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The Saccharomyces cerevisiae splicing factors Ntrl (also known as Spp382) and Ntr2 form a stable complex
and can further associate with DExD/H-box RNA helicase Prp43 to form a functional complex, termed the NTR
complex, which catalyzes spliceosome disassembly. We show that Prp43 interacts with Ntr1-Ntr2 in a dynamic
manner. The Ntr1-Ntr2 complex can also bind to the spliceosome first, before recruiting Prp43 to catalyze
disassembly. Binding of Ntr1-Ntr2 or Prp43 does not require ATP, but disassembly of the spliceosome requires
hydrolysis of ATP. The NTR complex also dynamically interacts with U5 snRNP. Ntr2 interacts with U5
component Brr2 and is essential for both interactions of NTR with US and with the spliceosome. Ntr2 alone
can also bind to U5 and to the spliceosome, suggesting a role of Ntr2 in mediating the binding of NTR to the
spliceosome through its interaction with U5. Our results demonstrate that dynamic interactions of NTR with
U5, through the interaction of Ntr2 with Brr2, and interactions of Ntrl and Prp43 govern the recruitment of
Prp43 to the spliceosome to mediate spliceosome disassembly.

Splicing of nuclear pre-mRNA requires five small nuclear
RNAs (snRNAs) and numerous protein factors (for reviews,
see references 3 and 4). These factors bind to the pre-mRNA
in a sequential manner, in the order of Ul, U2, and then
U4/U6.U5 as a tri-snRNP particle, to assemble the spliceo-
some. Subsequent to the binding of tri-snRNP, the spliceo-
some undergoes a major structural rearrangement, including
the release of Ul and U4, and the addition of a large protein
complex, the Prpl19-associated complex (or NTC), and be-
comes catalytically competent. After the splicing reaction is
complete, the postcatalytic spliceosome first releases the ma-
ture mRNA and then undergoes disassembly to dissociate all
components for a new round of splicing. Extensive structural
rearrangement of the pre-mRNA, including the formation
and/or disruption of RNA base pairing, is associated with each
step of the assembly and disassembly process. Mechanical de-
vices that promote base pairing or facilitate unwinding assist in
mediating such RNA rearrangements (for a review, see refer-
ence 32), and it is proposed that the U5 component Snull4
serves as a signal-dependent switch to control the spliceosome
dynamics (31).

The DEXD/H-box RNA helicases belong to a large super-
family of proteins conserved from bacteria and viruses to hu-
mans (6, 35). They share a highly conserved helicase domain
that includes the motif DEXD/H and play roles in all biological
processes of RNA molecules, including transcription, editing,
splicing, ribosome biogenesis, RNA export, translation, and
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RNA turnover. All of these proteins have ATPase or NTPase
activities stimulated by RNA. Eight DEXD/H-box proteins are
involved in various steps of the splicing reaction (29, 32). Each
of them was thought to facilitate a structural transition at
distinct steps, coupling the energy from ATP hydrolysis to
remodeling of RNA-RNA or RNA-protein interactions.
Among these proteins, Prp5, Prp28, Sub2, and Brr2 are re-
quired for early steps of spliceosome assembly. Prp2 is re-
quired for the first catalytic reaction, and Prpl6 and Prp22
participate in the second catalytic reaction. Prp22 is also re-
quired for the release of mature message after the splicing
reaction is complete, whereas Prp43 mediates final disassembly
of the spliceosome (1, 22, 37). Prp16 and Prp22 have also been
shown to play roles in modulating splicing fidelity by coupling
ATP hydrolysis with a discard pathway (5, 23).

Although several of these DEXD/H-box RNA helicases
have demonstrated activities of unwinding RNA-RNA or
RNA-DNA duplexes (25, 33, 34, 39), they and many others do
not show substrate specificity for unwinding of RNA duplexes
in vitro. It is conceivable that they might require extrinsic
factors to promote target recognition of correct substrates to
execute their normal functions. Factors that interact with RNA
helicases and possibly play roles in regulating their functions
have been previously documented (29). The requirement of
Spp2 for the function of Prp2 in promoting the step one reac-
tion represents one such example (26, 30). Spp2 was initially
identified as a high-copy-number suppressor of prp2-1 temper-
ature sensitivity mutant (14) and has been shown to interact
with Prp2 by both two-hybrid and glutathione S-transferase
pull-down assays (26, 30). Spp2 is required for the interaction
of Prp2 with the spliceosome to execute its function in the step
one reaction (26). Another example is the requirement of Slu7
for recruiting Prp22, which is shown to interact with Slu7 by
two-hybrid assays (38), to the spliceosome after Prpl16-medi-
ated conformational rearrangement to promote the second
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catalytic reaction (12). Prp2, Prp16, Prp22, and their cofactors
do not remain stably associated with the spliceosome after
execution of their functions.

Prp43 is required for spliceosome disassembly after mature
mRNA is released (1, 22). We and others have recently shown
that two splicing factors, Ntrl and Ntr2, form a stable complex
and then associate with Prp43 via the interaction of Prp43 and
Ntrl to form the NTR complex (2, 37). Ntrl contains a G-
patch domain at its N-terminal region, which is responsible for
its interaction with Prp43. The NTR complex is functional in
catalyzing disassembly of the spliceosome (37). Since Prp43
cannot function in the absence of Ntrl or Ntr2, Ntr1-Ntr2
might act to target Prp43 to the spliceosome. In this report, we
show that Prp43 interacts with the Ntrl-Ntr2 complex in a
dynamic manner. Prp43 can associate with the spliceosome as
the NTR complex or can be recruited by the Ntr1-Ntr2 com-
plex, which can bind to the spliceosome independently of
Prp43. We further show that Ntr1-Ntr2 also dynamically inter-
acts with U5, which might serve to recruit the Ntr1-Ntr2 com-
plex or the NTR complex to the spliceosome for disassembly.
The interaction between NTR and US snRNP is mediated
primarily through the interaction of Ntr2 and Brr2.

