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PRP6 and PRP9 are two yeast genes involved in pre-mRNA splicing. Incubation at 37°C of strains that carry
temperature-sensitive mutations at these loci inhibits splicing, and in vivo experiments suggested that they
might be involved in commitment complex formation (P. Legrain and M. Rosbash, Cell 57:573-583, 1989). To
examine the specific role that the PRP6 and PRP9 products may play in splicing or pre-mRNA transport to the
cytoplasm, we have characterized in vitro splicing and spliceosome assembly in extracts derived from prp6 and
prp9 mutant strains. We have also characterized RNAs that are specifically immunoprecipitated with the PRP6
and PRPY proteins. Both approaches indicate that PRP6 encodes a U4/U6 small nuclear ribonucleoprotein
particle (snRNP) protein and that the PRP9 protein is required for a stable U2 snRNP-substrate interaction.
The results are discussed with reference to the previously observed in vivo phenotypes of these mutants.

The pre-mRNA splicing pathways are identical in yeast
(Saccharomyces cerevisiae) and mammalian systems (for a
review, see reference 9). In both systems, the first step of
splicing consists of cleavage at the 5’ splice junction and
lariat formation, whereas the second step consists of cleav-
age at the 3’ splice junction and exon ligation. The cleavage
and ligation steps are preceded by a stepwise assembly
process during which the pre-mRNA associates with a large
number of trans-acting factors, including four small nuclear
ribonucleoprotein particles (snRNPs) (5, 8, 13, 22).

In the yeast system, many of these rrans-acting factors are
identified as PRP gene products (32). The PRP genes (for-
merly the RNA genes) (11) were originally connected to
pre-mRNA splicing because it was found that incubation of
several of these temperature-sensitive mutant strains at
nonpermissive temperatures led to an increase in pre-mRNA
levels and a decrease in mRNA levels from intron-containing
genes (23). This connection has been strengthened by the
observation that heating extracts derived from some of these
strains has mutant-specific effects on splicing and spliceo-
some assembly (4, 20). The general strategy of comparing
extracts derived from mutant strains, complementing mutant
extracts, and examining mutant gene products and mutant
snRNPs provides a valuable tool for studying pre-mRNA
splicing in vitro in the yeast system.

In contrast to the in vitro systems, the study of splicing in
vivo is difficult, as comparable assays do not yet exist. Yet it
is likely that the assembly process in the nucleus closely
resembles what takes place during splicing in vitro, namely,
the stepwise association of multiple splicing factors with the
pre-mRNA to generate a mature complex (the spliceosome)
within which the cleavage and ligation steps take place. For
many pre-mRNA substrates, it is also generally considered
that this association is quite efficient such that most pre-
mRNA molecules are properly spliced. An efficient assem-
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bly process presumably avoids pre-mRNA degradation
within the nucleus as well as transport of unspliced tran-
scripts to the cytoplasm.

With these considerations in mind, a previous study
examined the fate of inefficiently spliced pre-mRNAs (17).
The results indicated that in some cases a reduction in
splicing efficiency leads to a dramatic increase in pre-mRNA
translation. The splicing efficiency reduction was achieved
in two different ways, by introducing cis-acting mutations
into the substrate and by examining a few strains that
carried mutations in splicing factors. The three mutant
strains in which pre-mRNA translation was the most con-
vincing carried a mutation in Ul snRNA or temperature-
sensitive mutations in the genes PRP6 and PRP9. Our
preferred hypothesis was that these three gene products,
U1l snRNA and the PRP6 and PRP9 proteins, participate in
the early events of spliceosome assembly and thereby con-
tribute to stable pre-mRNA commitment to the splicing
pathway; RNA transport to the cytoplasm, resulting in
pre-mRNA translation, constitutes a default process that is
normally inhibited in the case of efficiently assembled pre-
mRNAs.

Support for this hypothesis must come from in vitro
studies in which individual steps of spliceosome assembly
can be distinguished. Indeed, a good deal is known about the
role of Ul snRNP in spliceosome assembly, and that evi-
dence supports the notion that Ul snRNP associates with
the pre-mRNA in an ATP-independent manner at an early
stage of spliceosome assembly (25, 29). Subsequently U2
snRNP joins the complex, followed by U4/U6 and US
snRNPs (2, 5, 13, 16, 22). The role of the PRP6 and PRP9
gene products, however, is completely unknown. The exper-
iments described in this report define the role of these two
gene products during in vitro spliceosome assembly. They
indicate that the PRP9 product is essential for U2 snRNP
binding and that the PRP6 protein is a U4/U6 snRNP
protein. The results suggest that pre-mRNA transport into
the cytoplasm can be enhanced by mutants at different
stages in the assembly process.
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MATERIALS AND METHODS

Yeast strains and plasmids. Two prp9 mutant strains,
JM664 (17) and ts100 (30); the four prp6 mutant strains
SpJ6.66 (17), ts39 (30), ts88 (30), and ts284 (30); SpJ 4.41
(17), a prp4 mutant; and SpJ8.31 (17), a prp8 mutant, have
been previously described.

Plasmids PL4 and PL1 (16a) carry genomic inserts in
YCP50 (24) containing the wild-type genes PRP9 and PRP6,
respectively. Strain JM664 was transformed with PL4, and
with the vector alone to generate strains 9* and 9YCP,
respectively.

Strain SpJ6.66 was transformed with PL1 and with the
vector alone to generate strains 6 and 6YCP, respectively.

BS-Y46 (wild type), BS-Y82 (Gal-U1) and BS-Y88 (Gal-
U2) have been previously described and characterized (29).

Construction of epitope-tagged PRP9 and PRP6 genes. The
nine-amino-acid epitope derived from the influenza virus
hemagglutinin protein (HA) recognized by the monoclonal
antibody 12CAS (31) was inserted into both PRP9 and PRP6,
either at the N terminus after the second amino acid or at the
C terminus before the last amino acid.

