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ABSTRACT

The Prp19-associated complex, consisting of at least eight protein components, is involved in spliceosome activation by
specifying the interaction of U5 and U6 with pre-mRNA for their stable association with the spliceosome after U4 dissociation.
We show here that yeast cells depleted of one or two of the Prp19-associated components, accumulate the free form of U4.
In NTC25-deleted cells, the level of U6 was also reduced. Extracts prepared from NTC25-deleted cells contained neither free
U4 nor U6 and were ineffective in spliceosome recycling in the in vitro splicing reaction. Overexpression of U6 partially res-
cued the temperature-sensitive growth defect and decreased the relative amount of free U4 in NTC25-deleted cells, indicating
that the accumulation of free U4 was a consequence of insufficient amounts of U6 snRNA. Extracts prepared from U6-
overproducing NTC25-deleted cells containing free-form U6 were capable of spliceosome recycling, suggesting a role of free
U6 RNP in spliceosome recycling. Our results demonstrate that in addition to direct participation in spliceosome activation, the
Prp19-associated complex has an indirect role in spliceosome recycling through affecting the biogenesis of U4/U6 snRNP in
the in vivo splicing reaction.
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INTRODUCTION

Splicing of pre-mRNA takes place on a large dynamic
ribonucleoprotein complex, the spliceosome, which assembles
through ordered interactions of four small nuclear ribonu-
cleoprotein particles (snRNPs), U1, U2, U4/U6, and U5, and
numerous protein factors (Will and Lührmann 1997; Staley
and Guthrie 1998; Burge et al. 1999; Brow 2002; Hartmuth
et al. 2002; Jurica et al. 2002; Zhou et al. 2002). During
spliceosome assembly, U1 first binds to the 59-splice site of
the pre-mRNA, followed by binding of U2 to the branch
site. The pre-formed U4/U6.U5 tri-snRNP is then recruited
to the spliceosome to form a complex containing all five
snRNAs. Subsequently, a large conformational rearrange-
ment in the spliceosome occurs in which U1 and U4 are
released, accompanied by formation of new base-pairing
between U6 and U2, and U6 and the 59-splice site of the pre-
mRNA. This leads to the activation of the spliceosome, on
which catalytic reactions can then take place (Brow 2002).

Activation of the spliceosome requires unwinding of
base-pairing between U1 and the 59-splice site and between
U4 and U6 as the first step, freeing the 59-splice site
sequence and U6 for new base-pair formation. Factors that
mediate unwinding of these base-pairings have not been
directly demonstrated, although Brr2 has been implicated
in the unwinding of U4/U6 (Raghunathan and Guthrie
1998a), and Prp28 in displacing U1 from the 59-splice site
(Staley and Guthrie 1999; Chen et al. 2001b). U4 snRNA is
presumed to function as the repressor of U6 prior to the
activation of the spliceosome and does not participate in
catalytic reactions (Yean and Lin 1991). After release from
the spliceosome, U4 appears to reassociate with U6 imme-
diately to form the di-snRNP complex, and the free form is
normally not detected, or only in a very small amount in
splicing extracts or during the splicing reaction. The RNA-
binding protein Prp24 has been shown to catalyze anneal-
ing of U4 and U6, and functions in regeneration of U4/U6
di-snRNP for recycling of the spliceosome (Ghetti et al.
1995; Raghunathan and Guthrie 1998b; Bell et al. 2002;
Medenbach et al. 2004). In splicing extracts, U6 is present
in excess of U4, and free U6 RNP exists aside from those
base-paired with U4 in the U4/U6 di-snRNP or U4/U6.U5
tri-snRNP complexes (Cheng and Abelson 1987). Prp24 has
been shown to be associated with U6 in wild-type extracts,
but also associated with U4/U6 in U4-G14C mutant extracts,
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or upon incubation of wild-type extracts with ATP (Shannon
and Guthrie 1991; Jandrositz and Guthrie 1995; Raghuna-
than and Guthrie 1998b). It has therefore been proposed
that Prp24 functions to anneal U4 and U6 by binding to U6
first, and is dissociated from U4/U6 upon binding of U5 on
formation of tri-snRNP (Raghunathan and Guthrie 1998b).
The presence of free U6 is presumed to be important,
although never directly demonstrated, for efficient forma-
tion of U4/U6 di-snRNP when U4 is dissociated from the
spliceosome, since U6 remains associated with the spliceo-
some until the splicing reaction is complete.
After U4 and U1 are dissociated from the spliceosome,

