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The termination of pre-mRNA splicing functions to discard suboptimal substrates, thereby enhancing fidelity,
and to release excised introns in a manner coupled to spliceosome disassembly, thereby allowing recycling. The
mechanism of termination, including the RNA target of the DEAH-box ATPase Prp43p, remains ambiguous. We
discovered a critical role for nucleotides at the 3′ end of the catalytic U6 small nuclear RNA in splicing termination.
Although conserved sequence at the 3′ end is not required, 2′ hydroxyls are, paralleling requirements for Prp43p
biochemical activities. Although the 3′ end of U6 is not required for recruiting Prp43p to the spliceosome, the 3′ end
cross-links directly to Prp43p in an RNA-dependentmanner. Our data indicate amechanism of splicing termination
in which Prp43p translocates along U6 from the 3′ end to disassemble the spliceosome and thereby release subop-
timal substrates or excised introns. Thismechanism reveals that the spliceosome becomes primed for termination at
the same stage it becomes activated for catalysis, implying a requirement for stringent control of spliceosome ac-
tivity within the cell.
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Eukaryotic gene expression requires pre-mRNA splicing
to excise introns, a process frequently targeted for regula-
tion and perturbed in disease (Fu andAres 2014; Scotti and
Swanson 2016). An intron is excised from pre-mRNA in
two steps: first, an intronic branch-site adenosine attacks
the 5′ splice site, yielding a free 5′ exon and a lariat inter-
mediate; second, the free 5′ exon attacks the 3′ splice site,
excising the lariat intron and ligating the exons. Con-
served intronic sequences define these three reactive sites
of the substrate and recruit the catalyst of splicing—the
spliceosome—which is conserved from budding yeast to
humans and composed of five small nuclear RNAs
(snRNAs) and more than 80 proteins, as recently defined
structurally by cryoelectron microscopy (Will and Lühr-
mann 2011; Fica and Nagai 2017; Yan et al. 2019). Assem-
bly of the spliceosome is coupled to intron recognition,
resulting in a highly dynamic ribonucleoprotein machine
(Staley and Guthrie 1998). Once splicing is complete, this
coupling necessitates that splicing termination proceeds
through disassembly of the spliceosome to release the ex-

cised intron product and also to recycle spliceosome com-
ponents. Disassembly also plays a central role in the
fidelity of splicing. Nevertheless, the mechanism of spli-
ceosome disassembly remains under investigation.
Spliceosome assembly begins with the binding of the

U1 small nuclear ribonucleoprotein (snRNP) complex to
the 5′ splice site and the U2 snRNP to the branch site. Re-
cruitment of the U4/U6.U5 tri-snRNP follows (Will and
Lührmann 2011). Then, U1 is replaced by U6 snRNA at
the 5′ splice site, and U6 is liberated from base-pairing
with U4 snRNA (Raghunathan and Guthrie 1998; Staley
and Guthrie 1999), enabling U6 to form catalytic struc-
tures including base-paired U2/U6 helix I, which pro-
motes substrate juxtaposition, and the intramolecular
stem loop (ISL) of U6, which positions catalytic metals
(Madhani and Guthrie 1992; Sun and Manley 1995; Hill-
iker and Staley 2004; Hang et al. 2015); U2 and U6 are
also held together by a nearby helix—U2/U6 helix II
(Fig. 1A; Madhani and Guthrie 1994a; Hang et al. 2015).
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Next, the nineteen complex (NTC) and other factors bind,
enabling splicing catalysis (Fabrizio et al. 2009; Hang et al.
2015; Galej et al. 2016;Wan et al. 2016; Bai et al. 2017; Ber-
tram et al. 2017; Fica et al. 2017; Liu et al. 2017;Wilkinson
et al. 2017; Yan et al. 2017; Wan et al. 2019). Finally, the

mRNA is released from the spliceosome, and then the ex-
cised intron is released for degradation in a manner cou-
pled to spliceosome disassembly (Company et al. 1991;
Arenas and Abelson 1997; Schwer and Gross 1998; Wag-
ner et al. 1998; Martin et al. 2002).

B

A
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D

Figure 1. The 3′ end of U6 is required for turnover of excised, lariat intron. (A) Secondary structure of U6 and U2/U6 base-pairing inter-
actions at the catalytic core of the spliceosome. Antisense oligos used for RNase H cleavage are depicted by bars above their target U6
sequences; light gray indicates DNA nucleotides in the anti-sense oligo, whereas dark gray indicates 2′-O-methyl nucleotides. (B) Trun-
cation of the 3′ end of U6 by ∼10 nt impedes turnover of the excised intron. The panel shows denaturing PAGE analysis of radiolabeled
ACT1 pre-mRNA following in vitro splicing in yeast extracts (yJPS860) thatwere first subjected to RNaseH cleavage to truncate the 3′ end
of U6 snRNA, directed by oligonucleotides depicted in A. Quantitation of intron turnover for each reaction was calculated as the molar
ratio of excised intron tomRNA and is shown below the gel and is represented as themean±one standard deviation for three independent
replicates. Cleavage of U6 was monitored by northern blot (bottom panel) with a radioactive probe directed to nucleotides 28–54 of U6.
(C,D) Deletions of 5–8 nt in the 3′ end of U6 impede turnover of the excised lariat intron in vivo. Deleted residues are indicated inC. Viable
deletions were analyzed by northern inD for pre-U3A snoRNA, the excised lariat intron, mature U3A snoRNA, and U6. Quantitation of
excised intron levels, relative to mature U3A, is shown below the northern, after normalization to the levels in wild type; the average and
values are shown for at least two biological replicates. See also Supplemental Figure S1.
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Intron release and spliceosome disassembly are driven
by Prp43p (Arenas and Abelson 1997; Martin et al. 2002;
Wan et al. 2017; Zhang et al. 2019), a DExH box member
of the SF2 superfamily of nucleic acid–dependentATPases
(Fairman-Williams et al. 2010; Cordin and Beggs 2013;
Ozgur et al. 2015). The DExH box members bind ssRNA
and are thought to function by translocating 3′ to 5′ along
ssRNA in an ATP-dependent manner. In this way, DExH
box members are thought to either plow directly through
an RNA duplex or RNP complex (Pyle 2008) or pull on
ssRNA to disrupt an RNA duplex or RNP complex at a
distance (Semlow et al. 2016).
Prp43p also plays a role in the fidelity of splicing, dis-

carding rejected, suboptimal substrates (Semlow and Sta-
ley 2012). For example, two distinct DExH box ATPases,
Prp16p and Prp22p, reject suboptimal sites on a substrate
by antagonizing their usage during branching and exon li-
gation, respectively (Burgess and Guthrie 1993; Mayas
et al. 2006; Koodathingal et al. 2010). These activities al-
low for the selection of alternative, optimal sites (Semlow
et al. 2016), but in the absence of such sites, the substrate
is discarded from the spliceosome by Prp43p (Pandit et al.
2006; Koodathingal et al. 2010; Mayas et al. 2010; Chen
et al. 2013). Through its discard activity, Prp43p functions
to repress cryptic 3′ splice sites and thereby promote fidel-
ity (Mayas et al. 2010). Because Prp43p functions to dis-
card substrates at multiple stages of splicing, in addition
to releasing the excised intron at the end of a splicing cycle
(Arenas and Abelson 1997; Martin et al. 2002), Prp43p
functions as a general terminator of splicing. Interesting-
ly, the roles of Prp22p and Prp43p in rejecting and discard-
ing suboptimal substrates have been repurposed in a range
of ascomycetes fungi for the biogenesis of telomerase
RNA, which corresponds to a released 5′ exon intermedi-
ate in these species (Kannan et al. 2013, 2015; Qi et al.
2015).
Prp43p requires a cofactor of the G-patch protein fam-

ily (Aravind and Koonin 1999; Robert-Paganin et al.
2015) for efficient ATPase and RNA unwinding activity.
Further, distinct G-patch proteins serve to activate
Prp43p in different processes, such as splicing and ribo-
some biogenesis (Lebaron et al. 2005, 2009; Tsai et al.
2005; Boon et al. 2006; Combs et al. 2006; Leeds et al.
2006; Pandit et al. 2006; Tanaka et al. 2007; Chen
et al. 2014b; Heininger et al. 2016). In splicing, the con-
served G-patch protein Ntr1p/Spp382p activates Prp43p
and forms the NTR (NTC-Related) complex with
Prp43p, Cwc23p, and Ntr2p, a factor that is found pri-
marily in fungi and plants. Ntr1p, Cwc23p, and Ntr2p
also help to recruit Prp43p to the spliceosome (Tsai
et al. 2005). The regulation of recruitment and activation
is important, given that Prp43p acts as a general termina-
tor of splicing (Arenas and Abelson 1997; Martin et al.
2002; Pandit et al. 2006; Koodathingal et al. 2010; Mayas
et al. 2010; Chen et al. 2013). Ntr2p and/or a portion of
Ntr1p appear to enforce this regulation, because the G-
patch domain of Ntr1p alone in conjunction with
Prp43p enables disassembly of spliceosomal complexes
otherwise refractory to termination (Fourmann et al.
2016, 2017).

As for many members of the SF2 family of ATPases, a
long-term goal has been to determine the physiological
RNA target of Prp43p. Cross-linking in vivo has revealed
that Prp43p interacts directly with rRNA and snoRNA as
well as U6 snRNA, implicating these RNAs as targets in
ribosome biogenesis and splicing, respectively (Bohnsack
et al. 2009). However, a recent in vitro study has implicat-
ed the U2-branch site duplex as the target for Prp43p in
splicing (Fourmann et al. 2016). A structure of the budding
yeast spliceosome poised for disassembly is consistent
with Prp43p targeting either U6 or the branch site duplex
(Wan et al. 2017), whereas a structure of the analogous hu-
man spliceosomal intermediate is more consistent with
U6 as the target (Zhang et al. 2019). However, neither
structure reveals a direct interaction between Prp43p
and a specific RNA.
In this study, we have gained insight into the mecha-

nism of Prp43p action through an investigation of the
function of the 3′ end of U6. We have found that the 3′

end of U6 is required for spliceosome disassembly and in-
tron release as well as for the discard of a rejected, subop-
timal substrate. These functions parallel the functions of
Prp43p (Arenas and Abelson 1997; Martin et al. 2002; Ma-
yas et al. 2010; Chen et al. 2013). Further, the require-
ments for the 3′ end of U6 in intron turnover parallel the
requirements for Prp43p—both require 2′ hydroxyls and
neither requires a specific sequence (Martin et al. 2002;
Tanaka and Schwer 2006). Indeed, Prp43p cross-links in
vitro to the 3′ end of U6. Our observations imply a mech-
anism for spliceosome disassembly and intron release in
which Prp43p acts as a winch that pulls on the 3′ end of
U6 to disrupt interactions between the catalytic U6
snRNA and the spliceosome.