For PRPY, a HindIII-SnaBI fragment containing the com-
plete gene (16a) was subcloned from PL4 into pTZ19U. For
PRP6, two subclones were generated from PL1. One was a
Clal-Xbal fragment containing the 5’ end of the gene cloned
into pTZ19U, and the other was an Accl-EcoRI fragment
containing the 3’ end cloned into pTZ18U. The sequence for
the HA epitope was inserted by in vitro mutagenesis by the
method of Kunkel (15). After mutagenesis, the PRP9 (wild
type), PRP9-5'HA, and PRP9-3'HA genes were cloned back
into YCP50. For PRP6, the 5’ and 3’ insertions were cloned
back into YCP50 to create PRP6 (wild type), PRP6-5'HA,
PRP6-3'HA, and PRP6-5'-3'HA; the latter contained two
epitopes, one at each end. All five tagged genes were
reintroduced into their respective prp mutant strains by
transformation (12), and the temperature-sensitive pheno-
type was rescued in all cases. The expression of each tagged
gene was tested by Western immunoblotting of total protein
(data not shown). The only plasmid that appeared not to
express the tagged protein was PRP9-5'HA; since this
plasmid rescued the temperature-sensitive phenotype of
prp9, the protein was probably clipped near the N terminus,
eliminating the HA epitope. For the preparation of tagged
extracts and immunoprecipitations, the strains PRP9-3'HA
and PRP6-5'-3'HA were used.

Extract preparation. A glass bead miniextract procedure,
as described by Seraphin and Rosbash (29), was used
throughout these experiments, with the following modifica-
tions: 100 ml of cells were grown to an optical density at 600
nm of 2 to 3, and 230 optical density units of cells was
routinely processed for extract. Cells were grown at 25°C
and subjected to a final 1 h at 37°C to manifest the mutant prp
phenotype. PRP9- and PRP6-rescued strains, harboring
either the original genomic clones or the epitope-tagged
genes, were grown continuously at 37°C. For the prp4
(SpJ4.41) and prp8 (SpJ)8.31) strains, the control extracts
were prepared from aliquots of the cultures kept at 25°C
(permissive temperature), while the other aliquots were
incubated at 37°C for 1 h before extract preparation. The Ul-
and U2-depleted extracts were prepared from strains BS-
Y82 and BS-Y88, respectively, after 16 h of growth at 30°C
in medium containing 4% glucose, as described previously
(29).

Splicing reactions. Unless specifically noted, standard (10-
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nl) reactions containing 4 wl of extract were carried out as
previously described (21).

The substrate A2 and runoff transcription to the Ddel site
were as described previously (22) except that the transcript
was prepared at a specific activity of 3 X 10° cpm/ng.

The two-step reactions for chasing commitment com-
plexes into spliceosomes were performed as described (29).
Briefly, the radioactive substrate prepared as described
above was incubated with ATP, splicing salts, and 2 pl of the
first extract for 10 min at 25°C. A 50-fold molar excess of the
same substrate at a specific activity of 120 cpm/ng was then
added in a volume of 1 pl, and the incubation continued for
1 min; then 2 pl of the second extract was added, followed
by incubation for 10 min at 25°C. Native gel electrophoresis
of splicing complexes was performed on vertical gels in 0.5x
TBE as described previously (29).

Streptavidin-agarose selection. Splicing complexes formed
on a biotinylated A2 substrate were bound to streptavidin-
agarose as described previously (27). After proteinase K
treatment, the RNA was analyzed for the presence of U2,
U4, and U6 snRNAs by primer extension as described
previously (28) except that three labeled oligonucleotide
primers complementary to nucleotides 100 to 121 of U2, 72
to 92 of U4, and 28 to 54 of U6 were added simultaneously to
the reaction mixtures. The cDNA products were separated
on 5% acrylamide-7 M urea gels.

Extract fractionation. A splicing extract prepared from the
wild-type strain (BS-Y46) was adjusted to 300 mM KCI and
centrifuged at 356,000 X g for 2 h at 4°C in a Beckman
TL-100 centrifuge, using a TLA-100.1 or TLA-100.2 rotor as
described previously (26). The pellets were resuspended in
dialysis buffer (21) containing 0.1% Nonidet P-40. The su-
pernatants were dialyzed for 1 h against the same buffer and
used to complement the splicing of mutant extracts.

Immunoprecipitation. The monoclonal antibody 12CAS
(31) was purified from ascites fluid (a generous gift of Ian
Wilson) on GammaBind G (Genex) according to the manu-
facturer’s recommendations.

(i) snRNPs associated with PRP9 and PRP6. HA-tagged or
control extracts (50 wl) were preincubated without substrate
in a final volume of 125 pl containing splicing salts and ATP
for 10 min at 25°C. Aliquots of 25 ul were immunoprecipi-
tated for 2 h at 4°C in 0.5 ml of NET (0.05 M Tris [pH 7.4],
0.05% Nonidet P-40, NaCl concentrations as indicated)
containing 20 pl of GammaBind Plus beads (Genex) that had
4 pg of the purified 12CAS antibody prebound as described
previously (1). After four washes with 1 ml of the same
buffer, the beads were proteinase K treated and phenol
extracted. After ethanol precipitation, the RNA was electro-
phoresed on 4% acrylamide-7 M urea gels. Electroblotting,
UV cross-linking, and hybridization were carried out as
described previously (18) except that blotting was done for 1
h at 420 mA. Radioactive probes for U1, U2, U4, US, and U6
snRNAs were generated by random-primer labeling of plas-
mids with a kit (Boehringer Mannheim) as recommended by
the manufacturer. Hybridization was carried out in 20 ml
with 10° cpm of each of the five snRNA probes per ml.

