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Abstract

Earlier studies on genetic suppression of prp24-1 by prp21-2 suggested an association between yeast Prp21 and Prp24
proteins, which are associated, respectively, with U2 snRNA and U6 snRNA. Here we report analyses of physical and
functional interaction between these factors. Missense mutations in functionally important domains reside in prp217-2 and
prp24-1. Two-hybrid assays do not detect interaction between wild-type or mutant proteins. Prp21-2 and Prp24-1 protein
in prp21-2 or prp24-1 extracts can be heat-inactivated in vitro. In contrast, heat-treated extracts from the revertant strain
prp21-2prp24-1 demonstrate allele-specific restoration of splicing. Suppression of prp24-1 by prp21-2 does not cause
coimmunoprecipitation of U2 and U6 snRNAs. We demonstrate the presence of Prp2l in the spliceosome assembly
intermediate A2-1, and our data suggest the presence of Prp24 in the same complex. Kinetic analysis of assembly in heat-
treated revertant extracts reveal a rate-limiting conversion of complex B to A2-1, suggesting transient association between
the mutant proteins at this step. Our data also imply a requirement for Prp21 during B to A2-1 conversion. We conclude that
a transient yet likely functional association between Prp21 and Prp24 occurs during spliceosome assembly.

[Vaidya V. C. And Vijayraghavan U. 1998 Prp21, a U2-snRNP-associated protein, and Prp24, a U6-snRNP-associated protein, functionally
interact during spliceosome assembly in yeast. J. Genet, 77, 85-94]

Introduction

Intron excision from nuclear pre-mRNA by two trans-
esterification reactions requires assembly of a ribonucleo-
protein complex, the spliceosome, from five small nuclear
ribonucleoprotein particles (snRNPs), namely Ul, U2, U5
and U4/U6, and several protein factors. The catalytic core
of the spliceosome is thought to be comprised of RNA
components, with proteins functioning to facilitate its
formation (Guthrie 1991; Moore et al. 1993). A large
number of the proteins (snRNP and non-snRNP) required
for pre-mRNA splicing have been identified by genetic
screens in yeast. Biochemical and molecular analyses have
identified specific roles for some of these proteins
(Vijayraghavan and Abelson 1989; Vijayraghavan et al.
1989; Ruby and Abelson 1991; Beggs 1993).
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Assembly and activation of the spliceosome requires
conformational changes in several RNA-RNA and RNA-
protein complexes (Madhani and Guthrie 1994; Kim and
Lin 1996; Xu et al. 1996), and one well-documented
rearrangement involves U6 snRNA. U6 snRNA enters the
spliceosome as U4/U6/US5 tri-snRNP complex wherein it is
extensively base-paired with U4 snRNA (Cheng and
Abelson 1987; Brow and Guthrie 1988). Assembly of the
U4,/U6 snRNP particle occurs prior to tri-snRNP formation
and requires protein factors (Shannon and Guthrie 1991,
Raghunathan and Guthrie 1998). Coalescence of U4/U6/U5
tri-snRNP with the prespliceosome complex B, which con-
tains Ul and U2, results in the A2-1 complex containing all
five U snRNPs. However, disassembly of U4/U6 snRNP
and release of U4 snRNA from the A2-1 complex are
essential prior to the first step of the splicing reaction
(Cheng and Abelson 1987; Yean and Lin 1991). Coincident
with the dissociation of U4 /U6 hybrid, a mutually exclusive
U2-U6 snRNA interaction occurs that is essential for
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catalytic activation. In addition, U6 suRNA replaces the Ul
snRNA in base-pairing interaction with the 5 splice site of
the substrate (Madhani and Guthrie 1994). The structural
rearrangements displayed by U6 snRNA thus have a central
role, and the role of protein factors in mediating these
conformational changes is therefore of interest.

Prp24 is a factor involved in these rearrangements. The
earliest clue to its role as an essential factor was obtained from
the finding that the temperature-sensitive (ts) prp24-1 mutant
has defects before the first chemical step of splicing
(Vijayraghavan er al. 1989). Subsequent studies of mutants
in PRP24 revealed a role in the annealing of U4 and U6
snRNAs {Shannon and Guthrie 1991; Jandrositz and Guthrie
1955). These functions are consistent with Prp24 having three
RNA recognition motifs (RRMs) found in other snRNP
proteins (Scherly et al. 1990; Bimey et al. 1993; Tang et al.
1996). Immunoprecipitation and in vitro studies confirm that
Prp24 binds U6 snRNA and promotes annealing of U4 and
U6 snRNAs or snRNPs (Shannon and Guthrie 1991; Ghetti
et al. 1995; Raghunathan and Guthrie 1998). Suggestions that
Prp24 is a part of the spliceosome, where it possibly faci-
litates dissolution of U4/U6 hybrid, come from the finding
that Prp24 binds preferentially to partially unwound stem II of
this hybrid RNA (Ghetti et al. 1995). Thus a dual role is
predicted for Prp24: one for the formation of the U4/U6
particle before U4 /U5 /U6 joins the spliceosome and the other
at or during the exit of U4 snRNA from the spliceosome.

