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Prp16p, Slu7p, and Prp8p interact with the 3’ splice
site in two distinct stages during the second
catalytic step of pre-mRNA splicing

JAMES G. UMEN and CHRISTINE GUTHRIE

Department of Biochemistry and Biophysics, University of California— San Francisco, San Francisco, California 94143, USA

ABSTRACT

For the second catalytic step of pre-mRNA splicing to occur, a 3’ splice site must be selected and juxtaposed
with the 5’ exon. Four proteins, Prp16p, Slu7p, Prp17p, Prp18p, and an integral spliceosomal protein, Prp8p,
are known to be required for the second catalytic step. prp8-101, an allele of PRP8 defective in 3’ splice site
recognition, exhibits specific genetic interactions with mutant alleles of the other second step splicing fac-
tors. The prp8-101 mutation also results in decreased crosslinking of Prp8p to the 3’ splice site. To determine
the role of the step-two-specific proteins in 3’ splice site recognition and in binding of Prp8p to the 3’ splice
site, we performed crosslinking studies in mutant and immunodepleted extracts. Our results suggest an or-
dered pathway in which, after the first catalytic step, Prp16p crosslinks strongly to the 3’ splice site and Prp8p
and Slu7p crosslink weakly. ATP hydrolysis by Prp16p affects a conformational change that reduces the cross-
linking of Prp16p with the 3’ splice site and allows stronger crosslinking of Prp8p and Slu7p. Thus, the 3’ splice
site appears to be recognized in two stages during the second step of splicing. Strong 3’ splice site crosslink-
ing of Prp8p and Slu7p also requires the functions of Prp17p and Prp18p. Therefore, Prp8p and Slu7p interact
with the 3’ splice site at the latest stage of splicing prior to the second catalytic step that can currently be de-
fined, and may be at the active site.

Keywords: UV crosslinking; U5 snRNP; yeast

INTRODUCTION been learned about this process for the first catalytic
step of splicing, much less is known about 3’ splice site
selection and the second catalytic step (Green, 1991;
Guthrie, 1991; Rymond & Rosbash, 1992; Moore et al.,
1993; Madhani & Guthrie, 1994a). 3’ Splice sites in
most organisms contain a pyrimidine-rich tract up-
stream of an invariant AG dinucleotide at the 3" splice
junction. Moreover, a specific interaction between the
first and last guanosine residues in introns plays an im-
portant functional role in 3’ splice site utilization (Par-
ker & Siliciano, 1993). In mammals, the pyrimidine
tract is recognized by a factor, U2AF, that is required
at an early stage in spliceosome assembly (Zamore &
Green, 1991). Later, the pyrimidine tract is bound by
PSF (PTB associated splicing factor), which is required
for the second catalytic step (Gozani et al., 1994). In
both Saccharomyces cerevisine and mammals, U5 snRNA
has been shown to base pair with exon sequences ad-
jacent to the 3’ splice site; however, the lack of se-
Reprint requests to: Christine Guthrie, Department of Biochem- quence conseryation m these sequences SUgEests that

istry and Biophysics, University of California— San Francisco, San this interaction does not normally play a major deter-
Francisco, California 94143, USA; e-mail: guthrie@socrates.ucsf.edu. minative role in 3’ splice site selection (Newman &
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Nuclear pre-mRNA splicing involves the recognition
and removal of introns from messenger RNA precur-
sors. Five small ribonucleoproteins (U1, U2, U4, U5,
and U6 snRNPs), together with multiple accessory pro-
teins, recognize and assemble onto intron-containing
RNAs in an ordered fashion to form the spliceosome
and carry out the two transesterification reactions that
characterize pre-mRNA splicing (see below for re-
views). In the first chemical step, the 2" hydroxyl of an
internal (branch site) adenosine attacks the 5" splice site
phosphodiester bond to generate the lariat intermedi-
ate and free 5 exon; in the second chemical step, the
3’ hydroxyl of the free 5 exon attacks the 3" splice site
phosphodiester bond, forming ligated exons and an ex-
cised lariat intron.

These reactions require accurate identification and
juxtaposition of splice sites. Although a great deal has
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Norman, 1991, 1992; Wyatt et al., 1992; Cortes et al.,
1993; Sontheimer & Steitz, 1993; Madhani & Guthrie,
1994a).

The U5 snRNP-associated protein Prp8p was origi-
nally identified from a temperature-sensitive mutant
allele, prp8-1, that blocks splicing prior to the first cat-
alytic step in vitro and in vivo (Lossky et al., 1987;
Jackson et al., 1988; Brown & Beggs, 1992). Recently,
however, we identified a novel allele, prp8-101, that is
specifically defective for 3’ splice site selection. This
allele impairs recognition of the uridine tract preced-
ing the 3’ splice site and defines a function for Prp8p
at the second catalytic step of splicing in vivo (Umen &
Guthrie, 1995). Site-specific UV crosslinking suggests
that Prp8p mediates 3’ splice site selection through di-
rect binding to the 3’ splice site (Teigelkamp et al.,
1995a; Umen & Guthrie, 1995).

In addition to the factors mentioned above, genetic
screens in S. cerevisiae have identified four proteins that
are required specifically for the second catalytic step:
Prplép, Slu7p, Prp17p, and Prp18p. These proteins are
“exchangeable” because they can be removed from in
vitro splicing reactions and then added back to comple-
ment pre-assembled spliceosomes (Vijayraghavan &
Abelson, 1990; Schwer & Guthrie, 1991; Horowitz &
Abelson, 1993a; Athar & Schwer, 1995; Jones et al.,
1995). Additionally, PRP16, PRP17, PRP18, and SLU7
share a unique set of genetic interactions with each
other but not with other splicing factors, suggesting a
physical or functional association of the encoded pro-
teins (Frank et al., 1992; Jones et al., 1995). Originally
identified as a suppressor of a branch site mutation,
PRP16 belongs to a family of RNA-dependent ATPases,
the so called DExH box proteins (Couto et al., 1987;
Burgess et al., 1990; Schmid & Linder, 1992). Prplép
binds to the spliceosome after the first catalytic step of
splicing; it then promotes an ATP-dependent confor-
mational change that leads to protection of the 3" splice
site from oligonucleotide-directed RNase H cleavage
(Schwer & Guthrie, 1991, 1992a). Whether this protec-
tion is due to Prpl6p or other splicing factors is not
known.

SLU7 was identified in a screen for mutants that are
synthetically lethal with U5 snRNA (Frank et al., 1992).
Although Slu7p does not appear to be stably associated
with U5 or other snRNPs (D.N. Frank, unpubl. obs.),
the protein contains a sequence motif (CX,CX,HX,C),
termed a “zinc knuckle,” that is implicated in retroviral
RNA binding (Frank & Guthrie, 1992 and references
therein). Interestingly, an allele of SLU?7, slu7-1, affects
3’ splice site selection, suggesting a possible RNA bind-
ing site for the protein (Frank & Guthrie, 1992).

