differences in the
amount of coincident U4 and U5 binding reflect
differences in tri-snRNP relative abundance under
the two conditions; differences that likely origi-
nate from tri-snRNP disruption that accompanies

Biochemistry | Biophysics and structural biology

3-Color CoSMoS

U4/Us
y. 1
U4-SNAP U5-DHFR
-Dy549 -Cy5

Low ATP
(50 uM)
High ATP
(2 mM)

Yellow Circle = Tracking Bead

Video 2. Surface accumulation of the U4 and U5
snRNPs on surface-tethered pre-mRNAs (not shown)
under both low (50 uM) and high (2 mM) ATP
conditions. Spliceosome activation is prevented at low
ATP. White spots represent fluorescent U4 or U5
subcomplexes labeled with Dy549-SNAP; tags or Cy5-
TMP tags, respectively. This movie was obtained from
recordings (60 min) of 1 s duration frames recorded at
3 s intervals. To reduce the movie file size, only every
third frame was included from 0 to 45 min in the movie
file, and the movie is played back at 20 frames/s. Each
of the four recordings shows a ~20 x 20 um field of
view, and the four individual movie files were combined
using Apple Keynote software.

DOI: 10.7554/elLife.14166.018

spliceosome activation and splicing occurring at
2 mM ATP but not at 50 uM ATP. In addition, the
tri-snRNP itself is destabilized by the addition of
ATP, leading to an decrease in its abundance relative to free U4 and U5 snRNPs and the U4/Ué6 di-
snRNP (Raghunathan and Guthrie 1998a; 1998b; Huang et al., 2014).

ATP-dependent outcomes of tri-snRNP binding

Based on the idea that the U4 and U5 coincident arrivals in the three-color CoSMoS experiments
represented tri-snRNP binding events leading to B complex formation, we selected just those events
for further analysis. We observed four different outcomes from these coincident binding events
(Figure 3D,E): (1) the U4 snRNP spot disappeared while the U5 spot remained; (2) the U5 snRNP
spot disappeared while the U4 spot remained; (3) both the U4 and U5 spots disappeared simulta-
neously; or (4) both the U4 and U5 signals persisted on the pre-mRNA until the experiment was ter-
minated after one hour. In the two cases in which one spot disappeared before the other,
disappearance could be caused by photobleaching of the dye label, or by dissociation of the individ-
ual snRNP from B complex, leaving the other behind. However, simultaneous disappearance of both
spots most likely represents U4/U6.U5 tri-snRNP dissociation because simultaneous photobleaching
is improbable.

In the presence of 2 mM ATP, the predominant outcome (62%; 79/128 events in a given experi-
ment) of coincident U4.U5 binding was U4 spot loss followed by U5 spot loss (Figure 3D). This out-
come is consistent with the expected U4 loss accompanying B complex activation followed by U5
loss after splicing. Loss of the U5 signal prior to loss of U4 was rarely seen (2%), and in no case did
the U4.U5 signals persist until the end of the experiment. The remainder mostly (36%) followed the
route in which U4 and U5 spots disappeared simultaneously. These results are consistent with the
majority of tri-snRNP interactions with pre-mRNA at 2 mM ATP resulting in activation and U4 dissoci-
ation. The smaller fraction with simultaneous spot disappearance may represent release of intact tri-
snRNP without spliceosome activation.
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Figure 4. Dwell time analysis at 2 mM and 50 uM ATP of complexes containing both U4 and U5 for which the two
snRNPs both arrived at and departed from the pre-mRNA simultaneously. (A) Routes for loss of snRNP
fluorescence (as in Figure 3D, E); shading indicates a subset of events, interpreted as tri-snRNP dissociation, that
are analyzed in this figure. (B) Fit parameters (+ S.E.) describing the distribution of U4/U5 dwell times at 2 mM and
50 uM ATP (see also Figure 4—source data 1). The shortest dwell time component (here described as 1;)
appeared absent at 50 UM ATP (ND, Not Determined). (C, D) Probability density histogram of U4/U5 dwell times
observed at 2 mM ATP (C; N = 128 events on 471 pre-mRNAs) or 50 uM ATP (D; N = 164 events on 210 pre-
mRNAs). Lines represents fits of the dwell time distributions with equations containing three (C) or two (D)
exponential terms that yielded the parameters reported in (B).

DOI: 10.7554/elife.14166.019

The following source data and figure supplement are available for figure 4:

Source data 1. Fit parameters describing the distribution of dwell times observed for U4/U5 complexes that
arrived and departed simultaneously

DOI: 10.7554/elife.14166.020

Figure supplement 1. ATP dependence of discard of U4.U5 complexes assembled at 50 uM ATP.

DOI: 10.7554/elife.14166.021

Flux through these pathways changed dramatically when the ATP concentration was reduced to
50 uM (Figure 3E). The U4-first loss pathway was rarely observed (9%; 19/207 events in a given
experiment), consistent with activation being blocked at 50 uM ATP. Instead, U4 and U5 most fre-
quently (76%) disappeared simultaneously, with a small fraction (9%) not disappearing at all but per-
sisting until the end of the experiment. These results suggest that when activation is suppressed by
reducing ATP, tri-snRNP mostly releases intact but on rare occasions participates in formation of a
kinetically stable complex on the pre-mRNA. The persistent complexes may correspond to the
stalled B complexes previously isolated in ensemble studies (Fabrizio et al., 1989; Tarn et al.,
1993). Further, the observation that U4-first loss is infrequently observed at 50 uM ATP confirms
that most of the more frequent U4-first loss events observed at 2 mM ATP are due to U4 snRNP dis-
sociation, not photobleaching.

Dynamics of tri-snRNP disappearance reveal new features of
splicecosome proofreading and remodeling

We next analyzed the kinetic behavior of the complexes formed by simultaneous arrival of U4 and
U5 —i.e., the tri-snRNP binding events — at 50 uM and 2 mM ATP.

First, we measured the U4/U5 dwell times for those events in which U4 and U5 left the pre-mRNA
simultaneously (Figure 4A). These events presumably represent release of bound tri-snRNP without
activation. At both 50 uM and 2 mM ATP the dwell time distributions were multi-exponential
(Figure 4B-D), suggesting the presence of multiple distinct types of tri-snRNP/pre-mRNA com-
plexes. At 50 uM ATP, the dwell time distribution fit to the sum of two exponential terms

Hoskins et al. eLife 2016;5:e14166. DOI: 10.7554/eLife.14166
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Figure 5. Dwell time analysis at 2 mM ATP of complexes containing both U4 and U5 for which the two snRNPs
both arrived at the pre-mRNA simultaneously but in which U4 fluorescent spot disappearance preceded U5 spot
disappearance. (A) Routes for loss of snRNP fluorescence (as in Figure 3D, E); shading indicates a subset of events,
interpreted as spliceosome activation, that are analyzed in this figure. (B) Probability density histogram of dwell
times for U4 molecules in the analyzed subset (¢ — /7l : N = 244 events on 471 pre-mRNAs). The line
represents a fit of the dwell time distribution to a convolution function. (C) Probability density histogram of dwell
times for U5 molecules in the departure pathway subsequent to U4 departure (15 — 17, N = 207 events on
471 pre-mRNAs). The line represents a fit of the dwell time distribution to an equation containing two exponential
terms. (D) The dwell time of each U5 (gelease — t{jé‘f“"'“) plotted against the dwell time of U4 (t{/“é”“” — t‘b’j{j’dﬂ) in the
same complex. Fit parameters for (C) and (D) are given in Figure 5—source data 1.

DOI: 10.7554/eLife.14166.022

The following source data is available for figure 5:

Source data 1. Fit parameters describing the distribution of dwell times observed for U4 or U5 after simultaneous
U4/US Arrival and U4 loss preceding US loss.