To identify factors that interact with Prp24, we had pre-
viously used a genetic screen for second-site suppressors of
ts prp24-1. A mutually allele-specific interaction between
prp24-1 and prp2]-2 was defined (Vaidya er al. 1996).
Suppression did not occur by a bypass pathway, and suppres-
sion by prp2/-2 was dominant, implying a gain of function.
These genetic properties are consistent with a physical inter-
action between the proteins resulting in functional com-
pensation, or with a functional interaction without direct
contact. Prp21 is a U2-snRNP-associated factor which,
together with Prp9, Prpll and Prp5, recruits U2 to form the
complex B (Arenas and Abelson 1993; Legrain ef al. 1993;
Ruby et al. 1993; Wiest et al. 1996), Thus Prp21 functions
are required prior to addition of U4/U5/U6 tri-snRNP
during spliceosome assembly. In the study reported here, we
employed in vivo and in vitro approaches to investigate
physical and functional association between Prp21 and
Prp24, Our data suggest an interaction during conversion of
complex B to A2-1, and thus the presence of both proteins
in splicing complexes.

Materials and methods

Plasmid constructs and yeast strains: The PRP2] open read-
ing frame (ORF) was amplified from PRPZIpBS (Arenas
and Abelson 1993), with oligo21.1 positioned at the start of
the ORF and the M13 reverse primer, to introduce EcoRI
and Xhol sites respectively. The product was cloned at

compatible sites of the Gal4 DNA binding domain (DB)
vector pGBT9 (Fields and Song 1989; Chien ef al. 1991) to
generate GaldDB-PRP2I, which was sequenced. The
PRP24 ORF in PRP24pBS (contains a 3.8-kb Xbal genomic
fragment; provided by J. Abelson, Caltech, USA) was
amplified with oligos 24.1 and 24.2 to introduce a BamHI
site 5’ to the start codon and a Sall site at the predicted 3’
transcription termination site. The 1.3-kb PCR product was
cloned in the Gal4 activation domain (AD) vector
pGAD424 (Fields and Song 1989; Chien ef al. 1991) to
generate GaldAD-PRP24. The entire ORF was sequenced
and also subcloned into pGBTY at the BamHI and Sall sites
to generate Gal4dDB-PRP24.

The yeast strains used, prp21-2, prp24-1, prp21-2 prp24-
1, prp21-1 prp24-1, prp21-1 and SS330, have been descri-
bed previously (Vaidya er al. 1996). The yeast strain Hf7c
(MATa ura3-52 leu2-1 trpl ade2-101 his3A200 pGALI
HIS3, pGALL LacZ) was used in two-hybrid assays.

Mutations in prp24-1 and prp21-2; their cloning into two-hybrid
vectors: The 1.3-kb prp24-1 ORF was amplified with oligo
24.1 and oligo 24.2 and genomic DNA from prp24-1 and
was cloned in pBS to give prp24-IpBS. The complete
sequence in each of two independent recombinants was
determined. The genomic prp2l-2 locus was cloned by
plasmid rescue (Seshadri and Vijayraghavan 1995) and used
in sequence analysis. Subsequently, the plasmid prp2I-
2pRS305 was the template for PCR with oligos 21.1 and
T3; the resulting amplified prp21-2 ORF (900bp) was
digested with EcoRI and Xhol and cloned into pGBT9.
prp21-2 was also similarly cloned in pGAD424. The prp24-
1 ORF from prp24-1pBS was subcloned as a BamHI and
Sall fragment into pGBTY9 and pGAD424. The recombi-
nants were sequenced to obviate cloning artifacts.
The sequences of the oligonucleotides used:

Oligo 24.1 5" CTTCATAATGGATCCTAATGGAG
Oligo 24.2 5 GTTAGTCGACTCACCTAGAAAGAT
Oligo 21.1 5" AGTTGAATTCATGGAACC

Oligo T3 5 AATTAACCCTCACTAAAGGG.

Two-hybrid assay: Yeast transformants were selected on mini-
mal media lacking leucine and tryptophan for the two
plasmids, one in pGBTY and the other in pGAD424 vector
backgrounds. Single colonies bearing the following combina-
tions of plasmids were tested for interactions: PRP2 IpGBT9
and PRP24pGAD424, PRP24pGBTS and PRP2IpGADA424,
prp24-1pGBT9 and prp21-2pGAD424, prp24-1pGBT9 and
PRP2IpGAD424, prp21-2pGBT9 and PRP24pGAD424,
PRP24pGBTY and prp2l1-2pGAD424. Blue coloration on
galactose minimal media lacking leucine and tryptophan but
containing X-gal (1.6 mg per plate) was taken to imply inter-
action; as was growth on galactose minimal media lacking
leucine, tryptophan and histidine.

In vitro splicing assays: Preparation of splicing extracts and
standard splicing reactions were done as previously reported
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(Lin et al. 1985). Heat inactivation of the mutant proteins
was done by incubation of the extracts at 39°C for 7 min
prior to use in assays. Spliceosomal complexes were
analysed by electrophoresis through native 3% polyacryla-
mide gels (20:1 acrylamide:bisacrylamide) in 1x TAE
(40 mM Tris-acetate, 1mM EDTA, pH 7.2, at 20°C). For
synthesis of very-high-specific-activity pre-mRNA, run-off
transcription reactions contained no unlabelled UTP and
instead had 100 to 150uCi [a-*PJUTP (3000 Ci/mM).
Unlabelled actin pre-mRNA was synthesized from 5 pg
template with 3 mM of each INTP. All in vitro synthesized
substrates were purified from the gel.