(ii) Radioactive substrate. Samples (40 pl) of splicing
reaction mixtures, containing 16 pl of either a tagged extract
or a control extract (without the epitope) plus 3 ng of
radioactive A2 substrate, were incubated for 30 min at 25°C.
Parallel reactions were carried out in which the same ex-
tracts had been depleted in vitro of U2 snRNP by preincuba-
tion with an oligonucleotide complementary to U2 snRNA,
as previously described (14). After incubation, immunopre-
cipitation was carried out as described above for snRNA



VoL. 10, 1990

PRP6 AND PRP9 YEAST SPLICING FACTORS 6419

1:2:3-4.5 6.7 89 10111213 14 15 16 17

“‘M -

= We

FIG. 1. Splicing assay and mutant extract complementation. Splicing reactions (10 ul) were carried out with either 4 ul of a single extract
(lanes 1 to 8) or 2 pl each of the indicated extracts tested for complementation (lanes 9 to 17). The splicing products were analyzed on a 15%
acrylamide-7 M urea gel. Lanes: 1 and 2, extracts derived from strains 9* and 6*; 3 and S, strains 9YCP and 6YCP; 4, ts100; 6 to 8, ts39,
ts88, and ts284; 9, the two prp9 mutant extracts 9YCP and ts100; 10 to 13, 9YCP complemented with the prp6 mutant extracts 6YCP, ts39,
ts88, and ts284; 14, 6YCP complemented with ts100; 15 to 17, 6YCP with the prp6 mutant extracts ts39, ts88, and ts284. It should be noted
that in our hands ts100 was not rescued by PL4 (N. Abovich, unpublished observations), so there is some doubt about whether ts100 carries
a temperature-sensitive prp9 allele. The arrows point to two splicing products, the lariat intermediate (upper band) and the lariat intron (lower
band); the mRNA is invisible under the degradation products of the pre-mRNA.

analysis except that binding and washing were carried out in
0.5 ml of NET (containing 100 mM NaCl). Bovine serum
albumin was included during binding at 0.6 mg/ml.

After proteinase K treatment and phenol extraction, the
radioactive RNA was analyzed on a 15% acrylamide-7 M
urea gel.

RESULTS

To define the roles of the PRP9 and PRP6 gene products,
we analyzed splicing and spliceosome assembly in extracts
made from mutant strains that carry the prp6 or prp9
temperature-sensitive mutation. With two exceptions, the
strategy was similar to that previously used to analyze prp
mutant strains in vitro. First, cells were heated at the
nonpermissive temperature prior to extract preparation,
rather than heated in vitro, to effect a mutant phenotype (4,
20). Second, splicing extracts were prepared by a glass bead
miniextract procedure, previously used to characterize splic-
ing extracts depleted in vivo of Ul and U2 snRNPs (29).

Heating prp6 and prp9 mutant strains for 1 h at the
nonpermissive temperature prior to preparing extracts (sub-
sequently referred to as heated extracts) dramatically inhib-
ited in vitro splicing (Fig. 1). Two independent prp9 mutants
(lanes 3 and 4; but see legend to Fig. 1) and four independent
prp6 mutants (lanes S to 8) were examined; all had similar
phenotypes. Isogenic strains were created by transforming
the original prp9 and prp6 mutant strains with the PRP9 and
PRP6 genes, respectively (16a). Heated extracts from these
two strains spliced well (lanes 1 and 2), indistinguishably
from standard wild-type strain-derived extracts that are
insensitive to heating for 1 h at 37°C (data not shown).
Heated extracts from strains transformed only with the YCP
vector (lanes 3 and 5) were, as expected, indistinguishable
from the mutant extracts.

The effects of the mutants on splicing were specific, since
inactive extracts from the two mutants complemented well

in vitro. All extracts of prp6 strains complemented all
extracts from prp9 strains (Fig. 1, lanes 10 to 14). In
contrast, inactive extracts from independent mutations of a
single gene failed to complement (lanes 9 and 15 to 17). The
data indicate that heating of the cells prior to extract
preparation inactivates splicing in a mutant-specific fashion.

To look for possible mutant effects on spliceosome assem-
bly, complexes formed in the different extracts were com-
pared by nondenaturing electrophoresis. As previously
shown (29), Ul snRNP is required for the subsequent
addition of U2 snRNP. In the absence of Ul snRNP, no
snRNP-containing splicing complexes were detectable; in
the absence of U2 snRNP, the Ul snRNP-containing com-
mitment complexes predominated (Fig. 2A, lanes 2 and 3).
The prp9 heated extract was unable to form significant
quantities of U2 snRNP-containing spliceosomes (lane 5). As
a consequence, the phenotype was identical to that observed
in a U2 snRNP-depleted extract (compare lanes 3 and 5).
The effect was specific because the isogenic control wild-
type strain showed no phenotype (lane 4), other mutant
genes showed different effects (e.g., Fig. 3), and heating was
required to manifest a robust phenotype.

These observations suggest that the PRP9 product might
add to, or interact with, the commitment complex subse-
quent to its formation. Alternatively, the PRP9 gene product
might be a component of the commitment complex; i.e., a
prp9 mutant complex would be unable to interact produc-
tively with a factor or factors required for U2 snRNP
addition (perhaps even U2 snRNP itself). In this case,
commitment complexes formed in a prp9 extract should be
unable to progress to spliceosomes upon the subsequent
addition of a PRP9-containing extract.