Results

The 3′ end of U6 is required for excised intron release
and spliceosome disassembly

In vivo, the 3′ domain of U6 is essential for growth in yeast
(Bordonné and Guthrie 1992) and plays a critical role in
stabilizing U6 snRNA through the recruitment of the La
homolog protein Lhp1p and subsequently the Lsm2-8
complex. Unlike Lhp1p, the Lsm complex tolerates the
terminal, cyclic 2′, 3′ phosphate of U6 in metazoans and
the terminal 3′ monophosphate in yeast, both of which re-
sult from 3′ end maturation during U6 biogenesis, where-
as Lhp1p binds the UUUOH terminus of all RNA
polymerase III transcripts (Wolin and Cedervall 2002)
and the Lsm complex binds primarily to the GUUUU ter-
minal sequence of U6 (Bordonné and Guthrie 1992; Wolff
and Bindereif 1995; Achsel et al. 1999; Pannone et al.
2001; Licht et al. 2008; Zhou et al. 2014; Didychuk et al.
2017; Montemayor et al. 2018). The 3′ end of U6 has addi-
tionally been shown in vitro to play an early role in splic-
ing by promoting the annealing ofU6 toU4, again through
recruitment of the Lsm complex and also through the sub-
sequent recruitment of Prp24p (Vidal et al. 1999; Rader
and Guthrie 2002; Ryan et al. 2002; Licht et al. 2008). Sur-
prisingly, the 3′ end of U6 has also been implicated in vitro
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in playing a late role in splicing—in the turnover of the ex-
cised lariat intron long after Prp24p has dissociated from
U6 during U4/U6 annealing and long after the Lsm2-8
complex has dissociated during spliceosome activation.
Specifically, in whole-cell extract from budding yeast, ei-
ther reconstituting extract with 3′ end-truncated U6 or
targeting the 3′ end of U6 for RNase H-mediated cleavage
with aDNAoligonucleotide complementary to the last 31
nt of U6 stabilized the excised, lariat intron product of
splicing, preventing its turnover in such reactions (Fabri-
zio et al. 1989; Ryan et al. 2002). Truncation of the 3′ end
of U6 by as few as 23 nt (nt 90–112) was sufficient to stabi-
lize the excised intron (Ryan et al. 2002). This region of U6
participates in two structures—U2/U6 helix II (nt 92–102)
and acomponent of the intramolecular telestem (nt 92–95)
—and also binds to the Lsm2-8 complex (nt 108–112).

To distinguishmore finely the region of U6 essential for
intron turnover, we targeted RNase H cleavage even clos-
er to the 3′ end of U6 in budding yeast extract, using an ol-
igonucleotide complementary to the last 18 nt of U6 (AS
95–112) or a chimeric DNA/2′-O-methyl oligonucleotide
(rAS 103–106) that directed RNase H to cleave 7–10 nt
from the 3′ end (Fig. 1A). Both oligonucleotides resulted
in a substantial accumulation of excised, lariat intron, as
reflected by an increase in themolar ratio of excised intron
to mRNA from 0.32 ± 0.05 to 0.91 ± 0.06 or to 0.88 ± 0.10,
respectively (Fig. 1B). In both cases, the native U6 was
truncated predominantly to nucleotide 103 or 104 at the
3′ end of U2/U6 helix II, presumably through the action
of a 3′ exonuclease (cf. Ryan et al. 2002). Thus, we con-
clude that the last ∼10 nt of U6 are essential for turnover
of the excised, lariat intron, a region outside of U2/U6 he-
lix II and the U6 telestem but including the binding site
for the Lsm2-8 complex.

To determine whether the 3′ end of U6 is also required
for turnover of the excised, lariat intron in vivo, we tested
a series of deletions in this region for growth phenotypes
and stabilization of the excised intron. Because the
Lsm2-8 binding site is essential in vivo, we investigated
deletions just upstream of the binding site. Specifically,
we deleted 2, 3, and all 5 nt in the region of U6 between
U2/U6 helix II and the Lsm2-8 binding site; further, given
that helix II is not required for growth or excised intron
turnover (Field and Friesen 1996; see below), we also delet-
ed 6, 8, 10, and 12 nt extending into this region (Fig. 1C).
At 30°C, the 2-, 3-, 5- and 6-nt deletions grew as wild
type, the 8-nt deletion grew less well, and the 10- and
12-nt deletions were lethal; intriguingly, at 16°C the
6-nt deletion showed a mild cold-sensitive phenotype,
suggesting a defect in a structural rearrangement (Supple-
mental Fig. S1D–F. Northern analysis confirmed that the
U6 deletions were shorter than full-length U6 (Fig. 1D;
Supplemental Fig. S1H). None of the viable deletions al-
tered the levels of unspliced or spliced U3A snoRNA, in-
dicating no significant defect in splicing this model
substrate; in contrast, the 5-, 6-, and 8-nt deletions in-
creased the levels of excised, lariat U3A intron by three
to sevenfold (Fig. 1D; Supplemental Fig. S1G), indicating
a role for the 3′ end of U6 in excised intron turnover in
vivo, as in vitro.

Turnover of the excised lariat intron by exonucleases re-
quires debranching, which requires release from the spli-
ceosome (Martin et al. 2002). The spliceosome releases
the excised, lariat intron in two ATP-dependent steps.
First, theDEAHATPasePrp22p releases themRNA(Com-
pany et al. 1991; Schwer and Gross 1998; Wagner et al.
1998), which then allows the DEAH ATPase Prp43p to
subsequently disassemble the spliceosome and release
the excised lariat intron (Arenas andAbelson 1997;Martin
et al. 2002). To determine the stage at which the 3′ end of
U6 is required for excised intron turnover, we analyzed in
vitro splicing reactions by glycerol gradients, which sepa-
rate released splicing products from spliceosome-bound
products. In splicing reactions in which the 3′ end of U6
was cleavedwith an antisense oligo, the stabilized, excised
lariat introndidnotmigrate at the topof the gradient, dem-
onstrating that the 3′ end of U6 does not somehow impact
debranching directly, after release of the intron from the
spliceosome. Instead, the stabilized, excised lariat intron
comigratedwith spliceosomes deep in the gradient, impli-
cating a direct or upstream role for the 3′ end of U6 in re-
lease of the intron from the spliceosome (Supplemental
Fig. S1A,B).

To account fully for the excised, lariat intron released
from the spliceosome, we precluded turnover of these lar-
iats by assembling splicing reactions in dbr1Δ extract
lacking the debranchase Dbr1p. In these extracts, cleav-
age of the 3′ end of U6 shifted the migration of the ex-
cised lariat intron from shallow fractions of the gradient
to deep, spliceosomal fractions, establishing that the
3′ end of U6 is required for release of the excised lariat in-
tron from the spliceosome (Fig. 2A, cf. first and second
panels; Fig. 2B, right panel); northern blotting showed
that truncated U6 also comigrates with the spliceosome
deep in the gradient, confirming that U6 lacking ∼10 nt
at the 3′ end incorporates into spliceosomes (Supplemen-
tal Fig. S1C). This requirement of the 3′ end of U6 in ex-
cised intron release parallels the requirement for Prp22p
and Prp43p in intron release; specifically, intron release
was reduced by adding to splicing reactions recombinant
Prp22p having a dominant-negative K512A mutation and
was impeded by adding recombinant Prp43p having a
dominant-negative Q423E mutation, as expected (Fig.
2A, cf. the first panel with the third and fourth panels;
Fig. 2B, right panel; Schwer and Gross 1998; Leeds et al.
2006). Cleavage of the 3′ end of U6 did not shift the mi-
gration of mRNA, in contrast to the excised intron,
from shallow fractions to spliceosome-containing frac-
tions, indicating that the 3′ end of U6 is not required
for mRNA release (Fig. 2A,B). This lack of a requirement
for the 3′ end of U6 in mRNA release contrasts with a re-
quirement for Prp22p in mRNA release and parallels
the lack of a requirement for Prp43p; indeed, whereas the
Prp22p mutation retained mRNA in spliceosome-con-
taining fractions, the Prp43p mutation did not, as expect-
ed (Fig. 2A,B). These data therefore demonstrate that
the 3′ end of U6 is required after mRNA release, specifi-
cally at the stage of intron release and spliceosome disas-
sembly; these data thus implicate components of the
NTR complex, including Prp43p, as factors that mediate
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the requirement for the 3′ end of U6 in spliceosome
disassembly.
Note that these and subsequent experiments indicate

that truncation of the 3′ end of U6 can also lead to a
mild decrease in the efficiency of 5′ splice site cleavage
(e.g., Fig. 2A; Supplemental Fig. S1A) (for a discussion of
possible causes, see legend to Supplemental Fig. S1A).

The 3′ end of U6 is required for fidelity and discard
of a suboptimal lariat intermediate

In addition to its role during canonical disassembly fol-
lowing exon ligation, Prp43p—likely in the context of
the NTR complex (Chen et al. 2013; Su et al. 2018)—
also contributes to splicing fidelity by promoting, through
spliceosome disassembly, discard of suboptimal sub-
strates such as pre-mRNA rejected by Prp16p and inter-
mediates rejected by Prp22p (Koodathingal et al. 2010;
Mayas et al. 2010). Thus, if the requirement for the 3′

end of U6 in spliceosome disassembly and release of a ca-
nonical intron reflects a requirement for Prp43p, then the
3′ end of U6 should also be required for Prp43p-dependent
discard of suboptimal substrates and splicing fidelity. To
test these predictions, we first assayed for the requirement
of the 3′ end of U6 in the discard of splicing intermediates
after Prp22p-mediated rejection of a suboptimal 3′ splice
site, again by glycerol gradient analysis of in vitro splicing
reactions in dbr1Δ extract. Specifically, we utilized a
UBC4 pre-mRNA containing a suboptimal, UgG 3′ splice
site, which is rejected by Prp22p before the stage of exon
ligation and then discarded as 5′ exon and lariat interme-
diate by Prp43p (Mayas et al. 2006, 2010). As expected,
with full-length U6 a substantial fraction of the rejected
and discarded UgG lariat intermediate migrated in frac-
tions near the top of the gradient (Fig. 3A, top panel; Fig.
3B). In contrast, with truncated U6, the UgG lariat inter-
mediate migrated primarily in deeper, spliceosome-con-
taining fractions, indicating a defect in discard of the

B

A Figure 2. The 3′ end of U6 is required for release of
the excised intron. (A) Truncation of the 3′ end of
U6 by ∼10 nt impedes release of the excised intron
from the spliceosome. Radiolabeled ACT1 pre-
mRNA was spliced in mutant dbr1Δ (yJPS799) ex-
tracts subjected to RNase H cleavage directed by
DNA oligo AS 95–112 (see Fig. 1A) or supplemented
with buffer, mutated rPrp22p-K512A, or mutated
rPrp43p-Q423E. Splicing reactions were fractionated
on a glycerol gradient; input (i) and fraction numbers
are indicated above the top panel. Fractions contain-
ing released or spliceosome-bound splicing species
are highlighted below the bottom panel. The dividing
line in the rPrp22p-K512A panel indicates an empty
lane that was removed for consistency between pan-
els. The asterisks identify excised intron and mRNA
resulting from splicing at an upstream, suboptimal
3′ splice site due to a loss of fidelity resulting from
the Prp22p-K512A mutant (Mayas et al. 2006). See
also Supplemental Figure S1. Note that the modest
nature of the shift for the excised intron in the
rPrp22p-K512A gradient was unexpected, based on
the literature and our own experiments (e.g., Supple-
mental Fig. 1), and may reflect the mutant dbr1Δ ex-
tracts used. (B) Quantitation of mRNA (left) or
excised intron (right) from gradients in A. Data are
normalized as a fraction of total mRNA or total ex-
cised intron within each gradient.
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rejected intermediate (Fig. 3A, bottompanel; Fig. 3B). This
defect parallels an equivalent defect conferred by the
Q423E mutation in Prp43p (Fig. 3A, middle panel; Fig.
3B; Mayas et al. 2010). Thus, like Prp43p, the 3′ end of
U6 is required for discard of a suboptimal intermediate.