a protein complex associated with Prp19 (named NTC,
standing for nineteen complex), identified in the budding
yeast Saccharomyces cerevisiae, is required to stabilize
binding of U5 and U6 on the spliceosome (Chan et al.
2003). Stabilization of U6 is achieved by confining inter-
actions of U5 and U6 with pre-mRNA to specific positions
from a dynamic state, and destabilizing Sm-like (Lsm)
complex from U6 to expose the Lsm-binding site of U6 for
more interactions with the intron sequence (Chan et al.
2003; Chan and Cheng 2005). NTC consists of at least eight
protein components (Tarn et al. 1994; Chen et al. 1998;
Tsai et al. 1999; Chen et al. 2001a, 2002), many of which are
evolutionarily conserved (Ohi et al. 1998; Dix et al. 1999).
Proteomic analysis has revealed a similar protein complex
in mammals and in the fission yeast Schizosaccharomyces
pombe (McDonald et al. 1999; Ohi et al. 2002). All of the
identified NTC components are also found associated with
the yeast penta-snRNP, which has been proposed as the
preassembled functional spliceosome (Stevens et al. 2002).
In this report, we show that free U4 accumulates in cells

depleted of NTC components. Analysis of NTC25
(SNT309)-deleted cells revealed that the amount of U6
snRNA was lower in these cells than in wild-type cells,
suggesting that NTC has a secondary effect on the bio-
genesis of U4 and U6 snRNAs. Splicing extracts prepared
from NTC25-deleted cells contained neither free U4 nor U6
and exhibited a defect in recycling of the spliceosome,
possibly due to failure in regeneration of U4/U6 di-snRNP
during the splicing reaction. Our results suggest a functional
link between NTC, U4/U6 biogenesis, and spliceosome
recycling.

RESULTS

Accumulation of free U4 in NTC-deficient cells

A novel yeast splicing factor, Sad1, was identified in
a genetic screen for snRNP assembly factors (Lygerou et al.
1999). The temperature-sensitive sad1-1 mutant accumu-
lates free U4 when shifted to restrictive temperatures.
Interestingly, prp19-1 and prp17-1 mutants were shown
to exhibit the same phenotype of accumulating free U4
(Lygerou et al. 1999). Since the Prp19-associated complex

functions after U4 is dissociated from the spliceosome
(Chan et al. 2003), the free U4 accumulation phenotype
of prp19-1 might be a result of incomplete spliceosome
assembly after U4 dissociation due to malfunction of NTC.
In such a case, U4 accumulation may be a general pheno-
type associated with NTC deficiency rather than a conse-
quence specific to prp19 defect. In order to determine
whether U4 accumulation is due to NTC deficiency or
a prp19-specific defect, we created several constructs car-
rying the conditional alleles of genes encoding NTC
components under the control of the GAL promoter to
regulate their expression. The PRP19, NTC90 (SYF1), and
NTC77 (CLF1) genes tested are all essential for cellular growth.
Cells were grown in media supplemented with galactose
then shifted to glucose-containing media. RNA was isolated
from these cells and fractionated on both denaturing and
nondenaturing polyacrylamide gels for Northern blotting.
As shown in Figure 1, Northern blots probed with the

FIGURE 1. Free U4 accumulated in cells metabolically depleted of
Prp19, Ntc90, or Ntc77. Cells with the PRP19, NTC90, or NTC77 gene
under the control of a GAL promoter were grown in galactose or
glucose. RNA was extracted from cells retrieved at various times, and
fractionated on polyacrylamide denaturing (upper panels) or non-
denaturing gels (lower panels) for Northern blotting and probed with
CRY1 and U4, respectively.
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intron-containing gene CRY1 revealed accumulation of
pre-mRNA z12–16 h after shifting to glucose in all three
strains, indicative of a splicing defect (Fig. 1, upper panels).
Although the amount of mRNA decreased on prolonged
growth in glucose for GAL-PRP19 and GAL-NTC77, no
significant reduction in the mRNA level was seen for
GAL-NTC90. Western blot analysis revealed the presence
of a residual amount of Ntc90, but not Ntc77, even after
prolonged growth in glucose (data not shown). It is not
known whether residual Ntc90 was able to support a low
level of splicing to yield more mRNA in GAL-NTC90.
Nevertheless, a splicing defect was observed in all three
depletion strains. Correspondingly, free U4 accumulated
upon prolonged incubation in glucose media (Fig. 1, lower
panels). Cells grown in galactose-containing media did not
accumulate pre-mRNA or free U4. These results suggest
a link between free U4 accumulation and splicing defect
resulting from NTC deficiency.
A more prominent effect was seen from the analysis of

null mutants of NTC components. Ntc30 (Isy1), Ntc25,
and Ntc20 are components of the Prp19-associated com-
plex, and encoded by genes not essential for cell viability.
Cells deleted of NTC25 (D25) or of both NTC30 and
NTC20 (D30,20) are viable but temperature-sensitive and
slow growing (Chen et al. 1998, 2001a). Total RNA was
isolated from D25 or D30,20 cells grown only at 25°C or at
25°C then shifted to 37°C for 2 h and analyzed by Northern
blotting. Figure 2A shows that in wild-type cells, only trace

