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Yju2 is an essential splicing factor required for the first catalytic step after the action of Prp2. We dissected the structure of Yju2
and found that the amino (Yju2-N) and carboxyl (Yju2-C) halves of the protein can be separated and reconstituted for Yju2 func-
tion both in vivo and in vitro. Yju2-N has a weak affinity for the spliceosome but functions in promoting the first reaction, with
the second reaction being severely impeded. The association of Yju2-N with the spliceosome is stabilized by the presence of
Yju2-C at both the precatalytic and postcatalytic stages. Strikingly, Yju2-N supported a low level of the second reaction even in
the absence of Prp16. Prp16 is known to mediate destabilization of Yju2 and Cwc25 after the first reaction to allow progression
of the second reaction. We propose that in the absence of the C domain, Yju2-N is not stably associated with the spliceosome
after lariat formation, and thus bypasses the need for Prp16. We also showed, by UV cross-linking, that Yju2 directly contacts U2
snRNA primarily in the helix II region both pre- and postcatalytically and in the branch-binding region only at the precatalytic
stage, suggesting a possible role for Yju2 in positioning the branch point during the first reaction.

Introns are removed from precursor mRNA via two steps of
transesterification reactions that form lariat intermediates and

products. The reactions are catalyzed by a large ribonucleoprotein
complex, the spliceosome, which consists of five small nuclear
RNAs (snRNAs), U1, U2, U4, U5, and U6, in the form of small
nuclear ribonucleoprotein particles (snRNPs), and numerous
protein factors (for reviews, see references 1 to 4). The spliceo-
some is a highly dynamic structure, assembled by sequential bind-
ing of the snRNAs in the order U1, U2, and then U4/U6.U5 as a
preformed tri-snRNP. U1 and U2 play roles in mediating the rec-
ognition of the 5= splice site and the branch site, respectively,
through base pairing between the snRNAs and the intron se-
quences. Following binding of the tri-snRNP, the spliceosome un-
dergoes a major structural rearrangement, releasing U1 and U4
and forming new base pairs between U6 and the 5= splice site and
between U2 and U6. A protein complex associated with Prp19,
called NTC (nineteen complex), is added to the spliceosome to
stabilize the association of U5 and U6 with the spliceosome (5–7),
and this proceeds with catalytic activation of the spliceosome. The
NTC remains associated with the spliceosome until completion of
the reaction.

The spliceosome undergoes extensive remodeling throughout
the splicing pathway (3, 8). Eight DEXD/H-box ATPases are re-
quired to mediate structural changes of the spliceosome during
the splicing process (9). Prp2 and Prp16 are required for the first
and the second catalytic step, respectively. Several other protein
factors are required to promote the catalytic reactions following
their actions. Prp2 has recently been shown to function in desta-
bilizing the U2 components SF3a and SF3b (8, 10, 11). SF3b is
known to interact with the branch site, presumably in stabilizing
base pair interactions between U2 and the branch site during spli-
ceosome formation. SAP155 and its yeast homologue Hsh155, a
subunit of SF3b, have both been shown to cross-link to the intron
sequence flanking the branch site (12, 13). Destabilization of SF3b
likely leads to exposure of the branch point to initiate the catalytic
reaction. At least two proteins, Yju2 and Cwc25, are required to
promote the reaction independently of ATP, possibly for posi-

tioning the branch point and the 5= splice site (14, 15). Yju2 and
Cwc25 bind tightly to the spliceosome after the first reaction and
need to be destabilized for repositioning of splice sites. Prp16 is
required for destabilization of Yju2 and Cwc25 (16) and for the
binding of Slu7, Prp18, and Prp22, to promote the second reaction
in an ATP-independent manner (17–20). A schematic of the spli-
ceosome pathway is shown in Fig. 1.

How DEXD/H-box proteins mediate remodeling of the spli-
ceosome is an enigma. Prp16, Prp22, Prp43, and Brr2 have been
demonstrated to unwind RNA duplexes in vitro (21–25), but
whether the unwinding activity is associated with their function
on the spliceosome is not clear. DEXD/H-box proteins are also
known to displace proteins from RNA in vitro in simple RNA-
protein complexes (26–28). In splicing, Sub2, Prp5, and Prp28
have been implicated in such a role (29–31). Prp22, which is re-
quired for the release of spliced mRNA from the spliceosome (32),
is among the best-characterized splicing DEXD/H-box proteins
with regard to their functions. Prp22 has been shown to bind to
the pre-mRNA in a region upstream from the 3= splice site during
the second catalytic step (13). After exon ligation, Prp22 is placed
on the downstream exon, where it translocates along the mRNA in
a 3=-to-5= direction to disrupt contacts with U5 snRNP (33).
Whether Prp22 disrupts the interaction of mRNA with U5 snRNP
components or unwinds U5 mRNA base pairing was not investi-
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gated. We recently showed that Prp2 shares a similar mechanism
in displacing SF3a/b. Prp2 is first recruited to the spliceosome via
interaction with Brr2, is translocated to the intron downstream of
the branch site, and moves in the 3=-to-5= direction to dislodge
SF3a/b (34). The mechanism underlying Prp16-mediated dis-
placement of Yju2 and Cwc25 has not been elucidated.

Studies of U2/U6 helix I in the spliceosome catalytic core have
revealed genetic interactions between PRP16 and U2/U6 helix I
(35). Mutations that weaken U2/U6 helix I were found to suppress
the PRP16 cold-sensitive prp16-302 mutation. This led to the sug-
gestion that U2/U6 helix I undergoes dynamic structural changes
during catalytic steps and that Prp16 may be involved in destabi-
lization of helix I. In view of Prp16 being responsible for destabi-
lization of Yju2 and Cwc25, it is also possible that the Prp16-
U2/U6 helix I interaction is mediated through Yju2 and/or
Cwc25.