Prpl17p and Prpl18p are encoded by nonessential
genes and absence of either causes a partial block to
the second step of splicing in vitro (Vijayraghavan &
Abelson, 1990; Frank et al., 1992; Horowitz & Abelson,
1993b; Jones et al., 1995). Whereas Prpl6p and Prp17p
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act at, or prior to, an ATP-requiring stage of splicing
(Schwer & Guthrie, 1991; Jones et al., 1995), Prp18p
and Slu7p do not require ATP to promote the second
catalytic step (Horowitz & Abelson, 1993a; Athar &
Schwer, 1995; Jones et al., 1995). Thus, Prpl6p/Prp17p
and Prpl18p/Slu7p define at least two stages in the
second step of splicing, one ATP-dependent and one
ATP-independent.

Here we investigate the in vitro phenotype of prp8-
101. We find that the mutant protein causes a block to
the second catalytic step of splicing and is impaired in
3’ splice site crosslinking. The prp8-101 mutant also dis-
plays specific genetic interactions with alleles of PRP16,
SLU7, PRP17, and PRP18, establishing a functional re-
lationship between Prp8p and these second step splic-
ing factors. We utilize site-specific UV crosslinking to
test whether the exchangeable second step splicing fac-
tors interact with the 3’ splice site, and to determine the
timing of these interactions relative to that of Prp8p.
We find that the 3" splice site is recognized in at least
two distinct stages. The first is characterized by strong
3’ splice site crosslinking of Prp16p and weaker cross-
linking of Slu7p and Prp8p. After hydrolysis of ATP by
Prpl6p, Prp8p and Slu7p crosslinking to the 3’ splice
site increases, whereas Prplép crosslinking is dimin-
ished. Strong 3 splice site crosslinking of Prp8p and
Slu7p also requires the functions of Prp17p and Prp18p.
Thus, Prp8p and Slu7p interact with the 3’ splice site
at the closest stage of splicing prior to catalysis that can
currently be defined.

RESULTS

In vitro analysis of the prp8-101 mutant

Previously, we demonstrated that the prp8-101 allele of
PRP8 causes a specific defect in 3" splice site uridine
tract recognition (Umen & Guthrie, 1995). Further-
more, we utilized a site-specifically labeled in vitro
splicing substrate (XL7) and UV crosslinking to show
that wild-type Prp8p crosslinks to the 3’ splice site in
active spliceosomes (Fig. 1) (Umen & Guthrie, 1995).
XL7 contains a point mutation (AG to GG) at the 3’
splice site that slows the kinetics of the second step and
enhances crosslinking of Prp8p. We wished to deter-
mine whether the prp8-101 allele causes a block to the
second step of splicing in vitro and how the Prp8p-3’
splice site interaction is affected in the mutant strain.
To test this, we prepared splicing extract from an
epitope-tagged prp8-101 strain (see the Materials and
methods) and examined splicing and 3" splice site
crosslinking. In the prp8-101 mutant extract, XL7 un-
dergoes the first step of splicing at a similar efficiency
compared with the wild-type extract. However, there
is a block to the second catalytic step (Fig. 2A). This
block is partial when the 3" splice site dinucleotide is
wild type (AG) (data not shown). We consistently ob-
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FIGURE 1. Strategy for analyzing 3’ splice site binding proteins.
A: Schematic of XL7 in vitro splicing substrate. The 3’ splice site
nucleotides are shown with the A to G point mutation and a single-
labeled phosphate depicted by a * symbol. The 15-nt RNase T1 di-
gestion product is underlined. B: XL7 is incubated in splicing extract
and bound proteins are UV crosslinked. After digestion with RNase
T1, only 3 splice site bound proteins will be labeled and specific pro-
teins can be isolated by immunoprecipitation.

served a 2-4-fold reduction in Prp8p-3’ splice site
crosslinking with the mutant prp8-101 extract (Fig. 2B).
Immunoblot analysis of the crosslinked samples indi-
cated that similar quantities of protein were immuno-
precipitated in each reaction (Fig. 2C). Furthermore,
native immunoprecipitation of spliceosomes from wild-
type and mutant extracts revealed that similar amounts
of Prp8p are associated with precursor and lariat inter-
mediate (Fig. 2D, lanes 2 and 3).

Interestingly, in contrast to previously reported re-
sults (Whittaker et al., 1990; Teigelkamp et al., 1995b),
we detect very little association of Prp8p with excised
lariat in this experiment. Even upon long exposure of
the autoradiograph in Figure 2D, the proportion of ex-
cised lariat to lariat intermediate is greatly reduced in
the immunoprecipitate versus the total splicing reac-
tion (Fig. 2A, lane 1 versus Fig. 2D, lane 2). This may
be due to differences between the two splicing sub-
strates utilized, a difference in epitope accessibility in
complexes containing excised lariat versus lariat inter-
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FIGURE 2. Analysis of 3’ splice site crosslinking in prp8-101 strains.
A: Splicing of XL7 in epitope-tagged PRP8 (lane 1) and epitope-
tagged prp8-101 (lane 2) extracts. Hpa ll-digested pBR322 markers are
in lane m. Products of splicing are presented as line drawings to the
left. B: Phosphorimage analysis of the crosslinked and immunopre-
cipitated Prp8p from A. C: Immunoblot analysis of the epitope-
tagged Prp8p from B. D: Native immunoprecipitation of spliceosomes
from A with anti-HA antibodies (lanes 2 and 3) and a wild-type, non-
epitope-tagged extract in lane 1. E: Denaturing immunoprecipitation
of wild-type, epitope-tagged Prp8p from reaction in A with (lane 1)
and without (lane 2) UV crosslinking.

mediate and precursor, or differences in spliceosome
disassembly rates in the respective splicing extracts. To
test the second possibility, we crosslinked Prp8p to XL7
in a splicing reaction and analyzed Prp8p-XL7 cross-
linking by denaturing immunoprecipitation (see the
Materials and methods) (Fig. 2E). This experiment
yields a similar profile of precipitated RNA species as
the native immunoprecipitation. We conclude that in
our extracts, Prp8p is primarily associated with precur-
sor and lariat intermediate and only a small fraction
could be associated with excised lariat. The discrepancy
with previous results is either due to differences in the
two substrates that were utilized or to differences in
spliceosome disassembly rates. Our result further sug-
gests that the Prp8p-3’ splice site interaction is altered
or destabilized after the second catalytic step.

Genetic interactions between PRP8 and
other second step splicing factors

Synthetic lethal analysis has proven useful in de novo
identification of interacting splicing factors and in func-
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tionally grouping known splicing factors (Frank et al.,
1992; Liao et al., 1993; Ruby et al., 1993; Wells & Ares,
1994). Mutant alleles of the second step splicing pro-
teins encoded by PRP16, SLU7, PRP17, and PRP18 ex-
hibit synthetic lethality with each other but not with
mutant alleles of proteins required for the first step of
splicing (Frank et al., 1992). Because the prp8-101 allele
behaves specifically as a second step mutant both in
vivo and in vitro, we tested whether it interacts genet-
ically with mutant alleles of second step splicing genes.
In principle, just as first step splicing factors fall into
different genetic subgroups based on common bio-
chemical functions, the same could be true of second
step splicing factors; that is, prp8-101 might define its
own subgroup, or might be related in function to the
other second step factors.