amounts of free U4 were present (Fig. 2A, lanes 1,2). In
D30,20 cells, a significant amount of free U4 accumulated
at 37°C but not at 25°C (Fig. 2A, lanes 3,4), whereas in D25
cells, free U4 accumulated at 25°C, and even more conspic-
uously at 37°C (Fig. 2A, lanes 5,6) accompanied by a
reduction in U4/U6. This further confirms that free U4
accumulation is associated with NTC deficiency.
When the same blot was probed with U6, notably the

total amount of U6 was also low in D25 cells (Fig. 2A, lanes
5,6). This was better revealed when total RNA was analyzed
on denaturing gels for comparison with other snRNAs
as shown in Figure 2B. While the overall level of other
snRNAs did not vary significantly, the amount of U6 was
lower in D25 cells at both 25°C and 37°C (Fig. 2B, lanes 5,6).

Overexpression of U6 partially rescues the growth
defect of NTC-deficient cells

The fact that the total amount of U6 was lower in D25 cells
raised a question as to whether the growth defect of these
cells was a consequence of defective NTC or of U6 inade-
quacy. This was examined by testing whether overexpres-
sion of U6 could complement the growth defect observed
in D25 and D30,20 cells. A multicopy plasmid containing
the U6 gene, pRS424-U6, was transformed into D25 and
D30,20 cells, and growth was examined by spot assays. As
shown in Figure 3, both D25 and D30,20 were slower
growing than wild-type cells at 37°C, with D25 being
slightly more adverse than D30,20. Overexpression of U6
partially complemented the growth defect of D25, but did
not significantly improve the growth observed in D30,20
cells. In contrast, overexpression of U4 had no detectable
effect on the growth of these cells (data not shown). This
suggests that the growth defect of D25 and D30,20 cells
might be partly, but not entirely, due to U6 deficiency.
The correlation between NTC and U4/U6 biogenesis was
further analyzed in D25 cells, which gave more drastic
effects on free U4 accumulation and reduction in U6.

Overexpression of U6 partially complements the free
U4 accumulation phenotype of D25 cells

In both yeast and mammalian cells, U4 and U6 snRNAs
form a di-snRNP complex, on which the two RNA are

FIGURE 3. Spot assays on YPD of D30,20 and D25 cells carrying
plasmids pRS426 or pRS426-U6 (+U6). Cells were grown at 25°C
until mid-log phase, normalized to the same density, and diluted in
series by 10-folds.

FIGURE 2. Free U4 accumulated in D25 and D30,20 cells. Total RNA
was isolated from wild-type, D25, or D30,20 cells grown at 25°C or at
25°C, then shifted to 37°C for 2 h. (A) RNA was fractionated on a 5%
nondenaturing polyacrylamide gel for Northern blotting probed
sequentially with U4 and U6. (B) RNA was fractionated on a 5%
polyacrylamide/8 M urea gel for Northern blotting and probed with
U1, U2, U4, U5, and U6.
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associated through extensive base-pairing, which further
associates with U5 to form a tri-snRNP particle. Nearly all
U4 snRNA is associated with U6 snRNA, whereas a large
fraction of U6 exists in an independent RNP particle since
U6 is more abundant than U4 (Brow and Guthrie 1988;
Fig. 2A). The function of the free U6 particle is not known,
but is speculated to play a role in facilitating U4/U6
recycling during the splicing reaction. When U6 is under-
expressed, U4 snRNP might accumulate as a free form if
it is unable to immediately reassociate with U6 to form
U4/U6 di-snRNP following dissociation from the spliceo-
some. This may account for the phenotype of free U4
accumulation in NTC-defective cells and partial comple-
mentation of growth defect in these cells by overexpression
of U6. Indeed, Northern blotting revealed that although
overexpression of U6 did not completely relieve accumu-
lation of free U4 in D25 cells, the relative amount of U4 to
U4/U6 was much lower at both 25°C and 37°C as shown in
Figure 4. These results indicate that free U4 accumulation
is the consequence of U6 inadequacy, which is intimately
linked to NTC deficiency.

Spliceosome recycling in D25 cells

Although free U4 accumulated in D25 cells, we found that
splicing extracts prepared from such cells did not contain
free U4, as shown in Figure 5 (upper panel, cf. lanes 2 and
4), suggesting loss of free U4 during extract preparation.
Interestingly, there was also a complete lack of free U6 in
the extract from D25 cells (Fig. 5, lower panel, cf. lanes 2
and 4) as opposed to that from wild-type cells (Fig. 5, lower
panel, cf. lanes 1 and 3). This raises a possibility that there
might exist two forms of free U6, one of which was isolated