Yju2 has been shown to interact with the NTC components
Ntc90 and Ntc77 and can be recruited to the spliceosome prior to
or after the action of Prp2 (14, 36). In contrast, Cwc25 binds to the
spliceosome only after the action of Prp2 and is dependent on the
presence of Yju2 (15). Cwc25 can cross-link to the intron se-
quence near the branch site, and its association with the spliceo-
some is affected by branch point mutations, suggesting a role for
Cwc25 in positioning the branch point for lariat formation (16,
34). How Yju2 functions in the first reaction is not known. Con-
ceivably, its binding to the spliceosome may set the spliceosome in
a proper conformation for the binding of Cwc25.

In this study, we dissected the structure of Yju2 for functional
studies. We found that Yju2 can be separated into two functional
domains. The amino half (N) of the protein is evolutionarily con-
served, but the carboxyl (C) half is not. The two domains can be
reconstituted in vivo for cellular growth and in vitro for its func-
tion in the splicing reaction. The conserved N domain is partially
functional in splicing and has a low affinity for the spliceosome.
The C domain binds the spliceosome more tightly, and its pres-
ence stabilizes the association of the N domain with the spliceo-
some. Strikingly, the N domain alone promoted a low level of the
second reaction in the absence of Prp16, due to “self-destabiliza-
tion” from the spliceosome. This finding not only provides direct
evidence that structural changes in the catalytic core of the spli-
ceosome mediated by Prp16 occur via regulation of the interac-
tion of Yju2 and Cwc25 with the spliceosome but also suggests a
role for Yju2, specifically the C domain, in the second step of
splicing. We also showed that Yju2 directly contacts U2 snRNA
prior to and after the first reaction by UV-cross-linking analysis.
While most cross-links were mapped to the helix II region, one

was mapped to the branch site-binding region, but only at the
precatalytic stage. These results suggest that Yju2 may play a role
in stabilizing the structure of the spliceosome catalytic core and
positioning of the branch point during the first catalytic step.

MATERIALS AND METHODS
Preparation of total yeast cell lysates by glass beads. Yeast cell pellets (3
mg) were mixed with 50 �l of 2� lysis buffer (0.25 M Tris-HCl [pH 6.8],
4% SDS, 0.28 M �-mercaptoethanol) and 0.1 ml of acid-washed glass
beads. The mixture was shaken vigorously with a Vortex mixer for 5 min,
boiled at 100°C for 2 min, and shaken again for another 3 min. After
centrifugation in an Eppendorf centrifuge at top speed for 1 min, the
supernatant was collected.

Splicing extracts, substrates, and splicing assays. Yeast whole-cell
extracts were prepared according to Cheng et al. (37). Actin precursors
were synthesized in vitro using SP6 RNA polymerase, and splicing assays
were carried out according to Cheng and Abelson (38). The splicing effi-
ciency of the first and second reactions was calculated as the ratio of L � M
to P � L � M (where L is the molar amount of lariat-IVS-E2, P is that of
pre-mRNA, and M is that of mRNA) for the first step and the ratio of M to
P � L � M for the second step. The amount of each RNA species was
measured using a phosphorimager and normalized to the number of uri-
dine residues for each RNA species.

Immunoprecipitation and immunodepletion. Immunoprecipita-
tion of the spliceosome with anti-Ntc20, antihemagglutinin (anti-HA), or
anti-V5 antibody was performed as described by Liu et al. (14). For each
20 �l of the reaction mixture, 2 �l of anti-Ntc20 antibody, 20 �l of an-
ti-HA antibody, and 2 �l of anti-V5 antibody were used.

UV cross-linking of Yju2 to snRNA. Splicing reactions were carried
out with 2 nM substrate RNA in Cwc25- or Prp16-depleted Yju2-HA
extracts for 20 min. The reaction mixtures were spread onto a tissue cul-
ture plate placed on ice, irradiated with 254-nm UV at 0.8 J/cm2

(Stratalinker 1800), and then collected into a microcentrifuge tube. After
addition to a mixture containing (final concentrations) 1% SDS, 1% Tri-
ton X-100, and 0.1 M dithiothreitol (DTT), the mixture was boiled for 2
min and allowed to cool to room temperature in a water bath. The mix-
tures were diluted 10-fold with a buffer containing 50 mM Tris-HCl (pH
7.5), 300 mM NaCl, 1 mM EDTA, 0.05% NP-40, and 0.2 mg/ml tRNA and
subjected to immunoprecipitation with anti-HA antibody. The precipi-
tates were washed with the same buffer without tRNA and then digested
with proteinase K. RNA was extracted for Northern blotting or primer
extension analysis. For Northern blotting, RNA was isolated from 1 ml of
splicing reaction mixture after UV irradiation and fractionated on 8 M
urea–5% (29:1) polyacrylamide gels. For primer extension analysis, RNA
was isolated from 0.5 ml of splicing reaction mixture after UV irradiation.
Each RNA sample was mixed with 2 � 105 cpm of 5=-, 32P-labeled primer
U2-A or U2-B, denatured by heating at 70°C for 5 min, and quickly chilled
on ice. Primer extension reactions were carried out with avian myeloblas-
tosis virus (AMV) reverse transcriptase (Promega) at 42°C for 1.5 h. Re-

FIG 1 Schematic of the spliceosome pathway showing remodeling of the spliceosome during catalytic steps.
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action products were analyzed on 8 M urea–12% (19:1) polyacrylamide
gels and visualized by autoradiography.

RESULTS
Dissection of Yju2 N and C domains for interactions with NTC
components. Sequence alignment of Yju2 orthologs has revealed
a stretch of 21 amino acid residues in the middle region of the
protein (amino acid residues 125 to 145) that are found only in
Saccharomyces cerevisiae and not in other species, suggesting that
the amino and carboxyl halves of the protein may form distinct
modules. While the N-terminal domain of Yju2 is evolutionarily
conserved, the C-terminal domain is highly divergent (see Fig. S1
in the supplemental material). Yju2 was thus divided into two
halves, consisting of amino acids 1 to 130 (Yju2-N) and 125 to 278
(Yju2-C), for functional characterization.