DOI: 10.7554/elife.14166.023

(Figure 4D), whereas the distribution at 2 mM ATP required three exponential terms for a satisfac-
tory fit (Figure 4C). The two time constants at 50 uM ATP (52 and 780 s) appear to most closely cor-
respond to the two longest time constants at 2 mM ATP (34 and 660 s; Figure 4B; Figure 4—
source data 1). However, at 2 mM ATP the majority of dissociation events are not in these longer
components but rather in the shortest-lived component (4 s). Thus, our observations suggest that at
2 mM ATP most non-productively bound tri-snRNPs are quickly discarded by a pathway not opera-
tive or much slower at 50 uM ATP.

To probe the ATP-dependence of this potential discard pathway further, we assembled stalled
complexes on surface-tethered pre-mRNAs at 50 uM ATP. We then exchanged the WCE containing
50 uM ATP with splicing buffer, also containing 50 uM ATP, to remove any unstable tri-snRNP-con-
taining complexes (Figure 4—figure supplement 1A). During this first buffer wash, the majority of
U4.U5 complexes remained bound to the slide (10-17% decrease in U4.U5 spot density, N = 253 +
18 U5 spots per field of view in WCE prior to the wash). We next carried out a second buffer
exchange and flowed in buffer containing either 50 uM or 2 mM ATP. When a second 50 uM ATP
wash was carried out, the majority of U4/U5 complexes remained bound (~19% decrease in spot
density between the first and second wash steps, Figure 4—figure supplement 1B). In contrast, the
majority of U4 and U5 spots were released when a 2 mM ATP wash was used: 74% and 68%
decreases in U4 and U5 spot density, respectively, and only a small fraction of remaining U4 and U5
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particles colocalized with one another (Figure 4—figure supplement 1B-D). Release of U4 and/or
U5 occurred very rapidly—within the deadtime of our experiment (~30 s). Loss of signals from both
U4 and U5 is most consistent with ATP-dependent discard of these complexes since U5 should be
retained in B> spliceosomes (Figure 1A). Furthermore, these results suggest that the ATPase
responsible for the discard of U4 and U5 is stably associated with the pre-mRNA and remains bound
when the WCE is removed and replaced by buffer. Our data indicate that the majority (~68%) of sta-
ble U4.U5-containing complexes assembled at 50 uM ATP in WCE will be discarded in the presence
of 2mM ATP in buffer and only a smaller fraction (at most 32%) can potentially form B
spliceosomes.

We next analyzed the pathway that is dominant at 2 mM ATP: events in which U4 and U5 fluores-
cence appeared simultaneously but the U4 fluorescence was lost prior to U5 loss (Figure 5A). This
cohort is expected to include the pre-mRNA molecules with productively bound tri-snRNPs that
progress to spliceosomal activation and splicing. The U4 dwell time distribution for this activation
cohort (s — ¢77it; Figure 5B) is distinct from that in the non-productive cohort that release tri-
snRNP (Figure 4); this demonstrates that the U4- and U5-containing complexes in the two cohorts
must have different functional and structural properties even prior to dissociation. In the activation
cohort, only a few U4 molecules left immediately after the tri-snRNP bound; indeed, the distribution
of giease — eyl values shows a dearth of short events (Figure 5B and Figure 5—source data 1).
The distribution fit to a convolution of two exponentials, suggesting that U4 dissociation that accom-
panies activation is preceded by at least two sequential steps that are each partially rate limiting
(Colquhoun and Hawkes 1995). This is not surprising, given that spliceosome activation encom-
passes multiple conformational transitions and points of regulation (Brow 2002; Small et al., 2006;
Brenner and Guthrie 2006; Bellare et al., 2008). We also measured how long it took for each U5
spot to disappear after U4 disappearance (fskee — tﬁi‘“’“’); these U5-containing molecules include
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Figure 6. Examples of pre-mRNA molecules in which different outcomes result from individual tri-snRNP binding
events at 2 mM ATP. Events are color-coded according to the pathways shown in the Key. The same pre-mRNA
molecule may interact with the tri-snRNP by releasing U4 and U5 simultaneously or proceeding through activation
(A-C). Some pre-mRNA molecules exhibited multiple rounds of activation (B and C).

DOI: 10.7554/elife.14166.024

The following figure supplement is available for figure 6:

Figure supplement 1. Analysis of multiple tri-snRNP binding events at 2mM ATP.
DOI: 10.7554/elife.14166.025
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both on-pathway complexes that acquire NTC and subsequently splice, as well as those that are dis-
carded prior to splicing completion. Consistent with the expected presence of multiple U5-contain-
ing species, the dwells fit to the sum of two exponentials (Figure 5C and Figure 5—source data 1).

RNAs can adopt multiple secondary structures, and it is possible that after tri-snRNP binding
there exist multiple spliceosome configurations that differ in their behavior after activation. We
tested this idea by asking whether (1 — 17! a reporter of activation) was correlated with the
following U5 dwell time (f¢kease —t{;’f‘“e; which reflects the speed of the subsequent processes).
Because there was no clear correlation between the rate of U4 loss and the subsequent U5 dwell
time (Figure 5D), there was no evidence for multiple configurations with differing intrinsic kinetics
that persist through activation.

Tri-snRNP activation and dissociation pathways can both occur on the
same pre-mRNA molecules

Even under splicing conditions at 2 mM ATP, we often observed multiple sequential tri-snRNP bind-
ing and dissociation events on the same pre-mRNA molecule (~22% of pre-mRNAs showed multiple
tri-snRNP binding events, Figure 6—figure supplement 1A). The fraction of pre-mRNAs that only
showed one tri-snRNP binding event (~22%) is much lower than the fraction of RP51A substrates
that typically splice in our assays (~60%, Figure 2—figure supplement 1), although splicing on slides
may be lower. This suggests that at least some pre-mRNAs that do splice also bind the tri-snRNP
more than once. When multiple tri-snRNP associations were observed they were nearly always
sequential: a second tri-snRNP binding was very rarely seen unless both U4 and U5 fluorescence
from the previous association had already disappeared (simultaneous colocalization of two tri-
snRNPs was potentially observed on only 6 out of 481 RNAs, <1%). Some tri-snRNP binding events
on a pre-mRNA molecule resulted in simultaneous appearance of both the U4 and U5 signals fol-
lowed by their simultaneous loss, usually a short time later (Figure 6, yellow highlights). Other tri-
snRNP binding events on the same pre-mRNA molecule would show simultaneous appearance of
both U4 and U5 followed by loss of U4 fluorescence prior to loss of U5 (i.e., spliceosome activation;
Figure 6, red highlights). Thus, a transcript is able to recruit the tri-snRNP multiple times during spli-
ceosome assembly, but not every recruitment to a given pre-mRNA molecule leads to activation.

If loss of U4 snRNP from B complex commits the pre-mRNA to splicing, we would expect to see
loss of U4 without simultaneous loss of U5 to occur only once on each pre-mRNA. Instead, we
observed that approximately 10% (49 of 481) of pre-mRNAs under 2 mM ATP exhibited at least two
repeats of U4/U5 simultaneous binding, followed by loss of the U4, followed by loss of U5
(Figure 6B,C). Since binding of the tri-snRNP is dependent on presence of an intron
(Shcherbakova et al., 2013; Hoskins et al., 2011), we conclude that on these pre-mRNAs the first
U4 release event did not result in productive splicing and that subsequent observations of U4
release result from spliceosome re-assembly on the same pre-mRNA. These data indicate that activa-
tion does not always commit the pre-mRNA to splicing, and are consistent with the presence of dis-
card pathways that can prevent splicing subsequent to activation (Mayas et al., 2006;
Koodathingal et al., 2010).