Through its role in discard, Prp43p promotes the fidelity
of splicing by minimizing formation of cryptic mRNAs at
the stage of exon ligation (Mayas et al. 2010). For example,
with a UBC4 pre-mRNA having a UgG 3′ splice site mu-

tation, Prp43p not only discards the suboptimal lariat
intermediate but also minimizes splicing at a cryptic
3′ splice site, 6 nt upstream of the suboptimal, UgG
3′ splice site (Supplemental Fig. S2). We found that in
DBR1 wild-type extract, this proofreading function of
Prp43p was also dependent on the 3′ end of U6. Specifi-
cally, truncation of U6 with oligonucleotide AS 95–112
led to stabilization of the suboptimal lariat intermediate
and increased production of cryptic mRNA from the
UgG substrate, comparable to the increase conferred by
recombinant mutant Prp43p-Q423E (Supplemental Fig.
S2). Thus, a requirement for the 3′ end of U6 again paral-
lels a requirement for Prp43p. In sum, these data illustrate
a striking correlation between the requirement for Prp43p
and the 3′ end of U6 in disassembly, discard, and fidelity.

The 3′ end of U6 is required after binding of the NTR
complex

Given the strong correlation between the requirements
for Prp43p and the 3′ end of U6, we investigated themech-
anism by which the 3′ end of U6 functions in spliceosome
disassembly and intron release by first determining
whether nucleotides at the 3′ end of U6 are required before
or after recruitment of the NTR complex to the spliceo-
some, following release of mRNA by Prp22p. Specifically,
we stalled splicing of ACT1 pre-mRNA at the intron re-
lease stage by cleavage of U6 with oligonucleotide AS
95–112 or with dominant-negative rPrp43p-Q423E as a
positive control for NTR complex association (Small
et al. 2006) or with dominant-negative rPrp22p-K512A
as a negative control for NTR complex association
(Chen et al. 2013). We then tested for binding of the
NTRcomplex to spliceosomes by assaying for coimmuno-
precipitation of excised intronwith theNTR complex, us-
ing antibodies to Ntr1p, Ntr2p, or Prp43p (James et al.
2002; Tanaka et al. 2007).WhenU6was truncated, immu-
noprecipitation of Ntr1p, Ntr2p, or Prp43p enriched for
excised intron relative to other splicing species, especially
pre-mRNA and mRNA (Fig. 4, top panel, cf. lane 3 with
lanes 6,9,11), as observed for the immunoprecipitation
of Ntr1p and Ntr2p in reactions stalled by rPrp43p-
Q423E (Fig. 4, cf. lanes 2,5,8); in contrast, such enrich-
ment was not observed in reactions stalled by rPrp22p-
K512A, despite the accumulation of comparable levels
of excised intron (Fig. 4, cf. lanes 4,7,10,12). For splicing re-
actions stalled by the truncation of U6, we confirmed by
northern that immunoprecipitation of the NTR complex
not only coimmunoprecipitated excised intron but also
truncated U6 (Fig. 4, bottom panel, lanes 6,9,11). These
data indicate that the 3′ end of U6 is not required for the
recruitment of the NTR complex, indicating that this re-
gion of U6 plays a role downstream from NTR binding
to promote intron release and spliceosome disassembly;
note that whereas Cwc23p has also been shown to com-
plex with Ntr1p and Ntr2p, Cwc23p is not required for
binding of Ntr1p and Ntr2p to intron-lariat spliceosomes
or for release of excised intron (Pandit et al. 2006; Su et al.
2018), so the 3′ end of U6 cannot play a role in recruiting
Cwc23p to promote spliceosome disassembly.

B

A

Figure 3. The 3′ end of U6 is required in vitro for Prp43p-depen-
dent discard of a suboptimal substrate. (A) As with the rPrp43p-
Q423E mutant (Mayas et al. 2010), 3′-truncated U6 impedes
discard of a suboptimal lariat intermediate. Radiolabeled UBC4
pre-mRNA having a suboptimal UgG 3′ splice site was spliced
in mutant dbr1Δ (yJPS799) extracts with buffer, with rPrp43p-
Q423E, or after RNase H cleavage of U6 in extract with DNA
oligoAS 95–112 (see Fig. 1A). Splicing reactionswere fractionated
on a glycerol gradient; input (i) and fraction numbers are indicated
above the top panel. The migration of spliceosome-bound and
discarded lariat intermediate is indicated. See also Supplemental
Figure S2. (B) Quantitation of lariat intermediate levels fromglyc-
erol gradients in A. Data are normalized to input levels of lariat
intermediate.
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Although the requirement for the 3′ endofU6 afterNTR
binding suggests that the3′ endmay impact the functionof
Prp43p directly, at other stages of splicing the 3′ end inter-
actswith the Lsm2-8 complex and Prp24p, so these factors
could, in principle, play roles in spliceosome disassembly
and intron release. Although Prp24p dissociates after U4/
U6annealing and theLsmproteins dissociate after spliceo-
some activation (Jandrositz and Guthrie 1995; Chan et al.
2003), it is not entirely clearwhen these factors reassociate
withU6 in the splicing cycle, and a recent crystal structure
of a U6 snRNP complex suggested the possibility that
Prp24p and by implication the Lsm2-8 complex may pro-
mote displacement ofU2 fromU6 during spliceosome dis-
assembly (Montemayor et al. 2014). Thus, we tested for
association of these factors with spliceosomes at the stage
of disassembly and intron release by stalling spliceosomes
with the rPrp43p-Q423E mutant and assaying for associa-
tion of the Lsm complex or Prp24p by immunoprecipita-
tion directly from splicing reactions (Supplemental Fig.
S3). As expected, Lsm3p coimmunoprecipitated U4, U5,
and U6, reflecting association with the tri-snRNP, under
all conditions tested, and Lsm3p coimmunoprecipitated
pre-mRNAwhen stalled by low ATP at the stage of U4 re-
lease; in contrast, immunoprecipitation of Lsm3p did not
enrich for excised intron relative to pre-mRNA or
mRNA, as compared with a control without antibody,
whereas immunoprecipitationofNtr2pdid (Supplemental
Fig. S3A). Similarly, Prp24p coimmunoprecipitated U6
snRNA, as expected, but did not coimmunoprecipitate
accumulated excised intron (Supplemental Fig. S3B). In
contrast, Ntr1p of the NTR complex did coimmunopreci-
pitate accumulated excised intron (Supplemental Fig.
S3B). Although we cannot rule out occlusion of epitopes,
these data provide no evidence that either the Lsm2-8

complex or Prp24p associates with spliceosomes poised
for disassembly; supporting these findings, purified spli-
ceosomes poised for disassembly have not revealed the
presence of Prp24p or Lsm proteins by mass spectrometry
or the requirement of trans-acting factors for disassembly
after NTR association (Small et al. 2006; Tsai et al. 2007;
Fourmann et al. 2013; Chen et al. 2014a; Wan et al. 2017;
Zhang et al. 2019). Together, these data provide no evi-
dence for a role of Prp24p or the Lsm2-8 complex in spli-
ceosome disassembly.

The conserved sequence of the 3′ end ofU6 is not required
for disassembly

Given the parallels between the requirements of Prp43p
and the 3′ end of U6 in spliceosome disassembly and given
the association of the NTR complex with spliceosomes
stalled by truncated U6, we proceeded to test a model in
which the 3′ end of U6 serves as a substrate of Prp43p.
Because SF1 and SF2 ATPases bind fundamentally to the
backbone of nucleic acid and generally without sequence
specificity (Fairman-Williams et al. 2010), with some ex-
ceptions (e.g., Prabu et al. 2015), this model predicts that
the conserved sequence at the 3′ end of U6, required for
Lsm2-8 complex binding (Achsel et al. 1999; Vidal et al.
1999; Zhou et al. 2014) is not required for spliceosome dis-
assembly. To test this prediction, we mutated the U-rich
sequence at the 3′ end of U6 to AG- or AC-rich sequences,
calculated by mFold (Zuker 2003) to form minimal to no
secondary structure (100_AG and 100_AC; Fig. 5A).
Because the three uracils at nucleotides 100–102 form
base pairs with U2 as part of U2/U6 helix II, we also in-
cluded a variant that did not alter these nucleotides
(103_AG) (Fig. 5A). Significantly, none of these sequence

Figure 4. The 3′ end of U6 is required after
the binding of Prp43p, Ntr1p, and Ntr2p to
the spliceosome. Denaturing PAGE analysis
of in vitro splicing reactions after immuno-
precipitation with anti-Ntr1p, -Ntr2p, or
-Prp43p antibodies (top, middle panels). Ra-
diolabeled ACT1 pre-mRNA was spliced in
yeast extracts (yJPS1448) that were subjected
to RNase H cleavage with DNA oligo AS
95–112 or supplemented with buffer, mutat-
ed rPrp22p-K512A, or mutated rPrp43p-
Q423E. Immunoprecipitation was not per-
formed with anti-Prp43p antibodies on reac-
tions supplemented with rPrp43p-Q423E
because of complicating effects of excess re-
combinant protein. Twenty percent of each
reaction was analyzed as input. Cleavage
and coimmunoprecipitation of U6wasmoni-
tored by northern blot with a radioactive
probe directed to nucleotides 28–54 of U6
(bottom panel); “M” indicates a marker
lane. The vertical dividing line in all three
panels indicates a control lane that was omit-
ted for clarity; the additional vertical dividing
line in the northern blot indicates an extra
marker lane that was omitted for clarity. See