We previously showed that Yju2 interacts with two NTC com-
ponents, Ntc90/Syf1 and Ntc77/Syf3/Clf1 (14), and that Ntc90 is
required for the recruitment of Yju2 to the spliceosome (36). In
this study, we first examined whether Yju2 interacts with these two
proteins via specific domains by yeast two-hybrid assays. Full-
length Yju2, Yju2-N, and Yju2-C were individually fused to the
GAL4 activation domain, and Ntc90 and Ntc77 were fused to the
GAL4-DNA binding domain. The interaction within each pair of
fusions was assayed by the activation of Ade2 expression. Fig-
ure 2A shows that Yju2-C interacted strongly with Ntc77 to nearly
the same level as full-length Yju2 but did not interact with Ntc90.
In contrast, Yju2-N showed weak interaction with Ntc90 but did
not interact with Ntc77. The N and C domains did not interact

with each other in trans (see Fig. S2 in the supplemental material).
These results suggest that the Yju2 N domain interacts with Ntc90
and the Yju2 C domain interacts with Ntc77 of the NTC.

The N and C domains of Yju2 can function in trans for cellu-
lar growth and for splicing. The results above showing that the C
domain of Yju2 interacts with Ntc77 nearly as strongly as the
full-length protein despite the sequence not being evolutionarily
conserved and that the conserved N domain interacts with Ntc90
less strongly than the full-length protein were unexpected. There-
fore, we next examined the requirement of the N and C domains
of Yju2 for growth. A yeast strain, TC2, was constructed such that
the YJU2 gene is under the control of the inducible GAL1 pro-
moter. YJU2 is essential for cellular viability, and repression of the
GAL1 promoter results in cellular lethality. TC2 was transformed
separately with a centromeric plasmid vector alone, with a plas-
mid carrying full-length YJU2, YJU2-N, or YJU2-C, or with two
plasmids each carrying YJU2-N and YJU2-C, respectively, all un-
der the control of the authentic YJU2 promoter. Cells grown in
glucose-containing medium expressed Yju2 proteins only from
the plasmid. Figure 2B shows that cells expressing only the N do-
main of Yju2 were viable but grew more slowly than those express-
ing the full-length protein, suggesting that the C domain of Yju2 is
dispensable but plays an auxiliary role. Cells expressing the C do-
main alone, however, were inviable. Strikingly, expression of both
N and C domains of Yju2 recovered full growth of YJU2-repressed
cells. Thus, although the C domain of Yju2 by itself is not func-
tional, it can act together with the N domain to alleviate the
growth defect caused by truncation of the C domain. This suggests
that the N domain and C domain each form separate functional
modules that act in concert to assume the function of Yju2.

To correlate the growth phenotype with the function of Yju2 in
splicing, we set up an in vitro complementation assay for the splic-
ing reaction. Yju2 was depleted from extracts using anti-Yju2 an-
tibody, and the extract was complemented with purified recom-
binant Yju2 proteins. Depletion of Yju2 completely abolished the
splicing activity (Fig. 3A, lane 2), but addition of recombinant
full-length Yju2 efficiently restored the splicing activity of the
Yju2-depleted extract (lane 3). Complementation with the N do-
main of Yju2 alone partly restored the splicing activity, with the
second reaction being severely impeded, resulting in the accumu-
lation of splicing intermediates (Fig. 3A, lane 4). This result cor-
relates with the growth defect seen in YJU2-N cells. The C domain
alone consistently failed to complement the Yju2-depleted ex-
tracts (Fig. 3A, lane 5); nevertheless, the splicing activity was re-
covered in the presence of both the N and C domains of Yju2 (lane
6), suggesting that the N and C domains of Yju2 can act together to
function in the splicing reaction as the full-length Yju2 protein,
regardless of being covalently unlinked.

We previously showed that Yju2 is required for the first cata-
lytic reaction after the action of Prp2 and then undergoes Prp16-
mediated destabilization from the spliceosome to allow the bind-
ing of the second-step factors Slu7, Prp22, and Prp18 (16). It is
interesting that Yju2-N is capable of promoting the first catalytic
reaction but results in a retarded second step, implying a function
for Yju2 in the second step. To more carefully characterize the
effect of Yju2-N on the two catalytic steps, we titrated the amount
of Yju2-N for complementation of Yju2-depleted extracts
(Fig. 3B). Quantification of the complementation activity revealed
that while 0.3 �M full-length Yju2 supported splicing to nearly
80% completion of both steps (Fig. 3B, lane 3), Yju2-N supported

FIG 2 Analyses of Yju2 N and C domains. (A) Two-hybrid interactions of
Yju2 domains with Ntc90 and Ntc77. The N and C domains of Yju2 and
full-length Yju2 were fused to the GAL4-activation domain (AD), and Ntc77
and Nt90 were fused to the GAL4-DNA binding domain (BD). The interac-
tions were assayed in terms of the activation of ADE2 under the control of the
GAL2 promoter. FL, full-length; C, C domain; N, N domain. (B) Growth
analysis. TC2 cells were transformed with pRS414 and pRS415 vectors alone
(�), with pRS414.YJU2 and pRS415 (FL), with pRS414.YJU2-N and pRS415
(N), with pRS414.YJU2-C and pRS415 (C), or with pRS414.YJU2-N and
pRS415.YJU2-C (N�C). Cells were cultured in raffinose-containing synthetic
complete medium and then spotted onto galactose- or glucose-containing
plates in 10-fold serial dilutions. FL, full-length; N, N domain; C, C domain;
N�C, combination of N and C domains.
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splicing only at higher concentrations. Both steps of splicing in-
creased as amounts of Yju2-N increased from 0.4 to 3.0 �M, at-
taining up to 60% completion of the first-step reaction and 30% of
the second step (Fig. 3B, lane 8), indicating a defect in Yju2-N in
both steps but a more severe defect in the second step. In the
presence of 0.4 �M Yju2-C, splicing was achieved at near 80%
completion in both steps when Yju2-N was added at 3.0 �M (Fig.
3B, lane 12), suggesting that the C domain has a function in the
second step. A kinetics study also revealed serious impairment of
the second step with Yju2-N protein (Fig. 3C). While the second
reaction progressed in concert with the first reaction with full-
length Yju2, it was notably retarded with the Yju2-N protein. Ex-
tracts depleted of Yju2 could not be complemented by Yju2-C
protein alone at up to 4.0 �M the protein (see Fig. S3 in the sup-
plemental material). These results demonstrate that the C domain
of Yju2 has auxiliary roles in Yju2 function, primarily in facilitat-
ing the second step and also moderately enhancing the first reac-
tion, acting in concert with Yju2-N. The N domain alone could
promote the first reaction, but not as efficiently as the full-length
protein. Addition of increasing amounts of Yju2-N gradually in-
creased the level of the first reaction, but the level did not reach
that of the full-length protein even with a 10-fold excess of full-
length Yju2. In agreement with this result, slight growth improve-
ment was observed when cells overexpressed the Yju2-N protein
(see Fig. S4 in the supplemental material).