Since tri-snRNP association is reversible (Figure 4 and [Hoskins et al., 2011]), it is not surprising
that we observed tri-snRNP to re-associate multiple times with the same pre-mRNA. In contrast, re-
association of U4 complexes containing the labeled protein Prp3 after prior U4 departure was
exceedingly rare. Of 260 cases in which both U4 and U5 fluorescence appeared simultaneously fol-
lowed by disappearance of U4 and then U5, we observed only 15 instances (5.7%) of reappearance
of U4 while U5 remained visible. It is likely that some of these rare events arose from background
binding of fluorescent molecules to the slide surface since control experiments revealed that the
rate of background U4 binding is similar to the observed rate of U4 re-binding subsequent to U5
loss (2.3 x 107 vs. 9.8 x 107 events/min, respectively). In addition, only 5 cases were found in which
the rebound U4 spot was stable enough to last more than a single frame. Taken together, these
results are consistent with activation being largely irreversible, with only a slim likelihood (<2%) for
rebinding of Prp3-containing U4 or U4/U6 snRNPs.
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Figure 7. Three-color CoSMoS observation of U4 and NTC binding dynamics at 2 mM ATP. (A) Schematic of the
experiment, in which the NTC was labeled with two red-excited (Cy5) fluorophores, U4 was labeled with a single
green-excited (Dy549) fluorophore, and the surface-tethered pre-mRNA contained a single blue-excited (Alexa488)
fluorophore. (B and C) Representative traces showing peaks in fluorescence intensity corresponding to
colocalization of U4 (dark green) and NTC (red) with single pre-mRNA molecules. Raw images (~0.9x0.9 um)
corresponding to portions of the trace segments enclosed by the dashed boxes are included above the traces.
The times of U4 release (t{fff““) and NTC arrival (t]“\,’{g“’) are determined from these data as shown. Subtraction of
el from 1ie*time yields a positive number if the NTC arrived prior to U4 release or a negative number if the
NTC arrived after U4 release. (D) Probability density histogram showing the delay between NTC arrival and U4 loss
(gray). The first and last bins (limits of -3600 — -200 and 200 — 3600 s, respectively) were truncated in the figure for
clarity. Most often (79% of N = 293 total events on 402 pre-mRNAs), the NTC arrived soon after loss of the U4
signal (t{fie‘”e — mival <0). A randomized control histogram (see Materials and methods) is also shown (red).
Comparison of gray and red curves suggests that U4 departed after NTC arrival in <19% of complexes.

DOI: 10.7554/elLife.14166.026

The following figure supplement is available for figure 7:

Figure supplement 1. (A-E) Additional examples (to supplement those shown in Figure 7) of fluorescence
intensity traces showing individual NTC-DHFR subcomplexes (red) co-localizing with U4-SNAP subcomplexes (dark
green) on surface-tethered pre-mRNA in the presence of 2 mM ATP.

DOI: 10.7554/elife.14166.027

Tri-snRNP rebinding after discard involves fewer steps than initial Tri-
snRNP recruitment

We wondered if pre-mRNAs that bound the tri-snRNP more than once also recruited tri-snRNPs by
different kinetic pathways. That is, do the kinetics of initial tri-snRNP binding to a pre-mRNA differ
from the kinetics of tri-snRNP association after an activation attempt or discard? For each pre-
mRNA, we measured the arrival time of the first tri-snRNP binding event (¢/7) and plotted the dis-
tribution of arrival times in a histogram (Figure 6—figure supplement 1B). The histogram shows
few events at small values of «{/}% and could be described by a function that is a convolution of two

exponential terms. This is consistent with multiple partially rate-limiting steps being required prior to
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initial tri-snRNP binding to the pre-mRNA (e.g., U1 and U2 binding (Hoskins 2011). Interestingly,
the distributions of tri-snRNP arrival times following U4.U5 discard or U4 release events
(WG7Es = 155 E% diseara OF 17U — 1044 ion) Oth fit to distributions described by an equation with sin-
gle exponential term and with similar fitted parameters (Figure 6—figure supplement 1C,D). This
suggests that rebinding of the tri-snRNP to pre-mRNA following discard of tri-snRNPs or activated
spliceosomes involves fewer steps than initial tri-snRNP recruitment, possibly because they are
rebinding to an already partially assembled complex. Thus, splicing efficiency may potentially be
maintained by not only multiple tri-snRNP binding events occurring on the pre-mRNA but also by
facilitating subsequent recruitment of the tri-snRNP to those pre-mRNAs.

NTC association typically occurs after U4 loss

The NTC is required for spliceosomal catalysis, but the timing of NTC association relative to other
steps in activation is unresolved (Hogg et al., 2010). In order to address this issue, we carried out 3-
color CoSMoS experiments in which the U4 snRNP was labeled with a green-excited fluorophore on
Prp3 and red-excited fluorophores were attached to NTC components (Cef1 and Ntc90) with the
DHFR tag (Figure 7A). This triply-tagged strain showed near-parental-strain growth kinetics and
splicing activity (Figure 2—figure supplement 1). In 2 mM ATP, we observed transient U4 and lon-
ger-lasting NTC associations with pre-mRNA molecules, consistent with the behaviors seen in
extracts in which U4 and NTC were individually labeled (Figures 1 and 2). We then measured for
each pre-mRNA molecule the sequence of U4 and NTC appearance and disappearance (Figure 7B,
C and Figure 7—figure supplement 1). In the majority of cases (79%), NTC signals appeared soon
(typically ~30 s) after loss of U4 (Figure 7D). A randomized control (Figure 7D, red lines) indicates
that this distribution did not arise by chance. In addition, the data show evidence for a small subpop-
ulation (on order 10% of complexes) where NTC bound first but U4 release followed almost immedi-
ately (within a few seconds). Since ~53% of all molecules that recruit NTC subsequently are spliced
(Hoskins 2011), the data suggest that the main pathway leading to functional spliceosomes is NTC
association subsequent to U4 loss.

Discussion

It has long been appreciated that activation represents an important crossroads for the spliceosome,
separating assembly stages from catalysis. However, little is known about how activation is coordi-
nated in terms of both the ordering of events and points of regulation. Here we demonstrate that
the tri-snRNP can interact reversibly with pre-mRNA, that some tri-snRNP interactions do not result
in release of U4, that when U4 is released this release is effectively irreversible, that ATP can pro-
mote both rapid activation and discard, and that NTC binding usually occurs only after U4 release.
Together our data allow us to propose an integrated model for tri-snRNP association with the pre-
spliceosome and subsequent spliceosome activation (Figure 8). The model proposes an ordered
pathway for activation in which physiological ATP concentrations facilitate both U4 dissociation lead-
ing to NTC addition (progressing towards splicing) and tri-snRNP dissociation resulting in B-complex
disassembly (progressing away from splicing).

4 \ \ y b 4 \
v 7%(@%4@%w1
&"‘ \ ;] %:‘ ;f'( m" NTC ,,‘J;’

S
~ _ N _-

pre-spliceosome B complex B AU4 complex B2t complex

Figure 8. Model for tri-snRNP recruitment and spliceosome activation highlighting the predominant pathways
observed in our experiments. The spliceosome and its other snRNP components are shown schematically as a
grey circle. Additional observed kinetic components are not included in this simplified model. ATP stimulates both
tri-snRNP discard and activation (green arrows). During activation, U4 loss occurs through a multi-step process and
is irreversible. NTC joins the spliceosome after U4 release.