MATERIALS AND METHODS

Yeast strains. Saccharomyces cerevisiae (yeast) strains used were BJ2168
(MATa prcl prbl pep4 leu2 trpl ura3), YSCC1 (MATa prcl prbl pep4 leu2 trpl
ura3 PRP19-HA), YSCC131 (MATa prcl prbl pep4 leu2 trpl ura3 NTRIHA),
YSCC133 (MATa prcl prbl pep4 leu2 trpl ura3 PRP43V5), YSCC134 (MATa prcl
prbl pep4 leu2 trpl SNUI114-3HA), YSCC141 (MATa prcl prbl pep4 leu2 trpl
ura3 NTRIHA PRP43V5), and YSCCI152 (MATa prcl prbl pep4 leu2 trpl
URA3::GAL-NTR2).

YSCC134 was constructed by the PCR epitope tagging method (27), using
primers SN1 and SN2. Plasmid DNA pMPY-3XHA was used as the template in
the PCR, and the PCR product was purified from agarose gel and used for
transformation into S. cerevisiae strain BJ2168 selecting for URA3. Transfor-
mants were checked for correct integration by PCR across the junctions of
integration using two pairs of primers, pair SN3 and UR1 and pair SN4 and UR2.
Transformants with correct integration were grown in yeast extract-peptone-
dextrose overnight and then selected on plates containing 5-fluoroorotic acid to
select for uracil auxotrophy. All other strains were as previously described (37).

Oligonucleotides. The oligonucleotide sequences were as follows: for SN1,
ATATAAGCGCTGAATTATACGCTCAATTAAGAGAAAATGGCTTAGT
ACCGAGGGAACAAAAGCTGGAGCT; for SN2, ATAAAAATATTGTGG
ACATATTGCTTAATTCTTATGCGCCAAGATTTTCACTATAGGGCGAA
TTGGGTACG; for SN3, GAAGGTTCCTGGTGATG; for SN4, GCGAAAGC
AACTCCTTC; for UR1, GGTACGAACATCCAATG; and for UR2, TCTCT
ACAGGATCTGAC.

Antibodies and reagents. Anti-V5 antibody was purchased from Invitrogen
Inc., and 12CAS5 was purchased from Berkeley Antibody Co. Antihemagglutinin
(anti-HA) monoclonal antibody 8G5F, anti-Ntr1, anti-Ntr2, and anti-Prp43 poly-
clonal antibodies were as described previously (37). Anti-Snul14 antibody was
produced by immunizing rabbits with the Escherichia coli-expressed glutathione
S-transferase fusion of Snul14 N-terminal fragment of amino acid residues 1 to
130. Protein A-Sepharose was from Amersham Inc., and streptavidin-Sepharose
was from Sigma Inc.

Preparation of Ntr2-depleted extracts. S. cerevisiae strain YSCC152 was grown
in uracil-dropout synthetic complete medium supplemented with 2% galactose
for overnight culture and then inoculated to yeast extract-peptone-dextrose and
grown for 18 h before harvesting. Splicing extracts were prepared according to
the method of Cheng et al. (9).

Splicing assays, disassembly assays, immunoprecipitation, immunodepletion,
and precipitation of the spliceosome with streptavidin-Sepharose. Splicing as-
says were carried out according to the method of Cheng and Abelson (8).
Immunoprecipitation was performed as described in the study of Tarn et al. (36)
with anti-Ntc20, anti-Ntr1, anti-Ntr2, and anti-V5 antibodies. Each 20 pl of the
splicing reaction mixture was precipitated with 1 pl of anti-Ntc20, 3 wl of
anti-Ntrl, 3 pl of anti-Ntr2, or 1 pl of anti-V5 antibody conjugated to 10 wl of
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protein A-Sepharose. RNA was extracted from pellet fractions and analyzed by
electrophoresis on 8% polyacrylamide-6 M urea gels. Depletion of Ntrl was
carried out by incubation of 100 wl of splicing extracts with 30 wl anti-Ntrl
antibody conjugated to 50 pl of protein A-Sepharose at 4°C for 1 h followed by
removal of beads. To assay for spliceosome disassembly, precipitates were incu-
bated at 25°C for 20 min with 30 wl of buffer DK (20 mM HEPES, pH 7.9, 60 mM
KPO,, pH 7.0, 0.2 mM EDTA, 50 mM NaCl, 20% glycerol) with glycerol
replaced with 3 mM MgCl,, 1 unit/ul of RNasin, 50 wg/ml tRNA, with/without
2 mM ATP, and with/without 10 pg of recombinant Prp43 or the D215A mutant
of Prp43. After the separation of pellets and supernatants, RNA was extracted
from both fractions and analyzed by electrophoresis on 8% polyacrylamide—6 M
urea gels. Precipitation of the spliceosome with streptavidin agarose was carried
out according to the method of Chan et al. (7).

Purification of NTR and Ntr1-Ntr2 complexes. Purification of the NTR com-
plex was according to the method of Tsai et al. (37). Approximately 300 mg of
40P (9) was mixed with KPO,, pH 7.0, to a final concentration of 60 mM and
applied to a protein A-Sepharose column conjugated with 0.1 ml of the anti-HA
antibody and preequilibrated with buffer DK. After recycling three times, the
column was washed with 2 ml of buffer DK containing 0.05% Nonidet P-40
(NP-40) and then 1 ml of buffer DK without NP-40, all at 4°C. The resin was
resuspended in 1 ml of buffer DK, equally divided into two Eppendorf tubes.
After the removal of supernatant, one tube was incubated with 1 ml of 2 mM
ATP in buffer DK at 25°C for 20 min, repeated once, to remove Prp43. Both
tubes were then incubated at room temperature for 5 min with 0.1 ml of 0.2 mM
HA-peptide diluted in buffer DK to elute bound materials. The elution step was
repeated five times, and individual fractions were collected.

Gradient sedimentation. Splicing reactions or released intron fractions were
subjected to sedimentation analysis on 10 to 30% glycerol gradients in a buffer
containing 20 mM HEPES, pH 7.9, 100 mM NaCl, and 0.2 mM EDTA. Gradi-
ents were centrifuged in an SW60 rotor at 50,000 rpm for 3 h at 4°C, and
collected in 0.25-ml fractions.