The C domain of Yju2 stabilizes the binding of the N domain
to the spliceosome. To investigate how the N and C domains of
Yju2 coordinate to promote the first reaction, we next examined
whether each domain alone can bind the spliceosome. The splic-
ing reaction was carried out in Yju2-depleted extracts for 20 min,
and the reaction mixture was then depleted of ATP. Recombinant
HA-tagged full-length Yju2, V5-tagged N domain, or HA-tagged
C domain was added to the reaction mixture at concentrations of
0 to 400 nM, and the Yju2-associated spliceosome was precipi-
tated with anti-HA or anti-V5 antibody. Prior to the addition of

Yju2 proteins, the reaction mixture was also precipitated with an-
ti-Ntc20 antibody for postactivation spliceosomes. At 10 nM, full-
length Yju2 was able to promote efficient splicing, and the amount
of Yju2 associated with the precatalytic spliceosome increased
with increasing concentrations of Yju2 added (Fig. 4A, lanes 3 to
8). However, the amount of Yju2 associated with splicing inter-
mediates remained unchanged, indicating that some other com-
ponent required for catalysis was limiting. The amount of Yju2-N
binding to the spliceosome was near the background level at con-
centrations up to 400 nM (Fig. 4A, lanes 9 to 14), and only a tiny
amount of splicing intermediates was detected at 400 nM (lane
14). Binding of Yju2-C to the spliceosome was observed signifi-
cantly beyond 100 nM and increased with increasing concentra-
tions of Yju2-C (Fig. 4A, lanes 15 to 20). Although different anti-
bodies may precipitate the spliceosome with different efficiencies,
we observed approximately the same precipitation efficiency of
the spliceosome with anti-HA and anti-V5 antibodies for Yju2
tagged with HA and V5, respectively (data not shown). The bind-
ing affinities for the spliceosome of Yju2, Yju2-N, and Yju2-C are
shown on the graph in Fig. 4A, in which the fractions of Yju2-
containing activated spliceosome, calculated as the ratio of the
total amount of Yju2-bound spliceosome to that of the Ntc20-
associated spliceosome, are plotted against the concentration of
Yju2 added. The association of Yju2-N with the spliceosome was
more pronounced when the amount of Yju2-N was increased to
the micromolar range (Fig. 4B). These results indicate that both
the N and C domains of Yju2 can individually bind to the spliceo-
some, possibly via interaction with Ntc90 and Ntc77, respectively.
The N domain, although it has a lower affinity for the spliceosome,
can partially function in promoting the first reaction, as its bind-
ing to the spliceosome allows subsequent binding of Cwc25 (see
Fig. S5 in the supplemental material). In contrast, the C domain
has a higher affinity for the spliceosome, but its association with
the spliceosome is inadequate for Cwc25 recruitment (see Fig. S5)
and consequently fails to promote the reaction.

FIG 3 Complementation of Yju2-depleted extracts. (A) Splicing reactions were carried out for 30 min in mock-depleted (lane 1) or Yju2-depleted extracts
without addition (lane 2) or with the addition of 0.3 �M Yju2-FL (lane 3), 1.5 �M Yju2-N (lane 4), 0.4 �M Yju2-C (lane 5), or a combination of 1.5 �M Yju2-N
and 0.4 �M Yju2-C (lane 6). (B) Splicing was carried out for 30 min in mock-depleted (lane 1) or Yju2-depleted extracts without addition (lane 2) or with the
addition of 0.3 �M Yju2-FL (lane 3), 0.4 �M Yju2-C (lane 4), or 0.4 �M (lanes 5 and 9), 0.8 �M (lanes 6 and 10), 1.5 �M (lanes 7 and 11), or 3.0 �M (lanes 8
and 12) Yju2-N without Yju2-C addition (lanes 5 to 8) or with the addition of 0.4 �M Yju2-C (lanes 9 to 12). (C) Splicing was carried out in Yju2-depleted extracts
with the addition of 0.2 �M Yju2-FL (lanes 1 to 7) or Yju2-N (lanes 8 to 14) for 0 to 30 min. dYju2, Yju2 depletion; M, mock treatment; FL, full length; N, Yju2-N;
C, Yju2-C.
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The above results showed that the C domain could comple-
ment the deficiency of the N domain in the second step, so we next
examined whether the C domain also functions in stabilizing the
binding of the N domain to the spliceosome. Splicing extracts
were depleted of Yju2 and supplemented with full-length Yju2, N
domain, C domain, or both N and C domains. Prp16 was also
depleted from the extract so that Yju2 could be retained on the
spliceosome for analysis. Splicing reaction mixtures were precip-
itated with anti-HA or anti-V5 antibody, as well as with anti-
Ntc20 antibody as an indication of activated spliceosomes. With
full-length Yju2, over 80% of the splicing intermediates and 70%
of pre-mRNA precipitated by anti-Ntc20 antibody were precipi-
tated by anti-HA antibody (Fig. 4C, lanes 2 and 3). With Yju2-N,
less than 20% of both splicing intermediates and pre-mRNA pre-
cipitated by anti-Ntc20 antibody were precipitated by anti-V5 an-
tibody (Fig. 4C, lanes 5 and 6). With Yju2-C, around 50% of the