To distinguish between these two possibilities, a chase
experiment was performed (Fig. 2B). Commitment com-
plexes formed in a prp9 heated extract were assessed for
their ability to progress along the spliceosome pathway after
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FIG. 2. Native gel electrophoretic analysis of splicing complexes. (A) prp9 mutant extracts accumulate commitment complex. Standard
splicing reactions were carried out as described in the legend to Fig. 1 and analyzed by electrophoresis on native gels as described in Materials
and Methods. Lanes: 1, wild-type extract; 2, Ul-depleted extract; 3, U2-depleted extract; 4, 9*; 5, 9YCP. The arrows show the positions of
commitment complex (CC) and spliceosomes (SP). (B) The commitment complexes formed in a prp9 extract are chased into spliceosomes.
Two-step reactions were performed as described in Materials and Methods. The extracts used for the first and second steps are indicated
above the lanes. In lane 8, a 50-fold molar excess of cool substrate was added together with the hot substrate as a control.

the subsequent addition of different extracts. As previously
described (18, 29), an excess of low-specific-activity radio-
active substrate was added before the second extract. By
diluting the specific activity of the uncommitted pre-mRNA
substrate, this protocol restricts the analysis to substrate
that is committed to the splicing pathway during the first
incubation, i.e., to the commitment complexes formed with
the high-specific-activity substrate. The data indicate that
commitment complexes formed in a prp9 heated extract are
indistinguishable from those formed in a U2 snRNP-depleted
extract, as both commitment complex populations were well
chased by the addition of a Ul snRNP-depleted extract (Fig.
2B, lanes 2 and 5). The result suggests that PRP9, like U2
snRNP, acts after formation of the Ul snRNP-containing
commitment complex.

The prp9 heated extract was somewhat effective in chas-
ing the commitment complexes formed in a U2 snRNP-
depleted extract (Fig. 2B, lane 3). Similarly, a U2 snRNP-
depleted extract was somewhat effective in chasing the
commitment complexes formed in a prp9 heated extract
(lane 4). These results can be contrasted with the completely
ineffective readdition of the same extract for the second
incubation (lanes 1 and 6). The data suggest that the PRP9

product and U2 snRNP complement poorly, perhaps re-
flecting an interaction among these two components.

In contrast to the dramatic assembly phenotype of the
heated prp9 extract, the heated prp6 extract showed no
qualitative assembly phenotype (Fig. 3, lane 3). Although
less spliceosome is apparent (lane 3), this result is frequently
obtained with a variety of mutant extracts with no readily
interpretable pattern (data not shown). The absence of an
assembly phenotype suggests that the prp6 mutants do not
affect spliceosome assembly or that there are aspects of the
assembly pathway not readily detected by these procedures.
An indication that the latter consideration may be relevant is
the finding that heated extract from other well-characterized
mutant snRNP extracts also had no qualitative phenotype
(lanes 4 to 7). These two mutants, prp8 and prp4, have been
shown to affect U5 snRNP and U4/U6 snRNP, respectively
1, 3, 19). Since these mutant extracts failed to splice and
complement each other well (they also complemented other
mutant extracts; data not shown), it may be that these
procedures do not distinguish between U2 snRNP-contain-
ing complexes and those that contain U2 snRNP plus addi-
tional snRNPs, e.g., U5 snRNP and U4/U6 snRNP or U5
snRNP and U6 snRNP.
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FIG. 3. Splicing complexes formed in prp6, prp4, and prp8
mutant extracts. Standard splicing reactions were carried out and
analyzed as for Fig. 2A. Lanes: 1, wild-type extract; 2, 6*; 3, 6YCP;
4, SpJ8.31 extract prepared from cells grown at 25°C (permissive
temperature); 5, same as lane 4 except that cells were grown for 1 h
at 37°C before extract preparation; 6, SpJ4.41 extract (25°C); 7,
SpJ4.41 extract (37°C). SP, Spliceosomes.

Since all of the described spliceosome complexes that
follow U2 snRNP addition contain US and U4/U6 snRNPs or
US and U6 snRNPs (2, 13, 22), we decided to test the effect
of the prp6 and prp9 mutations on U4/U6 snRNP addition, as
well as on U2 snRNP addition, by an independent method. A
biotinylated substrate was added to different extracts, and
the snRNAs associated with the substrate were assayed by
selection on streptavidin-agarose and primer extension (Fig.
4). Although primers complementary to three regions of US
were tested in this assay, none of them yielded a detectable
signal at the concentration of RNA selected in this assay. In
fact, weak signals could be detected only if 10 pg of total
yeast RNA was used (data not shown), a result consistent
with the extensive secondary structure of U5 snRNA (10).

U2 snRNP could not bind to the substrate in a heated prp9
extract (Fig. 4; compare lanes 1 to 3), consistent with the
results shown above. As expected from the assembly gels
(Fig. 3), neither of the other two heated mutant extracts
(prp6 and prp4; lanes 4 and 5) showed an effect on U2 snRNP
binding. In contrast, all three heated mutant extracts (prp9,
prp6, and prp4; lanes 3 to 5, respectively) showed an effect
on U6 snRNP addition compared with the control extract
(lane 2); indeed, U6 snRNA levels were indistinguishable
from what was recovered from binding to an inactive splicing
substrate (compare lanes 3 to 5 with lane 1). In the case of
prp4, the result serves as a positive control, given that the
PRP4 gene encodes a U4/U6 snRNP protein (1, 3).
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FIG. 4. Analysis of snRNAs in splicing complexes formed with
various prp mutant extracts. Splicing reactions (50 wl) were carried
out with 18 ng of cold biotinylated substrate and 20 pl of extract
(lanes 1 to 5) or 10 pl each of two complementing extracts (lanes 6
to 8). The reactions were stopped and incubated with streptavidin-
agarose. After proteinase K treatment of the bound complexes,
RNA was phenol extracted and used for primer extensions. Primer
extensions were performed for U2, U4, and U6 simultaneously, and
the products were analyzed on 5% acrylamide-7 M urea gels as
described in Materials and Methods. All reactions contained 18 ng of
biotinylated A2 substrate except that shown in lane 1, which
contained 18 ng of a biotinylated substrate of a similar size, derived
from the first exon of the Drosophila per gene. Lanes: 1 and 2,
wild-type extract; 3, 9YCP; 4, 6YCP; S, prp4; 6, 9YCP plus 6YCP;
7, 9YCP plus prp4; 8, 6YCP plus prp4; 9, 0.5 ug of yeast total RNA.