Yeast two-hybrid assays. The NTRI, NTR2, and BRR2 genes were fused to the
LexA-DNA binding domain in plasmid pEG202 and the GAL4 activation do-
main in plasmid pACT2, and each pair of plasmids were transformed into S.
cerevisiae strain EGY48 together with the B-galactosidase reporter plasmid
pSH18-34. Interactions were examined for expression of B-galactosidase on
X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) plates.

RESULTS

ATP-independent binding of NTR complex to the spliceo-
some. We have previously demonstrated that disassembly of
the postcatalytic spliceosome mediated by NTR complex re-
quires hydrolysis of ATP (37). It was conceivable that the
disassembly requires energy to disassociate U2, US, U6, and
NTC from lariat intron and from each other, but whether
binding of NTR complex to the spliceosome also requires ATP
remained unknown. An assay to examine whether ATP was
required for binding of NTR was set up as outlined in Fig. 1A.
Splicing in an NTR complex-depleted extract was carried out
by using a polyclonal antibody against Ntrl. Glucose was then
added to a final concentration of 2%, and the reaction mixture
was incubated for a further 10 min, followed by the addition of
the affinity-purified NTR complex, on which Ntrl was tagged
with HA and Prp43 was tagged with V5 (37). In the control
experiment, 2 mM of ATP was added instead of glucose. After
incubation for 10 min, reaction mixtures were precipitated with
antibodies against Ntc20, Ntr1, Ntr2, and V5. As shown in Fig.
1B, prior depletion of NTR complex resulted in the accumu-
lation of greater amounts of lariat intron (compare lanes 6 and
11 with lane 1). Nearly twice as much spliceosome accumu-
lated, and was precipitated by the anti-Ntc20 antibody, when
ATP was depleted prior to the addition of NTR complex (com-
pare lane 7 and lane 12). Precipitation with antibody against
Ntrl, Ntr2, or V5 revealed that greater amounts of lariat intron
were associated with NTR in extracts in which NTR was first
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FIG. 1. ATP-independent binding of NTR complex to the spliceosome. a-Ntrl, anti-Ntrl antibody. (A) Scheme of assaying binding of NTR
complex to the spliceosome. (B) Splicing reactions were carried out in wild-type (lanes 1 to 5) or Ntrl-depleted extracts (lanes 6 to 15) at 25°C
for 30 min, then ATP (lanes 6 to 10) or glucose (lanes 11 to 15) was added to a final concentration of 2 mM or 2%, respectively, and the mixtures
were further incubated for 10 min. Affinity-purified NTR complex was then added to the reaction mixtures and incubated for a further 10 minutes.
The reaction mixtures were then precipitated with anti-Ntc20, anti-Ntr1, anti-Ntr2, or anti-V5 antibody, and RNA was isolated and analyzed by
electrophoresis on 8% polyacrylamide-8 M urea gels. INTR, Ntrl-depleted extracts; RXN, reaction. (C) Precipitates described for panel B (lanes
2,7, 12, and 17) were incubated at 25°C for 5 min in the presence (lanes 5, 6, 10, 11, 15, 16, 20, and 21) or absence (lanes 3, 4, 8, 9, 13, 14, 18,
and 19) of ATP, and supernatant and pellet fractions were collected. RNA was isolated and analyzed by electrophoresis on 8% polyacrylamide—8
M urea gels. R, reaction; T, total precipitate; P, pellet; S, supernatant. (D) Supernatant fractions shown in lanes 11 and 21 in panel C were

sedimented on 10 to 30% glycerol gradients.

depleted then readded after splicing (lanes 8 to 10 and 13 to
15), particularly when ATP was exhausted after the splicing
reaction (lanes 13 to 15). These results suggest that binding of
NTR to the spliceosome is ATP independent and that ATP
facilitates its dissociation, preventing stable association of
NTR with lariat intron.

To confirm that ATP is required for spliceosome disassem-
bly after binding of the NTR complex, ATP was added to the
spliceosome precipitated with the antibodies described above
(Fig. 1B, lanes 12 to 15), and the mixture was reincubated at
25°C for 10 min to see whether lariat intron could dissociate.

As shown in Fig. 1C, only small amounts of lariat intron were
released from beads when incubated in the absence of ATP
(lanes 4, 9, 14, and 19). For lane 14, slightly more lariat intron
was released when it was coprecipitated with Ntr2, possibly due
to destabilization of Ntr2 from the spliceosome upon antibody
binding (see below). In the presence of ATP, while approxi-
mately 50% of lariat intron that coprecipitated with Ntc20 was
dissociated (Fig. 1C, lanes 5 and 6), the majority of the lariat
intron coprecipitated with Ntrl (lanes 11 and 12), Ntr2 (lanes
15 and 16), and Prp43 (lanes 20 and 21) was dissociated,
indicating that ATP is required for the dissociation of lariat
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intron from these proteins. Sedimentation analysis of dissoci-
ated fractions from the spliceosome coprecipitated with Ntrl
or Prp43 on 10 to 30% glycerol gradients revealed that lariat
intron was released as naked RNA (Fig. 1D) (37), suggesting
complete disassembly of the spliceosome. Together, these re-
sults indicate that NTR does not require ATP for its binding to
the spliceosome, and once bound, it could readily disassemble
the spliceosome upon hydrolysis of ATP.

Prp43 could be recruited to the spliceosome by the Ntrl-
Ntr2 complex. In splicing extracts, a fraction of Ntrl and Ntr2
is associated in a complex free of Prp43 (37). This raised the
question of whether Ntr1-Ntr2 could also bind to the spliceo-
some without Prp43. To answer this, Prp43 was depleted from
extracts prepared from Prp43-V5-containing cells by using
anti-V5 antibody. Splicing reactions were carried out in Prp43-
depleted extracts, followed by precipitation with antibodies
against Ntc20, Ntr1, Ntr2, and V5 (Fig. 2A). While lariat intron
was present only in small amounts in mock-depleted extracts
(lane 1), a large amount of lariat intron accumulated in Prp43-
depleted extracts (lane 6) and was coprecipitated with Ntrl
and Ntr2 (lanes 8 and 9) but not significantly with Prp43 (lane
10). This indicates that Ntrl and Ntr2 can bind to the spliceo-
some in the absence of Prp43.