We employed a novel method for constructing and
analyzing double mutants of prp8-101 or prp8-1 and al-
leles of both first and second step splicing mutants
(Fig. 3A,B). This method involves the direct construc-
tion and analysis of double mutant strains via integra-
tive transformation rather than the more laborious
indirect analysis of meiotic progeny. It is particularly
useful for rapidly screening one or two mutants against
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a large set of test strains. Either prp8-101 or prp8-1 were
introduced into test strains carrying a chromosomal or
plasmid-borne prpx mutation and a URA3-marked
plasmid bearing a wild-type copy of the same PRPX
gene. Selection against the URA3-PRPX plasmid with
the drug 5-fluoro-orotic acid (5FOA) yields a double
mutant prp8 prpx strain (Fig. 3B). Failure to grow on
5FOA indicates that the double mutant strain is invia-
ble and that the mutations are synthetically lethal.
Compared with prp8-101 strains, which grow at near
wild-type rates and are mildly temperature sensitive,
prp8-1 strains grow slowly and are highly temperature
sensitive. Therefore, prp8-1 served as a good control for
specificity in these experiments.

We analyzed three first step splicing mutants (prp2-1,
prp3-1, and prp24-6) and at least one allele of all the
second step splicing factors (prp16-101, prpl6-2, prpl6-
301, prp17-1, prp17-2, prp18-1, slu7-1, and slu7-ccss [dou-
ble mutation in the “zinc knuckle” (Frank & Guthrie,
1992)]). Strikingly, we found that prp8-101 is syntheti-
cally lethal with at least one allele of all the second step
splicing factors, but displays no genetic interactions
with the first step mutants (Fig. 3C). For PRP16, we
only observed synthetic lethality with a cold-sensitive
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FIGURE 3. Genetic interactions between prp8-101 and second step mutants. A: A gapped, integrating, HIS3-marked plas-
mid containing an N-terminally truncated copy of prp8-1 or prp8-101 (open box) is shown recombining with the chromo-
somal PRP8 locus (shaded box). The mutation is indicated by a * symbol. The integration produces one full-length copy
of prp8-1 or prp8-101 and an N-terminally truncated, nonfunctional copy of PRP8, PRP8AN. B: The prp8 mutants from A
were introduced directly into cells containing a second prp mutation (prpx) that is complemented by a wild-type (PRPX),
LIRA3-marked plasmid. Selection on 5FOA generates a prp8-1 prpx or prp8-101 prpx double mutant strain (see the Materi-
als and methods for details). C: A + symbol indicates that the double-mutant combination is viable and a — indicates that
the double-mutant combination is inviable and that the two mutations are synthetically lethal.
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allele ( prp16-301), but not with a temperature-sensitive
allele (prpl6-2) or a mutant branch site suppressor
(prp16-101). In contrast, prp8-1 showed no genetic in-
teractions with the prp mutants we tested. Prp8p,

therefore, appears to function coordinately with the
other second step splicing proteins.

Crosslinking of Prp16p and Slu7p
to the 3’ splice site

To test whether second step proteins other than Prp8p
might function in 3’ splice site recognition, we deter-
mined whether any can be crosslinked to the 3’ splice
site. Prp1l6p and Slu7p are particularly attractive can-
didates because their sequences and/or biochemical
properties predict that they interact with spliceosomal
RNAs (Schwer & Guthrie, 1991; Frank & Guthrie,
1992). Moreover, Slu7p is known to participate in 3’
splice site selection (Frank & Guthrie, 1992). We uti-
lized our previously characterized XL7 substrate and
crosslinking assay (Fig. 1B) to determine whether
Prpl6p, Slu7p, Prpl17p, or Prp18p crosslink to the 3’
splice site. We also tested the U1 70K protein (Snplp)
as a control for a splicing factor most likely involved in
the first step of splicing. After splicing and crosslink-
ing in a wild-type extract, antisera raised against each
of these proteins was used for immunoprecipitation
followed by denaturing PAGE and autoradiography.
Prp16p and Slu7p crosslinked to the 3 splice site in this
assay, whereas Prp17p, Prpl18p, and Snplp did not
(Fig. 4B).

As controls for the immunoprecipitations, we looked
at immunoprecipitation of Ul snRNA by aSnplp sera
or U4, U5, and U6 snRNAs by «Prp18 sera under con-
ditions similar to those used in the crosslinking exper-
iments (Fig. 4C; see the Materials and methods). Under
our experimental conditions, we were able to immuno-
precipitate Ul snRNA with «Snp1p sera, but could not
precipitate U4, U5, and U6 with oPrp18p sera (Fig. 4C,
lanes 2 and 3). However, we could immunoprecipitate
U4, U5, and U6 with antibodies specific for the epitope-
tagged Prp8p (Fig. 4C, lane 1). Note that some U6
snRINA also precipitated nonspecifically in this exper-
iment. Because Prp17p is often obscured on immuno-
blots by IgG after immunoprecipitation, we compared
the supernatant from the «Prp17p immunoprecipita-
tion experiment to a similar amount of undepleted
splicing extract. Comparison of lanes 1 and 2 in Fig-
ure 4D shows that a substantial fraction of Prp17p was
depleted in the immunoprecipitation after crosslinking.
In summary, these controls indicate that only a specific
subset of splicing factors crosslink to the 3’ splice site.

To determine whether Prpl16p and Slu7p crosslink to
the 3’ splice site in active spliceosomes, we employed
two derivatives of XL7, XL7-A5 and XL7-C259 (Umen
& Guthrie, 1995). XL7-Ab5 contains a G to A mutation
at the fifth position of the intron and undergoes no
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splicing. We see no 3’ splice site crosslinking to either
Prpl6p or Slu7p with this substrate (Fig. 4AE, lane 1
versus 2). XL7-C259 contains an A to C mutation at the
branch residue and splices 5-10-fold less efficiently
than XL7 (Fig. 4A, lane 1 versus 3). Similarly, Prp16p
and Slu7p show a 5-10-fold decrease in 3’ splice site
crosslinking with XL7-C259 (Fig. 4E, lane 1 versus 3).
These results indicate that Prpl6p and Slu7p crosslink
to the 3’ splice site in active spliceosomes.

To ascertain whether the Prplép and Slu7p cross-
links were specific to the 3’ splice site, we used a mod-
ified crosslinking substrate (XL7-E2). In XL7-E2, the
second exon is uniformly labeled beginning nine nucle-
otides downstream of the 3’ splice junction and is sub-
stituted with 5-bromo-uridine (Umen & Guthrie, 1995).
Both of these proteins failed to crosslink to XL7-E2
(Fig. 4A, lane 5; Fig. 4E, lanes 4 and 5). Immunoblot-
ting of the samples indicated that the crosslinked pro-
tein in each immunoprecipitate co-migrates with the
signal from the immunoblot (data not shown), and that
similar amounts of protein were immunoprecipitated
in each sample (Fig. 4F, lane 1 versus 2 and lane 3 ver-
sus 4). Therefore, Prp16p and Slu7p interact specifically
with the 3’ splice site.

Timing and requirements for 3’ splice site
crosslinking by Prp8p, Prp16p, and Slu7p

Establishing the relative timing of 3’ splice site inter-
action for Prp8p, Prplép, and Slu7p is critical for un-
derstanding their roles in the second step of splicing.
In particular, it is important to determine the time of
3’ splice site binding relative to the catalytic steps of
splicing. Furthermore, the relative order of 3’ splice site
interaction for these proteins with respect to each other
may be informative regarding their precise biochemi-
cal functions. To address these questions, we used mu-
tant or immunodepleted extracts that were blocked at
various stages of the splicing reaction. A decrease or
loss of crosslinking in the mutant extract compared to
the control indicates that the activity of the missing or
mutant protein is required prior to the crosslink. Con-
versely, no change or an increase in crosslinking in the
mutant versus the control extract indicates that the ac-
tivity of the mutant or missing protein is not required
for the crosslink.