precatalytic spliceosome (pre-mRNA precipitated by anti-Ntc20
antibody) was precipitated by anti-HA antibody (Fig. 4C, lanes 8
and 9), which accounts for �70% of the efficiency of full-length
Yju2. In the presence of both the N and C domains, the precipita-
tion efficiency of Yju2-N increased to a level of near 60% of that of
full-length Yju2 for splicing intermediates and 30% for pre-
mRNA (Fig. 4C, lanes 11 and 12), indicating stabilization of the
association of Yju2-N with the spliceosome by Yju2-C. The pre-
cipitation efficiency of Yju2-C was not affected in the presence of
Yju2-N, being retained at a level of around 70% of the level of
full-length Yju2 (Fig. 4C, lanes 11 and 13). This result suggests that
the presence of the C domain stabilizes the association of the N
domain with the spliceosome at both the pre- and postcatalytic
stages, but more pronouncedly at the postcatalytic stage.

The fact that Yju2-N also has a low affinity for lariat interme-
diate indicates that it may not be stably associated with the spli-

FIG 4 Binding affinities of Yju2 domains to the spliceosome. (A) (Top) Splicing reactions were carried out in Yju2-depleted extracts for 20 min, and ATP was
then depleted by addition of 10 mM glucose and incubation for 5 min. Following the addition of recombinant HA-tagged Yju2, V5-tagged Yju2-N, or HA-tagged
Yju2-C at final concentrations of 0, 10, 50 100, 200, and 400 nM, the reaction mixtures were incubated for 10 min and precipitated with anti-HA (lanes 3 to 8 and
15 to 20) or anti-V5 (lanes 9 to 14) antibody. (Bottom) Binding affinities for the spliceosome of Yju2, Yju2-N, and Yju2-C. The fractions of Yju2-containing
activated spliceosome, calculated as the ratio of the total amount of Yju2-bound spliceosome to that of the Ntc20-associated spliceosome, are plotted against the
concentration of Yju2 added. (B) Splicing reactions were carried out in Yju2- and Prp16-depleted extracts supplemented with 0, 1, 2, 3, and 4 �M V5-tagged
Yju2-N (lanes 1 to 5), and each reaction mixture was precipitated with anti-V5 antibody. (C) Splicing reactions were carried out in Yju2- and Prp16-depleted
extracts supplemented with 0.3 �M HA-tagged full-length Yju2 (lanes 1 to 3), 1.5 �M V5-tagged Yju2-N (lanes 4 to 6), 0.4 �M HA-tagged Yju2-C (lanes 7 to 9),
or 1.5 �M V5-tagged Yju2-N and 0.4 �M HA-tagged Yju2-C (lanes 10 to 13), followed by immunoprecipitation with anti-Ntc20 (lanes 2, 5, 8, and 11), anti-HA
(lanes 3, 9, and 13) or anti-V5 (lanes 6 and 12) antibody. RXN, 1/10 of the reaction mixture used for immunoprecipitation.
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ceosome after catalysis in the absence of the C domain. In light of
the strict requirement for DEAH-box protein Prp16 to promote
the second catalytic reaction, we were surprised to consistently
observe a small amount of spliced product coprecipitated with
Ntc20 when Yju2-N alone was used for splicing in Prp16-depleted
extracts (Fig. 4C, lane 5) but not when full-length Yju2 (lane 2) or
both Yju2-N and -C (lane 11) were used. Since Prp16 is required
for destabilization of Yju2 and Cwc25 before the second reaction,
we speculated that Prp16 might become dispensable if Yju2-N is
self-destabilized from the spliceosome.

The requirement for Prp16 in the second step is compen-
sated for by the absence of the Yju2 C domain. To further inves-
tigate the requirement for Prp16 in the absence of the Yju2 C
domain, the splicing reaction was performed in extracts depleted
of both Yju2 and Prp16 and complemented with recombinant
Yju2 proteins with or without further addition of Prp16 (Fig. 5A).
As expected, a small amount of mature mRNA was produced
when the reaction mixture was incubated with Yju2-N (Fig. 5A,
lane 6), but splicing was less efficient than with full-length Yju2
(lane 4) or the combination of Yju2-N and Yju2-C (lane 10). The
addition of Prp16 did not further enhance the second reaction
(Fig. 5A, lane 7), indicating that Prp16 does not function in the
second reaction with Yju2-N. In contrast, the addition of Prp16
efficiently promoted the second reaction when complemented
with full-length Yju2 (Fig. 5A, lane 5) or with the combination of
Yju2-N and Yju2-C (lane 11). These results support the notion
that Prp16 is required for destabilization of Yju2 due to its high

affinity for the spliceosome. Truncation of the C-terminal half of
the protein thus decreases the affinity of Yju2 for the spliceosome
and relieves its dependency on Prp16 for destabilization.

Destabilization of Yju2 and Cwc25 allows the binding of Slu7,
Prp22, and Prp18 to the spliceosome to promote the second reac-
tion. Conceivably, these step 2 factors can bind to a fraction of the
spliceosome formed with Yju2-N without the need for Prp16. This
hypothesis was investigated by immunoprecipitation of the spli-
ceosome to examine the association of Prp22. Splicing extracts
were depleted of Yju2 and Prp16 and complemented with either
HA-tagged full-length Yju2 or Yju2-N. A V5-tagged Prp22 mu-
tant protein, with the D603A mutation in the DEAH motif, was
also added to the reaction mixture. The Prp22D603A protein is able
to bind to the spliceosome and promote the second reaction but is
unable to hydrolyze ATP to catalyze mRNA release (39) and is
retained on the spliceosome after exon ligation. After splicing, the
reaction mixtures were precipitated with anti-V5 antibody for
Prp22, anti-HA antibody for full-length Yju2, and anti-Yju2 anti-
body for Yju2-N (Fig. 5B). Indeed, a small amount of the second-
step products coprecipitated with Prp22 when Yju2-N was used
(Fig. 5B, lane 10) but not when full-length Yju2 was used (lane 5).
Furthermore, Yju2-N is associated with splicing intermediates but
not with spliced products (Fig. 5B, lane 9). These results con-
firmed that the step 2 factors could bind to the spliceosome after
self-destabilization of Yju2-N to catalyze exon ligation in the ab-
sence of Prp16.