We have previously demonstrated that in splicing extracts,
there is much more Prp43 present than Ntrl and Ntr2, and the
majority of Prp43 is not in complex with Ntr1-Ntr2 (37). Since
the Ntrl1-Ntr2 complex could bind to the spliceosome, it is
possible that following binding, Ntr1-Ntr2 might be able to
recruit the free form of Prp43 to catalyze disassembly. This was
examined by adding recombinant Prp43 to the spliceosome
precipitated by the anti-Ntrl antibody and seeing whether the
spliceosome would undergo disassembly. As shown in Fig. 2B,
upon addition of Prp43, lariat intron was released from beads
in an ATP-dependent manner (lanes 9 and 10), whereas the
ATPase mutant of Prp43 (D215A) was not functional in re-
leasing lariat intron (lanes 11 and 12), as can be more clearly
demonstrated with a bar graph. These results suggest that
Ntr1-Ntr2 bound to the spliceosome is capable of recruiting
Prp43 to catalyze spliceosome disassembly through hydrolysis
of ATP. Thus, Ntr1-Ntr2 could associate with Prp43 to form
NTR complex to bind to the spliceosome or bind to the spli-
ceosome first and then recruit Prp43, which is the catalytic
component for spliceosome disassembly.

Prp43 could be recruited to the spliceosome by the Ntrl-
Ntr2 complex. The fact that NTR could bind to the spliceo-
some in two modes, as the complete NTR or as Ntrl1-Ntr2
complex, followed by recruitment of Prp43, suggests that the
interaction between Ntrl1-Ntr2 and Prp43 might be dynamic.
As shown in Fig. 3A, when NTR complex was precipitated with
anti-HA antibody by using Ntr1-HA extracts and then reincu-
bated in buffer DK (see Materials and Methods) at 25°C for 20
min, Ntrl and Ntr2 remained stably associated, whereas about
40% of Prp43 was dissociated when incubated in the absence
of ATP (lanes 2 and 3), and approximately 65% was dissoci-
ated when incubated in the presence of 2 mM ATP (lanes 4
and 5), suggesting that the association of Prp43 with Ntr1 is not
as stable as that of Ntr2 with Ntrl. This provides a means for
the isolation of Ntr1-Ntr2 complex free of Prp43. The Ntr1-HA
extract was fractionated by chromatography on anti-HA anti-
body-conjugated protein A-Sepharose column in the same way
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FIG. 2. Ntrl and Ntr2 could bind to the spliceosome independently
of Prp43. (A) Splicing reactions were carried out in mock-depleted
(lane 1 to 5) or Prp43-depleted Prp43-V5 extracts (lanes 6 to 10) and
then precipitated with anti-Ntc20 (a-Ntc20), anti-Ntrl («-Ntrl), anti-
Ntr2 (a-Ntr2), or anti-V5 (a-V5) antibody. RNA was isolated and
analyzed by electrophoresis on 8% polyacrylaminde-8 M urea gels.
dPrp43, Prp43-depleted extracts; RXN, reaction. (B) Precipitates with
anti-Ntrl antibody shown in lane 8 of panel A were incubated with
(lanes 7, 8, 9, and 10) or without (lanes 3 to 6) Prp43 or with the
D215A mutant of Prp43 (lanes 11 and 12) in the presence (lanes 5, 6,
and 9 to 12) or absence (lanes 3, 4, 7, and 8) of ATP. Supernatant and
pellet fractions were collected, and RNA was isolated and analyzed by
electrophoresis on 8% polyacrylamide-8 M urea gels. Percentages of
supernatant and pellet fractions are also presented in a bar graph with
the sum of supernatant and pellet as 100%. R, reaction; T, total
precipitate; P, pellet; S, supernatant; D215A, D215A mutant Prp43
protein.
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FIG. 3. Dynamic interactions of Prp43 with Ntr1-Ntr2. (A) Extracts
prepared from Ntrl-HA- and Prp43-V5-tagged strains were precipi-
tated with anti-HA antibody (lane 1). The precipitates were then
incubated in buffer DK alone (lanes 2 and 3) or with 2 mM ATP (lanes
4 and 5) at 25°C for 20 min, and supernatant and pellet fractions were
collected for Western blotting, probing with antibodies against V5,
Ntrl, and Ntr2. T, total precipitate; P, pellet; S, supernatant. (B) Ex-
tracts prepared from Ntrl-HA-tagged strain were fractionated on an
anti-HA antibody-conjugated protein A-Sepharose column. After be-
ing washed, the beads were divided into two aliquots and transferred to
Eppendorf tubes. One tube was incubated with buffer DK containing
2 mM ATP at room temperature for 20 min, and this was repeated
once. Both tubes were then eluted with the HA-tagged peptide, and
elution was repeated four times. Individual fractions were then West-
ern blotted with antibodies against Ntrl, Ntr2, and Prp43. T, total
precipitate; FT, flowthrough. (C) Ntrl-depleted extracts (ANTR Ext),
prepared from Ntrl-HA- and Prp43-V5-tagged strains, were supple-
mented with affinity-purified Ntr1-Ntr2 complex and immunoprecipi-
tated with anti-Ntrl antibody («-Ntrl) following incubation in the
presence or absence of ATP. The precipitate was analyzed by Western
blotting, probing with anti-V5 antibody.

as for isolating NTR complex, except that after washing the
column, the resin was transferred to an Eppendorf tube and
incubated at 25°C for 20 min in 200 times the volume of buffer
DK containing 2 mM ATP and repeated twice before elution.
As shown in Fig. 3B, fractions eluted after preincubation con-
tained no Prp43 (lanes 3 to 7). The purified Ntrl-Ntr2 com-
plex, when added to NTR-depleted extracts, could reassociate
with Prp43, as demonstrated by precipitation of the mixture
with anti-Ntrl antibody, in the presence or absence of ATP as
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shown in Fig. 3C, further confirming dynamic interactions be-
tween Ntrl1-Ntr2 and Prp43.