We began our analysis by examining crosslinking in
extracts prepared from a prp2-1 strain. Prp2p function
is required after complete spliceosome assembly and
just prior to the first catalytic step (Cheng & Abelson,
1987; Kim & Lin, 1993). Because the prp2-1-encoded
protein is thermolabile in vitro, we compared crosslink-
ing of Prp8p, Prpl6p, and Slu7p in prp2-1 extracts with
and without heat inactivation. These extracts were fully
complementable with purified Prp2p (data not shown).
We found that crosslinking is abolished for all three
proteins when spliceosomes are blocked at the Prp2p
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FIGURE 4. Crosslinking of Prpl6p and Slu7p to the 3’ splice site. A: Splicing of XL7 (lanes 1 and 4) and derivatives (see
text). Products of splicing are presented as line drawings in the center. The single phosphate label in XL7 only allows de-
tection of precursor, lariat intermediate, and excised lariat intron. B: A splicing reaction (from lane 1 in Fig. 4A) was cross-
linked and proteins were immunoprecipitated with antisera (indicated above each lane) and fractionated by SDS-PAGE
and autoradiographed. The bands corresponding to Prp8p, Prplép, and Slu7p are indicated by a filled circle. The presump-
tive locations of Prp17p, Snplp, and Prp18p are indicated by open circles. The crosslinked proteins at ~66 kDa, ~150 kDa,
and ~220 kDa (most prominent in lanes 4-6) are nonspecific and variable contaminants in immunoprecipitations. Posi-
tions of molecular weight markers are on the right. C: Immunoprecipitation reactions similar to those in B, except with-
out crosslinking or RNase T1 digestion were protease treated and extracted. The RNAs were fractionated and probed for
U1, U4, U5, and U6. Antisera used in lanes 1-3 are indicated above each lane and compared to a mock reaction (no anti-
sera) in lane 4. The positions of the snRNAs are indicated. Bands not corresponding to these are nonspecific contaminants.
Some Ub snRNA was immunoprecipitated nonspecifically in this experiment. D: Immunoprecipitation of Prp17p was eval-
uated by comparing the input from a splicing reaction as in B (lane 1) to the supernatant from the immunoprecipitation
(lane 2). Some IgG remains in the supernatant. Recombinant Prp17p (lane 3) was used as a size standard. E: Samples from
A were crosslinked and immunoprecipitated with antisera against Slu7p or Prp16p, fractionated by SDS-PAGE, transferred
to nitrocellulose, and phosphorimaged. Only the region of the gel containing Prp16p or Slu7p is shown. F: Samples in
E, lanes 4 and 5, were subsequently immunoblotted with the appropriate sera indicated above the lanes. Positions of Prpl6p,
Slu7p, and IgG are indicated. Positions of molecular weight markers are on the left.
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step (Fig. 5A,B). Thus, crosslinking appears to occur
either immediately prior to or after the first catalytic
step of splicing.

Next, we examined the Prpl6p-dependent step of
splicing. Spliceosomes were formed in extract that had
been immunodepleted for Prplép, and then glucose

and hexokinase were added to deplete ATP. We added
either buffer, ATP, purified Prp16p, or both purified
Prpl6p and ATP to these spliceosomes and continued
the incubation to allow completion of splicing. Splicing
and crosslinking were then examined in each sample.
As reported previously, the splicing reaction can only
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be complemented with the addition of both AT and
Prplép (Fig. 5C) (Schwer & Guthrie, 1991). Further-
more, Prp8p and Slu7p crosslink to the 3" splice site in
the absence of Prp16p, but require hydrolysis of ATP by
Prpl6p for maximal crosslinking (Fig. 5D, lanes 1-3 ver-
sus lane 4). We consistently observe a 2-3-fold increase
in Prp8p and Slu7p crosslinking to the 3" splice site
when the reaction is complemented with Prpl6p and
ATP. In contrast, Prpl6p crosslinks to the 3" splice site
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FIGURE 5. A: Splicing of XL7 in a prp2-1 extract with-
out (lane 1) and with (lane 2) prior heat inactivation.
Products of splicing are presented as line drawings to .
the left of the gel. B: Samples from the reactions in A -
were crosslinked and immunoprecipitated with sera '
against epitope-tagged Prp8p or against Prplép or
Slu7p and phosphorimaged. Only the region of the gel
where the protein of interest migrates is shown. C:
Splicing in Prpl6p- and ATP-depleted extracts with no
additions (lane 1), ATP added (lane 2), Prplép added
(lane 3), or ATP and Prp16p added (lane 4). D: Cross-
linking of samples from C analyzed as in B. E: Splic-
ing of XL7 in a wild-type (lane 1) or prpl6-1 extract
(lane 2). F: Crosslinking of samples from E analyzed as
in B. G,I,K: Splicing in staged reactions with prp17-1,
prp-18-1-derived, or Slu7p-immunodepleted (ASIu7) ex-
tracts. Splicing was initiated in mutant or depleted ex-
tracts without cold competitor RNA (First Addition,
lanes 1 and 3) to allow the first step of splicing. Addi-

tional mutant or depleted extract (Second Addition,

lane 1) or complementing wild-type extract (Second

Addition, lane 3) was added along with excess cold

competitor RNA prior to a second incubation. Lane 2
contains cold competitor RNA added at the beginning
of a similar reaction as in lanes 1 and 3. Products of
splicing are presented as line drawings to the left of G.
H,J,L: Samples from G, I, K (lanes 1 and 3) were ana-
lyzed as in B for crosslinking to Prp8p, Prplép, and
Slu7p after the second incubation period. Lane 1 rep-
resents the uncomplemented reaction and lane 2 rep-
resents the complemented reaction.

2-3-fold more strongly in the absence of ATP than in its
presence, consistent with its release from spliceosomes
upon ATP hydrolysis (Fig. 5D, lane 3 versus 4) (Schwer
& Guthrie, 1991). The slowed reaction kinetics of the
splicing substrate XL7 most likely account for the re-
maining Prpl6p in spliceosomes after complementation.

We also examined crosslinking in an extract derived
from a prpl6-1 strain. The protein encoded by the
prplé-1 allele can bind spliceosomes, but is strongly
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reduced for ATP hydrolysis and does not release from
spliceosomes. The mutant protein can thus act as a
“dominant negative” for the second catalytic step
(Fig. 5E) (Schwer & Guthrie, 1992b). The ATPase de-
fect caused by the prp16-1 mutation might be due to
poor binding of an RNA or due to another defect in the
ATP hydrolysis cycle (e.g., activation of ATP hydrolysis
upon RNA binding, or release after ATP hydrolysis).
If prpl6-1 causes an RNA binding defect, then we
might expect to see reduced Prp16p-3’ splice site cross-
linking in the mutant strain. In contrast, we found that
the prp16-1 mutation caused a 3-4-fold increase in the
Prpl6p-3’ splice site crosslink (Fig. 5F). Interestingly
Prp8p- and Slu7p-3' splice site crosslinking are nearly
eliminated in the prp16-1 extract (Fig. 5F). By trapping
Prpl6p in a state where it is bound to the 3’ splice site
but cannot complete the ATP hydrolysis cycle, the
prpl6-1 mutant appears to prevent the binding of
Prp8p and Slu7p.