Direct interaction of Yju2 with U2 within the catalytic spli-
ceosome. We showed previously that although Yju2 can be re-
cruited to the spliceosome via interaction with NTC components,
it is not required for either NTC-mediated spliceosome activation
or Prp2-mediated remodeling of the spliceosome (14). Instead,
Yju2 is required after the action of Prp2 to promote the first cat-
alytic reaction in an ATP-independent manner. Furthermore, the
recruitment of Cwc25 to the spliceosome requires prior associa-
tion of Yju2 with the spliceosome (15). These findings suggest that
Yju2 may play a crucial role in orchestrating the catalytic core of
the spliceosome after Prp2 action. To gain insights into how Yju2
may interact with spliceosomal RNAs in the catalytic core, UV
cross-linking was performed to examine whether Yju2 directly
contacts substrate pre-mRNA or snRNAs. Spliceosomes were as-
sembled in Cwc25-depleted Yju2-HA extracts to arrest the spli-
ceosome prior to the first reaction, and the reaction mixture was
irradiated with 254-nm UV to generate protein-RNA cross-links.
After treatment with denaturant to disrupt noncovalent interac-
tions, the mixture was precipitated with anti-HA antibody. While
pre-mRNA was not found to cross-link to Yju2 (data not shown),
U2 snRNA was found to cross-link to Yju2, as revealed by North-
ern blotting (Fig. 6A, lane 10). A control experiment with anti-
Prp8 antibody revealed cross-linking of Prp8 primarily with U5
snRNA and with a small amount of U6 (Fig. 6A, lane 9) as previ-
ously reported (40–43). Without UV irradiation and treatment
with denaturant, Yju2 was able to coprecipitate the activated spli-
ceosome, containing U2, U5, and U6 snRNAs (Fig. 6A, lane 4).
Without UV irradiation, no RNA was coprecipitated with Prp8 or
Yju2 under denaturation condition (Fig. 6A, lanes 6 and 7), pre-
cluding possible nonspecific backgrounds from noncovalent
RNA-protein interactions. Cross-linking of Yju2 to U2 was also
observed on the spliceosome that was arrested after the first reac-
tion using Prp16-depleted extracts (see Fig. S6 in the supplemen-
tal material).

FIG 5 Yju2-N can bypass the requirement for Prp16 function in the second
step. (A) Splicing reactions were carried out in mock-depleted (lane 1) and
Yju2- and Prp16-depleted extracts (lanes 2 to 11) with no addition (lanes 2 and
3) or with the addition of 0.3 �M Yju2 (lanes 4 and 5), 1.5 �M Yju2-N (lanes
6 and 7), 0.4 �M Yju2-C (lanes 8 and 9), or 1.5 �M Yju2-N and 0.4 �M Yju2-C
(lanes 10 and 11), in the presence (lanes 3, 5, 7, 9, and 11) or absence (lanes 2,
4, 6, 8, and 10) of 80 nM Prp16. dYju2/dPrp16, depletion of both Yju2 and
Prp16; M, mock-depleted extracts; FL, full-length Yju2; N, the N domain of
Yju2; C, the C domain of Yju2; N�C, both N and C domains of Yju2. (B)
Splicing reactions were carried out in Yju2- and Prp16-depleted extracts with
the addition of recombinant 130 nM 4�V5-tagged Prp22D603A (lanes 1 to 10),
0.3 �M HA-tagged full-length Yju2 (lanes 1 to 5), or 1.5 �M Yju2-N (lanes 6 to
10) for 25 min, followed by immunoprecipitation without antibody (lanes 2
and 7) or with anti-Ntc20 (lanes 3 and 8), anti-HA (lane 4), anti-Yju2 (lane 9),
or anti-V5 (lanes 5 and 10) antibody. RXN, 1/8 of the reaction mixture used for
immunoprecipitation; PAS, protein A-Sepharose; FL, full-length Yju2; N,
Yju2-N.
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Prp2 was previously shown to play a role in destabilizing U2
components SF3a/b from the spliceosome, presumably to allow
the access of Yju2 and Cwc25 to the catalytic center to promote the
first reaction (16). To investigate whether Yju2 interacts with U2
at the sites important for U2 function, we mapped the Yju2-U2
cross-linked sites by primer extension using reverse transcriptase
(RT) (Fig. 6B). To identify specific Yju2-U2 cross-links, we com-
pared the RT stops from samples that had been treated with de-
naturants prior to immunoprecipitation (Fig. 6B, lanes 3 and 8) or
not treated (lanes 1 and 10). Only those enriched in denaturant-
treated samples were assigned as Yju2-U2 cross-links. Figure 6C
shows many strong RT stops from both complexes after UV irra-
diation without denaturant treatment (lanes 1 and 10), represent-
ing cross-links of U2 to spliceosomal components. They show
similar patterns in the precatalytic and postcatalytic spliceosomes,
except for three strong stops from the region around positions 20
to 50, corresponding to the region that was proposed to form the
branch point-interacting stem-loop (BSL) structure during for-
mation of the prespliceosome (44). A change in the cross-linking
pattern suggests a structural change in the catalytic core of the

spliceosome after the reaction that leads to changes in the contact
of splicing factors with U2. Nevertheless, these cross-links were
not associated with Yju2, as they were not observed after denatur-
ant treatment, and therefore were not further investigated.