snRNA immunoprecipitation and immunodepletion of splicing
complexes: Antibody binding to Protein-A-Sepharose 6MB
beads was done as described previously (Arenas and
Abelson 1993). To immunoprecipitate U snRNAs from
extracts, 10 ul of the specified extract was mixed with 10 pl
of the specified immobilized antiserum. The bead-bound
snRNAs were extracted, and analysed on Northern blots by
probing simultaneously for all spliceosomal U snRNAs
{Arenas and Abelson 1993). For immunoprecipitation of
snRNAs from splicing reactions, unlabelled actin pre-
mRNA (25fmol) and 12.5 pl of the specified extract were
used in 25-pl reactions. After 10min at 23°C, an aliquot of
each reaction was added to 10 pl of a specific immobilized
antiserum and then processed. Immunodepletion of splicing
complexes and analysis of the substrate RNA species in the
bound complexes were done as described previously
(Arenas and Abelson 1993; Wiest et al. 1996), except that
the reactions contained 60pM ATP. The anti-Prp2l
antiserum used was that described previously (Arenas and
Abelson 1993), and the anti-Prp24 antiserum was kindly
provided by J. Abelson, Caltech, USA.

Inactivation of Prp21-2 in B and A2-1 complexes: prp2l-2
extracts were used in reactions with 3mM ATP or 60 uM
ATP. A 16- extract was used in a 40-l reaction with
60 uM ATP, incubated at 23°C for 30 min. A 10-ul aliquot
of the reaction mix was stopped on ice with the addition of
0.2 W of heparin (20 mg/ml). The remainder of the reaction
was used as follows. Aliquot 1, 10pl, was supplemented
with ATP to 3mM and incubated at 23°C for 30 min; the
reaction was then stopped on ice. Aliquot 2, of 20 ], was
heated at 39°C for 7 min to inactivate Prp21-2, and 10 pl of
this sample was transferred to ice immediately; to the

remaining 10 pl of heat-treated complexes, ATP was added
to 3 mM, and the reaction continued for 30 min at 23°C and
then stopped on ice. From each of these reactions, 5-ul
samples were analysed for complexes; the substrate and
product RNAs in the remaining 5yl were also analysed.

To assess complete inactivation of Prp21-2 protein in A2-
1 complex, the following assays were done. A 40-ul
reaction with unlabelled actin pre-mRNA (50 fmol) and
20 pl of prp2]-2 extract was incubated in buffer containing
60 puM ATP. After 30 min at 23°C, one aliquot of 9 ul was
supplemented with ATP to 3mM and 1yl of a second
substrate (radiolabelled high-specific-activity pre-mRNA,
120,000 cpm/pl) and then incubated for 30 min at 23°C. A
second aliquot of 18 pl was heat-treated at 39°C for 7 min,
supplemented with ATP and 1ul of the second, radiola-
belled substrate; a 10-ul aliguot of this sample was
immediately put on ice and the remaining 10 pul incubated
at 23°C for 30min. The radiolabelled complexes and
substrate and product RNA in these experiments were
analysed.

Results

Mutations in prp24-1 and prp21-2 are in functionally important
domains

To facilitate assessment of interaction between prp21-2 and
prp24-1, we cloned and characterized these chromosomal
mutant alleles. Sequence analysis of prp21-2, after rescue
on a plasmid, defined a G to A mutation that changes
cysteine 164 to tyrosine (table 1). Sequence characterization
of prp24-1 showed that the ts phenotype possibly results
from two mutations, both A to G transitions, which change
lysine 46 to arginine and lysine 191 to glutamic acid
(table 1). Thus mutations in prp24-1 map to the RRM
domains, which are functionally important for U6 snRNA
stability (Vaidya et al. 1996) and consequently for splicing.

We employed the two-hybrid assay (Fields and Song
1989; Chien et al. 1991) to examine in vivo association
between Prp2l and Prp24 (wild-type or mutant proteins).
The wild-type PRP2] and PRP24 open reading frames
(ORF) were expressed as fusions with Gal4 DNA binding
domain (Gal4DB) or Gal4 transcription activation domain
(Gal4AD). We determined by in vivo complementation that
the Gal4DB-Prp21 fusion protein was functional, but
found, however, that PRP24 fusions to Gal4DB or Gal4AD

Table 1. Mutations in alleles of prp24 and prp21.

Allele Position Amino acid change Sequence feature Reference
ts prp24-1 46 KtoR RRM1; RNP2 This study
191 KtoE RRM2
prp24-2 250 CtoR RRM3; RNP1 Shannon and Guthrie (1991)
prp24-3 248 NtoS RRM3; RNP1 Shannon and Guthrie (1991)
ts prp24-4 212 LtoP RRM3; RNP2 Shannon and Guthrie (1991)
ts prp21-2 164 CtoY This study
spp91-1 168 Tto A Chapon and Tegrain (1992)
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did not result in complementation of prp24-1 (data not
shown). Translational fusions between prp21-2 and Gal4DB
or Gal4AD, and a fusion of prp24-1 to Gal4AD were gene-
rated (see Materials and methods). For the frans-activation
assay, pairwise combinations of Gal4DB and Gal4AD
fusion constructs were expressed in the yeast strain Hf7c,
where interactions between any two fusion proteins result in
histidine prototrophy and expression of S-galactosidase. We
found that the various combinations of the wild-type
proteins, or combinations of a mutant protein with a wild-
type protein, or combination of the two mutant proteins
Prp21-2 and Prp24-1 did not interact within the limits of
this assay (data not shown). The absence of an apparent
interaction between Prp21 and Prp24 proteins implies lack
of a stable association. We then tested the possibility of
spliceosome-dependent transient association.