DOI: 10.7554/¢elife.14166.028

Hoskins et al. eLife 2016;5:e14166. DOI: 10.7554/eLife.14166

15 of 22


http://dx.doi.org/10.7554/eLife.14166.028
http://dx.doi.org/10.7554/eLife.14166

LI FE Biochemistry | Biophysics and structural biology

Spliceosomes remain dynamic even when stalled by limiting ATP

Inhibiting spliceosomal activation by limiting ATP has been used in multiple laboratories to accumu-
late and purify B complex spliceosomes for analysis of their function and composition (Chan et al.,
2003; Tarn et al., 1993; Fabrizio et al., 2009). It has often been assumed that the tri-snRNP binds
to but cannot release from pre-mRNAs under these conditions. Our data show that this is not the
case: the majority of tri-snRNP encounters with pre-mRNA molecules involved simultaneous U4 and
U5 association and dissociation of both after just tens of seconds. While we did not examine U1 and
U2 directly in these experiments, it is likely that these pre-mRNAs were assembled into pre-spliceo-
somes since single molecules of the tri-snRNP fail to accumulate on pre-mRNAs without ATP
(Hoskins et al., 2011) and tri-snRNP association almost always requires prior U1 and U2 binding
(Shcherbakova et al., 2013). Only a small fraction of events resulted in tri-snRNP retention at the
conclusion of our experiments. Based on our data, it is unclear what distinguishes complexes that
released the tri-snRNP from those in which it was retained for tens of minutes. It is likely that the lon-
gest-lived complexes are the assemblies that have been purified and characterized as the spliceoso-
mal B complex (Fabrizio et al., 2009; Tarn et al., 1993). Our experiments (Figure 4—figure
supplement 1) suggest that the majority of spliccosome complexes formed at 50 uM ATP and that
survive removal of the WCE are not competent for B** formation and are instead rapidly discarded
by an ATP-dependent mechanism. However, neither our work nor previous studies have directly
established what fraction of the remaining long-lived complexes are kinetically competent intermedi-
ates on the splicing pathway at physiological ATP.

Physiological ATP promotes both U4 and tri-snRNP release from B
complex

Under limiting ATP conditions (Figure 8), the tri-snRNP associates with the pre-spliccosome but acti-
vation and release of U4 rarely occurs. Unexpectedly, at physiological ATP conditions that permit
activation and splicing (Figure 8), tri-snRNP release is much faster than at 50 uM ATP. The reason
that splicing can nevertheless occur is because at high ATP U4 release is rapid, irreversible, and is
thus able to compete with tri-snRNP dissociation even though that dissociation rate has also
increased. Based on the observed fluxes through the U4 release and tri-snRNP dissociation path-
ways, a significant fraction (one of every three) tri-snRNP binding events ends in tri-snRNP dissocia-
tion without spliceosome activation.

Release of U4 is irreversible but does not guarantee splicing

While many steps in splicing have been shown to be readily reversible including snRNP and NTC
association (Hoskins et al., 2011), pre-mRNA conformational changes (Abelson et al., 2010;
Krishnan et al., 2013), and the chemical steps (Tseng and Cheng 2008), in our experiments the
activation and loss of U4 appears to be almost irreversible. In >98% of events in which U4 was
ejected after tri-snRNP binding, Prp3-containing U4 snRNPs did not reappear while U5 remained
bound. This indicates effective irreversibility of U4 loss. Since U4 loss permits U6 to make both inter-
and intramolecular basepairing interactions to form the spliceosome catalytic core and these are
mutually exclusive with U4 basepairing, our results suggest that U4 is quickly recycled in the extract
(Raghunathan and Guthrie 1998a) and/or that the conformational rearrangements within U6 occur
rapidly, preventing re-base pairing with U4 directly or with the aid of the U4/U6 annealing protein
Prp24.

Despite irreversible loss of U4 during the B to B> transition, spliceosomal activation does not
guarantee that the pre-mRNA will be spliced by that particular spliceosome. We observed multiple
instances in which a pre-mRNA underwent several rounds of tri-snRNP binding, U4 release, then U5
release and tri-snRNP rebinding (Figure 6). Thus, release of U4 during activation does not always
commit a particular spliccosome to catalysis and mRNA release. This result is consistent with the
presence of proofreading and discard steps carried out by Prp16 and Prp22 occurring after spliceo-
somal U4 release, and with disassembly of discarded spliceosomes by Prp43 (Burgess and Guthrie
1993; Koodathingal et al., 2010; Mayas et al., 2006). Our data support a model in which the spli-
ceosome cannot reverse its steps back to the B complex if discard occurs after U4 release. Instead,
U5 (and likely U6) are released and a new tri-snRNP must be recruited to the pre-mRNA for a new
activation attempt.
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Taken together our data suggest that tri-snRNP rebinding compensates for discard at the B com-
plex or subsequent stages, contributing to the overall efficiency of splicing by permitting multiple
attempts at assembly and activation.

NTC association most frequently follows U4 release

The coordination of U4 release with other events during activation has not been well-studied. In par-
ticular, the relative timing of U4 release and NTC recruitment has remained ambiguous (de Almeida
and O’Keefe 2015; Hogg et al., 2010). Early immunoprecipitation experiments suggested that the
NTC joins the spliceosome soon after or concomitant with U4 loss (Chan et al., 2003; Tarn et al.,
1993). In contrast, later mass spectrometry analyses of purified spliceosomes stalled by limiting ATP
detected small amounts of NTC in B complex, suggesting that stable U4 and NTC binding are not
mutually exclusive (Fabrizio et al., 2009). Our data explain this apparent contradiction by showing
that at 2 mM ATP NTC recruitment soon after U4 release is the predominant pathway (79% of
events). However, under limiting ATP (where there is little U4 release) transient interactions of NTC
were still observed. More stable binding of NTC after U4 release is in agreement with both previous
crosslinking results (Rasche et al., 2012) and more recent spliceosome structures (Yan et al., 2015)
that show key binding sites for the NTC include the U6 internal stem loop (ISL) and the catalytic
core. Because the ISL is not present when U6 is basepaired to U4, active site formation may be the
major means by which the spliceosome recruits and retains the NTC.

In contrast with the predominant pathway, we less frequently (19% of events) observed NTC
arrival prior to U4 loss. Recently it has been shown that functional tri-snRNPs can form in the absence
of stable U4/Ué6 basepairing, suggesting that protein/RNA interactions can play a major role in teth-
ering U4 to U5 and U6 (Burke et al., 2015). Thus, it is possible that the minor pathway we observe
represents spliceosomes that have disrupted U4.Ué6 basepairing to facilitate NTC recruitment but in
which other interactions have remained intact that delay U4 release.

Finally, at 50 uM ATP NTC failed to accumulate on the pre-mRNA molecules and instead dis-
played mostly transient interactions (Figure 1). This indicates that the NTC cannot stably bind spli-
ceosomes stalled at B complex. The source of the small number of NTC peptides detected in mass
spectrometry analyses of stalled B complex (Fabrizio et al., 2009) may reflect binding of the NTC to
a small number of spliceosomes that may have been able to release U4 at 50 uM ATP (Figure 3E).
Our single molecule data are consistent with data from human spliceosomes showing that NTC
recruitment is also inhibited in complexes that fail to form B*** when exchange of U1 for U6 pairing
at the 5’ SS is prevented (Chiou et al., 2013).