also Supplemental Figure S3 for tests for association of other factors, Lsm3p and Prp24p, with the spliceosome during disassembly.
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Figure 5. Spliceosome disassembly does not require the sequence of the 3′ end of U6 but does require the 2′ hydroxyls of the 3′ end. (A) U6
3′ end sequences are depicted showing mutations used in B. “WT” corresponds to full-length, unmodified, transcribed U6 snRNA. U6
Δ97–112 and 97–112D were constructed by transcribing nucleotides 1–96 of U6 and then either using as is (Δ97–112) or first ligating to
a DNA oligo (97–112D). The remaining variants were constructed by ligating segments of synthetic RNA. (B) Disassembly does not re-
quire specific sequence of the 3′ end of U6. Denaturing PAGE analysis of radiolabeled in vitro splicing reactions using ACT1 pre-
mRNA in extracts (ySCC1) reconstituted (Recon.) with the indicated U6 variants. U6 Δ97–112 and 97–112D correspond to positive con-
trols that block disassembly and stabilize excised intron, as shown inD. Quantitation of intron turnover is shown below the gel, wherein
the ratio of excised intron tomRNAwas calculated and normalized relative to thewild-typeU6 control in lane 3; valueswith a substantial
increase of twofold or greater over wild type are indicated in bold, underlined. (C ) U6 3′ end sequences are depicted showing deoxy sub-
stitutions used inD. Underlined bases are DNA. “WT” corresponds to full-length, unmodified, transcribed U6 snRNA; for the remaining
U6 variants, the first 96 nt were transcribed and then used as is (Δ97–112) or first ligated to synthetic oligonucleotides corresponding to
unmodified RNA (97–112R), DNA (97–112D), or RNA–DNAchimeras (97–104D, 105–112D). (D) Disassembly requires the 2′ hydroxyls of
the 3′ end of U6. Denaturing PAGE analysis of splicing reactions using ACT1 pre-mRNA in ySCC1 extracts reconstituted with the indi-
cated U6 variants. See also Supplemental Figures S4, S5. (E) U6 3′ end sequences are depicted showing deoxy substitutions used in F. U6
variants are shown and were constructed as in C. (F ) Disassembly only requires 2′ hydroxyls in the last ∼16 nt of the 3′ end of U6. Dena-
turing PAGE analysis of splicing reactions using ACT1 pre-mRNA in extracts (yJPS866) reconstituted with the indicated U6 variants.
(G) Prp43p unwinds a duplexwith a short RNA, but not DNA, single-stranded overhang in vitro. Unwinding of a 24-bp RNA/DNA duplex
with a 10-nt single-stranded RNA overhang (red) or an 8-nt DNA substitution (blue) was assayed in the presence of rPrp43p, its activator
rNtr1p (1–120), andATP (T) or ADP (D), as a negative control. (H) Prp43p-mediated unwinding is impeded byDNAat the proximal end and
middle of a duplex but not at the distal end.Unwinding of a 24-bpRNA/DNAduplexwith orwithout an 8-ntDNA substitution andwith a
16-nt single-stranded RNA overhang was assayed in the presence of rPrp43p, its activator rNtr1p (1–120), and ATP (T) or ADP (D), as a
negative control. (Red) RNA, (blue) DNA. Quantification is shown for the average of two replicate experiments; error bars indicate the
range of values; unwinding was calculated as the fraction of released oligo relative to the total oligo—single-stranded and duplexed. Color
coding in the left panel serves as a key for the right panel. (mod.) Modification.
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variants compromised intron turnover (Fig. 5B), establish-
ing that spliceosome disassembly does not require a spe-
cific sequence at the 3′ end of U6, thus establishing
functional evidence that intron turnover does not require
the sequence-dependent Lsm2-8 complex (Achsel et al.
1999; Zhou et al. 2014). Moreover, these data are consis-
tent with a role for Prp43p in acting on the 3′ end of U6.

The 2′ hydroxyls of the 3′ end of U6 are required for
spliceosome disassembly

Whereas Prp43p does not depend on a specific sequence
for binding to nucleic acid, it does depend on the 2′ hy-
droxyls of RNA both for binding to model substrates and
for nucleic acid–dependent ATPase activity (Martin
et al. 2002; Tanaka and Schwer 2006). We therefore tested
whether spliceosome disassembly similarly depends on
the 2′ hydroxyls of RNA. Relative to U6 snRNA controls,
U6 substituted in the last 16 nt with DNA (97–112D) ac-
cumulated excised intron relative to mRNA, similar to 3′

truncated U6 (Δ97–112) or the rPrp43p-Q423E mutant
(Fig. 5C,D, cf. lanes 3–7). This requirement for RNA at
the 3′ end of U6 is also consistent with a role for Prp43p
action at the 3′ end of U6.
To define precisely the region of U6 that must be RNA

to promote intron turnover, we varied the length and po-
sition of DNA substitutions and assayed for intron turn-
over (Fig. 5C–F). Consistent with our finding that
truncation of as few as 9 or 10 nt from the 3′ end results
in a defect in intron turnover (Fig. 1B), as few as 8 nt of
DNA at the 3′ end blocked intron turnover as robustly
as rPrp43p-Q423E (Fig. 5C,D, cf. lanes 4 and 8); 6 or 4 nt
of DNA at the 3′ end of U6 were insufficient to similarly
compromise intron turnover (Supplemental Fig. S4). In-
terestingly, placing the 8-nt DNA block 8 nt upstream
of the 3′ end and overlapping with U2/U6 helix II (Fig.
5C,D, lane 9) still strongly inhibited intron turnover, indi-
cating that 8 nt of RNA at the 3′ end of U6 are not suffi-
cient for spliceosome disassembly. In contrast, 8-nt
DNA blocks 16, 20, or 34-nt upstream of the 3′ end of
U6 permitted intron turnover, indicating that RNA is
not required in the loop region of the U6 ISL or in the
bulge between the ISL and U2/U6 helix II (Supplemental
Fig. S5A; see below). To refine the 5′ boundary of where
RNA is required in the 3′ end of U6 for intron turnover,
we tiled 8-nt blocks of DNA in 1-nt steps 9, 10, and 11
nt from the 3′ end. These substitutions conferred dimin-
ishing consequences for intron turnover, with the impact
of DNA substitutions on intron turnover dropping off
markedly between nucleotides 96 and 97 (Fig. 5E,F, cf.
96–103D vs. 97–104D, lanes 9 and 10). Thus, the depen-
dence of intron turnover and spliceosome disassembly
on RNA at the 3′ end of U6 is confined to a short stretch
of 16 nt. Given evidence that small, 8-nt DNA blocks can
inhibit DEAH box ATPases (Semlow et al. 2016), these
data are consistent with amodel in which an RNA-depen-
dent helicase, such as Prp43p, binds to single-stranded
RNA at the 3′ end of U6 and translocates upstream in a
2′-hydroxyl-dependent fashion to disrupt interactions,
such as U2/U6 helix II.

This model is consistent with our analysis of Prp43p/
Ntr1p activity on idealized unwinding substrates. Specif-
ically, we found that a 10-nt ssRNA overhang, analogous
to the ssRNA at the 3′ end of U6, was sufficient to support
unwinding of a 24-bp duplex and that an 8-nt ssDNA sub-
stitution at the 3′ end of the overhang impeded unwinding
and did so by impeding binding of Prp43p to the substrate
(Fig. 5G; Supplemental Fig. S5B), consistent with an inter-
pretation inwhich the 105–112D substitution impedes re-
cruitment of Prp43p toU6. Additionally, we found that an
8-nt DNA substitution at the proximal end or in the mid-
dle of a duplex permitted binding of Prp43p/Ntr1p to the
substrate but reduced unwinding more than fivefold (Fig.
5H; Supplemental Fig. S5B), consistent with an interpreta-
tion in which the 97–104D substitution specifically im-
pedes unwinding of U2/U6 helix II by Prp43p.
We also found that a DNA substitution at the distal end

of the duplex did not impede unwinding (Fig. 5H, lanes
16–19), paralleling the failure of DNA substitutions up-
stream of 97–104D but within U2/U6 helix II to impair
spliceosome disassembly. These results suggest that these
noninhibitory DNA blocks either (1) impede transloca-
tion by Prp43p along a region that is not required for un-
winding (because unwinding has already occurred) or (2)
allow translocation of Prp43p, because unwinding has
already occurred, and DNA only inhibits translocation
during unwinding orwhile performingwork beyond trans-
location. Thus, we cannot rule out at this time a model
in which Prp43p translocates along U6 beyond U2/U6
helix II.

The 3′ end of U6 interacts directly with the DEAH box
ATPase Prp43p

To test explicitly whether the 3′ end of U6 may serve as a
substrate for Prp43p, we assayed for a direct interaction
between U6 and Prp43p by site-specific cross-linking. Al-
though a recent in vitro study implicated Prp43p as inter-
acting with pre-mRNA but not snRNAs (Fourmann et al.
2016), a previous study reported interactions between
Prp43p and U6 using CRAC (UV cross-linking and analy-
sis of cDNA) in vivo (Bohnsack et al. 2009); nevertheless,
these U6 sites, captured at steady state, did not reveal an
interaction at the 3′ end of U6 and instead provided evi-
dence for interactions centered just downstream from
the 5′ stem loop and on the 3′ side of the ISL, which is
flanked by regions that spliceosome disassembly did not
require to be RNA (Supplemental Fig. S5A). Thus, we per-
formed site-specific UV cross-linking with U6 containing
a 32P label upstream of three consecutive, photoactivat-
able 4-thio-U (s4U) residues incorporated into the 3′ end
of U6 (Fig. 6A). We depleted U6 from Prp19p-HA tagged
yeast extract, reconstituted with s4U-substituted U6
(∗s4U_104–106 U6), assembled splicing reactions with a
Cy5-labeled, ACT1 pre-mRNA substrate (Supplemental
Fig. S6B) and then, after the reactions were irradiated
with UV light, enriched for spliceosome-bound U6 by im-
munoprecipitation with anti-HA antibodies.
In the absence of added rPrp43p-Q423E, U6 forms a

number of prominent cross-links (Fig. 6B, lane 1). In the
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presence of rPrp43p-Q423E, U6 formed an additional,
prominent cross-link at ∼125 kDa, which corresponds to
the molecular weight of Prp43p plus U6 snRNA (87.5
kDa+37 kDa; Fig. 6B, cf. lane 1with lanes 4 and 5). Robust
formation of this ∼125-kDa species depended on both
ACT1 pre-mRNA and ATP (Fig. 6B, cf. lanes 2 and 3
with 4 and 5), as well as UV and s4U (Fig. 6C; Supplemen-
tal Fig. S7). In the presence of rPrp43p-Q423E tagged with
GST, the ∼125-kDa cross-link disappeared and a new
cross-link appeared at ∼150 kDa (Fig. 6B, lane 6), roughly
equivalent to the increase in size expected for a GST
tag (26 kDa). Supporting that these species reflect cross-
linking of U6 to Prp43p, the mobilities of the ∼125- and

∼150-kDa cross-links correlated to the mobilities of
rPrp43p-Q423E and rPrp43p-Q423E-GST, respectively,
cross-linked to U6 in the absence of yeast extract (Fig.
6B, cf. lanes 4 and 5 with lane 7, and lane 6 with lane 8).