In vitro splicing assays demonsirate biochemical suppression
between prp24-1 and prp21-2 alleles

To probe the biochemical basis of interaction, we tested
whether suppression occurs in vitro. Splicing extracts from
several strains—prp21-1, revertant prp21-2 prp24-1, prp21-
1 prp24-1, prp21-2, and wild type—were analysed for in
vitro splicing. Heat treatment of extracts from wild-type
cells did not affect the efficiency of splicing (figure 1, lane
2). Complete irreversible inactivation of the mutant Prp2l
protein occurred when extracts from prp2l-2 or prp2l-1
were heat-treated (figure 1, lanes 8 and 10). The irn vitro
splicing-defective phenotype of prp2I-2 is consistent with
the in vivo accumulation of pre-mRNA at the nonpermissive
temperature (Vaidya et al. 1996). We tested specifically
whether the conditions that inactivate Prp21-2 could inacti-
vate Prp24-1. Extracts from prp24-1 cells spliced effici-
ently at 23°C but lost activity completely on heat treatment
(figure 1, lanes 5 and 6). Under conditions of heat treatment
that inactivated both Prp21-2 and Prp24-1, extracts from the
revertant strain (double mutant) spliced efficiently (figure 1,
lane 4). Therefore a complete suppression of the individual
splicing phenotypes of prp21-2 and prp24-1 occurs in vitro.
This property is allele-specific since extracts from the strain
prp2il-1 prp24-1 are not heat-resistant (figure 1, lane 12
versus lane 4). Having demonstrated in vitro suppression
between prp24-1 and prp21-2, we investigated its biochem-
ical basis and the requirement of Prp21 during spliceosome
assembly.

In strain prp21-2 prp24-1, immunoprecipitation of U2 by anti-
Prp21 antiserum and of U6 by anti-Prp24 antiserum is restored

Prp21, and its mammalian homologue SF3a 120 or SAP114,
have been detected in the prespliceosome complex B and in
more mature complexes (Gozani et al. 1994; Wiest et al.
1996). Although presence of Prp24 in splicing complexes is
inferred, no conclusive evidence exists. Immunoprecipita-
tions of U snRNAs from cell-free extracts or splicing com-
plexes by anti-Prp24 or anti-Prp21 serum were done to
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Figure 1. In vitro inactivation and suppression of Prp24-1. The
indicated splicing extracts were assayed under standard conditions
(lanes 1, 3, 5, 7, 9, 11). For inactivation of mutant proteins, the
extracts were heat-treated at 39°C for 7 min (A) prior to the assay
(lanes 2, 4, 6, 8, 10, 12). The RNA species were analysed by
denaturing PAGE. p, Pre-mRNA; E2+L, lariat intermediate; El,
exonl; m, mRNA; L, lariat intron.

examine protein—protein interactions. Coimmunoprecipita-
tion of U2 and U6 snRNAs from extracts would indicate
interaction in the free pool of snRNPs, while that from splic-
ing reactions would imply interaction during spliceosome
assembly. We studied interactions in extracts from the rever-
tant strain, and used wild-type extracts and single-mutant
extracts as controls. Anti-Prp21 antiserum precipitated U2
snRNA from prp21-2 prp24-1, prp21-1 prp24-1, prp21-2,
prp24-1 and prp21-1 extracts (figure 2A, lanes 4, 7, 10, 13
and 16). Heat treatment of extract abolished U2 snRNA
precipitation from prp21-1 and prp21-2 extracts (figure 2A,
lanes 17 and 11 respectively). In contrast, such treatment
failed to affect precipitation of U2 snRNA from wild-type
and revertant extracts (figure 2A, lanes 2 and 5). Heat treat-
ment per se does not affect availability of Prp21 epitopes,
since U2 snRNA is immunoprecipitated from heat-inacti-
vated prp24-1 extracts (figure 2A, lane 14). The lack of
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Figure 2. Precipitation of snRNAs with anti-Prp21 antiserum.
(A) Extracts from the strains indicated were taken for immuno-
precipitation prior to (—) or after (+) heat treatment. Incubation
was with either Protein-A-Sepharose beads without antibody
(PAS) or with immobilized anti-Prp21. (B) The indicated extracts
prior to (=) or after (+) heat treatment were used in splicing
reactions with unlabelled pre-mRNA. The complexes in an aliquot
of these reactions were bound to PAS beads, immobilized
preimmune serum, or immobilized anti-Prp21 antiserum. In both
A and B, immunoprecipitated snRNAs were extracted, electro-
phoresed, and detected by Northern blotting and probing with U1,
U2, U4, U5 and U6 snRNA gene probes simultaneously. The
snRNA species detected are shown.

association between inactive Prp21-1 protein and U2
snRNA is consistent with the block in B complex formation
after heat treatment (Arenas and Abelson 1993). While
suppression of the inability of heat-inactivated Prp21-2 to
precipitate U2 snRNA was observed in extracts from the
revertant strain, coprecipitation of other U snRINAs was not
observed. Splicing complexes assembled with unlabelled
substrate precipitated only U2 in immunoprecipitation with
anti-Prp21. No U6 snRNA was observed even from rever-
tant extracts (figure 2B, lane 8). Precipitation of Ul snRNA
by this antiserum is known to occur even at 0.2M KCl
(Arenas and Abelson 1993), and is consistent with the
presence of Prp21 in prespliceosomes, which contain both
U1 and U2 snRNAs. In addition our data hint at the possi-
bility that inactivated mutant Prp21-1 or Prp21-2 associate
with Ul snRNA, possibly that present in commitment com-
plexes, as Ul precipitation is consistently observed under
these conditions where prespliceosomes do not form (figure
2B, lanes 12 and 16).