Several potential cross-linking sites for Yju2 were identified
(Fig. 6B, lanes 3 and 8). Weak cross-links at 84C (in the stem of the
U2 IIb) and 103A (in the stem of the U2 IIc) and an even weaker
cross-link at 65A (located just upstream of the U2 IIb) were ob-
served in both complexes, suggesting that Yju2 may be involved in
modulating the conformation of U2 helix II. Intriguingly, a cross-
link at U2-32G, located just upstream of the branch point inter-
acting sequence, was observed in the precatalytic spliceosome but
not in the postcatalytic spliceosome, suggesting that Yju2 may
mediate positioning of the branch point.

DISCUSSION

Yju2 is essential for the first catalytic step of splicing, and functions
after the action of Prp2. We previously showed that Yju2 interacts
with two NTC components, Ntc90 and Ntc77, and can be re-
cruited to the spliceosome either before or after Prp2 action (14).

FIG 6 UV cross-linking of Yju2 to U2 snRNA within the activated spliceosome. (A) A splicing reaction was performed in Cwc25-depleted Yju2-HA extracts with
a pre-mRNA substrate of low radioactivity. The reaction mixture was subjected to immunoprecipitation (lanes 2 to 4) or either irradiated (lanes 8 to 10) with
254-nm UV or not irradiated (lanes 5 to 7); following denaturation, mixtures were immunoprecipitated without (lanes 2, 5, and 8) or with anti-Prp8 (lanes 3, 6,
and 9) or anti-HA (lanes 4, 7, and 10) antibody. RNA was extracted and analyzed by Northern blotting. RXN, 1/10 of the reaction mixture used for immuno-
precipitation; PAS, protein A-Sepharose; UV, UV irradiation; Denat, denaturation. (B) Primer extension analysis of U2 cross-link sites. The splicing reactions
were carried out in Cwc25-depleted (lanes 1 to 3) or Prp16-depleted (lanes 8 to 10) Yju2-HA extracts, followed by UV irradiation (lanes 1, 3, 7, and 10) or no UV
treatment (lanes 2 and 9). With (lanes 3 and 8) or without (lanes 1, 2, 9, and 10) treatment with denaturant, the reaction mixtures were immunoprecipitated with
anti-HA antibody, and the extracted RNA was subjected to primer extension analysis using U2-A (right) or U2-B (left) primers. dCwc25, depletion of Cwc25;
dPrp16, depletion of Prp16; UV, UV irradiation; Denat, denaturation. (C) Schematic representation of the secondary structure of U2/U6/pre-mRNA in the
catalytic center of the spliceosome in the first step of the reaction. The branch point region helix is highlighted in yellow, and the attack of the phosphate in the
5= splice junction by branch point A in the step 1 reaction is marked with a red arrow. Sites in U2 snRNA cross-linked to Yju2 are indicated by open and filled
circles, representing weak and strong cross-links, respectively. The purple filled circle indicates the cross-link seen in the precatalytic spliceosome formed in
dCwc25 extracts but not in the postcatalytic spliceosome formed in dPrp16 extracts. The positions of U2 snRNA are numbered. The question mark at 64G
indicates the ambiguous result.

Chiang and Cheng

1752 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


Here, we showed that Yju2 can be physically separated into two
distinct domains, and each domain interacts with one component
of the NTC. Two-hybrid analysis revealed that the N domain in-
teracts with Ntc90 but not with Ntc77, whereas the C domain
interacts with Ntc77 but not with Ntc90. The interaction between
Yju2-C and Ntc77 is more robust than that between the Yju2-N
and Ntc90.

The N domain of Yju2 is evolutionarily conserved, but the C
domain is highly diverged, implying the functional significance of
the N domain. Our analysis indeed found that Yju2-N is sufficient
for cellular growth and for the in vitro splicing reaction. Yju2-N
could promote the first reaction to a level of around 75% of that
promoted by full-length Yju2 given sufficient amounts of the pro-
tein. But Yju2-N has a very low affinity for the spliceosome and
can bind the spliceosome to significant levels only at micromolar
concentrations. Yju2-C has no function in splicing itself but can
bind the spliceosome much more tightly than Yju2-N, in agree-
ment with the relative strength of their two-hybrid interactions.
Although the affinity of Yju2-C for the spliceosome is substan-
tially lower than that of the full-length protein, the amount of
Yju2-C binding to the spliceosome could reach nearly 70% of the
level of the full-length Yju2 with large amounts of the protein
present.

Intriguingly, the N and C domains in combination were able to
reconstitute the function of Yju2 both in vivo for growth and in
vitro for the splicing activity. Although Yju2-N has a low affinity
for the spliceosome, its binding is stabilized by the presence of
Yju2-C. Nevertheless, Yju2-N and Yju2-C do not interact with
each other in two-hybrid assays or biochemical analysis. These
results indicate that the N and the C domains of Yju2 each form a
functional module, interacting with Ntc90 and Ntc77, respec-
tively, but do not interact with each other in a stable manner. How
Yju2-N and Yju2-C are functionally coupled to assume the activ-
ity of the full-length protein without stable interaction between
themselves is an interesting question. In the absence of Yju2-C, the
association of Yju2-N with the spliceosome is loose due to its weak
interaction with Ntc90. The binding of Yju2-C may induce a local
conformational change in the spliceosome to stabilize the interac-
tion of Yju2-N or may simply impose steric hindrance to prevent
Yju2-N from dissociation from the spliceosome.