Conclusion
Here, direct observation of binding and release of spliceosomal subcomplexes has allowed us to
define the predominant pathways leading to spliceosomal activation (Figure 8). The results reveal
that ATP stimulates both U4 release and tri-snRNP discard. ATP-dependent U4 release is known to
be mediated by the Brr2 helicase (Raghunathan and Guthrie 1998b). The rapid tri-snRNP discard
pathway is consistent with ATP-dependent proofreading by Prp28 during exchange of U1 for U6
basepairing at the 5’ SS (Yang et al., 2013). If exchange is successful the spliceosome can proceed
through the next steps of activation. If unsuccessful, Prp28 may induce rapid tri-snRNP release. It is
possible that the discard pathway observed here may be related to prior observations of yeast pre-
spliceosomes containing weakly bound tri-snRNPs upon inhibition of U1/Ué exchange (Staley and
Guthrie 1999) and the labile tri-snRNPs present in human exon-defined splicing complexes
(Boesler et al., 2015). The existence of this ATP-dependent tri-snRNP release pathway may serve to
promote efficient splicing by preventing cellular accumulation of non-functional assemblies of
snRNPs on pre-mRNAs.

By labeling protein components associated with U4 release, we have now demonstrated that all
of the spliceosomal snRNPs and NTC are amenable to CoSMoS assays (Rodgers et al., 2015;
Hoskins et al., 2011). Thus, there now exists a powerful toolset for studying compositional changes
and dynamics of single spliceosomes in real time. Further mechanistic insights are likely to result
from combining these tools with mutations in key spliceosomal components to better dissect the
roles of individual proteins and snRNAs in the steps of spliccosomal assembly, activation, proofread-
ing, chemistry, and recycling. Even in the absence of further studies, the data presented here define
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the sequence of major molecular events in spliccosome activation and explain how splicing can be
efficient despite high fluxes through discard pathways after tri-snRNP binding and after activation.

Materials and methods

Preparation of Pre-mRNAs

Capped RP51A pre-mRNA for in vitro splicing assays were transcribed in the presence of [o->2P]JUTP
and purified as previously described (Crawford et al., 2008). Dye-labeled RP51A pre-mRNAs used
in single molecule experiments were prepared by splinted ligation of a trace [*?P]-labeled, capped
RP51A transcript to a biotinylated 2'-O-methyl oligonoucleotide derivatized with a single Alexa Fluor
488 (Alexa488, ThermoFisher Scientific; Waltham, MA) or Alexa Fluor 647 (Alexab47, ThermoFisher
Scientific; Waltham, MA) fluorophore as previously described (Crawford et al., 2008).

Preparation of yeast strains

Yeast strains containing fast SNAP (SNAPy) (Sun et al., 2011) tags on U4 snRNP proteins (Table 1)
were prepared by homologous recombination as previously described (Hoskins et al.,
2011; Shcherbakova et al., 2013). In brief, PCR products containing homology to the 3’ region of
the PRP3 or PRP4 genes and downstream genomic DNA, a (Gly-Ser-Gly), linker, the SNAP; tag, and
a yeast selectable marker (hygromycin/HygR or nourseothricin/NatR) were generated using primers
listed in Figure 2—source data 1 and the plasmids pAAH0034 (containing the SNAPs gene and the
NatR marker, [Shcherbakova et al., 2013]) or pAAH0013 (containing the SNAP; gene and the HygR
marker). The pAAHO0013 plasmid was prepared by cloning the SNAP; gene into the Hindlll and
BamHI sites of pAG32 (Euroscarf). The purified PCR products were then transformed into yeast using
the lithium acetate method and colonies selected for growth in the presence of either hygromycin
(300 pg/mL) or nourseothricin (100 pg/mL). SNAP; tags were confirmed by PCR using primers listed
in Figure 2—source data 1 as well as by labeling of the proteins with fluorophores (see below).

Yeast growth rate analysis

Yeast growth rates were determined using a protocol adapted from Biotek (Held 2010). Experi-
ments were carried out in a Tecan multimode plate reader by dilution of overnight cell cultures into
flat-bottomed, clear, 96-well plates (200 pL, typically 8 replicates) and covering with optically clear
TopSeal-A plate sealers. Shaking speed was set to slow with 1-mm amplitude, and plates were incu-
bated at 30°C. Cell growth was monitored at 600 nm by recording measurements at ~ 2 min inter-
vals. Growth rates were calculated as previously described (Hoskins et al., 2011) and compared to
the parental control strain (yYAAHO001).

Preparation of yeast whole-cell splicing extracts

Yeast whole cell extract (WCE) was prepared as previously described (Ansari and Schwer 1995)
with the following modifications. The concentration of DTT was increased to 1 mM at all steps.
Lysates were aliquoted (1.25 mL), frozen in liquid N,, and stored at -80°C after the second high
speed spin. The lysate buffer was exchanged into 50 mM HEPES/KOH pH 7.9, 50 mM KClI, 10% (v/v)
glycerol, and 1 mM DTT by gel filtration using a previously published protocol (Anderson and Hos-
kins 2014), aliquoted (42 L), frozen in liquid Ny, and stored at -80°C. In cases where SNAP-tagged
proteins were labeled, the lysate was incubated for 30 min at room temperature with the fluoro-
phore (e.g., benzylguanine-Dy549/SNAP-Surface 549, New England Biolabs; Ipswich, MA) prior to
gel filtration. A fluorophore concentration of 2.1 uM was used to label SNAP tags, and fast SNAP
(SNAP;) tags were labeled using 1.1 uM fluorophore.

Visualization of SNAP-tagged proteins in SDS-PAGE gels

SNAP-tagged proteins derivatized with fluorophores were visualized by denaturing polyacrylamide
gel electrophoresis (SDS-PAGE) followed by imaging fluorescence on a Typhoon biomolecular
imager (GE Life Sciences; Pittsburgh, PA). Data were analyzed using ImageQuant software. The
extents and rates of fluorophore incorporation into SNAP and SNAP; tags were determined using
previously described protocols (Hoskins et al., 2011).
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In vitro splicing assays

Splicing assays were carried out as previously described (Crawford et al., 2008) using 40% WCE
and ~0.2 nM RP51A substrate. [*2P]-labeled RNAs were visualized by denaturing PAGE followed by
phosphorimaging. Data were analyzed using ImageQuant software (GE Lifesciences; Pittsburgh, PA).

Single-molecule experiments

Single molecule imaging chambers and buffers including oxygen scavengers and triplet quenchers
were prepared as previously described (Hoskins et al., 2011; Crawford et al., 2008; Anderson and
Hoskins 2014). Single-molecule data were collected on a homebuilt, micromirror TIRF microsope at
room temperature as previously described (Friedman et al., 2006; Hoskins et al., 2011). To facili-
tate correction of stage drift, chambers also included fluorescent beads (TransFluoSpheres, strepta-
vidin-labeled, 40 nm, 488/645) to act as fiducial markers. Laser powers were typically set at either
150 or 450 uW for both the 532 and 633 nm lasers. The distributions of dwell times from both laser
powers in experiments at 2 mM ATP were compared to assess the impact of photobleaching and
showed little difference in the fitted parameters (Figure 3—figure supplement 3). In three-color
CoSMoS experiments, the 488 nm laser was set to 800 or 1750 uW and RNAs containing 488-excit-
able fluorophores were only imaged at the beginning and end of the experiment to avoid photo-
bleaching of other fluorophores. In three-color CoSMoS experiments, data were collected with a
frame duration of 1 s, a spacing between frames of 3 s, and with simultaneous illumination with both
the 532 and 633 nm lasers. The same frame duration and spacing was used to collect data for two-
color CoSMoS experiments following U4 binding dynamics except that only the 532 nm laser was
used. Two-color CoSMoS experiments of U1 and NTC binding dynamics under low ATP used a
frame duration of 1 s, a spacing between frames of 5 s, and illumination with the 532 nm laser. In all
experiments, autofocusing was carried out once per minute with a 785 nm laser (Hoskins et al.,
2011). A reference data set used for mapping the <635 nm and >635 nm fluorescence emission
fields of view onto one another was acquired with each experiment (Hoskins et al., 2011).