Association of NTR complex with U5 snRNP. Prp43 was
previously demonstrated to associate with small amounts of U2
and U6 but was demonstrated to have a much greater associ-
ation with U5 (10, 15, 16). We examined whether Ntrl and
Ntr2 are also associated with US by immunoprecipitation of
Ntrl-HA or Ntr2-HA extracts with anti-HA antibody. As
shown in Fig. 4A, a small but significant amount of U5 snRNA
was coprecipitated (lanes 5 and 6), suggesting that the Ntrl-
Ntr2 complex is associated with US. Precipitation of Prp43-V5
extracts with anti-V5 antibody also coprecipitated a small
amount of U5 (lane 7). However, if the extract was previously
depleted of NTR with anti-Ntrl antibody, the anti-VS5 antibody
no longer coprecipitated U5 (Fig. 4A, lane 8) despite the fact
that the majority of Prp43 was still present in the extract (37).
This implies that the association of US with Prp43 is mediated
through the association of U5 with the Ntrl-Ntr2 complex.
Moreover, the association of US with Ntrl1-Ntr2 was indepen-
dent of Prp43, since U5 and its associated component Snul14
could be detected in the purified Ntr1-Ntr2 complex, as shown
in Fig. 4B. Depletion analysis further revealed that only small
amounts of U5 and Ntr1-Ntr2 are associated with each other,
as depletion of Ntrl did not significantly reduce the amount of
US or Snull4 (Fig. 4C, lane 4), and depletion of Snull4 did
not codeplete much Ntrl (lane 2).

Since U4 or U6 was not efficiently coprecipitated with NTR,
it can be presumed that NTR is associated with U5 but not with
the tri-snRNP. A possible explanation for NTR-US association
is that the NTR-US5 complex represents a disassembly inter-
mediate of the spliceosome. We then examined whether spli-
ceosome-bound U5 became associated with exogenously
added NTR after spliceosome disassembly. Splicing was car-
ried out in NTR-depleted extracts prepared from a strain in
which Snul14 was tagged with three copies of the HA epitope,
to accumulate large amounts of lariat intron, and the reaction
mixture was precipitated with anti-Ntc20 antibody (Fig. 4D,
lane 1). The NTR complex, affinity purified from untagged-
Snull4 extracts, was then added to trigger spliceosome disas-
sembly (Fig. 4D, lane 2). The association of U5 with NTR was
examined by immunoprecipitation of the disassembled spliceo-
some in the supernatant fraction with anti-Ntr1 antibody (Fig.
4D, lane 4). There was a nearly quantitative coprecipitation of
Snul14 with NTR (Fig. 4D, lane 6), strongly suggesting that
US is associated with NTR either during spliceosome disas-
sembly or after the spliceosome is disassembled, due to dy-
namic interaction between US and NTR.

Dynamic interaction between US and NTR was then exam-
ined by mixing extracts from which NTR was depleted and
extracts from which U5 was depleted, followed by immunopre-
cipitation with anti-Ntr1 antibody, to see whether NTR and U5
could reassociate. U5 was depleted from the extract with anti-
Snul14 antibody. Figure 4E shows that Snul14 was coprecipi-
tated with Ntrl in mock-depleted extracts (lane 1). There was
no significant precipitation of Snull4 by anti-Ntrl antibody
when Ntrl (Fig. 4E, lane 2) or Snull4 (Fig. 4E, lane 3) was
depleted. However, when the two extracts were mixed to-
gether, Snull4 was coprecipitated with Ntrl (Fig. 4E, lane 4),
suggesting that the NTR-US interaction is dynamic and is
independent of the splicing reaction.
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FIG. 4. Association of NTR complex with U5 snRNP. (A) Extracts prepared from Ntr1-HA-, Ntr2-HA-, or Prp43-V5-tagged strains were
precipitated with the anti-HA (a-HA) (lanes 5 and 6) or anti-V5 (a-V5) (lanes 7 and 8) antibody, and precipitates were analyzed by Northern
blotting. Prp43-V5 extracts from which Ntrl was depleted were also precipitated with the anti-V5 antibody (lane 8). Ntr1-HA extracts were
precipitated with the anti-Smd1 (lane 3) or anti-Ntc20 (lane 4) antibody as controls. PAS, protein A-Sepharose. (B) Western and Northern blotting
of affinity-purified NTR (lane 1) and Ntr1-Ntr2 complex (lane 2), probing with antibodies against Ntr1, V5, and Snu114 and with US, respectively.
(C) Western and Northern blotting of total extracts depleted with pre-Snul14 (lane 1), anti-Snu114 (lane 2), pre-Ntrl (lane 3), or anti-Ntr1 (lane
4) serum, probing for Ntrl, Snul14, and US5. Pre, preimmune serum; Ab, antibody. (D) Splicing was carried out in Ntrl-depleted Snul14-3XHA
extracts, and the reaction mixture was precipitated with the anti-Ntc20 antibody. The precipitate (lane 1) was then added to the affinity-purified
NTR complex (lane 2), which contained untagged Snull4, and the supernatant (lane 4) was further precipitated with the pre-Ntrl (lane 5) or
anti-Ntrl (lane 6) serum. (E) Snul14-3XHA mock-depleted extracts (M) (lane 1), Ntrl-depleted extracts (dNtrl) (lane 2), Snull4-depleted
extracts (dSnu114) (lane 3), and the mixture of Ntr1- and Snul14-depleted extracts (ANtr1+dSnul14) were immunoprecipitated with the anti-Ntr1l
antibody, followed by Western blotting, probing with anti-Ntrl and anti-HA antibodies.