Anti-Prp24 antiserum precipitated only U6 snRNA from
the following extracts: wild type, revertant, prp21-1 prp24-1
and prp24-1 (figure 3A, lanes 2, 5, 8 and 11). The precipita-
tion profile remained the same even from splicing reactions
with these extracts (figure 3B). No U6 snRNA was preci-
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Figure 3. Precipitation of snRNAs with anti-Prp24 antiserum.
(A) snRNAs were immunoprecipitated from indicated exiracts
either prior to (—) or after (4+) heat treatment by addition to either
Protein-A-Sepharose without antibody (PAS), or with immobilized
anti-Prp24. (B) snRNAs immunoprecipitated and detected in
aliquots of splicing reactions constituted as described in figure 2.
Detection of the precipitated snRNAs was by Northern blotting
and probing with all five spliceosomal snRNA gene probes. Only
U6 was detected and that portion of the blot is shown.

pitated from the heat-treated prp24-1 extracts (figure 3A, lane
12), whereas U6 snRNA was precipitated from wild-type and
prp21-2 prp24-1 extracts even after heat treatment (figure
3A, lanes 3 and 6 respectively). These data are consistent
with the increased in vivo stability of U6 snRNA in the
revertant strain (Vaidya et al. 1996). In summary, the inability
to precipitate U2 with anti-Prp21 or U6 with anti-Prp24 in
extracts from prp21-2 or prp24-1 is suppressed in the doubly
mutant revertant prp24-1 prp21-2 in an allele-specific manner
(in figure 2A compare lanes 5 and 8, and in figure 3A
compare lanes 6 and 9). However, coimmunoprecipitation of
U2 and U6 snRNAs was not observed. Therefore, while we
did not detect a stable interaction between Prp2l and Prp24
by this analysis, the likelihood of a transient interaction
during spliceosome assembly cannot be ruled out.

A2-1 complex contains Prp21 and possibly Prp24

Spliceosomal complexes have been defined on the basis of
their snRNA components and their ordered appearance
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Figure 4. Assays to detect Prp21 and Prp24 in spliceosomal
complexes. (A) Pathway of assembly of the active spliceosome,
with the snRNA contents of each complex. The complexes
accumulated in reactions with limiting ATP are also depicted.
CC, Commitment complex; B, prespliceosome; A2-1, intermediate
complex; Al, spliceosome; A2-2, catalytically active spliceosome.
(B) Extracts from wild-type strain SS330 were used in splicing
reactions (with the indicated amount of ATP) and incubated at
23°C for 10 min. The extracts were taken for immunoprecipitation
with preimmune serum bound to Protein-A-Sepharose (PAS),
immobilized anti-Prp21 antiserum, or immobilized anti-Prp24
antiserum. Unbound complexes were visualized by autoradiogra-
phy after separation on native PAGE. Complexes of mobility
greater than complex B are nonspecific complexes in this gel
system. (C) The immunoprecipitated complexes were deprotei-
nized, and the RNA substrate and products were visualized by
autoradiography after separation on denaturing PAGE; p denotes
pre-mRNA. Nete that the lane numbers in panel C do not coincide
with those in B. Lane 1 in panels B and C are control reactions not
subjected to immunoprecipitation.

(figure 4A). However, association of many Prp proteins with
these complexes is not yet clear. Since A2-1 intermediate is
the first complex that contains both U2 and U6 snRNAs, we
assessed whether Prp21 and Prp24 proteins coexist in this
complex. A2-1 is a transient intermediate, hence we selec-
tively accumulated A2-1 and B complexes by limiting ATP
in the reaction to 60 uM (figure 4A). Standard splicing reac-
tions contain 3mM ATP and the reaction is complete (Lin
et al. 1985; Cheng and Abelson 1987). The stalled com-
plexes generated with 60 pM ATP are functional as ascer-
tained by chase experiments (described in the next section;
(figure 5, B & C). Significant depletion of A2-1 complex

and depletion of B complex occurred on incubation of these
arrested complexes with immobilized anti-Prp21 antiserum
(figure 4B, lane 3). This did not occur when reactions were
incubated with preimmune-serum-bound Protein-A-Sephar-
ose beads (figure 4B, lane 2). In immunodepletion
experiments with complexes from standard splicing reac-
tions, both B and A complexes were depleted, the depletion
of B being more complete in this instance (data not shown).
Our data show that Prp21 is a component of the A2-1
complex, which contains all the five spliceosomal U
snRNPs. In reactions with limiting ATP, substrate RNA in
the immunoprecipitated complexes was, as expected, pre-
mRNA (figure 4C, lane 3). Similar experiments to test
depletion of splicing complexes by anti-Prp24 antiserum
were also performed. Significant depletion of splicing com-
plexes was not observed from reactions with limiting ATP
or from standard reactions (figure 4B, lanes 4 and 5), which
suggests either that Prp24 is not present in these spliceo-
somal complexes or that its epitopes are largely unavailable.
However, the RNA species in the complexes bound to anti-
Prp24 were analysed, and we detected some pre-mRNA
(figure 4C, lane 5). Since our binding and wash conditions
were stringent, Protein-A-Sepharose beads did not retain
any complexes (figure 4B lane 2 and figure 4C lane 2). The
precipitation of pre-mRNA by anti-Prp24 possibly reflects
presence of Prp24 in nonspecific complexes. Thus if Prp24
is a component of complex B or A2-1 it is largely inacces-
sible.