Data analysis

Data was analyzed essentially as described (Hoskins et al., 2011) by mapping the fields of view onto
one another, correcting for stage drift, determining locations of immobilized pre-mRNAs (areas of
interest, AOlIs), and integrating pixel intensity at each AOI using custom Matlab software (The Math-
works; Natick, MA,; https://github.com/gelles-brandeis). Peaks in intensity were identified by
changes occurring more than 3.2 over the baseline noise, and signals ended when they fell below
10. Each peak was manually inspected to confirm the presence of a spot of fluorescence centered in
the AOI.

The distributions of observed dwell times for each subcomplex were displayed by constructing
probability density plots in which the dwell times were binned and each bin divided by the product
of the bin width and total number of events. Error bars for each bin were calculated as the error of a
binomial distribution as previously described (Hoskins et al., 2011). Distributions described by one
or two exponential terms were fit by maximum likelihood methods to exponential probability density
functions as previously described for single and double exponential distributions (Equations 1 or
2, respectively; Hoskins et al., 2011). Distributions described by three exponential terms or by a
convolution function (Lu et al., 1998) were fit to Equations 3 or 4, respectively. In all equations, t,,
represents the minimum detectable dwell time; t,.x represents the duration of the experiment
(60 min); A; and A, the fitted amplitudes; and 1, 1o, T3 represent the fitted parameters. Errors in the
fit parameter were determined by bootstrapping 1000 random samples of the data and determining
the standard deviation of the resultant values.

(=) ]
(- (5 (0-m (E )]t 1]

Hoskins et al. eLife 2016;5:e14166. DOI: 10.7554/eLife.14166 19 of 22


https://github.com/gelles-brandeis
http://dx.doi.org/10.7554/eLife.14166

LI FE Research article Biochemistry | Biophysics and structural biology

L | N )

=t =t =t
[Al et 4 A2n 4 LAIAY e@]
T2 T3

2

[(1/11 1/79) - (e_’/Tl fe_’/ﬁ)] . [(l/tz- (e"”’/“ fe_""‘”/r‘)) - <1/‘51 . (e_"”/12 fe_’m“'“/”:?))] - (4)

Acknowledgements

We thank members of the Gelles, Moore, Hoskins, Brow, and Butcher laboratories for helpful discus-
sions. MJM is an Investigator of the Howard Hughes Medical Institute and supported by NIH RO1
GM50037. JG and LF are supported by NIH RO1T GM081648. AHH acknowledges support from
startup funding from the University of Wisconsin-Madison, Wisconsin Alumni Research Foundation
(WARF), and the Department of Biochemistry, awards from the National Institutes of Health (ROO
GMO086471, RO1T GM112735), the Arnold and Mabel Beckman Foundation, and the Shaw Scientist
Program of the Greater Milwaukee Foundation. MLR is supported by the Molecular Biophysics Train-
ing Program (NIH T32-GM08293).

Additional information

Funding

Funder Grant reference number  Author

National Institutes of Health RO1 GM50037 Melissa J Moore

Arnold and Mabel Beckman Beckman Young Aaron A Hoskins

Foundation Investigator

Greater Milwaukee Foundation Shaw Scientist Award Aaron A Hoskins

Howard Hughes Medical HHMI Investigator Melissa J Moore

Institute

National Institutes of Health RO0O GM086471 Aaron A Hoskins
Margaret L Rodgers

National Institutes of Health ROT GM112735 Aaron A Hoskins
Margaret L Rodgers

National Institutes of Health ROT GM081648 Larry J Friedman
Jeff Gelles

National Institutes of Health T32 GM08293 Margaret L Rodgers

The funders had no role in study design, data collection and interpretation, or the decision to
submit the work for publication.

Author contributions

AAH, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting or
revising the article; MLR, LJF, Acquisition of data, Analysis and interpretation of data; JG, MJM,
Analysis and interpretation of data, Drafting or revising the article

Author ORCIDs

Aaron A Hoskins, () http://orcid.org/0000-0002-9777-519X
Larry J Friedman, (& http://orcid.org/0000-0003-4946-8731
Jeff Gelles, @ http://orcid.org/0000-0001-7910-3421

References

Abelson J, Blanco M, Ditzler MA, Fuller F, Aravamudhan P, Wood M, Villa T, Ryan DE, Pleiss JA, Maeder C,
Guthrie C, Walter NG. 2010. Conformational dynamics of single pre-mRNA molecules during in vitro splicing.
Nature Structural & Molecular Biology 17:504-512. doi: 10.1038/nsmb.1767

Anderson EG, Hoskins AA. 2014. Single molecule approaches for studying spliceosome assembly and catalysis.
Methods in Molecular Biology 1126:217-241. doi: 10.1007/978-1-62703-980-2_17

Hoskins et al. eLife 2016;5:e14166. DOI: 10.7554/eLife. 14166 20 of 22


http://orcid.org/0000-0002-9777-519X
http://orcid.org/0000-0003-4946-8731
http://orcid.org/0000-0001-7910-3421
http://dx.doi.org/10.1038/nsmb.1767
http://dx.doi.org/10.1007/978-1-62703-980-2_17
http://dx.doi.org/10.7554/eLife.14166

LI FE Research article Biochemistry | Biophysics and structural biology

Ansari A, Schwer B. 1995. SLU7 and a novel activity, SSF1, act during the PRP16-dependent step of yeast pre-
mRNA splicing. The EMBO Journal 14:4001-4009.

Bellare P, Small EC, Huang X, Wohlschlegel JA, Staley JP, Sontheimer EJ. 2008. A role for ubiquitin in the
spliccosome assembly pathway. Nature Structural & Molecular Biology 15:444-451. doi: 10.1038/nsmb.1401
Boesler C, Rigo N, Agafonov DE, Kastner B, Urlaub H, Will CL, Lihrmann R. 2015. Stable tri-snRNP integration is
accompanied by a major structural rearrangement of the spliceosome that is dependent on Prp8 interaction

with the 5’ splice site. RNA 21:1993-2005. doi: 10.1261/rna.053991.115

Brenner TJ, Guthrie C. 2006. Assembly of Snu114 into U5 snRNP requires Prp8 and a functional GTPase domain.
RNA 12:862-871. doi: 10.1261/rna.2319806

Brow DA. 2002. Allosteric cascade of spliceosome activation. Annual Review of Genetics 36:333-360. doi: 10.
1146/annurev.genet.36.043002.091635

Burgess SM, Guthrie C. 1993. A mechanism to enhance mRNA splicing fidelity: the RNA-dependent ATPase
Prp16 governs usage of a discard pathway for aberrant lariat intermediates. Cell 73:1377-1391. doi: 10.1016/
0092-8674(93)90363-U

Burke JE, Butcher SE, Brow DA. 2015. Spliceosome assembly in the absence of stable U4/U6 RNA pairing. RNA
21:923-934. doi: 10.1261/rna.048421.114

Chan SP, Kao DI, Tsai WY, Cheng SC. 2003. The Prp19p-associated complex in spliceosome activation. Science
302:279-282. doi: 10.1126/science.1086602

Chen C, Greenberg MJ, Laakso JM, Ostap EM, Goldman YE, Shuman H. 2012. Kinetic schemes for post-
synchronized single molecule dynamics. Biophysical Journal 102:L23-25. doi: 10.1016/j.bpj.2012.01.054

Cheng SC, Abelson J. 1987. Spliceosome assembly in yeast. Genes & Development 1:1014-1027. doi: 10.1101/
gad.1.9.1014