Recruitment of NTR complex by U5 snRNP for spliceosome
disassembly. We speculated that dynamic interactions of NTR
and U5 might play a role in the recruitment of NTR to the
spliceosome and reasoned that in such a case, blocking the
interaction between NTR and U5 would block binding of NTR
to the spliceosome. Since Prp43 is not involved in binding of
NTR to the spliceosome, we examined the requirement of Ntrl
and Ntr2 for the binding of NTR to the spliceosome by inhi-
bition with antibodies against Ntrl and Ntr2. As shown in Fig.
5A, preincubation of splicing extracts with either antibody re-
sulted in the accumulation of lariat intron without affecting the
splicing reaction, suggesting that both antibodies were effective
in preventing NTR from functioning. To see whether the an-
tibody blocks binding of NTR to the spliceosome, splicing
reactions were carried out with biotinylated pre-mRNA so that
the spliceosome could be isolated by precipitation with strepta-
vidin agarose. As shown in Fig. 5B, anti-Ntr1 antibody did not
inhibit the binding of Ntrl or Ntr2 to the spliceosome (lane 4)
but instead slightly increased the amount of the spliceosome
accumulated (as judged by increasing amounts of Snul14 and
NTC components associated with the spliceosome). Since the
antibody was raised against an N-terminal fragment of the Ntr1
protein containing the G-patch domain required for interac-
tion with Prp43 (37), it is speculated that the antibody pre-
cluded the Prp43 association, although this remains unproven,
due to high background nonspecific binding of Prp43 to

streptavidin-Sepharose. In contrast, preincubation with anti-
Ntr2 antibody, raised against full-length protein, prevented
binding of Ntrl and Ntr2 to the spliceosome (Fig. 5B, lane 6),
suggesting that Ntr2 might be involved in the binding of NTR
to the spliceosome.

We then tested whether anti-Ntr2 antibody also inhibited
interactions between NTR and US. Extracts preincubated with
anti-Ntr2 antibody were precipitated with purified anti-Ntrl
antibody conjugated to Sepharose, and the precipitate was
analyzed for Snull4 and US. As shown in Fig. 5C, preincuba-
tion with anti-Ntr2 antibody did not affect the association of
Ntr2 or Prp43 with Ntrl but greatly reduced the amount of
Snul14 or US associated with Ntrl (lanes 2 and 5), indicating
that the anti-Ntr2 antibody interferes with the interaction be-
tween Ntr2 and U5 but not that between Ntr2 and Ntrl. This
shows a strong correlation between the association of NTR and
US snRNP and the binding of NTR to the spliceosome, sug-
gesting that U5 might play a role in recruiting NTR to the
spliceosome via an interaction with Ntr2.

The role of Ntr2 in mediating the binding of NTR to the
spliceosome was further confirmed by using an extract from
which Ntr2 was depleted. We have previously shown that met-
abolic depletion of Ntr2 resulted in accumulation of pre-
mRNA and lariat intron (37). Figure 6A shows that extracts
prepared from such a strain grown in glucose-containing me-
dium for 18 h also accumulated lariat intron (lanes 4 to 6) in
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FIG. 5. Antibody inhibition of splicing and the association of NTR with US. (A) A 5-pl aliquot of extract was preincubated with 1.4 g of
anti-Ntrl (lane 2) or 0.14 pg of anti-Ntr2 antibody («-Ntr2) (lane 3) and used for splicing in a 10-pl reaction mixture. (B) Methods were as
described for panel A, except splicing was carried out with five times the amounts of nonbiotinylated (lanes 1, 3, and 5) or biotinylated (lanes 2,
4, and 6) pre-mRNA, which was then precipitated with streptavidin-Sepharose followed by Western blotting. (C) Extracts were preincubated with
(lanes 2 and 5) or without (lanes 1 and 4) anti-Ntr2 antibody and then precipitated with anti-Ntr1 antibody followed by Western (lanes 1 and 2)
and Northern (lanes 3 to 5) blot analyses. M, mock-treated extracts; T, total RNA; IP, immunoprecipitation.

the in vitro splicing reaction, in comparison with splicing in
wild-type extracts (lanes 1 to 3). The addition of recombinant
Ntr2 abolished the intron accumulation phenotype (Fig. 6A,
lane 9), suggesting that the function of other NTR components
was not affected in Ntr2-depleted extracts. Western blotting
further revealed that depletion of Ntr2 did not greatly affect

the amounts of Ntrl, Prp43, and NTC components Prp19 and
Ntc85 in splicing extracts as shown in Fig. 6B. Using such an
extract, we examined whether Ntrl could bind to the spliceo-
some in the absence of Ntr2. Figure 6C shows that, while the
binding of Snul14 or NTC components to the spliceosome was
not affected, Ntrl was not seen in the streptavidin-Sepharose
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FIG. 6. The association of NTR with U5 and with the spliceosomes formed in in vivo Ntr2-depleted extracts. (A) Splicing in wild-type (lanes
1 to 3 and 7) and in vivo Ntr2-depleted extracts alone (lanes 4 to 6 and 8) or with recombinant Ntr2 added (lane 9). (B) Western blotting of total
extracts from wild-type (lane 1) and Ntr2-depleted (lane 2) strains. (C) Splicing in wild-type (lanes 1 and 3) or Ntr2-depleted (lanes 2 and 4) extracts
by using nonbiotinylated (lanes 1 and 2) or biotinylated (lanes 3 and 4) pre-mRNA. Reaction mixtures were precipitated with streptavidin-
Sepharose, followed by Western blot analysis of precipitates. (D) Wild-type (lane 1) or Ntr2-depleted (lane 2) extracts were immunoprecipitated
with anti-Ntrl antibody, and the precipitates were analyzed by Western blotting, probing for Ntrl, Ntr2, and Snul14, and by Northern blotting,
probing for U5. WT, wild type; dNtr2 or d, in vivo Ntr2-depleted extract.
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FIG. 7. Interaction of Ntr2 with U5 and with the spliceosome. (A) Two-hybrid interactions of Ntr2 and Brr2. Ntrl or Ntr2 was fused to the
LexA DNA binding domain (LexA-BD) and Brr2 was fused to GAL4 activation domain (GAL4-AD) for two-hybrid assays using B-galactosidase
as a reporter. (B) Immunoprecipitation (IP) of the spliceosome formed in Ntrl-depleted extracts without (lanes 2 to 6) or with the supplement
of 0.1 pg of recombinant Ntr2 protein (lanes 7 to 11) with no antibody (lanes 3 and 8) or anti-Ntc20 (lanes 4 and 9), anti-Ntr1 (lanes 5 and 10),
or anti-Ntr2 antibody (lanes 6 and 11). Lanes 1, 2, and 7 had 2 pl of splicing reaction mixtures; lanes 4 to 6 and 8 to 11 had immunoprecipitated
materials from 20 pl of splicing reaction mixtures. PAS, protein A-Sepharose. (C) The Ntrl-depleted extract was incubated with recombinant
Ntr2-HA prebound to the anti-HA antibody (a-HA) coupled to protein A-Sepharose (lane 4). Bound materials were analyzed by Northern
blotting, probing with U1, U2, U4, US, and U6. Lane 1, total RNA from 1 pl extract; lane 2, mock-depleted extract; lane 3, Ntr2 not added; lane