Despite Yju2 only being required for the first reaction, Yju2-N
promotes the second step to a limited extent, implying that the C
domain of Yju2 may have a previously unidentified function in the
second step. In addition to Yju2, the first step also requires Cwc25,
which is recruited to the spliceosome only in the presence of Yju2.
Although the C domain of Yju2 can bind to the spliceosome in-
dependently of the N domain, its binding is inadequate for Cwc25
recruitment (see Fig. S5 in the supplemental material) and conse-
quently cannot promote the reaction. In contrast, Cwc25 can bind
to the spliceosome in the presence of Yju2-N and remains associ-
ated after lariat formation without the C domain (see Fig. S5),
suggesting that the binding of Yju2-N is necessary and sufficient to
create an active binding site for Cwc25. To proceed to the second
step, Yju2 and Cwc25 need to be destabilized and freed from the
catalytic center of the spliceosome so that splice sites can be repo-
sitioned. Prp16 plays an essential role in destabilizing Yju2 and
Cwc25. In the absence of Prp16, Yju2, and Cwc25 accumulate on
the spliceosome after lariat formation. In the presence of Prp16,
only small amounts of Yju2 and Cwc25 are retained on the spli-
ceosome. Our results thus reveal dual roles of the Yju2 C domain

in stabilizing the N domain of Yju2 to efficiently promote the
catalytic reaction in the first step and in facilitating Prp16-medi-
ated destabilization of Yju2 and Cwc25 in the second step. Al-
though we did not find evidence that the C domain facilitates or
stabilizes the binding of Prp16 to the spliceosome, it remains pos-
sible that the C domain stimulates the function of Prp16 in desta-
bilizing Yju2 and Cwc25.

How Prp16 mediates destabilization of Yju2 and Cwc25 is not
clear. Prp16 has been demonstrated to unwind RNA duplexes in
vitro (45), so it may unwind RNA helices in the catalytic core of the
spliceosome to disrupt the interactions of Yju2 and Cwc25 with
the spliceosome, or it may directly displace Yju2 and Cwc25. Stud-
ies of U2/U6 helix I in the spliceosome catalytic core have revealed
genetic interactions between PRP16 and U2/U6 helix I (35). Mu-
tations that weaken U2/U6 helix I were found to suppress the
cold-sensitive PRP16 prp16-302 mutation, and specific mutations
that retain the helix I structure abolished suppression of the
prp16-302 mutant (35). Based on these results, it was suggested
that U2/U6 helix I undergoes dynamic structural changes during
the catalytic steps, and Prp16 may be involved in destabilization of
helix I directly or indirectly (35). In light of the fact that Prp16 is
responsible for destabilization of Yju2 and Cwc25, it is also possi-
ble that the Prp16-U2/U6 helix I interaction is mediated through
Yju2 and/or Cwc25.

In this study, we show that while Prp16 is strictly required for
the second step with full-length Yju2, Yju2-N allowed progression
of a small amount of the second reaction in the absence of Prp16,
indicating that Prp16 can be dispensable under certain conditions.
Since Yju2-N shows low affinity for the spliceosome, Yju2-N may
be more easily dissociated from the spliceosome after lariat for-
mation without requiring Prp16, and consequently, Cwc25 is also
dissociated, thus allowing the binding of step 2 factors to promote
the second reaction. Destabilization of Yju2 and Cwc25 likely
leads to destabilization of RNA helices in the catalytic core for
rearrangement of RNA-RNA or RNA-protein interactions. When
Yju2-N is stabilized by Yju2-C on the spliceosome, Prp16 becomes
necessary for the second step, suggesting an active role of Prp16 in
efficiently displacing Yju2 from the spliceosome, hence releasing
the catalytic core for Slu7/Prp18/Prp22. In this view, our results
argue against direct unwinding of U2/U6 helix I by Prp16 to de-
stabilize Yju2 and Cwc25. Although Yju2-N was able to bypass the
requirement for Prp16 in vitro, attempts to recapitulate this effect
in vivo were not successful (data not shown), possibly due to low
read-through levels of the second-step reaction. Collectively, our
results shed light on Prp16-mediated remodeling of the spliceo-
some in the second catalytic step of splicing. The detailed mecha-
nism through which Prp16 acts to destabilize Yju2 and Cwc25
remains to be investigated.

Since Yju2 and Cwc25 are required to promote the first reac-
tion after destabilization of SF3a/b, they presumably function in
positioning the branch point at the 5= splice site upon binding to
the catalytic core of the spliceosome. We recently showed that
Cwc25 directly interacts with substrate RNA in the form of lariat-
intron-exon 2 but not the pre-mRNA and can cross-link to the
intron sequence 3 bases downstream of the branch point (46).
Yju2 was not found to cross-link to pre-mRNA (data not shown).
Instead, Yju2 could cross-link to U2 snRNA likely in the helix II
region, which has been reported to fluctuate between two different
conformations along the spliceosome pathway (47, 48). Whether
Yju2 plays a role in modulating U2 helix II structure during the

Yju2 in Steps 1 and 2 of Splicing

May 2013 Volume 33 Number 9 mcb.asm.org 1753

http://mcb.asm.org


first catalytic step remains to be studied. Yju2 could also cross-link
to G32 of U2, located just two bases upstream of the region that
form base pairs with the consensus branch site sequence. Interest-
ingly, this cross-link was seen only in the precatalytic spliceosome
and not in the postcatalytic spliceosome. This suggests that Yju2
may play a role in mediating positioning of the branch point to the
5= splice site. Nevertheless, the first reaction cannot occur without
Cwc25. Cwc25 is hardly detected on the precatalytic spliceosome,
since the reaction occurs immediately upon its binding. How
Cwc25 coordinates with Yju2 to promote the reaction is not
known. Conceivably, a structural rearrangement may occur after
lariat formation, disrupting the interaction of Yju2 with the
branch point-interacting region of U2 snRNA. This may be nec-
essary to allow close contact of Cwc25 with the intron sequence
and stable association of Cwc25 with the spliceosome, since G32 of
U2 is expected to be spatially very close to the Cwc25-cross-linked
residue in the intron 3= tail. Taken together, our results demon-
strate that Yju2 closely interacts with the core of the precatalytic
spliceosome, inducing an active architecture for the binding of
Cwc25. These results provide insights into the formation of the
catalytic center of the spliceosome and how protein factors coor-
dinate with RNAs to promote the first-step reaction and prepare
for the second-step reaction.
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