In vitro complementation of the three mutant extracts
increased the amount of recovered U6 snRNA (lanes 6 to 8),
similar to what was observed for in vitro complementation of
splicing (Fig. 1). Although U4 snRNA could not be success-
fully assayed because of the relatively high signal recovered
from the inactive splicing substrate (lane 1), the results
indicate that both the prp9 and prp6 mutations prevent the
stable addition of U6 snRNP during spliceosome assembly.
In the former case, this is presumably an indirect conse-
quence of the absence of U2 snRNP binding, required for the
subsequent binding of U4/U6 and US snRNPs.

The experiments shown in Fig. 2 to 4 indicate that the prp9
mutation prevents stable U2 snRNP binding and that the
prp6 mutation prevents stable U6 snRNP (presumably stable
U4/U6-US snRNP) binding. However, they do not indicate
whether the wild-type gene products are snRNP proteins (for
example, a U2 snRNP protein in the case of the PRP9
product and a U4/U6 snRNP protein in the case of the PRP6
product) or whether they are non-snRNP factors required at
these two different stages of spliceosome assembly. To
examine this issue, a centrifugation step was used to sepa-
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FIG. 5. Complementation of mutant extracts with fractions de-
rived from a wild-type extract. A wild-type extract from BS-Y46
cells was fractionated as described in Materials and Methods into
pellet and supernatant fractions. These fractions were used to
complement standard 10-ul splicing reactions containing 2 pl of the
indicated extracts, and the products were analyzed on 15% acryl-
amide-7 M urea gels. Lanes: 1 to 4, 4 pl of the indicated extracts; 5
to 16, 2 pl of the respective extract and equivalent amounts of pellet
(P) or supernatant (S) fractions as indicated. -U1 and -U2 refer to
extracts prepared from BS-Y82 and BS-Y88 grown for 16 h in
glucose, thereby depleted of Ul and U2 snRNAs.

rate a wild-type extract into two fractions, an snRNP pellet
fraction and a non-snRNP supernatant fraction (Fig. 5).

The fractionation was successful in the sense that only the
pellet fraction complemented snRNP-defective extracts,
i.e., a Ul snRNP-depleted extract, a U2 snRNP-depleted
extract, a heated prp4 (U4/U6 snRNP mutant) extract, and a
heated prp8 (US snRNP mutant) extract (Fig. 5, lanes 13, 15,
6, and 8, respectively). Similarly only the pellet fraction
complemented the heated prp6 mutant extract (lane 12),
consistent with the idea that PRP6 might encode an snRNP
protein. The results were less straightforward for prp9 (lanes
9 and 10), since both the pellet and supernatant fractions
complemented this extract.

To examine snRNP association of the PRP6 and PRP9
proteins in a more direct way, the PRP6 and PRP9 proteins
were epitope tagged to make them accessible to existing
antibody reagents (6, 7; P. Kolodziej and R. A. Young,
Methods Enzymol., in press). A nine-amino-acid epitope
from the HA influenza virus (31) was added to the amino-
terminal and carboxy-terminal regions of both the PRP9 and
PRP6 coding regions. Both PRP9 fusion genes (PRP9-5'HA
and PRP9-3'HA) rescued the prp9 mutation, and both PRP6
fusion genes (PRP6-5'HA and PRP6-3'HA) rescued the prp6
mutation. Western blotting experiments with yeast strains
carrying the tagged proteins revealed a PRP6-5'HA and a
PRP6-3'HA band of approximately 98 kDa and a PRP9-3'HA
band of approximately 55 kDa (and no band in the case of
PRP9-5'HA, presumably because of proteolytic digestion of
the epitope). These apparent molecular masses are consis-
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tent with those calculated from conceptual translation of the
two genes (16a). Finally, a doubly tagged PRP6 protein was
generated (PRP6-5'-3'HA), which also rescued the prp6
mutation and improved the signal-to-noise ratio on Western
blots relative to the two single-fusion genes (data not
shown).

Extracts were made from two epitope-carrying strains
(PRP6-5'-3'HA and PRP9-3'HA) as well as from the control
strains PRP6* and PRP9* and used in immunoprecipitation
experiments with the anti-HA monoclonal antibody 12CAS
(Fig. 6). In the case of the tagged PRP6 strain, Northern
(RNA) blotting with snRNA probes indicated that U4, US,
and U6 snRNAs were specifically immunoprecipitated (Fig.
6A, lane 9). At higher ionic strength, only U4 and U6
snRNAs were specifically recovered (lanes 10 and 11). At
these salt concentrations, there was no detectable snRNA
immunoprecipitation from the isogenic control strain lacking
the tagged epitope (lanes 2 to 6). These results are identical
to those reported for immunoprecipitation with anti-PRP4
reagents (1, 3) and suggest that PRP6 encodes a U4/U6
(perhaps U4) snRNP protein, consistent with all of the
previous characterization (Fig. 3 to 5).

In the case of the tagged PRP9 strain, a small amount of
U2 snRNA was immunoprecipitated (Fig. 6B; compare lanes
9 and 10 with lanes 4 and 5). Unlike the results with the
tagged PRP6 protein (Fig. 6A), this U2 snRNA immunopre-
cipitation was salt sensitive (Fig. 6B; compare lanes 11 and
10). Identical results were obtained when the immunopre-
cipitations were carried out without preincubation or ATP
addition (data not shown). Longer exposures and quantita-
tion of these and other data indicate that small amounts of
the other snRN As were also immunoprecipitated specifically
from the tagged PRP9 strain.