in the wild-type extract and the other was not. D25 cells
may contain only the free-form U6 that is excluded from
the splicing extract. Consistent with this notion, the relative
amount of free U6 to U4/U6 was lower in wild-type
splicing extracts than in total RNA (Fig. 5, lower panel,
cf. lanes 1 and 3), suggesting that a fraction of free U6 was
not isolated in the wild-type splicing extract.
Extracts prepared from D25 cells normally have low

splicing activity, but can be complemented by the addition
of purified NTC (Chen et al. 1999). When total RNA was
isolated from splicing reaction mixtures, fractionated on
nondenaturing polyacrylamide gels, and analyzed by
Northern blotting, free U4 was found to accumulate upon
splicing in the presence or absence of added NTC, as shown
in Figure 6A (upper panel, lanes 6–8). In contrast, splicing
in in vitro NTC-depleted extracts (dNTC) did not result in
accumulation of free U4 with or without prior addition of
NTC (Fig. 6A, lanes 3–5), as in wild-type extracts (Fig. 6A,
lanes 1,2). This indicates that free U4 was generated from
the splicing reaction independent of NTC, consistent with
the notion of U4 dissociation prior to NTC function (Chan
et al. 2003). When the same blot was probed with U6, it was
found that a great amount of free U6 also appeared after
splicing in D25 extracts (Fig. 6A, lower panel, lanes 6–8).
Nevertheless, the splicing-generated free U4 and U6 did not
anneal to form U4/U6 di-snRNP. Interestingly, when in
vitro synthesized U6 RNA was added to the D25 extract,
free U4 no longer accumulated after splicing (Fig. 6A, lane
9), suggesting that the exogenously added U6 RNA could
anneal with the released U4.
To examine the nature of the free U4 and U6 generated

from the splicing reaction in D25 extracts, total splicing
reaction mixtures were analyzed on nondenaturing poly-
acrylamide gels for RNP as shown in the Northern blots of
Figure 6B. In D25 extracts, nearly all U4 and U6 were
present in the form of tri-snRNP (Fig. 6B, lanes 3,11). After
splicing, U4 became free in the presence or absence of NTC
(Fig. 6B, lanes 5,7). When the in vitro synthesized U6 RNA

FIGURE 4. Northern blotting of total RNA isolated from D25 cells
carrying plasmids pRS426 or pRS426-U6 (+U6). Cells were grown at
25°C, then shifted to 37°C for 2 h. Total RNA was isolated and
fractionated on a 5% nondenaturing polyacrylamide gel for Northern
blotting and probed sequentially with U4, then U6.

FIGURE 5. Free U4 and U6 in D25 cells were not isolated in splicing
extracts. RNA was extracted from wild-type or D25 total cell lysates or
splicing extracts and fractionated on a 5% polyacrylamide gel for
Northern blotting probed sequentially with U4, then U6.
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was added to D25 extracts, free U4 no longer appeared, but
was replaced by the paired U4/U6 form (Fig. 6B, lanes 6,8).
This indicates that despite lacking free U6, sufficient
amounts of the protein components of U6 and Prp24 were
present in the D25 extract for formation of U4/U6 after
the splicing reaction. Consistently, the blot probed with
U6 revealed formation of U4/U6, U6, and U6*, a form of
U6 RNP containing no Prp24 (Raghunathan and Guthrie
1998b), when the in vitro synthesized U6 RNA was added
to D25 extracts (Fig. 6B, lane 12). However, U6 was not
seen in its free form after splicing in the absence of
exogenously applied U6 in D25 extracts, but was associated
with the spliceosome (Fig. 6B, lanes 13,15), indicating that
the free U6 RNA seen on the RNA gel (Fig. 6A, lower panel,
lanes 7,8) was the spliceosomal form of U6 that became free
after deproteinization. These results suggest that the accu-
mulation of free U4 in D25 extracts upon splicing was
a consequence of a lack of free U6 for regeneration of
U4/U6.
It has been shown that Prp24 mediates formation of

U4/U6 di-snRNP and is required for spliceosome recycling
(Raghunathan and Guthrie 1998b; Bell et al. 2002). Spliceo-
some recycling is inhibited by depletion of Prp24 from
splicing extracts, and can be restored upon addition of

recombinant Prp24. Since Prp24 is associated with U6
snRNP, depletion of Prp24 concurrently depletes free U6
from splicing extracts. However, the addition of recombi-
nant Prp24 to the depleted extract promotes formation of
free U6 snRNP (Raghunathan and Guthrie 1998b). This
raises the question as to whether free U6 snRNP is also
required for spliceosome recycling, since in its absence
reannealing of U4/U6 needs to await completion of the
splicing reaction for disassembly of the spliceosome to
release U6.
To address whether free U6 contributes to efficient re-

cycling of the spliceosome, we performed a splicing assay
designed to detect spliceosome recycling as described by
Raghunathan and Guthrie (1998b) using D25 extracts. A
schematic presentation of such an assay is shown in Figure
7A. Splicing was carried out with increasing amounts of
unlabeled pre-mRNA in a presplicing reaction to force at
least one round of splicing, then standard amounts of
labeled pre-mRNA were added for the splicing assay. A
39-splice site mutant pre-mRNA ACAC (Vijayraghavan
et al. 1986) was used in comparison with the wild-type pre-
mRNA in presplicing to reveal recycling of the spliceosome.
The ACAC pre-mRNA is able to assemble the spliceosome
and undergo the first catalytic reaction, but is blocked for