To examine whether the functions of Prp17p and
Prp18p are required for Prp8p, Prplép, and Slu7p to
bind the 3’ splice site, we utilized extracts derived from
prp17-1 and prp18-1 mutant strains. Although these ex-
tracts cause a constitutive partial block to the second
step of splicing for a wild-type splicing substrate, they
cause a stronger block with XL7 (Fig. 5G,I, lane 1; data
not shown). Splicing and crosslinking were examined
in these extracts, which were incubated with XL7 to al-
low spliceosome assembly and the first catalytic step
to occur. At this point, excess cold competitor RNA
was added to prevent further initiation of splicing, fol-
lowed by a “chase” of wild-type complementing extract
or additional mutant extract. For both prpl7-1 and
prp18-1 extracts, we observed a modest but reproduc-
ible increase in Prp8p- and Slu7p-3’ splice site cross-
linking when the defect was complemented (Fig. 5H,]J,
lanes 1 and 2). In contrast, the Prp16p-3’ splice cross-
link stays the same or is diminished slightly upon com-
plementation. Thus, although Prp17p and Prp18p are
required for Prp8p and Slu7p to crosslink maximally to
the 3’ splice site, their functions are not required for the
Prp16p-3" splice site interaction. Moreover, Prp18p
may facilitate the release of Prp16p from spliceosomes
because there is usually greater Prp16p crosslinking in
the mutant versus complemented reaction (Fig. 5],
lanes 1 and 2).

Finally, we determined whether Prp8p or Prpl6p re-
quire Slu7p to bind the 3’ splice site. We followed a
similar protocol as described for prp17-1 and prp18-1 ex-
tracts, except we utilized an extract that had been im-
munodepleted with «Slu7p sera (ASlu7). XL7 was
incubated in this extract, and splicing and 3’ splice site
crosslinking were examined. The extent of Slu7p im-
munodepletion is variable, and in this experiment,
caused only a partial second step splicing block (Fig. 5K,
lane 1 versus lane 3). In ASlu7 extracts, Prp8p-3' splice
site crosslinking is consistently reduced compared to
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the complemented control, whereas Prp16p-3’ splice
site crosslinking is enhanced (Fig. 5L, lanes 1 and 2).
Thus, similar to Prp17p and Prp18p, Slu7p is required
for Prp8p to interact maximally with the 3" splice site
and is also required for Prp16p to release from the 3’
splice site. We have obtained similar results using slu7-1
extracts for these experiments (data not shown). The
results of these crosslinking experiments are summa-
rized in Table 1 and Figure 6.

DISCUSSION

prp8-101 causes a 3’ splice site binding defect

Using extracts derived from a prp8-101 strain, we have
demonstrated that the prp8-101 mutation causes a sec-
ond step splicing block in vitro and a partial reduction
in Prp8p-3’ splice site crosslinking. The reduction in
crosslinking in the prp8-101 extract is not a secondary
result of the mutant Prp8p being destabilized from
spliceosomes, because it is associated with precursor
and lariat intermediate as stably as the wild-type pro-
tein under our assay conditions. Because Prp8p cross-
linking to the 3’ splice site only occurs after the first
catalytic step (Fig. 5A,B), and because Prp8p is not as-
sociated with or crosslinked to excised lariat in our ex-
tracts, the Prp8p-3’ splice site interaction must take
place in lariat intermediates prior to or during the sec-
ond catalytic step. Therefore, the defect caused by this
mutation is associated with a reduced interaction with
the 3 splice site in spliceosomes that contain the lariat
intermediate.

The partial reduction in crosslinking versus the com-
plete block to the second catalytic step of splicing with
this mutant has several possible explanations. One is
that a minimal occupancy time by Prp8p at the 3" splice

TABLE 1. Summary of 3 splice site crosslinking to Prp8p, Prplép,
and Slu7p.”

Extract Prp8 x-link Prp16 x-link Slu7 x-link
Wild-type + + +
prp8-101 +/= n.d. n.d.
prp2-1 - - -
APrplé +/- n.a. +/—
APrplé + ATP +/= n.a. +/—
APrplé + 16 +/— ++ +/—
APrplé + ATP + 16 + + +
prple-1 - ++ -
Prp17-1 +/— + +/=
Prp18-1 +/= ++ +/-
ASlu7 +/— ++ n.a.

2 3 splice site crosslinking to Prp8p, Prplép, and Slu7p in mutant
or depleted extracts is expressed in comparison to a wild-type or con-
trol (complemented) extract; +, wild-type levels of crosslinking; +/—,
less than wild-type levels of crosslinking; —, no detectable crosslink-
ing; ++, greater than wild-type levels of crosslinking; n.d., experi-
ment not done; n.a., not applicable.
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FIGURE 6. Model for ordered interactions of Prp8p, Prplép, and Slu7p with the 3’ splice site. A line drawing summary
of a splicing reaction starting with the Prp2p-dependent step and indicating gene product and ATP hydrolysis require-
ments. Proteins bound to the 3 splice site are indicated by the spheres labeled 16 (Prpl16p), 7 (Slu7p), and 8 (Prp8p). Af-
ter the Prp2p step, Prp16p binds strongly to the 3’ splice site and Slu7p and Prp8p can bind weakly. After hydrolysis of
ATP by Prplép, and the Prp17p-, Prp18p-, and Slu7p-dependent steps, Prp8p and Slu7p bind maximally to the 3" splice
site. Prp17p is shown acting at the Prplép-dependent step because Prp17p is known to function at or before an ATP re-
quiring step (Jones et al., 1995), but is not necessary for Prpl6p to bind the 3" splice site. Slu7p and Prp18p function in
a ATP-independent manner and are placed after the Prpl16p- and Prp17p-requiring steps (Horowitz & Abelson, 1993a; Athar
& Schwer, 1995; Jones et al., 1995). Prp8p is at the 3 splice site just prior to (and possibly during) catalysis and leaves the
3" splice site afterward. The same is presumed to be true of Slu7p.

site is required for catalysis and the prp8-101 mutation
reduces binding below that minimum, but does not
eliminate binding. It is important to bear in mind that
crosslinking represents an interaction between two
molecules but is not a direct measure of binding. It can
overrepresent binding-site occupancy of a protein be-
cause it permanently “captures” binding events in a
given interval of time. Thus, the apparent modest
binding defect caused by the prp8-101 mutation may be
more severe than it appears from crosslinking. This
also applies to the crosslinking results we obtain for
Prp8p, Prplép, and Slu7p in mutant or depleted ex-
tracts (Fig. 5). The modest but reproducible changes in
3’ splice site crosslinking for Prp16p, Prp8p, and Slu7p
may represent more severe alterations in 3’ splice site
binding than is apparent from differences in crosslink-
ing efficiency. A second explanation for the small re-
duction in Prp8p-3’ splice crosslinking in prp8-101
extracts is that reduced binding might cause only part
of the splicing defect. For example, the block to splic-
ing could involve a loss of communication between
Prp8p and another splicing component that activates
3" splice site usage (see below), or could be due to bind-
ing in an altered conformation. These issues can be ad-
dressed more readily when a direct assay for 3’ splice
site binding is developed. We are also currently map-
ping the domain(s) of Prp8p that is required for its 3’
splice site interaction.