Cherny D, Gooding C, Eperon GE, Coelho MB, Bagshaw CR, Smith CW, Eperon IC. 2010. Stoichiometry of a
regulatory splicing complex revealed by single-molecule analyses. The EMBO Journal 29:2161-2172. doi: 10.
1038/emb0oj.2010.103

Chiou NT, Shankarling G, Lynch KW. 2013. hnRNP L and hnRNP A1 induce extended U1 snRNA interactions with
an exon to repress spliceosome assembly. Molecular Cell 49:972-982. doi: 10.1016/j.molcel.2012.12.025

Colquhoun D, Hawkes AG. 1995. The Principles of Stochastic Interpretation of lon-Channel Mechanisms. In:
Sakmann B, Neher E (Eds). Single-Channel Recording (2nd ed). New York: Plenum Press. doi: 10.1007/978-1-
4419-1229-9_18

Crawford DJ, Hoskins AA, Friedman LJ, Gelles J, Moore MJ. 2008. Visualizing the splicing of single pre-mRNA
molecules in whole cell extract. RNA 14:170-179. doi: 10.1261/rna.794808

Crawford DJ, Hoskins AA, Friedman LJ, Gelles J, Moore MJ. 2013. Single-molecule colocalization FRET evidence
that spliceosome activation precedes stable approach of 5 splice site and branch site. Proceedings of the
National Academy of Sciences of the United States of America 110:6783-6788. doi: 10.1073/pnas.1219305110

de Almeida RA, O'Keefe RT. 2015. The NineTeen Complex (NTC) and NTC-associated proteins as targets for
spliceosomal ATPase action during pre-mRNA splicing. RNA Biology 12:109-114. doi: 10.1080/15476286.2015.
1008926

Fabrizio P, Dannenberg J, Dube P, Kastner B, Stark H, Urlaub H, Lihrmann R. 2009. The evolutionarily conserved
core design of the catalytic activation step of the yeast spliccosome. Molecular Cell 36:593-608. doi: 10.1016/j.
molcel.2009.09.040

Fabrizio P, McPheeters DS, Abelson J. 1989. In vitro assembly of yeast U6 snRNP: a functional assay. Genes &
Development 3:2137-2150. doi: 10.1101/gad.3.12b.2137

Friedman LJ, Chung J, Gelles J. 2006. Viewing dynamic assembly of molecular complexes by multi-wavelength
single-molecule fluorescence. Biophysical Journal 91:1023-1031. doi: 10.1529/biophysj.106.084004

Guo Z, Karunatilaka KS, Rueda D. 2009. Single-molecule analysis of protein-free U2-U6 snRNAs. Nature
Structural & Molecular Biology 16:1154-1159. doi: 10.1038/nsmb.1672

Hardin JW, Warnasooriya C, Kondo Y, Nagai K, Rueda D. 2015. Assembly and dynamics of the U4/U6 di-snRNP
by single-molecule FRET. Nucleic Acids Research 43:10963-10974. doi: 10.1093/nar/gkv1011

Held P. 2010. Monitoring Growth of Beer Brewing Strains of Saccharomyces Cerevisiae. Application Note.
BioTek . http://www.biotek.com/resources/articles/beer-brewing-synergyh1-yeast-growth.html.

Hogg R, McGrail JC, O'Keefe RT. 2010. The function of the NineTeen Complex (NTC) in regulating spliccosome
conformations and fidelity during pre-mRNA splicing. Biochemical Society Transactions 38:1110-1115. doi: 10.
1042/BST0381110

Hoskins AA, Friedman LJ, Gallagher SS, Crawford DJ, Anderson EG, Wombacher R, Ramirez N, Cornish VW,
Gelles J, Moore MJ. 2011. Ordered and dynamic assembly of single spliceosomes. Science 331:1289-1295.
doi: 10.1126/science.1198830

Hoskins AA, Moore MJ. 2012. The spliceosome: a flexible, reversible macromolecular machine. Trends in
Biochemical Sciences 37:179-188. doi: 10.1016/].tibs.2012.02.009

Huang YH, Chung CS, Kao DI, Kao TC, Cheng SC. 2014. Sad1 counteracts Brr2-mediated dissociation of U4/Ué6.
U5 in tri-snRNP homeostasis. Molecular and Cellular Biology 34:210-220. doi: 10.1128/MCB.00837-13

Karunatilaka KS, Rueda D. 2014. Post-transcriptional modifications modulate conformational dynamics in human
U2-U6 snRNA complex. RNA 20:16-23. doi: 10.1261/rna.041806.113

Konarska MM, Sharp PA. 1986. Electrophoretic separation of complexes involved in the splicing of precursors to
mRNAs. Cell 46:845-855. doi: 10.1016/0092-8674(86)90066-8

Hoskins et al. eLife 2016;5:e14166. DOI: 10.7554/eLife.14166 21 of 22


http://dx.doi.org/10.1038/nsmb.1401
http://dx.doi.org/10.1261/rna.053991.115
http://dx.doi.org/10.1261/rna.2319806
http://dx.doi.org/10.1146/annurev.genet.36.043002.091635
http://dx.doi.org/10.1146/annurev.genet.36.043002.091635
http://dx.doi.org/10.1016/0092-8674(93)90363-U
http://dx.doi.org/10.1016/0092-8674(93)90363-U
http://dx.doi.org/10.1261/rna.048421.114
http://dx.doi.org/10.1126/science.1086602
http://dx.doi.org/10.1016/j.bpj.2012.01.054
http://dx.doi.org/10.1101/gad.1.9.1014
http://dx.doi.org/10.1101/gad.1.9.1014
http://dx.doi.org/10.1038/emboj.2010.103
http://dx.doi.org/10.1038/emboj.2010.103
http://dx.doi.org/10.1016/j.molcel.2012.12.025
http://dx.doi.org/10.1007/978-1-4419-1229-9_18
http://dx.doi.org/10.1007/978-1-4419-1229-9_18
http://dx.doi.org/10.1261/rna.794808
http://dx.doi.org/10.1073/pnas.1219305110
http://dx.doi.org/10.1080/15476286.2015.1008926
http://dx.doi.org/10.1080/15476286.2015.1008926
http://dx.doi.org/10.1016/j.molcel.2009.09.040
http://dx.doi.org/10.1016/j.molcel.2009.09.040
http://dx.doi.org/10.1101/gad.3.12b.2137
http://dx.doi.org/10.1529/biophysj.106.084004
http://dx.doi.org/10.1038/nsmb.1672
http://dx.doi.org/10.1093/nar/gkv1011
http://www.biotek.com/resources/articles/beer-brewing-synergyh1-yeast-growth.html
http://dx.doi.org/10.1042/BST0381110
http://dx.doi.org/10.1042/BST0381110
http://dx.doi.org/10.1126/science.1198830
http://dx.doi.org/10.1016/j.tibs.2012.02.009
http://dx.doi.org/10.1128/MCB.00837-13
http://dx.doi.org/10.1261/rna.041806.113
http://dx.doi.org/10.1016/0092-8674(86)90066-8
http://dx.doi.org/10.7554/eLife.14166

LI FE Research article Biochemistry | Biophysics and structural biology

Koodathingal P, Novak T, Piccirilli JA, Staley JP. 2010. The DEAH box ATPases Prp16 and Prp43 cooperate to
proofread 5’ splice site cleavage during pre-mRNA splicing. Molecular Cell 39:385-395. doi: 10.1016/j.molcel.
2010.07.014

Krishnan R, Blanco MR, Kahlscheuer ML, Abelson J, Guthrie C, Walter NG. 2013. Biased Brownian ratcheting
leads to pre-mRNA remodeling and capture prior to first-step splicing. Nature Structural & Molecular Biology
20:1450-1457. doi: 10.1038/nsmb.2704