If PRP9 is associated with U2 snRNP during spliceosome
formation, the anti-HA monoclonal antibody might immuno-
precipitate the pre-mRNA substrate from a tagged PRP9
extract. To test this possibility, radioactive pre-mRNA was
incubated in a PRP9-tagged extract with or without prior U2
snRNA inactivation by oligonucleotide-directed RNase H
digestion (Fig. 7, lanes 8 and 11). The immunoprecipitation
results show that PRP9 was associated with pre-mRNA in a
U2 snRNA-dependent manner. Similar results were ob-
tained with a PRP6-tagged extract (lanes 10 and 12). Com-
bined with the assembly phenotype of the heated prp9
extract, these data indicate that the PRP9 protein associates
with U2 snRNP and the pre-mRNA substrate at an early
stage of spliceosome assembly.

DISCUSSION

The data presented in this report lead to the conclusion
that the PRP6 protein is a U4/U6 snRNP protein and that the
PRP9 protein is required for U2 snRNP addition during
spliceosome assembly. The PRP9 gene product is the first
identified yeast protein that interacts, directly or indirectly,
with U2 snRNP.

Our approach was similar to that previously used to
analyze extracts derived from temperature-sensitive splicing
mutants, namely, to compare active and inactivated extracts
(4, 20) and to use antibody reagents directed against the
splicing factors to identify associated snRNAs (1, 3, 19).
However, a number of modifications were introduced to
facilitate and improve existing procedures. Most notably, we
heated the cells prior to extract preparation rather than
heating the extracts made at permissive temperatures. This
strategy was dictated by two considerations. First, we could
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FIG. 6. Immunoprecipitation of snRNPs associated with PRP6
and PRP9. Preincubation of the extract and immunoprecipitations
are described in Materials and Methods. The equivalents of 10 pl of
extract were immunoprecipitated at the salt concentrations indi-
cated above the lanes. The immunoprecipitated complexes were
treated with proteinase K and phenol extracted. The RNAs were
separated on 4% acrylamide-7 M urea gels, which were electroblot-
ted and probed with labeled snRN A probes as described in Materials
and Methods. (A) U4/U6 snRNPs coprecipitated with PRP6-HA.
Lanes: 1, 0.5 pg of yeast total RNA; 2 to 6, extract derived from the
PRP6* strain; 7 to 11, extract derived from the PRP6-5'-3'HA
extract. (B) snRNP coprecipitated with PRP9-3'HA. Lanes: 1, 0.5
ng of yeast total RNA; 2 to 6, extract derived from the PRP9*
extract; 7 to 11, extract derived from the PRP9-3'HA-tagged ex-
tract.
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FIG. 7. Immunoprecipitation of pre-mRNA associated with
PRP9 and PRP6. Splicing reactions and immunoprecipitations were
carried out as described in Materials and Methods, and the RNA
was analyzed on a 15% acrylamide-7 M urea gel. Lanes: 1 to 6,
aliquots of the reaction mixtures before immunoprecipitation; 7 to
12, the immunoprecipitated samples; 1 to 4, standard splicing
reactions with PRP9*, PRP9-3’HA, PRP6*, and PRP6-5'-3'HA,
respectively; 5 and 6, the same extracts as in lanes 2 and 4 except
that U2 snRNP had been predigested with a complementary oligo-
nucleotide.

use the same simple protocol for many different tempera-
ture-sensitive mutants rather than develop a mutant-specific
protocol (with variations of time, temperature, salt concen-
tration, etc.) for each strain. Second, inactivation should be
more complete and, importantly, might more accurately
reflect the mechanism by which the mutation inactivates
splicing in vivo upon a shift to 37°C. Indeed, these protocols
permitted us to study two mutants, prp6 and prp9, that had
previously been refractory to specific heat inactivation in
vitro (20).

Additionally, a glass bead miniextract procedure was used
with which large numbers of extracts from multiple strains or
from cells manipulated physiologically prior to extract prep-
aration could be more easily processed (29). It is very likely
that the later events of spliceosome assembly are less easily
visualized by this approach, as we have not been able to
distinguish by gel electrophoresis splicing complexes that
contain U2 snRNP from those that contain U2 snRNP plus
the snRNPs that are added subsequently, U4/U6 and US
snRNPs. The inability to visualize the addition of the late
snRNPs is probably related to the extract preparation pro-
tocol rather than the electrophoresis assay, because splicing
is also significantly reduced in these miniextracts relative to
what is commonly observed in large extracts (data not
shown). We suspect that these miniextracts contain a rela-
tively low activity of a late factor, necessary for the stable
addition of U4/U6 and US snRNPs to the spliceosome
(perhaps a low activity of one of these two snRNPs), This
hypothesis explains all of the relevant observations: the low
splicing activity in these extracts, the inability to visualize
the addition of these late snRNPs by electrophoresis, and the
inability to detect an assembly pattern in heated extracts
different from that in mutants deficient in one of these late
snRNP activities.
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Taken together, the different experiments strongly support
the notion that the PRP6 protein encodes a U4/U6 snRNP
protein. Heated extracts from this mutant are unable to add
the late snRNPs yet carry out the earlier assembly events
indistinguishably from heated isogenic wild-type extracts.
PRP6 activity is found in a pellet fraction along with all of the
snRNP activities. The tagged PRP6 protein associates with
pre-mRNA in a U2 snRNP-dependent fashion. Finally, the
tagged PRP6 protein immunoprecipitates U4/U6 snRNA. At
relatively low salt concentrations, US snRNA is also immu-
noprecipitated, an observation that presumably reflects the
known association between U4/U6 snRNP and U5 snRNP
(5, 13). Identical results have been reported for snRNA
immunoprecipitation with the PRP4 protein (1, 3), which
further supports the assignment of PRP6 to the U4/U6
snRNP. In the case of PRP4, the characterization suggests
that the protein is principally associated with U4 snRNP
(33). Detailed studies of this kind remain to be carried out for
PRP6.