prp8-101 interacts genetically
with second step mutants

By constructing double mutant strains, we have shown
synthetic lethal interactions between prp8-101 and al-

leles of PRP16, PRP17, PRP18, and SLU?7, but not with
alleles of first step splicing mutants. That a more severe
allele of PRP8, prp8-1, does not show genetic inter-
actions with the second step splicing mutants demon-
strates the sensitivity and selectivity of this assay.
Furthermore, among the second step splicing mutants
there is some specificity; prp8-101 is only synthetically
lethal with a cold-sensitive allele of PRP16 ( prp16-301)
and not a temperature-sensitive allele (prp16-2) or a
branch site suppressor allele ( prp16-101). We have also
tested a prpl6-1 prp8-101 double mutant and found a
strong synthetic growth defect, but not synthetic le-
thality (data not shown). prp16-1 is similar to prp16-101
in its ability to suppress mutant branch sites, and to
prp16-301, in its cold sensitive, dominant negative phe-
notype. However, the phenotype of prp16-1 is not as
severe as that of prp16-301. Because prpl6-101 sup-
presses branch site mutations as well or better than
prp16-1 (Burgess & Guthrie, 1993), branch site suppres-
sion per se is not the basis for the genetic interaction
we see between prpl16-1 and prp8-101. Instead, the se-
verity of the genetic interactions between prp16-1 or
prp16-301 and prp8-101 correlates with the severity of
the cold-sensitive, dominant negative phenotypes
caused by the prp16 alleles. These phenotypes appear
to stem from the nonproductive binding of mutant
Prplép to spliceosomes (Schwer & Guthrie, 1992b;
Madhani & Guthrie, 1994b). prp16-1 inhibits the asso-
ciation of Prp8p with the 3’ splice site and the same is
likely to be true of prp16-301. The other genetic inter-
actions between prp8-101 and second step mutants
might also be explained by the biochemical phenotypes
we observe. Individually, each of these mutants im-
pairs binding of Prp8p to the 3’ splice site. When com-
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bined with prp8-101, binding might be eliminated and
thus cause a severe block to the second step of splic-
ing in vivo.

Another explanation for the genetic interactions be-
tween prp8-101 and the other second step splicing mu-
tants is that the proteins they encode are physically
associated in a complex that is only partly disrupted
by individual mutant alleles, but is rendered nonfunc-
tional with two mutant subunits. Although immuno-
depletion and complementation experiments argue
against a stable extra-spliceosomal complex that con-
tains these proteins (Schwer & Guthrie, 1991; Horo-
witz & Abelson, 1993a; Athar & Schwer, 1995; Jones
et al., 1995), they may associate only on the splice-
osome. Because Prp8p is an integral and highly con-
served spliceosomal protein (Anderson et al., 1989;
Pinto & Steitz, 1989; Hodges et al., 1995), it is a good
candidate for forming part of a spliceosomal binding
site for the exchangeable second step factors. Whether
or not they function as a complex, it is clear from the
3 splice site binding studies above that there is a great
deal of functional interdependence among the second
step splicing factors.

The 3’ splice site is recognized
in two distinct steps

Although both Prp16p and Slu7p are predicted to be
RNA binding proteins, Prp16p associates with splice-
osomes only transiently and the same is likely to be
true of Slu7p (Schwer & Guthrie, 1991; D. Frank, un-
publ. obs.). Furthermore, their affinities for spliceoso-
mal RNAs are probably highly regulated and binding
may require a very specific conformation of spliceoso-
mal RNAs and proteins that would be difficult to repro-
duce with purified proteins and RNA. As an alternative
strategy, site-specific UV crosslinking with a kinetically
slowed substrate has allowed us to identify specific in-
teractions between the 3 splice site and Prpl6p and
Slu7p in active spliceosomes.

Using splicing extracts that are blocked at specific
steps of the reaction, we determined when Prp8p,
Prp16p, and Slu7p interact with the 3’ splice site. With
an extract blocked at the Prp2p-requiring step of splic-
ing, we established that the 3 splice site interaction of
these proteins takes place immediately prior to or, most
likely, after the first catalytic step. This finding is im-
portant because it establishes a correlation between the
time of 3’ splice site interaction for Prp8p, Prp16p, and
Slu7p and the time in the splicing reaction when they
are functionally required. This result has also been seen
for Prp8p using site-specific 4-thio-uridine crosslinking
at the 3’ splice site (Teigelkamp et al., 1995a).

We have also shown that Prp16p interacts with the
3’ splice site after the first catalytic step and prior to its
hydrolysis of ATP. Although Prp8p and Slu7p can
crosslink to the 3’ splice site prior to Prp16p binding to
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the spliceosome, they require hydrolysis of ATP by
Prp16p for maximal interaction with the 3’ splice site.
It is possible that the weaker 3’ splice crosslinking of
Prp8p and Slu7p in the absence of Prpl6p and ATP is
due to incomplete removal of Prplép by immuno-
depletion. However, we also observe residual binding
of Prp8p to the 3 splice site in heat-inactivated extracts
prepared from a thermolabile mutant strain, prpl6-2
(data not shown). Because this experiment involves a
completely independent means of removing Prpl16p ac-
tivity, the weaker 3 splice site interaction we observe
for Prp8p and Slu7p in APrp16 extracts is unlikely to
be artifactual. This result is interesting in light of the
observation that, in prpl6-1-derived extracts, in which
the mutant Prplép binds tightly to spliceosomes
(Schwer & Guthrie, 1992b), crosslinking of Prp8p and
Slu7p is largely precluded. It appears from this result
that the Prp16p-3’ splice site interaction is mutually ex-
clusive with the 3 splice site interactions of Prp8p and
Slu7p. In contrast, purified wild-type Prpl6p added to
APrp16 spliceosomes in the absence of ATP does not
seem to affect the 3’ splice site interaction of Prp8p and
Slu7p. Therefore, wild-type Prp16p must either be
more exchangeable than the prpl6-1-encoded protein
(Schwer & Guthrie, 1992b) or must bind in a confor-
mation that does allow Prp8p and Slu7p to interact
with the 3’ splice site.

These results establish that the 3’ splice site inter-
action of Prpl6p and ATP hydrolysis by Prplép pre-
cede a strong 3’ splice site interaction with Prp8p and
Slu7p. The weaker interaction with the 3’ splice site by
Prp8p and Slu7p in the absence of Prp16p may repre-
sent a 3’ splice site proofreading or inspection step that
is required prior to the conformational change induced
when Prpl6p hydrolyzes ATP. Interestingly, Prpl6p,
Slu7p, and Prp8p can interact with the 3" splice site
prior to ATP hydrolysis by Prp16p, but do not confer
protection to the 3’ splice site from oligonucleotide di-
rected RNase H cleavage (Schwer & Guthrie, 1992a).
After ATP hydrolysis by Prp16p, either additional fac-
tors must bind the 3 splice site and/or Prp8p and Slu7p
must bind in a manner that allows increased protection.