FIGURE 6. Free U4 accumulated in D25 extracts after the splicing reaction. (A) Splicing reactions were carried out in wild-type, NTC-depleted,
or D25 extracts, with or without addition of affinity-purified NTC at a concentration ofz5 nM. The in vitro synthesized U6 was also added to one
reaction in the D25 extract (lane 9). RNA was extracted from reaction mixtures and fractionated on a 5% polyacrylamide gel for Northern blotting
and probed sequentially with U4, then U6. (B) Splicing reactions were carried out in wild-type or D25 extracts, with or without addition of
purified NTC. To some reactions carried out in the D25 extracts, the in vitro synthesized U6 was also added prior to the reaction (lanes 12,14,16).
Reaction mixtures were fractionated on a 4% nondenaturing polyacrylamide gels for Northern blotting and probed sequentially with U4, then U6.
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the second step of the splicing reaction. As a result, the
spliceosome containing partially spliced mRNA accumu-
lates and is unable to release splicing factors for recycling.
Splicing of subsequently added labeled pre-mRNA will be
prohibited if enough unlabeled pre-mRNA is used in
presplicing to sequester spliceosomal components. In con-
trast, presplicing using wild-type pre-mRNA allows recy-
cling of spliceosomal components, and splicing of labeled
pre-mRNA is not prohibited unless a large excessive amount
of unlabeled pre-mRNA is used in presplicing. Whether
spliceosome recycles can be judged by comparison of the
level of splicing in response to the amount of unlabeled
wild-type and ACAC pre-mRNA used in presplicing. Figure
7B shows that in wild-type extracts, splicing of labeled pre-
mRNA decreased dramatically with increasing amounts of
ACAC used in presplicing (Fig. 7B, lanes 1,5–7). A fivefold

excess of unlabeled ACAC pre-mRNA in presplicing
resulted in reduction of splicing activity by several folds
(Fig. 7B, lane 5). A similar pattern was seen in D25 extracts
supplemented with affinity-purified NTC (D25+NTC)
(Fig. 7B, lanes 13–15), suggesting comparable concentra-
tions of spliceosomal components in wild-type and D25
extracts. In wild-type extracts, splicing was affected to
a lesser extent after presplicing with unlabeled wild-type
pre-mRNA (Fig. 7B, lanes 1–4) with no significant effect
at fivefold excess (Fig. 7B, lane 2). This indicates that
spliceosome recycling did occur with wild-type pre-mRNA.
In contrast, presplicing with wild-type and ACAC pre-
mRNA affected splicing to the same level in D25+NTC
extracts (Fig. 7B, cf. lanes 9–12 and lanes 9,13–15), in-
dicating no recycling in D25 extracts using either wild-type
or ACAC pre-mRNA.
To confirm that failure in spliceosome recycling in D25

extracts was due to U6 deficiency, U6 was overexpressed in
D25 cells and extracts prepared from the U6-overproducing
strain were assayed for spliceosome recycling as described
above, in comparison with wild-type and D25 extracts.
Analysis by electrophoresis on nondenaturing polyacryl-
amide gels for ribonucleoprotein complexes revealed that
the U6-overproducing D25 extract contained free U6 RNP
and U4/U6.U5 tri-snRNP as shown in Figure 8A (lane 3) as
opposed to standard D25 extracts, which contained only
the tri-snRNP (Fig. 8A, lane 2). In addition, some faster
migrating species, speculated to be free U6 RNA, were also
detected. Figure 8B shows that in spliceosome recycling
assays, while D25 extracts failed in spliceosome recycling
(Fig. 8B, lanes 6–9), the U6-overproducing D25 extract,
when supplemented with NTC, showed recycling activity
with up to five- to 10-fold excess of pre-mRNA in the
presplicing reaction (Fig. 8B, lanes 11–14) as in the wild-
type extract (Fig. 8B, lanes 1–4). This indicates that free U6
RNP may play an important role in spliceosome recycling.
Figure 9 shows a diagram of the pathway for assembly

and cycling of the yeast spliceosome illustrating our results.
In the absence of NTC, formation of the active spliceosome
is blocked and spliceosome assembly undergoes a discard
pathway, as shown by the thick arrows, leading to U6
instability. As a consequence, cells defective in NTC func-
tion have lower levels of U6 snRNA and fail to form U4/U6,
resulting in the accumulation of free U4 snRNA. Altogether,
our results suggest that NTC malfunction can result in
deficiencies to U4/U6 biogenesis and consequently affects
spliceosome recycling.