Having identified U6 cross-links in spliceosomes
stalled prior to intron release, we next tested whether
U6 cross-linked to Prp43p explicitly and, if so, whether
such cross-linking occurred specifically at the 3′ end of
U6. From the same cross-linking reactions described
above, we pulled down His6-tagged Prp43p using Ni-
NTA beads under denaturing conditions and then cleaved
the 3′ end away from the remainder of U6 using RNase H
targeted with an oligo complementary to nucleotides 48–

E

B

A

C

D

Figure 6. The 3′ end of U6 snRNA interacts directly with Prp43p at the disassembly stage of splicing. (A) The 3′ end sequence of ∗s4U
(104–106) U6, used for cross-linking, is shown with the location of 4-thio-U modifications (s4U) and the single 32P label (∗p). (B,C ) U6
cross-links to Prp43p in a splicing-dependent manner. Splicing of Cy5-ACT1 pre-mRNA was performed under the indicated conditions
in extracts (ySCC1) reconstituted with ∗s4U(104–106) U6 and supplemented where indicated with either rPrp43p-Q423E, GST-tagged
rPrp43p-Q423E, or rPrp16p-K379A; splicing reactions were monitored by PAGE (Supplemental Fig. S6B); control reactions were per-
formed in the absence of extract as indicated. After cross-linking, spliceosomes were immunoprecipitated (IP) under native conditions
by HA-tagged Prp19p, and then cross-links between U6 and spliceosomal proteins were analyzed by SDS-PAGE; control reactions were
analyzed directly. Migration of protein size markers are indicated to the left, and the positions of U6 cross-linked to rPrp43p-Q423E or
rPrp43p-Q423E-GST in the absence of extract are indicated to the right. An asterisk indicates migration of rPrp43p-Q423E or rPrp43p-
Q423E-GST cross-linked to U6 in the absence of extract. See also Supplemental Figures S6, S7. (D) The 3′ end sequence of ∗s4U(104–
106) U6, used for cross-linking, is shown with the location of 4-thio-U modifications (s4U), the single 32P label (∗p), and DNA substi-
tutions (underlined), where “R” indicates the U6 construct with RNA only at the 3′ end, and “D” indicates the U6 construct with the
indicated DNA substitutions at the 3′ end. See also Supplemental Figure S7. (E) U6 cross-links to Prp43p in an RNA-dependent manner.
Splicing, cross-linking, and immunoprecipitation were executed and analyzed as in B and C except that the U6 variants shown in D
were utilized. The vertical lines in panels C and E represent lanes that were omitted for clarity.
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93 (Supplemental Fig. S6C,D). In the presence of rPrp43p-
Q423E, the 3′ fragment of U6was cross-linked in a species
that migrated at ∼100 kDa, which corresponds roughly to
the molecular weight of the fragment plus Prp43p (∼6.3
kDa+87.5 kDa); this cross-link comigrates with a cross-
link between the 3′ fragment of U6 and rPrp43p-Q423E
formed in the absence of extract (Supplemental Fig.
S6C). As with the ∼125-kDa species in the native spliceo-
some immunoprecipitates, substantial formation of this
∼100-kDa cross-link depended on both ACT1 transcript
and ATP, and the cross-link shifted to a higher molecular
weight of ∼125 kDa when extracts were instead supple-
mented with GST-tagged rPrp43p-Q423E (Supplemental
Fig. S6C). These cross-linking data confirm that U6 inter-
acts directly with Prp43p and establish that U6 does so at
its 3′ end.
To confirm that the interaction betweenU6 and Prp43p

occurs at a late stage of splicing, we tested for dependence
of cross-linking on earlier steps in splicing. When we al-
lowed spliceosome assembly but impeded spliceosome
activation by using a low concentration of ATP (0.1 µM)
(Tarn et al. 1993), U6 no longer cross-linked efficiently
to rPrp43p-Q423E, as compared with reactions with
high concentrations of ATP (Fig. 6C, cf. lanes 3 and 4).
When we permitted spliceosome activation but stalled
splicing after the first chemical step of splicing with an
ATPase-deficient Prp16p mutant (K379A) (Schneider
et al. 2002), U6 again failed to cross-link efficiently to
rPrp43p-Q423E (Fig. 6C, cf. lanes 3 and 5; Supplemental
Fig. S7, cf. lanes 5 and 6). These data confirm that U6 in-
teracts with Prp43p at a late stage in the splicing cycle.
Given that intron turnover requires that the 3′ end ofU6

be RNA and not DNA (Fig. 5), to test whether Prp43p in-
teracts with the 3′ end of U6 in a functional manner, we
tested whether this interaction required RNA. Specifi-
cally, we assayed for cross-linking between Prp43p and
U6 snRNA in which the last 16 nt (97–112) were replaced
with DNA, with the exception of the three s4U-substitut-
ed nucleotides at 104–106 (Fig. 6D). This DNA substitu-
tion compromised cross-linking of Prp43p-Q423E to U6,
indicating that the interaction of Prp43p with the 3′ end
of U6 requires RNA (Fig. 6E, cf. lanes 3 and 4).
Because the region of U6 that must be RNA to promote

intron turnover overlaps with U2/U6 helix II, we consid-
ered whether the sole function of the 3′ end of U6 at this
stage is to enable Prp43p-mediated unwinding of U2/U6
helix II, which is present in the intron lariat spliceosome
(ILS) (Wan et al. 2017; Zhang et al. 2019). If so, we would
predict that disruption of U2/U6 helix II would bypass
the requirement for Prp43p. We thus tested whether mu-
tation of U6 nucleotides 93 to 102 to poly(C) (Fig. 7A)
would suppress the intron turnover defect of rPrp43p-
Q423E. This U6 variant did not suppress the intron
turnover defect conferred by rPrp43p-Q423E (Fig. 7B),
indicating that disruption of helix II is not sufficient for in-
tron release and spliceosome disassembly. Together, our
data implicate a model in which Prp43p disrupts interac-
tions with U6 more broadly by pulling on the 3′ end of U6
to build up tension and thereby to disrupt interactions by
acting at a distance (Fig. 7C; see Discussion).

Discussion

Whereas identifying the functions of RNA-dependent SF2
ATPases in splicing has been relatively straightforward
(Cordin andBeggs 2013), determining their targets and pre-
cise mechanisms has proven more challenging. Although
we know the DEAH box ATPase Prp43p plays a critical
role in terminating splicing, both to discard rejected sub-
optimal substrates and to release anexcised optimal intron
(Arenas and Abelson 1997;Martin et al. 2002; Pandit et al.
2006; Tsai et al. 2007; Koodathingal et al. 2010; Mayas
et al. 2010), the mechanism of Prp43p action has been un-
clear (Fourmann et al. 2016; Wan et al. 2017; Zhang et al.
2019). We have discovered that the requirement for
Prp43p in terminating splicing parallels a requirement
for the 3′ end of U6 in the discard of a rejected lariat inter-
mediate and in the release of an excised intron (Figs. 1–3).
The 3′ end of U6 is not required for the binding of the
Prp43p-boundNTRcomplex to the spliceosomebut rather
a downstream step (Fig. 4). Consistentwith a direct role for
Prp43p at the 3′ end of U6 in splicing termination, Prp43p
activity and splicing termination show the same nucleic
acid preferences (Fig. 5). Indeed, Prp43p cross-links to the
3′ end of U6 at a late stage of splicing in a manner that re-
quires RNAnucleotides at the 3′ end (Fig. 6). Our data sug-
gest a model in which Prp43p translocates along U6,
leading to spliceosome disassembly through a pulling
mechanism, as recently defined for two other DEAH box
ATPases in splicing, Prp16p and Prp22p (Semlow et al.
2016).
The first suggestion of a direct spliceosomal substrate

for Prp43p derived from an in vivo cross-linking study,
which revealed cross-linking of Prp43p to U6 snRNA
(Bohnsack et al. 2009) in addition to rRNAs and snoRNAs,
consistent with the additional role for Prp43p in ribosome
biogenesis (Combs et al. 2006; Leeds et al. 2006; Lebaron
et al. 2009). Subsequently, in vitro biochemical experi-
ments suggested that Prp43p targets U2 snRNP for dis-
placement from pre-mRNA and does so by interacting
with pre-mRNA (Fourmann et al. 2016). Although a re-
cent cryo-EM structure of the yeast spliceosome at the dis-
assembly stage did indicate proximity of Prp43p to the
pre-mRNA intron, the structure revealed the closest prox-
imity is to the 3′ domain of U6, although direct interac-
tions were not observed (Wan et al. 2017). A more recent
cryo-EM structure of the human spliceosome also indicat-
ed proximity of Prp43p to the 3′ domain of U6, although
again no direct interactions were observed and Prp43p
was no closer than 40Å from U6 (Zhang et al. 2019). Our
data provide direct and functional evidence that Prp43p
targets the 3′ end of U6 at the disassembly stage.
Evidence for two alternative models for Prp43p raises

the question as to whether Prp43p functions in multiple
capacities, as demonstrated for the RNA helicase DbpA,
for example (Karginov and Uhlenbeck 2004). On the one
hand, the model that Prp43p displaces U2 snRNP from
pre-mRNA is founded on compelling data (Fourmann
et al. 2016). First, the data supporting the model derive
from experiments that leveraged a variant of Prp43p that
is sufficient to disassemble the ILS in the absence of
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Ntr1p andNtr2p, a variant that is constitutively activated
by fusion of Prp43p to the G-patch domain of Ntr1p
(Prp43p_Ntr1GP). Second, the model derives from direct
and specific cross-linking from Prp43p_Ntr1GP to both
pre-mRNA and to U2 snRNP proteins. Indeed, hPrp43p
has been implicated as a component of the U2 snRNP—
both in splicing (Will et al. 2002) andU7 biogenesis (Friend
et al. 2007). Third, for all three spliceosomal intermedi-
ates tested, Prp43p_Ntr1GP-mediated disassembly con-
sistently released the U2 snRNP. On the other hand, the
model and supporting data are difficult to reconcile with
several observations in the literature. First, the exclusive
cross-linking of Prp43p_Ntr1GP to pre-mRNA does not
align with the specific cross-linking of Prp43p to U6 in
vivo (Bohnsack et al. 2009). Second, the data lead to a
model in which Prp43p translocates 5′ to 3′ along the
pre-mRNA to displace U2, but the DExH families of
RNA-dependent ATPases translocate in the 3′ to 5′ direc-
tion (Gilman et al. 2017), and although earlier work pro-
vided some evidence for 5′ to 3′ translocation by Prp43p
(Tanaka and Schwer 2006; Tanaka et al. 2007; Lebaron
et al. 2009), more recent data using unwinding substrates
with unstructured, single-stranded tails has established a

strong preference for Prp43p in translocating in the 3′ to 5′

direction (He et al. 2017). Additionally, the structure of the
human spliceosome at the disassembly stage revealed pro-
teins bound to the intron upstream of the U2-branchsite
interaction, proteins that may preclude unwinding of
this interaction by Prp43p (Zhang et al. 2019). Third, the
cross-linking and disassembly data do not reflect the inter-
action and activity of Prp43p on spliceosomes poised for
disassembly but rather the interaction and activity of
Prp43p_Ntr1GP on spliceosomal intermediates that have
not been identified as physiological targets for Prp43p ei-
ther in vivo or in splicing extracts; for example, whereas
the Bact complex is targeted by the Prp43p_Ntr1GP fusion
for disassembly (Fourmann et al. 2016), this complex is not
targeted by the NTR complex (Chen et al. 2013), presum-
ably because Hsh155p sterically blocks Ntr2p binding
(Rauhut et al. 2016; Yan et al. 2016). Further, whereas
the B complex is targeted by the Prp43p_Ntr1GP fusion
for disassembly (Fourmann et al. 2016), and Prp43p and
Ntr1p have been suggested to discard at this stage of spli-
ceosome activation in vivo (Pandit et al. 2006), even before
dissociation of the Lsm2-8 complex from the 3′ end of U6
(see below), the NTR complex is not sufficient to