Prp21 is not required after A2-1 formation but may be required
Jor B to A2-1 transition

Understanding the requirement of Prp21 beyond prespliceo-
some assembly could clarify if Prp21 and Prp24 interac-
tion is functional. After inactivating Prp21-2 protein at
different steps during assembly, we examined its require-
ment {figure 5A). Inactivation, prior to addition of substrate,
abolished prespliceosome formation (figure 5B, lane 2).
Further, we selectively accumulated Prp21-2-containing B
and A2-1 complexes and used these complexes to discern if
Prp2]1 functions beyond complex B formation. The
accumulated complexes were functional since, upon supple-
menting with ATP, they were chased to active spliceosomal
complexes (figure 5B, lane 5). We also determined that
stalled Prp21-2-containing A2-1 complex was heat stable
(figure 5B, lane 4). Heat-treated Prp21-2-containing A2-1
complex, when supplemented with additional ATP and
further incubated for 30 min, converted to active spliceoso-
mal complex A (figure 5B, lane 6). These data are
corroborated by the detection of mRNA (figure 5C, lane
6). Thus, though Prp21 is present in A2-1 it is not required
for conversion of A2-1 to active spliceosomes. The amount
of mRNA formed after heat treatment of Prp21-2-contain-
ing A2-1 complexes was lower than that obtained upon
chasing A2-1 complexes in control reactions (figure 5C,
compare lanes 5 and 6). This is possibly because after heat
inactivation only preformed A2-1 complexes are chased, in
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Figure 5. Functional requirement of prp2l-2. Panel A shows
complexes in reactions with 60 M ATP and the scheme for testing
Prp21-2 function after A2-1. Prp21-2-containing B and A2-1
complexes were subjected to heat treatment, and tested for heat
stability and for reaction progression after supplementing with
ATP to 3 mM. The complexes in these and control reactions were
analysed on native PAGE (panel B). The substrate RNA species
were resolved on denaturing PAGE (panel C: E2+L, lariat
intermediate; L, lariat intron; p, pre-mRNA; m, mRNA). Standard
reactions with 3 mM ATP and prp21-2 extracts prior to (lane 1) or
after (lane 2) heat treatment provided controls. Stalled B and A2-1
complexes containing Prp21-2 are shown in lane 3. In lane 5, the
stalled complexes were supplemented with ATP and further
incubated for 30 min at 23°C. Shown in lane 4 are stalled
complexes that were heat-treated at 39°C for 7 min. In lane 6 heat-
treated complexes were supplemented with ATP and incubated at
23°C for 30 min.

contrast to reactions where Prp21 is active and new splicing
reactions can be initiated. In these chase experiments we
observed that while A2-1 was converted to mature
complexes, a significant amount of prespliceosomal com-
plex B remained (figure 5B, lane 6). This was intriguing
since under these conditions of heat treatment free Prp21-2
protein is inactivated and no formation of complex B
occurs. The B complex that was observed could be due to
disintegration of A2-1 complex or due to inability of B
complexes to convert to A2-1. The heat-stable nature of A2-
1 has been verified, and no increase in B complex occurred
in these reactions (figure 5B, lane 4). If Prp2l in A2-1
complexes is not inactivated, this fraction of Prp21 might
subsequently support formation of new B complexes. To
test this possibility, we assembled Prp21-2-containing A2-1
complex with unlabelled actin pre-mRNA as substrate, and
then heat-treated the complex. Radiolabelled actin pre-
mRNA (in excess of the first substrate) was then added as a
second substrate to these heat-treated complexes, together
with ATP to 3 mM. The reactions were then continued for
30 min. Under these conditions formation of spliceosomal
complexes on the second, radiolabelled substrate did not
take place, nor were products of the reaction observed,

A B

2 3 4 §
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- %

- % |

» '
Bow " ‘
] !
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Figure 6. Inactivation of Prp21-2 is complete after assembly in
A2-1 complex. Standard reactions with radiolabelled substrate and
prp21-2 extracts prior to (lane 1) or after (lane 2) heat treatment
were done as controls. Stalled Prp21-2-containing complexes were
formed with unlabelled substrate and used as follows. ATP and a
second, radiolabelled substrate were added to one aliguot and the
reaction stored on ice (lane 3) or incubated for 30 min at 23°C
(lane 5). Another aliquot was heat-treated at 39°C for 7 min, then
supplemented with ATP and the labelled substrate. These reactions
were either stored on ice (lane 4) or incubated at 23°C for 30 min
(lane 6). (A) The spliceosomal complexes formed on the
radiolabelled substrate were visualized by autoradiography after
resolution on native PAGE; A denotes spliceosomes A2-I, Al and
A2-2. (B) The radiolabelled RNA reaction products were analysed
by denaturing PAGE.

when the unlabelled preassembled complex was heat-
treated (figure 6, A & B, lane 6). The second substrate
was spliced only when the preassembled Prp21-2-contain-
ing A2-1 was not heat-treated (figure 6, A & B, lane 5).
Thus heat treatment even after A2-1 assembly inactivates
Prp21-2 and does not support new B complex formation.
Thus complex B seen in reactions where Prp21-2-contain-
ing A2-1 complexes were heat-treated (figure 5B, lane 6)
possibly reflects failure of B to A2-1 conversion, suggesting
Prp21 requirement at this step.