5, anti-HA antibody not included.

pulled-down spliceosome (lane 4), suggesting a requirement of
Ntr2 for binding of NTR to the spliceosome. Consistently, in
the Ntr2-depleted extract, the amounts of Snull4 and U5
associated with Ntrl (determined by immunoprecipitation with
the anti-Ntrl antibody) (Fig. 6D) were greatly reduced. Alto-
gether, these findings strongly suggest that Ntr2 is required for
the interaction of NTR with U5 for recruiting NTR to the
spliceosome.

Ntr2 was previously shown to interact with Ntr1 but not with
Prp43 in the NTR complex (37). No other known splicing
factors are reported to interact with Ntr2. Among the U5
protein components, both Prp8 and Brr2 have been shown to
interact with a wide range of splicing factors (18, 38), but their
interactions with Ntr2 have not been reported. To identify
protein components of U5 snRNP that interact with Ntr2, we
examined the interactions of Ntr2 with the U5 proteins Prp§,
Brr2, and Snul14. Two-hybrid assays shown in Fig. 7A reveal
an interaction of Ntr2 with Brr2. Ntr2 does not interact with
full-length Prp8 in such an assay (data not shown). The inter-
action with Snul14 could not be assessed, since both Snull4
and Ntr2 alone showed strong activation when fused to the
DNA binding domain (data not shown). Further attempts by
far-Western blotting of anti-Snull4 precipitated U5 snRNP,
probed with *°S-labeled Ntr2 revealed only a very weak inter-
action of Ntr2 with Snu114 (data not shown). We conclude that
the interaction of NTR with U5 is primarily mediated through
the interaction of Ntr2 with Brr2.

To see whether Ntr2 is able to bind to the spliceosome
independently of Ntrl, recombinant Ntr2 was added to extracts

from which NTR was depleted by anti-Ntr1 antibody and splic-
ing was performed. The association of Ntr2 with the spliceo-
some was examined by immunoprecipitation with anti-Ntr2
antibody. Depletion of NTR, with or without the addition of
Ntr2, resulted in the accumulation of lariat intron (Fig. 7B,
lanes 2 and 7), suggesting the absence of functional NTR.
Failure to precipitate the spliceosome with anti-Ntrl antibody
further confirmed the absence of Ntr1 in the spliceosome (Fig.
7B, lanes 5 and 10). While anti-Ntc20 antibody precipitated
pre-mRNA, spliced intermediates, and lariat intron regardless
of the addition of Ntr2 (Fig. 7B, lanes 4 and 9), anti-Ntr2
antibody preferentially precipitated lariat intron only when
Ntr2 was added (lanes 6 and 11), indicating that Ntr2 can bind
to the spliceosome in the absence of Ntrl. To see whether
binding of free Ntr2 to the spliceosome is mediated through
US, NTR-depleted extract was immunoprecipitated with
anti-HA antibody after the addition of recombinant HA-
tagged Ntr2, and the precipitate was analyzed by Northern
blotting, probing with snRNAs. Figure 7C shows that recom-
binant Ntr2 coprecipitated U5 in the absence of Ntr1, suggest-
ing that Ntr2 alone is sufficient to interact with U5. Taken
together, these results demonstrate that Ntr2 is the key player
mediating the interaction of NTR and U5 for the recruitment
of NTR to the spliceosome.

DISCUSSION

We have previously shown that Ntrl and Ntr2 form a stable
complex, which further interacts with Prp43 to form the NTR
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FIG. 8. A diagram illustrating the interactions of Ntrl-Ntr2 with Prp43 and with U5 to mediate spliceosome disassembly. Double arrows

indicate equilibrium between association and dissociation forms.

complex through the interaction of Ntrl and Prp43. The NTR
complex is functional in mediating the disassembly of the lariat
intron-containing spliceosome (37). We demonstrate here that
the interaction between Prp43 and the Ntrl-Ntr2 complex is
dynamic, and Prp43 could readily dissociate from Ntr1-Ntr2
upon dilution of the complex. This provides an explanation for
the presence of a fraction of Ntr1-Ntr2 complex in the splicing
extract, considering Prp43 is in great excess.

In the absence of Prp43, the Ntrl1-Ntr2 complex could also
bind to the spliceosome and recruit Prp43 to the spliceosome
upon its addition. Neither the binding of Ntr1-Ntr2 nor the
binding of Prp43 to the spliceosome requires ATP. ATP is
required only for the disassembly reaction. Specifically, hydro-
lysis of ATP by Prp43 is required, because the D215A ATPase
mutant of Prp43 is not functional in catalyzing disassembly of
the Ntrl-associated spliceosome. Similar scenarios have been
shown for Prp2 and Prp16, for which ATP is required only for
their function in mediating conformational rearrangements of
the spliceosome but not for their binding to the spliceosome
(13, 28). Prp2 has been shown to interact with the G-patch
domain-containing protein Spp2 to promote the step one re-
action (26, 30). Spp2 is required for the function of Prp2 and
presumably plays a role in the recruitment of Prp2 to the
spliceosome similar to the function of Ntr1-Ntr2 in recruiting
Prp43.