B

A C

Figure 7. Amodel for Prp43p function on the 3′ end of U6 involving disruption of structures beyond U2/U6 helix II. (A) U2/U6 helix II is
depicted in the context of wild-type U6 or U6withmutations that would disrupt base-pairing to U2. (B) Disruption of U2/U6 helix II does
not bypass the requirement for Prp43p. In vitro splicing reactionswere executed using radiolabeledACT1 pre-mRNA in extracts (yJPS866)
reconstitutedwithwild-type or helix II mutantU6 (illustrated inA) andwith or without rPrp43p-Q423E, and then analyzed by denaturing
PAGE. Quantitation of intron turnover is shown below the gel, wherein the ratio of excised intron to mRNAwas calculated and normal-
ized relative to the wild-type U6 control in lane 1; values with a substantial increase of twofold or greater over wild type are indicated in
bold, underlined. (C ) A mechanistic model for Prp43p function in splicing termination. See text for details.
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disassemble the B complex in vitro (Fourmann et al. 2016).
Additional work will be required to resolve these discrep-
ancies and to determinewhetherPrp43p functions through
one mode or multiple modes at the disassembly stage or
through distinct modes at different stages of splicing.
Our data define a model in which Prp43p releases a sub-

strate by disassembling the spliceosome through translo-
cation along U6, starting at the 3′ end (Fig. 7C). In
particular, our cross-linking, binding, and DNA substitu-
tion data (Figs. 5, 6; Supplemental Figs. S5–S7) indicate
that Prp43p first binds the single-stranded tail of U6 and
then translocates into U2/U6 helix II, disrupting this in-
teraction. Unwinding of this helix likely contributes to
spliceosome disassembly not just by initiating release of
U2 from U6 but also by favoring formation of the
5′ stem loop of U2, which is mutually exclusive with
U2/U6 helix I, a structure that includes the catalytic triad
and juxtaposes the 5′ splice site and branch site sequences
(Madhani andGuthrie 1992). Unwinding of U2/U6 helix II
is not sufficient, however (Fig. 7A,B). In one model, limit-
ed translocation along the 3′ end of U6would not only dis-
place U2 but also build up tension that would destabilize
upstream interactions, such as the catalytic U6 ISL and in-
teractions between the ISL and Prp8p, a central splicing
cofactor uniquely conserved from spliceosomes to self-
splicing group II introns (Piccirilli and Staley 2016); curi-
ously, a U6 double mutant that stabilizes U2/U6 helix II
and the U6 ISL accumulates a novel U2/U6 complex,
which may reflect impedance of Prp43p function (Burke
et al. 2012). Destabilization of interactions at the heart
of the spliceosomemay then trigger disassembly of the re-
mainder of the spliceosome, although both in vivo and
sensitive in vitro assays have provided evidence for a
role for the DExH box ATPase Brr2p as well (Small et al.
2006; cf. Fourmann et al. 2013). A role for Prp43p in dis-
rupting interactions by pulling on an RNA to build up ten-
sion and thereby disrupting interactions at a distance
parallels recent evidence that the related DEAH box
ATPases Prp16p and Prp22p pull on the substrate to dis-
lodge regions of the substrate from the catalytic core of
the spliceosome (Semlow et al. 2016). Consistent with
this limited-pulling model, we have not yet identified re-
gionsofU6upstreamofU2/U6helix II, inwhichDNAsub-
stitutions inhibit Prp43p function (Fig. 5; Supplemental
Fig. S5). However, these DNA substitutions fall in primar-
ily ssRNAregions. In analternativemodel, Prp43p translo-
cates more extensively along U6, performing disruptive
work at regions yet to be defined. Consistent with this
model, in vivo cross-linking identified interactions be-
tween Prp43p and upstream regions of U6 (Bohnsack
et al. 2009). Defining the complete path of translocation
and regions of disruptiveworkwill require further studies.
Our functional data together with recent cryoEM struc-

tural data (Wan et al. 2017; Zhang et al. 2019) support a
model by which Prp43p is targeted to its substrate and ac-
tivated for spliceosome disassembly. In this model,
Prp43p is localized in proximity to the 3′ end of U6 by
binding to the NTC component Syf1p, and Prp43p is acti-
vated by binding of the conserved factor Ntr1p as well as
Ntr2p in yeast to the spliceosome (Tsai et al. 2005; Boon

et al. 2006; Tanaka et al. 2007), because binding appears
to juxtapose the activating G-patch domain of Ntr1p
with Prp43p; binding of Ntr1p and Ntr2p to the spliceo-
somemay also derepress the NTR complex by reconfigur-
ing interactions within the NTR complex (Fourmann
et al. 2016, 2017). This model also rationalizes the action
of Prp43p and theNTRcomplex at other stages of splicing,
because Syf1p remains in proximity to the 3′ end of U6 in
all spliceosomal complexes observed by cryoEM to-date
(Bact, B∗, C, C∗, P, and ILS) (Wan et al. 2019; Yan et al.
2019). Although the NTR complex functions as a general
splicing terminator (Pandit et al. 2006; Koodathingal et al.
2010; Mayas et al. 2010; Chen et al. 2013), the NTR com-
plex is restricted from acting at several stages of splicing.
As noted, the binding and activation model rationalizes
the inactivity of the NTR complex against the Bact com-
plex and the C∗ and P complex, because Ntr2p binds to
a pocket in Prp8 that is mutually exclusive with binding
of Hsh155p, in the Bact complex, and of Prp22p, in the
C∗ and P complexes (Wan et al. 2017; Zhang et al. 2019).
Additionally, the structure of the C complex rationalizes
the inactivity of the NTR complex against this complex;
Prp16p binds to the spliceosome in this complex in aman-
ner that is mutually exclusive with the binding of Ntr1p
and Ntr2p. The binding and/or positioning of Hsh155p,
Prp16p, and Prp22p likely signals productively engaged
spliceosomes, whereas the prolonged absence of these fac-
tors likely signals unproductive stalled spliceosomes, ren-
dering them subject to NTR-mediated discard.
Interestingly, at the stage that Syf1p becomes stably

bound to the spliceosome, as a component of the NTC
complex, the Lsm2-8 complex dissociates from the 3′

end of U6 (Chan et al. 2003). Given the requirements for
the 3′ end of U6 in spliceosome disassembly and the inter-
action of Prp43p with the 3′ end of U6, it is unlikely that
Prp43p is active for disassembly of the spliceosome by
translocation along U6 while the Lsm2-8 complex re-
mains bound to U6. Thus, coincident with spliceosome
activation in the transition from the B complex to Bact

complex, both the docking site for Prp43p (Syf1p) and a
target for Prp43p (3′ end of U6) become, in principle,
available. In this manner, as the spliceosome becomes
competent for catalysis, it also becomes primed for disas-
sembly and termination, likely to ensure fidelity and
recycling.

Materials and methods

Strains

In vitro splicing was performed in whole-cell extracts of the
strains listed in Table 1.
To make strains yJPS866 and yJPS867, strains GLS618 and

GLS616 (Rader and Guthrie 2002) were transformed with either
[pSE362-PRP24] or [pSE362-PRP24-3HA], respectively, and the
PRP24-URA3 plasmid was shuffled out on solid 5-fluoroorotic
acid (5-FOA) medium (0.67% yeast nitrogen base, 0.2% drop-
out mix uracil, 2% glucose, 50 µg/mL uracil, 0.1% 5-FOA, and
2% agar).
To make strain yJPS1448, strain BY4741 (Open Biosystems)

was transformed with the plasmid (PRP19-URA3), and then
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PRP19was replaced with LEU2, yielding the intermediate strain
yJPS1276. Next, a V5 tag was integrated just downstream from
LSM3 using KANMX6 as a marker, yielding the intermediate
strain yJPS1431. Finally, the plasmid [PRP19-URA3] was replaced
with the plasmid [PRP19-HIS] (bJPS2442), yielding yJPS1448.
To generate the yeast strain harboringHA-tagged Prp8p used in

Supplemental Figure S1, we transformed yJPS1481 with plasmid
pJU204 (pSE362-PRP8-3HA; a gift from C. Guthrie) and shuffled
out PRP8-URA3 on 5-FOA and then streaked for single colonies
on rich media.
The yeast strains harboring U6 deletion mutations were de-

rived from the parental Saccharomyces cerevisiae strain
yJPS1589, which is derived fromYHM118 (Madhani and Guthrie
1994b); deleted for multiple genes including SNR6; and main-
tained with aURA3-marked SNR6 plasmid; yJPS1589 will be de-
scribed in detail elsewhere. The plasmid pJPS12 that expresses
wild-type SNR6 from pSE358 (TRP1, CEN), described inMadhani
and Guthrie (1992), was used as the parental plasmid for all site
directed mutagenesis, by QuikChange (Agilent), to generate the
described U6 deletions, which were confirmed by Sanger se-
quencing of SNR6, yielding the following plasmids.
pJPS2951: U6Δ2 has UU at position 105–106 deleted and was

generated using 5′-CCGTTTTACAAAGAGATTTATCGTTTT
TTTTTTATCCTCGAG-3′ and 5′-CTCGAGGATAAAAAAAAA
ACGATAAATCTCTTTGTAAAACGG-3′

pJPS2952: U6Δ3 has UUC at position 105–107 deleted and was
generated using 5′-CCGTTTTACAAAGAGATTTATGTTTTTT
TTTTATCCTCGAGTG-3′ and 5′-CACTCGAGGATAAAAAA
AAAACATAAATCTCTTTGTAAAACGG-3′

pJPS2953: U6Δ5 has AUUUC at position 103–107 deleted and
was generated using 5′-CCGTTTTACAAAGAGATTTGTTTT
TTTTTTATCCTCGAG-3′ and 5′-CTCGAGGATAAAAAAAAA
ACAAATCTCTTTGTAAAACGG-3′

pJPS2954: U6Δ6 hasUAUUUCat position 102–107 deleted and
was generated using 5′-CCGTTTTACAAAGAGATTGTTTTT
TTTTTATCCTCG-3′ and 5′-CGAGGATAAAAAAAAAACAAT
CTCTTTGTAAAACGG-3′

pJPS2955: U6Δ8 has UUUAUUUC at position 100–107 deleted
and was generated using 5′-GGATGAACCGTTTTACAAAGA
GAGTTTTTTTTTTATCCTCGAGTG-3′ and 5′-CACTCGAG
GATAAAAAAAAAACTCTCTTTGTAAAACGGTTCATCC-3′

pJPS2956: U6Δ10 has GAUUUAUUUC at position 98–107 de-
leted and was generated using 5′-GAACCGTTTTACAAAGAG
TTTTTTTTTTATCCTCG-3′ and 5′-CGAGGATAAAAAAAAA
ACTCTTTGTAAAACGGTTC-3′

pJPS2957: U6Δ12 has GAGAUUUAUUUC at position 96–107
deleted and was generated using 5′-GAACCGTTTTACAAAGT
TTTTTTTTTATCCTCG-3′ and 5′-CGAGGATAAAAAAAAAA
CTTTGTAAAACGGTTC-3′.