Kinetics of complex formation in revertant extracts suggest a role
Jor Prp2l in B to A2-1 transition

While in the revertant strain prp24-1 prp21-2 there is com-
plete suppression of prp21-2 and prp24-1, we investigated
whether the kinetics of in vitro assembly differ between wild-
type and revertant extracts. For these comparisons, reactions
were done with wild-type or revertant extracts and the
relative abundance of B and A complexes (A2-1, Al and A2-
2) determined by densitometric scanning of the electrophor-
esis gels. In control reactions with untreated wild-type
extract, complex B was formed within 2 min at 23°C (figure
7A, lane 1; B complex 88.6% and A complex 10.8%), and
by 4 min at 23°C there was almost equal distribution between
B and the A complexes (figure 7A, lane 2; B complex 53.0%
and A complex 45.8%). There was no difference in kinetics
when wild-type extracts were heat-treated prior to the reac-
tions (figure 7A, compare lanes 2 and 6; in lane 6 B complex
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Figure 7. Kinetic analysis of early spliceosome assembly events.
Extracts from wild-type cells, panel A, and revertant cells, panel B,
were used in standard reactions either prior to (lanes 1 to 4 and
lane 9) or after (lanes 5 to 8 and lane 10) heat treatment. The
kinetics of assembly were assessed on native PAGE gels. The time
points (2, 4, 6, 8 or 30 min) at which the reactions were stopped are
indicated above each lane.

50.8% and A complex 47.8%). Revertant extracts behaved
similarly when they were not heat-treated (figure 7B, lanes
1to 4). B complex was formed by 2 min (B complex 81.0%
A complex 16.8%) and by 6 min there was an almost equal
distribution between B and A complexes (58.4% and 41.2%
respectively). There is thus only a small delay in conversion
of B to A complexes in revertant extracts. However, when
revertant extracts were heat-treated prior to the reaction, there
was a significant delay in the conversion of B complexes to
active spliceosomal complexes (figure 7B, lanes 5 to 8). At
6 min B complexes predominated (B complex 81.0% and A
complex 19.1%) and this pattern continued even up to 8 min

(B complex 70.5% and A complex 27%). Slow progression
of B to A complexes is clearly only a kinetic effect, because
at a later time point there were no differences between the
wild-type and revertant extracts (figure 7A lane 10 and
figure 7B lane 10). In vitro heat inactivation of prp24-1
extract does not block assembly of B and A2-1, but there is
no progression beyond A2-1. The arrested complexes can be
chased by the addition of recombinant Prp24 (A. Ghetti and
J. Abelson, personal communication). These observations,
together with our analysis of prp21-2 prp24-1 extracts,
suggest a requirement for Prp21-2 in B to A2-1 conversion.
These data have a significant implication for suppression in
prp21-2 prp24-1, since this is the step at which U4/U5/U6
tri-snRNP joins the assembly pathway.

Discussion

Distinct mutations in prp24-1 are suppressed by a mutation in a
nonconserved domain of PRP21 through indirect interaction

Prp24, a U6-snRNP-binding protein, has three conserved
RNA recognition motifs (RRMs), which are defined in several
core snRNP and splicing proteins (Shannon and Guthrie
1991; Birney et al. 1993; Tang et al. 1996). The phenotypes
of prp24-1 are possibly due to two mutations: one, lysine 191
to glutamic acid in RRM2, the other a conservative lysine 46
to arginine in ribonucleoprotein (RNP) submotif of RRM1.
Mutations in other alleles of prp24 isolated as suppressors of
mutant U4 snRNA cluster to RINP submotifs of a different
domain, RRM3 (Shannon and Guthrie 1991). The RNP
submotifs in RRMs contain residues that contact RNA; thus
the reduced U6 binding observed in prp24-1 and prp24-2 is
explained (Shannon and Guthrie 1991; Vaidya et al. 1996). In
human Ul A and U2 B” proteins specificity of interaction
with RNA and with other proteins was altered by even con-
servative amino-acid substitutions (Scherly et al. 1990).
Since prp21-2 is a dominant suppressor of only prp24-1, we
possibly have uncovered different functional domains in
Prp24. A systematic analysis of the two mutations in prp24-
1 could delineate Prp24 domains that participate in RNA
interactions versus those that participate in protein interac-
tions. Prp21, its human homologue SF3a 120, and the worm
homologue CePrp21 contain the conserved SURP module
first identified in suppressor-of-white-apricot and
prp2] [spp91, and have sequence similarity outside of this
module (Spikes et al. 1994; Kramer et al. 1995). The
missense mutation in prp2I-2 and spp91-1 are closely
positioned. Both these mutations result in amino-acid
substitutions in residues close to the two deduced SURP
meodules in Prp21 (Chapon and Legrain 1992; and these
studies). The proximity of these two mutations, and their
location in a region of sequence similarity together point to
fonctional importance of the non-SURP domain in spliceo~
somal protein—protein interactions of Prp21.

As mentioned before suppression of prp24-1 by prp21-2
suggested physical interaction of the proteins with
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functional suppression, or a functional interaction with no
direct physical contact between the proteins. Results of the
two-hybrid assay suggest that physical interaction between
wild-type or mutant Prp21 and Prp24 proteins does not
occur, thereby implying indirect interaction. However,
certain considerations cannot be forgone. Firstly, interaction
may require prior assembly of Prp9.Prpll.Prp21 ternary
complex. Secondly, the lack of interaction among
fusion proteins may be because of steric hindrance by the
Gal4 domains, or due to their altered conformations. Other
instances where genetic interactions do not replicate as
direct contacts in the two-hybrid assay are known. Mud2,
the yeast U2AF635 homologue, and Msll, the yeast U2 B”
homologue, display synthetic-lethal interactions yet do not
seem to interact by the two-hybrid assay (Tang et al. 1996).