DISCUSSION

In this study, we demonstrated that free U4 accumulation
was a common phenotype of cells defective in the function
of NTC. Having extensively analyzed D25 cells, which
showed a more drastic phenotype, we found that although
the total amount of U4 was not affected in NTC-deficient

FIGURE 7. Spliceosome recycling assays. (A) A scheme for spliceo-
some recycling assays. (B) Splicing reactions were carried out in wild-
type (lanes 1–7) or D25 extracts supplemented with affinity-purified
NTC (z5 nM) (lanes 9–15) for 30 min using 0.4 nM labeled actin pre-
mRNA. Presplicing was carried out without (lanes 1,8,9) or with
fivefold (2 nM), 10-fold (4 nM), or 15-fold (6 nM) excessive amounts
of unlabeled wild-type (lanes 2–4,10–12) or ACAC (lanes 5–7,13–15)
over labeled pre-mRNA for 30 min prior to the addition of labeled
pre-mRNA. (WT) Wild type, (N) no presplicing.
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cells, the level of U6 snRNA was reduced. Reduced levels of
U6 have previously been reported in mutants of genes
encoding U6, U4/U6, or tri-snRNP components, including
PRP3, PRP4, PRP6, PRP24, PRP38, and LSM genes
(Blanton et al. 1992; Xie et al. 1998; Mayes et al. 1999).
Since these proteins are all involved in the biogenesis of
U6-related RNP particles, it is not surprising that their
deficiency results in reduced levels of U6 in the cell. In fact,
Blanton et al. (1992) also observed a reduction in U6 level
by more than threefold in a prp19-1 mutant shifted to
restrictive temperatures, although the function of Prp19
was not known at the time. Our finding was consistent with
this earlier observation and further extended this pheno-
type to defects in other NTC components. Distinct from
other U6-related components, NTC is not tightly associated
with any of the five spliceosomal snRNAs, and only
functions in spliceosome activation after U4 is dissociated.
Given that NTC is required for stable association of U5
and U6 with the spliceosome after U4 is dissociated, it is
possible that destabilization of U6 from the spliceosome in
NTC-deficient cells might result in U6 instability, subject-
ing it to a futile pathway.
The 39-terminal U-tract of U6, recognized by the Lsm

complex, is shown to interact with the intron sequence near

the 59-splice site in the activated spliceo-
some. This interaction requires prior
release of Lsm proteins in an NTC-
dependent manner (Chan et al. 2003).
Thus, the U6 snRNA destabilized from
the premature spliceosome due to the
lack of NTC may still associate with the
Lsm complex. The U6-associated Lsm
complex, which contains Lsm2–Lsm8,
shares six subunits with another Lsm
complex involved in mRNA degrada-
tion (Bouveret et al. 2000). These two
heptameric complexes differ only by
one subunit yet have distinct functions.
While the Lsm2–Lsm8 complex plays
a role in stabilizing U6 and facilitating
U4/U6 assembly, the Lsm1–Lsm7 com-
plex is involved in mRNA degradation.
Phylogenetic analysis reveals that among
Lsm proteins, Lsm1 and Lsm8 are both
related to SmB of the Sm protein
complex (Salgado-Garrido et al. 1999).
How these two closely related Lsm
complexes distinguish their substrates
and function differently is currently
unknown. Considering its functional
analogy to the Lsm1–Lsm7 complex, it
is tempting to think that the Lsm2–
Lsm8 protein complex might have an
additional function in disposing of U6
snRNA when the normal U4/U6 assem-

bly pathway is interfered with.
Interestingly, free U4 and U6, found in total RNA in D25

cells, were not found in the splicing extract prepared from
these cells. Since U4 does not normally exist in its free
form, this abnormally accumulated free U4 particle in D25
cells might be targeted to or associated with distinct struc-
tural units to escape extraction. In contrast, free U6 RNP is
normally present in the cell and in splicing extracts. The
fact that free U6 can be isolated in wild-type but not in D25
splicing extracts implies that the nature of free U6 in these
cells might be different. Comparison of U6 in total RNA
and splicing extracts reveals that the relative amount of
U6 to U4/U6 in the wild-type splicing extract is lower than
that in total RNA (Fig. 5, cf. lanes 1 and 3), indicating that
a fraction of free U6 was not isolated in the splicing extract
from wild-type cells. This suggests a possibility that the free
U6 seen in total RNA may represent two different forms,
among which only one was isolated in the splicing extract,
and D25 cells contained only the form resistant to extrac-
tion. Since U6 accumulated in the spliceosome after
splicing in D25 extracts but was revealed as free RNA upon
extraction of RNA from the splicing reaction mixture (Fig.
6A, lanes 7,8), we speculate that in vivo these extraction-
resistant U4 and U6 might be associated with the