The transition from weak to strong 3’ splice site bind-
ing by Prp8p and Slu7p might correspond to the LI -
LI* transition proposed by Burgess and Guthrie (1993)
as a key step in a kinetic pathway for maintaining fi-
delity of intron recognition. Both Prp8p and Slu7p are
known to affect 3’ splice site selection (Frank & Guthrie,
1992; Umen & Guthrie, 1995) and might need to “ex-
amine” a potential 3’ splice site in a low-affinity binding
mode before a decision is made regarding that splice
site’s utilization. This would explain the apparent lack
of sequence specificity seen in experiments where
Prp8p can be crosslinked to 4-thio-uridine at nonuti-
lized 3’ splice sites (Teigelkamp et al., 1995a). Although
crosslinking to a position that is formally +13 in the
second exon was observed, this crosslink is in a region
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of the substrate that can be utilized as a 3’ splice accep-
tor when there is no upstream 3’ splice site. In contrast,
we see no Prp8p crosslinking to positions downstream
of +9 in the second exon of XL7 (Umen & Guthrie,
1995) and, correspondingly, this region of the substrate
is never used as a 3’ splice acceptor in vitro or in vivo
(J.G. Umen & C. Guthrie, unpubl. obs.). It is also pos-
sible that the discrepancy we see is due to the exons
of different splicing substrates having differing affini-
ties for Prp8p.

Our results with prp17 and prp18 mutant extracts and
ASlu7 immunodepleted extracts are consistent with
Prp17p, Prp18p, and Slu7p being required for strong
interaction of Prp8p with the 3’ splice site and with
Prp17p and Prp18p being required for strong inter-
action of Slu7p with the 3’ splice site. Furthermore, it
appears that release of Prp16p from the 3’ splice site is
dependent on Slu7p and also possibly Prp18p. This re-
quirement cannot be absolute for Prp18p because this
protein is not essential for splicing in vitro or in vivo
(Horowitz & Abelson, 1993a, 1993b). Notably, both
Slu7p and Prp18p act at an ATP-independent step of
splicing (Horowitz & Abelson, 1993a; Athar & Schwer,
1995; Jones et al., 1995), which formally places their
functions “downstream” of the Prplép-dependent
step. However, it is clear that there exists an inter-
dependent relationship between Slu7p and Prplép:
Prpl6p requires Slu7p for 3’ splice site release and
Slu7p requires Prp16p to interact strongly with the 3’
splice site. This mutual dependence might serve to
couple the functions of the two proteins and enhance
the fidelity or specificity of 3" splice site selection.

In summary, Prpl6p crosslinking to the 3’ splice site
occurs after the first catalytic step of splicing and is in-
dependent of ATP binding or hydrolysis. Maximal 3’
splice site crosslinking by Prp8p and Slu7p occurs af-
ter Prpl6p hydrolyzes ATP and, presumably, after it
exits the spliceosome. Thus, the 3" splice site is recog-
nized in two distinct steps (see Fig. 6). This result is
consistent with experiments in mammalian extracts
that also suggest at least two separate 3’ splice site rec-
ognition events (Reed, 1989; Zhuang & Weiner, 1990).
However, unlike yeast, many mammalian introns re-
quire the 3’ splice site to initiate spliceosome assembly
and at least one of the mammalian 3’ splice site recog-
nition events is likely to occur prior to the first catalytic
step (Reed & Maniatis, 1985; Ruskin & Green, 1985;
Rymond & Rosbash, 1985; Lamond et al., 1987; Ry-
mond et al., 1987). In contrast, the 3’ splice site recog-
nition events we have analyzed occur exclusively
during the second catalytic step. Furthermore, the 3
splice site crosslinking interactions of Prp8p and Slu7p
define at least one additional event that occurs after
both the ATP-dependent stage of the second catalytic
step (defined by Prpl6p and Prpl17p) and the ATP-
independent stage (defined by Slu7p and Prp18p), but
before catalysis. We cannot yet distinguish whether
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Prp8p and Slu7p crosslink to the 3’ splice site sequen-
tially or simultaneously. In either case, Prp8p and
Slu7p bind the 3’ splice site at the closest interval to ca-
talysis that can presently be identified (Fig. 6).
Although catalysis in pre-mRNA splicing is thought
to be mediated primarily by snRNAs, this does not rule
out participation by protein factors. Because Prp8p is,
to date, the most evolutionarily conserved protein in
the spliceosome (Anderson et al., 1989; Pinto & Steitz,
1989; Hodges et al., 1995), it is a good candidate for be-
ing involved in the catalytic steps of the reaction. Our
results strengthen this hypothesis by establishing the
presence of Prp8p at or near the active site just prior to
and/or during the second catalytic step of the reaction.

MATERIALS AND METHODS

Strains

Yeast strains are listed in Table 2. Escherichia coli strain DH5«
was used as a recipient for all cloning procedures described.

Genetic methods

Standard yeast genetic methods were used for the manipu-
lations described here (Guthrie & Fink, 1991). For double mu-
tant analysis, plasmids pJU190 ( prp8-101) or pJU213 ( prp8-1)
were cut with Hpa I and transformed into recipient yeast
strains carrying a prp mutation (either chromosomally or on
a single-copy plasmid complementing a chromosomal dele-
tion) and a URA3-marked plasmid with a wild-type copy of
the mutant PRP gene. For pJU190, 40-60% of His+ transfor-
mants displayed the prp8-101 phenotype (cold sensitivity,
altered 3’ splice site usage) and for pJU213, 80-90% of His+
transformants displayed a prp8-1 phenotype (temperature
sensitivity). Approximately 60 individual transformants were
examined for each experiment. These transformants were
replica plated to SFOA-containing plates and scored for via-
bility. Because the integration frequency of prp8-101 with
pJU190 is ~50%, this frequency of 5SFOA™ tranformants is
indicative of synthetic lethality. For pJU190, either ~50% of
the transformants did not grow on 5FOA, indicating syn-
thetic lethality with the prp mutant being tested, or 98-100%
grew on SFOA, indicating no genetic interaction. For pJU213,
98-100% of the transformants always grew on 5FOA, indi-
cating no genetic interactions with prp mutants that were
tested. Double mutants were assayed at the permissive tem-
perature of 25 °C.