Plasmids encoding the U6 deletion mutations were trans-
formed into yJPS1589. Assessment of the viability of resulting
strains was performed after streaking transformants on solid
5-FOA medium to counter-select against the URA3 plasmid ex-
pressing wild-type SNR6. Yeast growth assays of viable deletions
were performed by spotting yeast from overnight cultures, grown
in YPDA and serially diluted in 10-fold increments, with a frogger
on solid rich medium (YPDA; 1% yeast extract, 2% peptone, 2%
glucose, 0.004% adenine sulfate and 2% agar) at the indicated
temperatures for the indicated days. The prp43-Q423N mutant
(yJPS575), which accumulates excised lariat intron, has been de-
scribed in Leeds et al. (2006).
Yeast transformations were performed using the LiOAc

method.

Preparation of recombinant proteins

Recombinant, dominant-negative His6-tagged rPrp43p-Q423E
was overexpressed from pJPS1384 (Mayas et al. 2010) in BL21
CodonPlus (DE3) RIL (Agilent) cells as described elsewhere (Sem-
low et al. 2016); the induced cells were lysed using a French press;
recombinant protein was enriched via a Ni+2-nitroloacetic acid
column (Ni-NTA; QIAGEN), as described previously (Edwalds-
Gilbert et al. 2000); and the eluted protein was fractionated on a
15%–30% glycerol gradient, from which peak fractions were iso-
lated, essentially as described elsewhere (Martin et al. 2002;
Schneider et al. 2002; Semlow et al. 2016). Recombinant, domi-
nant-negative rPrp22p-S635A, rPrp22p-K512A, and rPrp16p-
K379A were expressed as described previously (Semlow et al.
2016).
To add an amino-terminal GST tag to Prp43p-Q423E, the GST

sequence from the pGEX-6P plasmid (GE Healthcare) was ampli-
fied using primers 5′-GGCAGCAGCCATCATCATCATCATC
ACAGCAGCGGCCTGATGTCCCCTATACTAGGTTATTG

G-3′ and 5′-TCTTCTTTTGGAACCCA
TCATATGGCTGCCGCGCGGCACGGGCCCCTGGAACA

GA-3′, which contain sequence that overlaps with the region be-
tween the His6-tag and amino terminus of Prp43p (underlined)
from pJPS1384, with the remaining sequence overlapping with
pGEX-6P. The product strands of this PCR amplification were
subsequently used as megaprimers to perform overlap extension
PCR cloning into pJPS1384 using Phusion DNA polymerase
(Bryksin andMatsumura 2010). The insert was verified via Sanger
sequencing, and the GST-tagged rPrp43p-Q423E protein was ex-
pressed and purified as described above.
Recombinant Prp43p and Ntr1p (1–120) proteins used for in vi-

tro unwinding and EMSA experiments were expressed and puri-
fied as described previously (He et al. 2017).

Table 1. Strains used in this study

Strain Description Genotype Reference

yJPS860 PRP19-TAP MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 prp19Δ::PRP19-TAP (Mayas et al. 2006)
ySCC1 PRP19-HA MATa prc1 prb1 pep4 leu2 trp1 ura3 PRP19-HA (Chan et al. 2003)
yJPS1448 LSM3-V5 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 prp19::LEU2 [PRP19-HIS3] LSM3-V5::

kanMX6
This study

yJPS866 PRP24 MATα prp24::kanR met15Δ0 lys2Δ0 ura3Δ0 his3Δ1 leu2Δ0 [pSE362-PRP24] (Rader and Guthrie 2002)
yJPS867 PRP24-3HA MATa prp24::kanR met15Δ0 lys2Δ0 ura3Δ0 his3Δ1 leu2Δ0 [pSE362-PRP24-

3HA]
(Rader and Guthrie 2002)

yJPS799 dbr1Δ MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 dbr1Δ::kanMX4 Open Biosystems
yJPS1405 PRP19-biotin MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 prp19::HTB-KanR (Fica et al. 2013)
yJPS1481 prp8Δ MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 prp8::LEU2 [PRP8-URA3] (Schellenberg et al. 2013)
yJPS575 prp43-Q423N MATa his3Δ leu2Δ LYS2 met15Δ0 ura3Δ prp43::KanMX4 [pJPS643] (Leeds et al. 2006)
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In vitro splicing, RNase H digestion, and U6 depletion/reconstitution

Wild-type ACT1 pre-mRNAwas transcribed from a HindIII-line-
arized pBST7ACTΔ6 plasmid (Mayas et al. 2006) using T7 RNA
polymerase (Stevens and Abelson 2002) in the presence of 32P-
UTP or, in the case of cross-linking experiments, Cy5-UTP.
UBC4 pre-mRNA having either a wild-type UAG or mutated
UgG 3′ splice site were transcribed from PCR-generated DNA
templates prepared by two rounds of PCR amplification. In the
first round, pJPS2125 was amplified using primer 5′-GAACT
AAGTGATCTAGAAAGG-3′ paired with either 5′-AACATGA
AGTAGGTGGATCTCTAGTTCAATAGCAT-3′ for wild-type
UAG or 5′-AACATGAAGTAGGTGGATCTCCAGTTCAA
TAGCAT-3′ for mutated UgG (underlined). The first-round
PCR products were then used as templates for the second round
of amplification in which primer 5′-TAATACGACTCACTA
TAGGGAGAACTAAGTGATCT-3′ was paired with either the
UAG or UgG primers listed above to introduce a T7 promoter
for transcription (Mayas et al. 2010).
Yeast whole-cell extracts were prepared using the liquid nitro-

gen method as described elsewhere (Umen and Guthrie 1995),
with modifications (Mayas et al. 2006). In vitro splicing reactions
were performed under standard splicing conditions (Mayas et al.
2006) using 2 mM ATP (except where indicated) and 0.4–4 nM
32P-body-labeled ACT1 or UBC4 (having either a wild-type
UAG or mutated UgG 3′ splice site) pre-mRNA substrate for
15–30 min at 20°C. Where noted, splicing reactions were sup-
plemented with recombinant, dominant-negative rPrp43p-
Q423E, rPrp43p-Q423E-GST, rPrp22p-K512A, rPrp22p-S635A,
or rPrp16p-K379A in buffer D (20 mM HEPES [pH 7.9], 0.2 mM
EDTA, 50 mM KCl, 20% v/v glycerol, 0.5 mM DTT), at a final
concentration of ∼20–100 ng/µL (0.2–1 µM). Following in vitro
splicing, RNA products were extracted using phenol/chloroform
and separated on 6% (forACT1 substrate) or 15% (forUBC4 sub-
strates) denaturing polyacryamide gels.
For experiments testing the consequences of 3′ end cleavage of

endogenous U6, a DNA oligo (or DNA-2′-O-methyl chimeric
oligo) complementary to the targeted region was incubated at a
concentration of ∼10–20 µM with splicing reactions lacking
ATP and substrate at 30°C for 30 min (Fabrizio et al. 1989; Lap-
ham et al. 1997). Following cleavage of U6 nucleotides via endog-
enous RNase H activity in the extract, an aliquot was removed to
evaluate cleavage via northern blotting using a radiolabeled d1
oligo probe complementary to U6 nucleotides 28–54 (Small
et al. 2006). Reactionswere then supplementedwith the appropri-
ate amounts of ATP and splicing substrate and splicing was car-
ried out as described above.
Depletion of endogenous U6 and reconstitution with T7-tran-

scribed or synthetic wild-type U6, chimeric RNA–DNA U6 or
s4U-substituted U6 was performed essentially as described (Fica
et al. 2013, 2014). All observations are validated by redundant ex-
periments and/or experiments that were reproduced at least
twice.

Northern blotting

Roughly 50 mL of yeast cultures were grown in YPDA to an
OD600 of∼0.7, and then total RNAwas extracted using hot acidic
phenol. A total of 20 µg RNA was separated on a denaturing 8%
polyacrylamide gel in 1xTBE and transferred semidry to an
Amersham Hybond-N membrane (GE Healthcare). To visualize
pre-U3A and excised U3A intron, mature U3A, or U6, mem-
branes were probed with 32P-labeled oligos 5′-AGCTGCTG-
CAATGGTTG-3′, 5′-TTCCT ATAGAAATGATCCTATGAAG-
3′, or 5′-ATCTCTGTATTGT TTCAAATTGACCAA-3′, respec-
tively, in Amersham Rapid-Hyb buffer (GE Healthcare) and

washed twice with 5X SSC, diluted from 20X SSC (3 M NaCl,
0.3 M sodium citrate), and 0.1% SDS when probing for pre-U3A
and excised U3A intron and washed once more with 1X SSC
and 0.1% SDS when probing for mature U3A or U6. Membranes
were exposed to a phosphor screen and signalwas detectedusing a
Storm PhosphorImager (Molecular Dynamics).

Debranching of excised lariat intron

A total of 20 µg of RNA was incubated with 2 µM recombinant
yDbr1p (expressed and purified as described in Khalid et al.
2005) in 50 mM Tris-HCl pH 7, 25 mM NaCl, 0.01% Triton X-
100, 0.1 mM EDTA, 2.5 mM DTT, 0.15% glycerol, and 2 mM
MnCl2 in a final volume of 10 µL for 30 min at 30°C.

Glycerol gradients

Splicing reactions in a volume of 100 µL were assembled (follow-
ing RNase H-directed cleavage of the 3′ end of endogenous U6,
where indicated; seemethod above) in the presence of 2 nM radio-
labeled ACT1 or UBC4 pre-mRNA and incubated at 20°C for
30 min. Following incubation, 5 µL was removed and quenched
as an input control, and an additional 5 µL was removed for evalu-
ating cleavage ofU6 via northern blot. The remaining reaction vol-
umewas then loaded onto hand-poured, 11-mL 15%–40%glycerol
gradients (20 mM HEPES [pH 7.9], 100 mM KCl, 2 mM MgCl

2
)

and centrifuged at 37,000 rpm for 12–14 h (Mayas et al. 2010). Al-
iquots of 440 µL were withdrawn from the top of the gradients,
and RNA was extracted and fractionated on 6% (ACT1 pre-
mRNA) or 15% (UBC4 pre-mRNA) denaturing polyacrylamide
gels. For 15% gels, the gels were removed fromplates and exposed
wet to PhosphorImager screens overnight in the cold room. See
Data analysis below for description of gel imaging and analysis.