FIGURE 8. Spliceosome recycling in U6-overproducing D25 extracts. (A) Wild-type (lane 1),
D25 (lane 2), and U6-overproducing D25 (lane 3) extracts were subjected to electrophoresis on
native polyacrylamide gels, and RNA was analyzed by Northern blotting. (U6$) Not
overproducing U6, (U6+) overproducing U6. (B) Spliceosome recycling assays were carried
out as in Figure 7 with onefold (0.4 nM), fivefold (2 nM), or 10-fold (4 nM) excessive amounts
of unlabeled wild-type over labeled pre-mRNA in wild-type (lanes 1–4), D25 (lanes 6–10), or
U6-overproducing D25 extracts (lanes 11–14) supplemented with affinity-purified NTC at a
concentration ofz5 nM. (WT) Wild type, (D25/U6$) D25 not overproducing U6, (D25/U6+)
U6-overproducing D25.
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spliceosome such that they cannot be isolated in the splic-
ing extract. This is consistent with previous observations
that yeast splicing extracts contain only negligible amounts
of endogenous spliceosome (Cheng and Abelson 1987).
It is interesting that D25 extracts were incapable of

spliceosome recycling and that overexpression of U6 anta-
gonized this block, indicating that a certain amount of
U6 was required for recycling. Although the mechanism
by which U6 was down-regulated in D25 cells is not
known, overexpression of U6 by transforming a multicopy
U6-containing plasmid was sufficient to overcome the
defect caused by down-regulation of U6 in D25 cells, in-
cluding partial rescue of the growth defect, regeneration
of free U6 snRNP, and recovery of spliceosome recycling
activity. This points to the possibility that the growth
defect of D25 cells was in part attributed to failure in
sustaining a sufficient amount of U6 snRNP, consequently
blocking spliceosome recycling. Prp24, previously demon-
strated to catalyze annealing of U4 and U6 to form U4/U6
di-snRNP for recycling of the spliceosome (Raghunathan
and Guthrie 1998b), is associated with U6 as a component
of U6 snRNP, but is not associated with the U4/U6.U5 tri-
snRNP particle (Shannon and Guthrie 1991; Raghunathan
and Guthrie 1998b). Immunoblot analysis in this study
revealed that the amount of Prp24 was also lower in D25
extracts (data not shown), indicating that the steady-state
level of Prp24 was also affected by the function of NTC.
Nevertheless, overexpression of PRP24 did not rescue the
growth defect of D25 cells, and overexpression of both

U6 and PRP24 rescued the growth de-
fect to the same level as overexpression
of U6 alone (data not shown). In this
context, Prp24 was probably not the
primary factor affecting spliceosome
recycling in D25 cells.
Although in vivo overproduction of

U6 could recover spliceosome recycling
activity in D25 extracts, addition of in
vitro synthesized U6 RNA to D25 ex-
tracts failed to restore recycling activity
(data not shown), despite the fact that
U6 RNA could assemble into U6 snRNP
and U4/U6 di-snRNP (Fig. 6B). Further
attempts with the purified U6 snRNP
particle, isolated by affinity chromatog-
raphy on an anti-HA antibody column
of Prp24-HA extracts, also failed to
recover spliceosome recycling activity
in D25 extracts. Since the thus purified
U6 snRNP fraction contained Prp24
both in association with U6 and as a free
protein, it is unlikely that failure in
complementing D25 extracts in spliceo-
some recycling was due to insufficient
amounts U6 snRNP or Prp24. This

suggests that additional factors, besides U6 snRNP and
Prp24, required for spliceosome recycling might be lacking
in D25 extracts.
Our results demonstrate that NTC-deficient mutants

exhibited a common phenotype of accumulating free U4
in the cell, likely as a result of down-regulation of U6 in
response to a block in spliceosome activation after disso-
ciation of U4. The cause of free U4 accumulation in sad1-1
and prp17-1 mutants is an interesting question. Although
SAD1 was identified in a screen designed to isolate
mutations affecting U4/U6 assembly, the sad1-1 mutant
has a pre-mRNA accumulation phenotype (Lygerou et al.
1999), and the mechanistic role of Sad1 in U4/U6 assembly
or in the pre-mRNA splicing reaction has not been de-
termined. While the human Sad1 homolog was shown to
be associated with the tri-snRNP (Makarova et al. 2001),
yeast Sad1 was found associated with the yeast penta-
snRNP particle like all known NTC components (Stevens
et al. 2002). It will be interesting to see whether Sad1 has
a similar function to NTC in spliceosome activation to
account for the U4 accumulation phenotype in the sad1-1
mutant. Prp17 is one of several protein splicing factors
involved in the second step of splicing catalysis (Jones et al.
1995). An allele of prp17 (slu4-1) was found to be
synthetically lethal with specific mutations in U5 snRNA
(Frank et al. 1992), although physical association of Prp17
with snRNA has not been demonstrated. Whether Prp17
plays a direct role in U4/U6 assembly is unclear. It is
unlikely that the free U4 accumulation phenotype of

FIGURE 9. Schematic representation of the spliceosome cycle in yeast showing ordered
interactions of snRNAs and NTC, and recycling of Prp24 and Lsm complex. Thick arrows
represent the discard pathway in the absence of NTC that might lead to discard of U6.