In the case of PRP9, the results suggest that the protein
cooperates with U2 snRNP. In contrast to the conclusion
reached for PRP6, however, the interpretation is less
straightforward. The heated PRP9 extracts are unable to add
U2 snRNP to the Ul snRNP-containing commitment com-
plexes, suggesting that either U2 snRNP or an activity
required for stable U2 snRNP addition is inactivated. Such
an activity might normally interact with the substrate prior to
U2 snRNP addition (i.e., the preferred mechanism for a
U2AF-like activity [26, 34]). Alternatively, it might be asso-
ciated with U2 snRNP prior to the U2 snRNP-substrate
interaction (e.g., as an integral U2 snRNP protein), or it
might interact with and be required to stabilize the U2
snRNP-substrate complex. As there is a substantial amount
of PRP9 activity that does not pellet with snRNPs at 0.3 M
KCl, it is unlikely, in our view, that PRP9 is a tightly
associated snRNP protein like PRP6, operationally defined
by its salt-insensitive association with snRNA. This inter-
pretation is substantiated by the partial in vitro complemen-
tation of a heated prp9 extract with a U2-depleted extract;
were PRP9 a permanent, tightly associated U2 snRNP
protein, there should be essentially no activity in the U2-
depleted extract. Consistent with this view is the relatively
salt sensitive nature of the U2 snRNA immunoprecipitation
with the tagged PRP9 protein (Fig. 6B).

The U2 snRNA dependence of the substrate immunopre-
cipitation (Fig. 7) argues against a PRP9 activity that inter-
acts with the substrate prior to U2 snRNP. A similar
situation might obtain in mammalian cells for U2AF-sub-
strate-U2 snRNP interactions, despite in vitro experiments
demonstrating that U2AF can interact with the substrate
prior to U2 snRNP addition (34). We cannot exclude the
possibility that U2 snRNP binding stabilizes, or exposes the
epitope on, an already formed PRP9—pre-mRNA complex.
In any case, the dramatic assembly phenotype of the heated
extract suggests that a PRP9-U2 snRNP interaction is re-
quired to potentiate U2 snRNP activity.

Given this characterization, how do we interpret the
strong in vivo phenotype that caused us to focus on these
two gene products? Consistent with another study (16a),
these two mutants probably cause pre-mRNA transport
because they interfere with spliceosome assembly. How-
ever, the data show that the PRP9 and PRP6 gene products
both act in vitro after formation of the U1l snRNP-containing
commitment complex, indicating that a consistent relation-
ship between commitment in vitro and early commitment in
vivo is unlikely. If these two gene products are also rela-
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tively late factors in vivo, there are two simple possibilities
to account for their strong pre-mRNA transport phenotype.
Heating the mutant strains may cause spliceosome disassem-
bly. Alternatively, heat inactivation may block spliceosome
assembly, thereby titrating early commitment factors into
“frozen’’ spliceosomes. Further in vivo characterization of
these mutant strains may be able to distinguish between
these two possibilities. Also, characterizing more prp mu-
tants in vitro and examining more prp mutants in the in vivo
transport assay may give a clearer picture of the relationship
of pre-mRNA transport to spliceosome assembly in yeast
cells.

ACKNOWLEDGMENTS

N. Abovich gratefully acknowledges L. Zwiebel for purification of
the antibody, H. Colot for help with photography, and I. Edery and
L. Zwiebel for instruction on immunological techniques. We also
thank H. Colot, V. Goguel, X. Liao, C. Pikielny, and L. Zwiebel for
the critical reading of the manuscript. We thank T. Tishman for
expert secretarial assistance.

This work was supported by Public Health Service grant
GM23549 from the National Institutes of Health to M.R.

LITERATURE CITED

1. Banroques, J., and J. N. Abelson. 1989. PRP4: a protein of the
yeast U4/U6 small nuclear ribonucleoprotein particle. Mol.
Cell. Biol. 9:3710-3719.

2. Bindereif, A., and M. Green. 1987. An ordered pathway of
snRNP binding during mammalian pre-mRNA splicing complex
assembly. EMBO J. 6:2415-2424.

3. Bjgrn, S. P., A. Soltyk, J. D. Beggs, and J. D. Friesen. 1989.
PRP4 (RNA4) from Saccharomyces cerevisiae: its gene product
is associated with the U4/U6 small nuclear ribonucleoprotein
particle. Mol. Cell. Biol. 9:3698-3709.

4. Chang, T.-H., M. W. Clark, A. J. Lustig, M. E. Cusick, and J.
Abelson. 1988. RNAIll protein is associated with the yeast
spliceosome and is localized in the periphery of the cell nucleus.
Mol. Cell. Biol. 8:2379-2393.

S. Cheng, S. C., and J. Abelson. 1987. Spliceosome assembly in
yeast. Genes Dev. 1:1014-1027.

6. Davis, L. I., and G. R. Fink. 1990. The NUP1 gene encodes an
essential component of the yeast nuclear pore complex. Cell
61:965-978.

7. Field, R., J.-I. Nikawa, D. Broek, B. MacDonald, L. Rodgers,
I. A. Wilson, R. A. Lerner, and M. Wigler. 1988. Purification of
a RAS-responsive adenylyl cyclase complex from Saccharomy-
ces cerevisiae by use of an epitope addition method. Mol. Cell.
Biol. 8:2159-2165.