Plasmids

Plasmid pJU204 (PRP8-HA3) has been described (Umen &
Guthrie, 1995). pJU206 ( prp8-101-HA3) was constructed from
pJU204 by replacing the 1.9-kb Cla I fragment from pJU204
with the same fragment from a prp8-101 clone. The prp8-101-
integrating plasmid pJU190 was constructed by inserting a
Sal 1-Nhe 1 fragment from a YCP50 prp8-101 clone into the
Sal 1 and Xba I sites of the HIS3 marked integrating plasmid
RS303 (Sikorski & Hieter, 1989). The prp8-1 version of this
plasmid was constructed by PCR amplifying the 1.9-kb
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TABLE 2. S. cerevisie strains used in this study.
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Name Genotype

Reference

YJU76
prp4A:: TRP1 pJU186 (PRP8-HIS3-CEN-ARS)

Mato prp8A::LEU2 leu2-3 leu2-112 ura3-52 ade2-101 his3A1 trp1-289

Umen and Guthrie (1995)

YJU77 YJU76 except contains plasmid pJU204 (PRP8-HA3) instead of pJU186 Umen and Guthrie (1995)

YJU78 YJU76 except contains plasmid pJU206 (prp8-101-HA3) instead of pJU186 This work

55304 Mata prp2-1 ade2-1 his3-532 trp1-289 ura3-1 ura3-2 Lustig et al. (1986)

TR1-3 Mate his3 trpl lys2-801 ura3-52 ade2-101 prp24A::LYS2 pYCpXba Gift from Anita Jandrositz, University
(PRP24-URA3-CEN-ARS) of California, San Francisco

5P]3.33 Mata prp3-1 his3 leu2 lys2 ura3-52 Lustig et al. (1986)

YDAF7-GK  Mata ura3 lys2 his3 ade2 trpl leu2 slu7A::TRP1 pYS7-7 (SLU7-URA3-CEN-ARS)  Frank and Guthrie (1992)

A7CBAa Mata slu7-1 ura3-52 trp1-A63 his3-A200 leu2-A1 ade2-101 lys2-801 Frank and Guthrie (1992)

ts365 Mata prp17-1 ade2-101 his3-A200 ura3-52 1ys2-801 Vijayraghavan et al. (1989)

A4C15Ba Mata prp17-2 ura3-52 trp1-A63 his3-A200 leu2-A1 ade2-101 lys2-801 Frank et al. (1992)

ts503 Mata prp18-1 ade2-101 his3-A200 ura3-52 lys2-801 Vijayraghavan et al. (1989)

YS78 Mata trpl ura3 lys2 leu2 ade2 his3 prp16A::LYS2 pSB2 (PRP16-URA3-CEN-ARS)  Burgess and Guthrie (1993)

C-terminal Cla I fragment of PRP8 from a prp8-1 strain and
then replacing the 1.9-kb Cla I fragment of pJU190 with the
PCR-amplified prp8-1 fragment. Plasmids for double-mutant
analysis were from the following sources: PRP2, Chen and
Lin (1990); PRP3, Last et al. (1987); PRP24, Shannon and
Guthrie (1991); prp24-6, gift from Anita Jandrositz, Univer-
sity of California, San Francisco; PRP17, Jones et al. (1995);
PRP18, Horowitz and Abelson (1993b); SLU7 and slu7-ccss,
Frank and Guthrie (1992); PRP16, prpl6-2, prpl6-301, and
prpl6-101, Burgess and Guthrie (1993).

Immunodepletions

Prpl6p was removed from a wild-type extract containing
epitope-tagged Prp8p (PRP8-HA3) by incubating 90 uL of
extract with 18 uL (288 ug) protein A purified aPrplép anti-
bodies (Schwer & Guthrie, 1991) at 4 °C for 1 h. This reaction
was added to 120 pL protein A sepharose beads in buffer D
plus an additional 75 pL buffer D (Lin et al., 1985) and incu-
bated at 4 °C for an additional hour with frequent agitation.
After brief centrifugation, the supernatant was removed and
used for splicing reactions. Slu7p was removed from extracts
by a similar procedure, except that 80 uL of «Slu7p antibod-
ies (960 pg) (Jones et al., 1995) were used and no additional
buffer D was added.

Splicing, UV crosslinking, and
immunoprecipitations

Splicing extracts were prepared as described previously
(Umen & Guthrie, 1995). For mutant prp strains, an epitope-
tagged version of PRP8 (pJU204) was transformed into the
strains prior to growth and extract preparation. Cells were
grown in SD-His media to maintain selection for the plasmid
until the last 2-3 generations. At this point they were trans-
ferred to YEPD, where they were grown until harvesting.
Splicing reactions were performed as described previously
{Umen & Guthrie, 1995). When mutant extracts were com-
plemented, they were first incubated for 20 min at 25 °C. A
300-500-fold molar excess of cold competitor RNA was then
added with either a half reaction volume of wild-type com-
plementing extract plus standard splicing salts or additional

mutant extract plus standard splicing salts. The incubation
was then continued for 10 min. For each experiment, an ali-
quot of the complementing extract mixture was removed be-
fore splicing commenced and mixed with cold competitor
RNA as a control. The prp2-1-derived mutant extract was
used with or without prior heat inactivation for 10 min at
37 °C. APrpl6 extracts were incubated for 20 min and then
incubated at 30 °C for 10 min in the presence of 4 mM glu-
cose and 8.5 units/mL of hexokinase (Boehringer). The reac-
tion was then split into four parts that received either buffers
only, 2.5 mM additional ATP and MgCl12, 2.5 pg/uL purified
Prp16p in buffer D, or both ATP/MgCl2 and Prp16p. The in-
cubation was then continued for 10 min at 25 °C.

UV crosslinking and immunoprecipitations were performed
as described previously (Umen & Guthrie, 1995), except that
150 mM NaCl (instead of 300 mM KCl) was used in the wash
buffers and no salt or NP40 were added to splicing reactions
during incubation with antisera. Twelve micrograms aSlu7p
antibodies or 8 pg aPrplép antibodies (protein A purified)
were used for immunoprecipitations from 40-uL reactions.
aPrp17p (50 pL), aPrp18p (60 uL), and aSnplp (80 uL) sera
were pre-bound to protein A sepharose (40 pL) (Pharmacia)
and incubated with crosslinking reactions (40 pL) in 500 pL
NET150 (150 mM NaCl, 50 mM Tris, pH 7.4, 0.05% NP40)
for 2 h at 4 °C prior to elution and SDS-PAGE. After electro-
phoresis, gels were transferred to nitrocellulose and auto-
radiographed or phosphorimaged. In some experiments, the
nitrocellulose was then immunoblotted.

For denaturing immunoprecipitations, a splicing reaction
containing epitope-tagged wild-type Prp8p was divided in
half. One half was subject to UV crosslinking and the other
was not. SDS was added to a final concentration of 5% and
the samples were boiled for 3 min. Each sample was diluted
10-fold into NET150 that contained 1% Triton X-100, 1 ug
12CA5 antibody, 15 gL protein A sepharose, and protease in-
hibitors. After 1 h rocking at 4 °C, the beads were washed
three times with NET150 and then treated with proteinase K
and SDS. RNA was precipitated after phenol/chloroform ex-
traction and fractionated on a 6% denaturing polyacrylamide
gel.

snRNA immunoprecipitation controls (Fig. 3E) for Prp8p,
Prp18p, and Snplp involved mock splicing reactions that
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were identical to normal reactions but did not contain XL7
or undergo UV crosslinking and RNase treatment. Pellets
from the immunoprecipitate were proteinase K-treated and
extracted and the RNA was precipitated and probed using
oligos directed against U1, U4, U5, and U6 snRNAs (Bor-
donne et al., 1990).

The immunoprecipitation control for Prp17p was per-
formed by TCA precipitating the supernatant from a cross-
linking/immunoprecipitation experiment using 10% TCA.
This was resuspended in protein sample buffer and com-
pared to an equivalent amount of total starting extract before
immunoprecipitation. These samples were fractionated by
SDS-PAGE and immunoblotted to detect Prp17p. Some anti-
bodies remain in the supernatant after immunoprecipitation,
accounting for the signal beneath the Prp17p band on the gel
in Figure 3D.

All immunoblotting was performed using an ECL kit from
Amersham according to the manufacturer’s instructions.
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