Immunoprecipitations and affinity pull-downs

For immunoprecipitation of Prp43p-, Ntr1p-, Ntr2p-, and Prp24p-
associated spliceosomes or snRNPs under native conditions
(James et al. 2002), 25-µL splicing reactions were assembled
(with or without RNase-H directed cleavage of U6; see method
above) and incubated at 20°C for 30 min. After removing a 5-µL
aliquot as an input control, the remaining reaction volume was
diluted 1:4 with IPP150 (10 mM Tris-HCl, pH 8, 150 mM NaCl,
and 0.1%NP-40 substitute (Fluka)) and added to 5–7 µL of protein
A sepharose beads (Sigma) in a 50% slurry from the vendor that
had been washed in IPP150 and conjugated to ∼5–10 µg of affini-
ty-purified or protein A-purified anti-Prp43p, anti-Ntr1p, or
anti-Ntr2p antibodies (gifts from B. Schwer) and incubated with
nutation for 1 h at 4°C. After incubation, beads were washed
twice with 200 µL IPP150 and then twice with 500 µL of IPP150

for Prp43p, Ntr1p, and Ntr2p immunoprecipitation (IP) or just
twice with 500 µL of IPP150 for all other IPs. RNA was extracted
from the beads using phenol/chloroform.
For immunoprecipitation of spliceosomes or snRNPs from

extract of the yeast strains PRP19-HA, LSM3-V5, or PRP24-
3HA, 6–12 µg anti-HA antibodies (i.e., 12CA5, University of Chi-
cago Monoclonal Antibody Facility) or 6 µg anti-V5 antibodies
(R960-25, Invitrogen) per reactionwere first conjugated to protein
A sepharose beads in a 50% slurry that was first washed in IPP150.
Immunoprecipitation was carried out as described above.
For affinity pull-downs of His6-tagged rPrp43p-Q423E or His6-

GST-tagged rPrp43p-Q423E from UV-cross-linked splicing reac-
tions under denaturing conditions, 5 µL of a 50% slurry of Ni-
NTA beads were first washed in 20 volumes of wash buffer I
(6 M guanidine•HCl, 50 mM [Tris pH 7.8], 300 mM NaCl, 0.1%
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NP-40 substitute, 10 mM imidazole, 5 mM betamercaptoethanol
[BME]) (Granneman et al. 2009). To the washed beads suspended
in 50 µL of wash buffer I, 20 µL of UV-cross-linked splicing reac-
tion was added and incubated for 3 h with nutation at 4°C. Fol-
lowing incubation, beads were washed twice with 250 µL of
wash buffer I and then washed twice with 250 µL of wash buffer
II (50 mM Tris [pH 7.8], 50 mM NaCl, 0.1% NP-40 substitute,
10 mM imidazole, and 5 mM BME) and treated with RNase H
and analyzed by SDS-PAGE as described below.RNAwas extract-
ed from the beads using phenol/chloroform.

Synthesis of U6 for in vitro reconstitution and cross-linking

The 5′ piece of chimeric U6 snRNAs was constructed either by
transcribing the first 96 nt of U6 with T7 polymerase (Stevens
and Abelson 2002) or by ligating the first 91 nt of U6 in two
sequential splint-mediated ligation steps from three pieces of syn-
thetic RNA (Fica et al. 2014) or synthetic RNA substituted with
blocks of DNA (Dharmacon). Synthetic oligonucleotides were
first deprotected and gel purified prior to ligation. U6 oligonucle-
otides corresponding to U6 residues 97–112 or residues 92–112,
made from 5′ phosphorylated synthetic RNA or synthetic RNA
with various blocks of nucleotides substituted with DNA (Dhar-
macon or Integrated DNA Technologies) were then joined to U6
1–96 or U6 1–91, respectively, via a final splinted ligation. All li-
gation steps were performed with T4 DNA ligase (New England
Biolabs) and DNA splints (Integrated DNA Technologies) with
20 nt complementary to each side of the ligation junction in a
1:1:1 ratio of 5′ RNA:3′ RNA:splint. RNA pieces and splint
were first annealed in the presence of 1X TEN buffer (10 mM
Tris-HCl, pH 7.5; 1 mM EDTA; 66 mM NaCl) by heating to
90°C in a PCR block, and then slowing cooling to 18°C at a rate
of 1°C per minute. T4 DNA ligase buffer, RNase inhibitor at
5% of the reaction volume (RNasin, Promega), and T4 DNA li-
gase (4000 units per 5-µL reaction) were then added and incubated
at 37°C for 4–6 h. Reactions were separated on a denaturing poly-
acrylamide gel (7Murea), and ligation products were identified by
UV-shadowing briefly at 254 nm, excised, eluted overnight at 4°C
in 1X TE (10 mM Tris-HCl, pH 7.5; 1 mM EDTA), and ethanol
precipitated.
Note that for designing U6 snRNA with mutations in the re-

gion of U2/U6 helix II, we avoided poly(A) and poly(G) because
of their tendency to form secondary interactions (i.e., base-stack-
ing and quartets, respectively). For oneDEAH-box helicase,MLE,
a preference for poly(U) as well as poly(CU) has been observed
(Prabu et al. 2015), sowe chose not to use poly(C) as a comparison.
For cross-linking substrates, a synthetic oligonucleotide corre-

sponding to U6 97–112, with 4-thio-U (s4U) substitutions at posi-
tions 104 to 106 (Dharmacon), was first deprotected and phenol-
chloroform-extracted and then 5′ end radiolabeled with [γ-32P]
ATP (PerkinElmer, 6000 Ci/mmol) using T4 PNK (New England
Biolab or Thermo Fisher) according to the manufacturer’s proto-
col. Following PNK treatment, the oligo was purified using a G-
25 spin column, phenol-chloroform-extracted, ethanol-precipi-
tated, and resuspended in 1X TE. The radiolabeled oligo was
then ligated as described above to the previously assembled U6
1–96 in a ratio of 1.4:1:1.25 (U6 1–96:U6 97–112:splint), with
the exception that ligation products were identified from a Phos-
phorImager scan of the wet gel instead of UV-shadowing.

In vitro unwinding and binding experiments

Substrates for unwinding and EMSA experiments were made by
annealing RNA oligos (purchased from Sigma-Aldrich) to a
24mer DNA oligo containing a Quasar 670 (Cy5) fluorophore at

the 3′ end (Biosearch Technologies) that was purified as described
previously (He et al. 2017).
RNA oligos:

RNA-1: 5′GGCACCAACACAAAACACAUCUACACUCA
ACAAU

RNA-2: 5′GGCACCAACACAAAACACAUCUACAC[dT]
[dC][dA][dA][dC][dA][dA][dT]

RNA-3: 5′GGCACCAACACAAAACACAUCUACACUCA
ACAAUCACUUU

RNA-4: 5′ GGCACCAACACAAAAC[dA][dC][dA][dT][dC]
[dT][dA][dC]ACUCAACAAUCACUUU

RNA-5: 5′ GGCACCAA[dC][dA][dC][dA][dA][dA][dA][dC]
ACAU CUACACUCAACAAUCACUUU

RNA-6: 5′ [dG][dG][dC][dA][dC][dC][dA][dA]CACAAAACA
CAU CUACACUCAACAAUCACUUU

The sequence of the RNA oligos were designed as previously
described (He et al. 2017) to avoid secondary structures.
DNA oligos:

Cy5 labeled oligo: 5′GTAGATGTGTTTTGTGTTGGTGC
C-Cy5

Unlabeled oligo: 5′GTAGATGTGTTTTGTGTTGGTGCC

Capture oligo: 5′ GGCACCAACACAAAACACATCTAC

Unwinding reactions contained 4 nM substrate, 100 nM
rPrp43p and 200 nM of its cofactor rNtr1p (1–120) in 40 mM
Tris-HCl (pH 7.0), 0.5 mM MgCl2, and 2 mM DTT, and in addi-
tion 80 nM unlabeled oligo to prevent reannealing of the Cy5 la-
beled oligo to the RNA oligo after unwinding. Unwinding was
initiated by the addition of 1 mM ATP/MgCl2, and reactions
were incubated on ice; alternatively, 1 mMADP/MgCl2 was add-
ed as a control. Samples having a volume of 10 µL were removed
at various time points and quenched with 5 µL of 3× loading buff-
er (5% Ficoll-type 400, 25% glycerol, 1.5X TBE, 20 mM EDTA,
0.5% SDS, 0.1% NP40 [Sigma-Aldrich 74385] and 160× excess
of capture oligo) and analyzed on a native 10% polyacrylamide
gel in 0.5X TBE (44.5 mM Tris-borate, 1 mM EDTA) containing
0.1%SDS. Binding reactions (10 µL) for elecromobility shift assay
(EMSA) reactions were assembled identically to unwinding reac-
tions except that the 1 mM ATP/MgCl2 was omitted. Reactions
were incubated on ice for 10min, after which 5 µL of loading buff-
er (50% glycerol, 0.2% Triton X-100, 20 mM EDTA) was added,
and reactions were analyzed on an 8% polyacrylamide gel in
0.25X TBE.
In Figure 5G, RNA-1 and RNA-2 were annealed with the Cy5-

labeled oligo to generate substrate-1 and substrate-2, respectively.
In Figure 5H, RNA-3 to RNA-6 were annealed with the Cy5-la-
beled oligo to generate substrate-3 to substrate-6, respectively.

UV cross-linking

Splicing reactions were first reconstituted with s4U-substituted,
32P-radiolabeled U6 snRNA (see above) at 15 fmol/µL reaction.
Reactions were assembled with 2 nM ACT1 pre-mRNA body-la-
beled with Cy5. Aliquots of each reaction were removed and an-
alyzed on a splicing gel. The remainder of the reaction (∼30 µL)
was then pipetted onto a parafilm-covered aluminum block on
ice and exposed to UV light (365 nm) at a distance of ∼3 cm
for 20 min in a darkened room under an aluminum foil tent at
4°C (Sontheimer 1994). Reactions were then subjected to
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immunoprecipitation under native conditions using anti-HA an-
tibodies or to affinity pull-down under denaturing conditions us-
ing Ni-NTA beads. In the case of the denaturing pull-down, after
the final wash step (see method above) samples were digested
with RNase H (Thermo Scientific) targeting U6 nucleotides
28–54 and 48–93 after incubation with 2.5 mM EDTA at 65°C
for 5 min to inactivate residual DNase I from the U6 depletion.
All reactions were quenchedwith 6X SDS loading buffer and frac-
tionated on an 8% tris-glycine SDS–polyacrylamide gel along
with a protein ladder (BioRad, Precision Plus Dual Color Stan-
dard). A photograph of the dried protein gel was overlaid with
the scanned phosphorimage of the gel to estimate the molecular
weights of bands on the phosphorimage.

Primer extension analysis of UBC4 splicing reactions

Following slow-annealing to∼500 fmol of 32P-radiolabeled primer
oJPS239, RNA from splicing reactions (∼20 fmol pre-mRNA in
10.5 µL splicing reaction) was analyzed by primer extension
(15 µL reaction volume total) using AMV reverse transcriptase
(Promega) as previously described (Mayas et al. 2010). Products
wereanalyzedonan8%denaturingpolyacrylamidesequencinggel.

Data analysis

Gels were dried, except where indicated, and exposed to storage
PhosphorImager screens (Amersham Biosciences) for 24–48 h
and scanned on a Typhoon PhosphorImager (Amersham Biosci-
ences). For splicing gels of cross-linking reactions or gels of in vi-
tro unwinding reactions and EMSA experiments, which used
either Cy5-lableled splicing substrate or Cy5-lableled unwinding
substrates, respectively, the gel was scanned wet within the two
gel plates using the red laser on a Typhoon PhosphorImager.
Bands were quantified using TotalLab Quant software (version
12.2, TotalLab) using an automated rolling ball background sub-
traction algorithm.
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