8. Frendewey, D., A. Kramer, and W. Keller. 1987. Different small
nuclear ribonucleoprotein particles are involved in different
steps of splicing complex formation. Cold Spring Harbor Symp.
Quant. Biol. 52:287-298.

9. Green, M. R. 1986. Pre-mRNA splicing. Annu. Rev. Genet.
20:671-708.

10. Guthrie, C., and B. Patterson. 1988. Spliceosomal RNAs. Annu.
Rev. Genet. 22:387-419.

11. Hartwell, L. H., C. S. McLaughlin, and J. R. Warner. 1970.
Identification of ten genes that control ribosome formation in
yeast. Mol. Gen. Genet. 109:42-56.

12. Ito, H., Y. Fukuda, K. Murata, and A. Kimura. 1983. Transfor-
mation of intact yeast cells treated with alkali cations. J.
Bacteriol. 153:163-168.

13. Konarska, M. M., and P. A. Sharp. 1987. Interactions between
small nuclear ribonucleoprotein particles in formation of spliceo-
somes. Cell 49:763-774.

14. Kretzner, L., B. C. Rymond, and M. Rosbash. 1987. S. cerevi-
siae Ul RNA is large and has limited primary sequence homol-
ogy to metazoan Ul snRNA. Cell 50:593-602.

15. Kunkel, T. A. 1985. Rapid and efficient site-specific mutagenesis
without phenotypic selection. Proc. Natl. Acad. Sci. USA
82:488-492.



VoL. 10, 1990

16.

Lamond, A. I., M. M. Konarska, P. J. Grabowski, and P. A.
Sharp. 1988. Spliceosome assembly involves the binding and
release of U4 small nuclear ribonucleoprotein. Proc. Natl.
Acad. Sci. USA 85:411-415.

16a.Legrain, P., and A. Choulika. 1990. The molecular characteri-

17.

18.

19.

20.

21.

22.

23.

24.

zation of PRP6 and PRP9 genes reveals a new cysteine/histidine
motif common to several splicing factors. EMBO J. 9:2775-
2781.

Legrain, P., and M. Rosbash. 1989. Some cis- and trans-acting
mutants for splicing target pre-mRNA to the cytoplasm. Cell
57:573-583.

Legrain, P., B. Seraphin, and M. Rosbash. 1988. Early commit-
ment of yeast pre-mRNA to the spliceosome pathway. Mol.
Cell. Biol. 8:3755-3760.

Lossky, M., G. J. Anderson, S. P. Jackson, and J. Beggs. 1987.
Identification of a yeast snRNP protein and detection of snRNP-
snRNP interactions. Cell 51:1019-1026.

Lustig, A. J., R.-]J. Lin, and J. Abelson. 1986. The yeast RNA
gene products are essential for mRNA splicing in vitro. Cell
47:953-963.

Newman, A. J., R. Lin, S. Cheng, and J. Abelson. 1985.
Molecular consequences of specific intron mutations on yeast
mRNA splicing in vivo and in vitro. Cell 42:335-344.

Pikielny, C. W., B. C. Rymond, and M. Rosbash. 1986. Electro-
phoresis of ribonucleoproteins reveals an ordered pathway of
yeast splicing complexes. Nature (London) 324:341-345.
Rosbash, M., P. K. W. Harris, J. L. Woolford, Jr., and J. L.
Teem. 1981. The effect of temperature-sensitive RNA mutants
on the transcription products from cloned ribosomal protein
genes of yeast. Cell 24:679-686.

Rose, M. D., P. Novick, J. H. Thomas, D. Botstein, and G. R.
Fink. 1987. A Saccharomyces cerevisiae genomic plasmid bank
based on a centromere-containing shuttle vector. Gene 60:237—

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

PRP6 AND PRP9 YEAST SPLICING FACTORS 6425

243.

Ruby, S. W., and J. Abelson. 1988. An early hierarchic role of
U1 small nuclear ribonucleoprotein in spliceosome assembly.
Science 242:1028-1035.

Ruskin, B., P. D. Zamore, and M. R. Green. 1988. A factor,
U2AF, is required for U2 snRNP binding and splicing complex
assembly. Cell 52:207-219.

Rymond, B. C., D. D. Torrey, and M. Rosbash. 1987. A novel
role for the 3’ region of introns in pre-mRNA splicing of
Saccharomyces cerevisiae. Genes Dev. 1:238-246.

Seraphin, B., L. Kretzner, and M. Rosbash. 1988. A Ul snRNA:
pre-mRNA base pairing interaction is required early in yeast
spliceosome assembly but does not uniquely define the 5’
cleavage site. EMBO J. 7:2533-2538.

Seraphin, B., and M. Rosbash. 1989. Identification of functional
Ul snRNA-pre-mRNA complexes committed to spliceosome
assembly and splicing. Cell 5§9:349-358.

Vijayraghavan, U., M. Company, and J. Abelson. 1989. Isolation
and characterization of pre-mRNA splicing mutants of Saccha-
romyces cerevisiae. Genes Dev. 3:1206-1216.

Wilson, I. A., H. L. Niman, R. A. Houghten, M. Cherenson, L.
Connolly, and R. A. Lerner. 1984. The structure of an antigenic
determinant in a protein. Cell 37:767-778.

Woolford, J. L., Jr. 1989. Nuclear pre-mRNA splicing in yeast.
Yeast 5:439457.

Xu, Y., S. Petersen-Bjgrn, and J. D. Friesen. 1990. The PRP4
(RNAA4) protein of Saccharomyces cerevisiae is associated with
the 5’ portion of the U4 small nuclear RNA. Mol. Cell. Biol.
10:1217-1225.

Zamore, P. D., and M. R. Green. 1989. Identification, purifica-
tion, and biochemical characterization of U2 small nuclear
ribonucleoprotein auxiliary factor. Proc. Natl. Acad. Sci. USA
86:9243-9247.