In vitro suppression between prp21-2 and prp24-1

In vitro heat treatment that inactivates either Prp21-2 or
Prp24-1 does not affect revertant extracts. Complementation
of inactivated Prp21-2 required the simultaneous addition
of purified Prp9, Prpll and Prp21 proteins—all of which
form a ternary complex (Wiest et al 1996; and our
unpublished observations). Thus an inactive ternary com-
plex results from inactivation of any one protein. Com-
plementation does not require Prp24, therefore association
of wild-type Prp24 with the inactive Prp9.Prpll.Prp21
ternary complex is unlikely. Furthermore, as mentioned
previously, in vitro heat inactivation of prp24-1 extracts
does not affect B complex formation and these inactive
extracts are rescued by the addition of Prp24 protein alone
(A. Ghetti and J. Abelson, personal communication). These
data imply absence of direct interaction between Prp21
and Prp24, prior to the formation of the Prp9.Prpl1.Prp21
complex, and corroborate the results of our two-hybrid
assay.

Immunoprecipitation of snRNAs with anti-Prp24 and anti-Prp21
antisera does not indicate stable association between these
proteins :

We examined if the dominant suppression of prp24-1 by
prp21-2 manifests in Prp21-2 protein associating with U4/
U6 snRNAs. Extracts from prp24-1 prp21-2 demonstrate
mutnal restoration of the association of each protein with
the appropriate snRNA. However, coprecipitation of U2 and
U6 snRNAs by anti-Prp24 or anti-Prp21 antiserum was not
observed as one may expect for stable yet indirect inter-
actions. Possibly, interaction in the spliceosome is not
revealed in the profiles of precipitated snRINA owing to
weak or transient contacts. Ul snRNA precipitation by anti-
Prp21 antiserum occurred even with inactive Prp21 protein,
and at fairly stringent salt conditions. The likely reason is
that it reflects an association of Prp21 with the commitment
complex, similar to that observed for Prpll (Ruby ez al.
1993).

Interaction between prp21-2 and prp24-1 occurs during conversion
of prespliceosome complex B to the intermediate A2-1 complex

By immunodepletion of splicing complexes we have demon-
strated that Prp21 is a component of A2-1 complex, which is
known to contain Ul snRNP, U2 snRNP and the U4/U5/U6
tri-snRNP. Although we did not observe precipitation of U6
snRINA with anti-Prp21 antiserum, Prp21 has been detected in
U6-containing complexes by use of a sensitive assay (Wiest et
al. 1996). U6 immunoprecipitation in this latter study may be
due to U2 /U6 base-pairing in the spliceosome or because of
interaction mediated by a U6-snRNA-associated factor. A role
for Prp24 in this association, while an attractive postulate, is
not confirmed here since our immunodepletion experiments
do not unambiguously demonstrate Prp24 in splicing com-
plexes. Obvious yet speculative interpretations for nonquanti-
tative precipitation of B and A2-1 complexes by anti-Prp24 are
partial inaccessibility of Prp24 or precipitation of an
undetectable minor complex. Salt-sensitive and nonquantita-
tive immunoprecipitation of RNA-protein complexes are
known (Tang et al. 1996). We note that while direct evidence
does not exist, there are data suggesting a function for Prp24 in
stabilizing U6 snRNA in the spliceosome upon exit of U4
snRINA (Fortner ez al. 1994; Brow and Vidaver 1995; Ghetti et
al. 1995). Our genetic data and these reports suggest that Prp24
may be a component of spliceosomes where an interaction
between Prp21 and Prp24 can occur. A likely step is the A2-1
intermediate complex, and one way to ascertain this could be
through specific immunoprecipitation of labelled U2 snRNA
with anti-Prp24 antiserum.

We report here that Prp21, though present in the A2-1
complex, may not be required for A2-1 to Al conversion.
Our data suggest its requirement during formation of A2-1
from complex B. Thus a relevant point of suppression in
prp21-2 prp24-1 could be during transition of complex B to
A2-1. Kinetic analysis of assembly in heat-treated extracts
from prp21-2 prp24-1 strain strongly support this idea.
Suppression of the inability to form prespliceosomes with
inactive Prp21-2 is observed in these extracts. Since prespli-
ceosome assembly is not primarily rate-limiting, an explicit
reason for this suppression is not obvious. Interaction
between the two proteins during spliceosome disassembly
and recycling has not been addressed and could occur. Prp24
has recently been shown to promote the reannealing of U4
and U6 snRNPs and thus plays a role in recycling spliceo-
somal components (Raghunathan and Guthrie 1998).
Predictions are that Prp2Zl remains in complexes more
mature than the Al complex, possibly even in disassembling
complexes. The presence of Prp21-2 and Prp24-1 in the same
mature or disassembling particle may account for suppres-
sion of the prp24-1 phenotype. The suppression at the early
stages of spliceosomal assembly could then be a manifesta-
tion of their prior interaction which maintains the proteins in
a conformation to fulfil their later roles. Thus our genetic, in
vivo and in vitro analyses of suppression between prp2I1-2
and prp24-1 identify an association between a U2-snRNA-
associated protein and a U6-snRNA-associated protein.
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