Lardelli RM, Thompson JX, Yates JR, Stevens SW. 2010. Release of SF3 from the intron branchpoint activates the
first step of pre-mRNA splicing. RNA 16:516-528. doi: 10.1261/rna.2030510

Larson JD, Rodgers ML, Hoskins AA. 2014. Visualizing cellular machines with colocalization single molecule
microscopy. Chemical Society Review 43:1189-1200. doi: 10.1039/C3CS60208G

Legrain P, Seraphin B, Rosbash M. 1988. Early commitment of yeast pre-mRNA to the spliceosome pathway.
Molecular and Cellular Biology 8:3755-3760. doi: 10.1128/MCB.8.9.3755

Liu H-L, Cheng S-C. 2012. The Interaction of Prp2 with a Defined Region of the Intron Is Required for the First
Splicing Reaction. Molecular and Cellular Biology 32:5056-5066. doi: 10.1128/MCB.01109-12

Lu HP, Xun L, Xie XS. 1998. Single-molecule enzymatic dynamics. Science 282:1877-1882. doi: 10.1126/science.
282.5395.1877

Mayas RM, Maita H, Staley JP. 2006. Exon ligation is proofread by the DExD/H-box ATPase Prp22p. Nature
Structural & Molecular Biology 13:482-490. doi: 10.1038/nsmb1093

Raghunathan PL, Guthrie C. 1998a. A spliceosomal recycling factor that reanneals U4 and U6 small nuclear
ribonucleoprotein particles. Science 279:857-860. doi: 10.1126/science.279.5352.857

Raghunathan PL, Guthrie C. 1998b. RNA unwinding in U4/Ué snRNPs requires ATP hydrolysis and the DEIH-box
splicing factor Brr2. Current Biology 8:847-855. doi: 10.1016/S0960-9822(07)00345-4

Rasche N, Dybkov O, Schmitzova J, Akyildiz B, Fabrizio P, Lihrmann R. 2012. Cwc2 and its human homologue
RBM22 promote an active conformation of the spliceosome catalytic centre. The EMBO Journal 31:1591-1604.
doi: 10.1038/emboj.2011.502

Rodgers ML, Paulson J, Hoskins AA. 2015. Rapid isolation and single-molecule analysis of ribonucleoproteins
from cell lysate by SNAP-SiMPull. RNA 21:1031-1041. doi: 10.1261/rna.047845.114

Ruby SW, Abelson J. 1988. An early hierarchic role of U1 small nuclear ribonucleoprotein in spliccosome
assembly. Science 242:1028-1035. doi: 10.1126/science.2973660

Shcherbakova |, Hoskins AA, Friedman LJ, Serebrov V, Corréa IR, Xu MQ, Gelles J, Moore MJ. 2013. Alternative
spliceosome assembly pathways revealed by single-molecule fluorescence microscopy. Cell Reports 5:151-165.
doi: 10.1016/j.celrep.2013.08.026

Small EC, Leggett SR, Winans AA, Staley JP. 2006. The EF-G-like GTPase Snu114p regulates spliceosome
dynamics mediated by Brr2p, a DExD/H box ATPase. Molecular Cell 23:389-399. doi: 10.1016/j.molcel.2006.
05.043

Staley JP, Guthrie C. 1999. An RNA switch at the 5’ splice site requires ATP and the DEAD box protein Prp28p.
Molecular Cell 3:55-64. doi: 10.1016/51097-2765(00)80174-4

Sun X, Zhang A, Baker B, Sun L, Howard A, Buswell J, Maurel D, Masharina A, Johnsson K, Noren CJ, Xu M-Q,
Corréa IR. 2011. Development of SNAP-Tag Fluorogenic Probes for Wash-Free Fluorescence Imaging.
ChemBioChem 12:2217-2226. doi: 10.1002/cbic.201100173

Tardiff DF, Rosbash M. 2006. Arrested yeast splicing complexes indicate stepwise snRNP recruitment during in
vivo spliceosome assembly. RNA 12:968-979. doi: 10.1261/rna.50506

Tarn WY, Lee KR, Cheng SC. 1993. Yeast precursor mRNA processing protein PRP19 associates with the
spliceosome concomitant with or just after dissociation of U4 small nuclear RNA. Proceedings of the National
Academy of Sciences of the United States of America 90:10821-10825. doi: 10.1073/pnas.90.22.10821

Tseng CK, Cheng SC. 2008. Both catalytic steps of nuclear pre-mRNA splicing are reversible. Science 320:1782-
1784. doi: 10.1126/science.1158993

Wahl MC, Will CL, Lihrmann R. 2009. The spliceosome: design principles of a dynamic RNP machine. Cell 136:
701-718. doi: 10.1016/j.cell.2009.02.009

Walter NG, Huang CY, Manzo AJ, Sobhy MA. 2008. Do-it-yourself guide: how to use the modern single-
molecule toolkit. Nature Methods 5:475-489. doi: 10.1038/nmeth.1215

Wilodaver AM, Staley JP. 2014. The DExD/H-box ATPase Prp2p destabilizes and proofreads the catalytic RNA
core of the spliceosome. RNA 20:282-294. doi: 10.1261/rna.042598.113

Yan C, Hang J, Wan R, Huang M, Wong CC, Shi Y. 2015. Structure of a yeast spliceosome at 3.6-angstrom
resolution. Science 349:1182-1191. doi: 10.1126/science.aac/629

Yang F, Wang XY, Zhang ZM, Pu J, Fan YJ, Zhou J, Query CC, Xu YZ. 2013. Splicing proofreading at 5’ splice
sites by ATPase Prp28p. Nucleic Acids Research 41:4660-4670. doi: 10.1093/nar/gkt149

Hoskins et al. eLife 2016;5:e14166. DOI: 10.7554/eLife.14166 22 of 22


http://dx.doi.org/10.1016/j.molcel.2010.07.014
http://dx.doi.org/10.1016/j.molcel.2010.07.014
http://dx.doi.org/10.1038/nsmb.2704
http://dx.doi.org/10.1261/rna.2030510
http://dx.doi.org/10.1039/C3CS60208G
http://dx.doi.org/10.1128/MCB.8.9.3755
http://dx.doi.org/10.1128/MCB.01109-12
http://dx.doi.org/10.1126/science.282.5395.1877
http://dx.doi.org/10.1126/science.282.5395.1877
http://dx.doi.org/10.1038/nsmb1093
http://dx.doi.org/10.1126/science.279.5352.857
http://dx.doi.org/10.1016/S0960-9822(07)00345-4
http://dx.doi.org/10.1038/emboj.2011.502
http://dx.doi.org/10.1261/rna.047845.114
http://dx.doi.org/10.1126/science.2973660
http://dx.doi.org/10.1016/j.celrep.2013.08.026
http://dx.doi.org/10.1016/j.molcel.2006.05.043
http://dx.doi.org/10.1016/j.molcel.2006.05.043
http://dx.doi.org/10.1016/S1097-2765(00)80174-4
http://dx.doi.org/10.1002/cbic.201100173
http://dx.doi.org/10.1261/rna.50506
http://dx.doi.org/10.1073/pnas.90.22.10821
http://dx.doi.org/10.1126/science.1158993
http://dx.doi.org/10.1016/j.cell.2009.02.009
http://dx.doi.org/10.1038/nmeth.1215
http://dx.doi.org/10.1261/rna.042598.113
http://dx.doi.org/10.1126/science.aac7629
http://dx.doi.org/10.1093/nar/gkt149
http://dx.doi.org/10.7554/eLife.14166