In addition to dynamic interactions with Prp43, we have
shown here that the Ntr1-Ntr2 complex also interacts with U5
snRNP in a dynamic manner. A small fraction of U5 copre-
cipitated with Ntrl, Ntr2, and Prp43 from splicing extracts.
Mixing of US-depleted extracts and NTR-depleted extracts
resulted in reassociation of U5 and NTR. Coprecipitation of
US with Prp43 has previously been demonstrated (10, 16). We
show that Prp43 does not directly interact with US and is
associated with U5 through its association with Ntrl1-Ntr2. It
has also been reported recently that both Ntrl and Ntr2 co-
precipitated small amounts of U2, U5, and U6 by using TAP-
tagged Ntrl and Ntr2 extracts (2). Nevertheless, the fraction of
US coprecipitated from the extract was greater than that of U2
or U6. Coprecipitation of amounts of U2 and U6 in the re-

ported experiment larger than those in ours might be due to
higher levels of the endogenous spliceosome in their extracts.

Proteomic analyses have revealed that protein complexes
are widely present in the cell. However, the stoichiometry of
the components in individual complex could not be assessed. A
recent analysis of Yju2 protein has revealed its function in
promoting the first catalytic step of splicing, despite its associ-
ation with NTC, which is involved in spliceosome activation
(19). Yju2 also interacts with NTC in a dynamic manner and
may be recruited to the spliceosome by NTC through such
dynamic interactions. In view of this, dynamic interactions
might represent a significant portion of interactions in the
proteomic database. Furthermore, dynamic interactions be-
tween protein components might be a general property for the
recruitment of components to macromolecular complexes in
various cellular pathways.

Several lines of evidence suggest that the association of
Ntr1-Ntr2 with U5 is mediated through the interaction of Ntr2
with U5 snRNP. First, polyclonal antibodies against Ntr2
blocked the association of US with NTR complex as well as
binding of NTR to the spliceosome. Second, genetic depletion
of Ntr2 uncoupled the association of Ntrl with U5 and with the
spliceosome. Third, Ntr2 could bind to the spliceosome and
also associate with U5 independently of Ntrl. Finally, Ntr2
interacts with U5 component Brr2 in two-hybrid assays. Thus,
Ntr2 is essential and sufficient for the interaction of NTR with
US and binding of NTR to the spliceosome, and such interac-
tions are likely mediated through its interaction with Brr2. A
diagram illustrating how dynamic interactions of Ntrl1-Ntr2
with Prp43 and with U5 might mediate spliceosome disassem-
bly is shown in Fig. 8.

Association of NTR with U5 but not with U4/U6.US tri-
snRNP indicates that the interaction of U4/U6 prevents U5
from interacting with NTR. Protein-protein interactions within
the human tri-snRNP have been analyzed in detail and dem-
onstrate a key role of human Snu66 (hSnu66) and hPrp6 in
bridging U4/U6 and U5 in the formation of tri-snRNP (17, 18).
hPrp6 interacts with tri-snRNP-specific hSnu66 and U4/U6-
specific hPrp3 and hPrp31 besides interacting with other U5
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proteins and is required for tri-snRNP stability. Although
hSnu66 also interacts with both U4/U6 and US proteins, it is
not required for tri-snRNP stability (21). In view of this inter-
action network, Prp6 might play a role in modulating the struc-
ture of US snRNP for interactions with U4/U6 and with NTR.

NTRI was also identified as SPP382 in a genetic screen for
suppressors of prp38-1 mutation (24), which causes a temper-
ature-sensitive growth defect and, in vitro, results in slow re-
lease of U1 and U4 during spliceosome activation (40). Mutant
alleles of SPP382 show suppression of both prp38-1 and prp8-1,
suggesting a link between NTRI and US. A mutant of AAR2
that encodes a U5 protein also acts as a prp38-1 suppressor,
further supporting the U5-NTR linkage. Aar2 is specifically
associated with U5 but not with the U4/U6.US tri-snRNP and
has been shown to function as a recycling factor, possibly
required for regeneration of the tri-snRNP during spliceosome
cycling (11). Interestingly, several mutations in PRP43 affecting
the ATPase activity also suppress the prp38-1 growth defect
(24). These results suggest that reducing the rate of spliceo-
some cycling might partially compensate for impaired spliceo-
some assembly. The DEAH-box ATPases Prpl6 and Prp22
have been demonstrated to play roles in modulating splicing
fidelity by coupling ATP hydrolysis with a discard pathway (5,
23), but whether they are directly involved in disposing of the
defective spliceosome is not known. Since NTR is recruited to
the spliceosome by US, it is conceivable that NTR can also
bind to the spliceosome at earlier steps if spliceosome assembly
is retarded. It will be of interest to see whether Prp43 can
function to scavenge the impaired spliceosome in the discard
pathway.

Proteomic analysis of mammalian splicing complexes has
revealed the presence of a 35S, US-containing particle in nu-
clear extracts. The complex also contains components of the
Prp19-associated complex and other uncharacterized factors,
many of which are present in the mature 45S spliceosome. It
has been proposed that the 35S complex represents a disas-
sembly intermediate of the spliceosome (20). Unlike in mam-
malian extracts, the U5-NTC complex has not been detected in
yeast. Immunoprecipitation of NTC coprecipitated minute
amounts of U2, US, and U6 (Fig. 4A, lane 4), presumably
representing the endogenous spliceosome, but has never co-
precipitated a significantly greater amount of US. In contrast,
US was found to associate with NTR almost quantitatively in
spliceosome disassembly assays (Fig. SA). Although this sug-
gests that U5 might be dissociated from the spliceosome in
association with NTR, we cannot exclude the possibility that
the association occurred after the disassembly due to dynamic
interactions of U5 and NTR. Nevertheless, mammalian and
yeast spliceosomes might undergo disassembly via distinct
mechanisms.
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