# indicates blockage of the pathway.
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prp17-1 is directly related to a block in the second catalytic
reaction since other mutants affecting the second step do
not exhibit the same phenotype (Lygerou et al. 1999),
although the possibility of allele specificity cannot be
excluded.
Taken together, our finding that deficiency in NTC

function resulted in down-regulation of U6 and consequent
accumulation of free U4 in these cells indicates that NTC
not only directly participates in spliceosome activation, but
also influences the biogenesis of U4/U6 snRNP in the in
vivo splicing reaction. Our in vitro analysis of D25 extracts
suggests that splicing might not efficiently recycle if NTC
does not function properly. This establishes a functional
link between NTC, spliceosome recycling, and U4/U6
biogenesis, and suggests that splicing factors involved in
a distinct step of the splicing reaction may show pleiotropic
phenotypes along the pathway.

MATERIALS AND METHODS

Yeast strains

BJ2168: Mata prc1 prb1 pep4 leu2 trp1 ura3
YSCC1: Mata prc1 prb1 pep4 leu2 trp1 ura3 PRP19HA
YSCC6: Mata leu2 his3 trp1 ade2 lys2 ura3 suc2

URA3::GAL1-PRP19
YSCC11: Mata prc1 prb1 pep4 trp1 ura3 PRP19HA

NTC25::LEU2
YSCC14: Mata prc1 prb1 pep4 trp1 PRP19HA NTC20::LEU2

NTC30::URA3
YSCC773: Mata prc1 prb1 pep4 leu2 trp1 ura3

URA3::GAL1-NTC77
YSCC903: Mata prc1 prb1 pep4 leu2 trp1 ura3

URA3::GAL1-NTC90
YSCC24: Mata prc1 prb1 pep4 leu2 trp1 ura3 PRP24HA

Plasmids

pRS424-U6

A 1.2-kb DNA fragment containing the yeast U6 gene, plus 539 bp
upstream and 517 bp downstream of the gene-coding sequence,
was retrieved from the yeast genome by PCR and inserted into the
BamHI site of plasmid vector pRS424.

pG1-PRP24

A 1.8-kb DNA fragment containing the ORF of the yeast PRP24
gene and 485 bp of the downstream region sequence was retrieved
from the yeast genome by PCR and inserted into the BamHI site
of plasmid vector pG-1.

Preparation of total RNA and splicing extracts

Yeast total RNA was isolated according to Lygerou et al. (1999).
Splicing extracts were prepared either by dounce homogenization
(Cheng et al. 1990) or by grinding with mortar and pestle (Ansari

and Schwer 1995). NTC-depleted extracts were prepared by
incubation of PRP19-HA extracts with anti-HA antibody as
described (Chan et al. 2003). For metabolic depletion of essential
NTC components, YSCC6, YSCC773, or YSCC903 cells were
grown in YP-galactose medium until mid-log phase. To half
of the culture was then added glucose to a final concentration of
2%, and both cultures were further incubated. Portions of cultures
were removed at different periods of time of incubation for
isolation of total RNA. For D25 and D30,20 strains, cells were
grown in YPD at 25°C to mid-log phase, then shifted to 37°C or
left at 25°C, and allowed to grow for 2 h prior to harvest for
isolation of RNA or preparation of splicing extract. For over-
expression of U6, strain BJ2168 carrying plasmid pRS424-U6 was
grown in YPD until mid-log phase and harvested for preparation
of splicing extracts.

Northern blotting

Total RNA from whole cells or from splicing extracts was
fractionated by electrophoresis on 5% denaturing or nondenatur-
ing polyacrylamide (29:1) gels and electroblotted onto GeneScreen
membranes for Northern blotting probed with CRY1, U4, U6, or
five snRNAs. For RNP analysis, splicing reactions were fraction-
ated on 4% nondenaturing polyacrylamide (80:1) gels according
to Raghunathan and Guthrie (1998b), followed by Northern
blotting probed with U4 or U6 snRNA.

Spliceosome recycling assays

Splicing reactions were carried out with various amounts of
unlabeled actin or ACAC pre-mRNA at 25°C for 30 min. Labeled
pre-mRNA was then added to the reaction mixtures to a final
concentration of 0.4 nM and further incubated for 30 min.
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