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at the catalytic core of the spliceosome
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The highly conserved spliceosomal protein Prp8 is known to cross-link the critical sequences at both the 5’
(GU) and 3’ (YAG) ends of the intron. We have identified prp8 mutants with the remarkable property of
suppressing exon ligation defects due to mutations in position 2 of the 5' GU, and all positions of the 3’ YAG.
The prp8 mutants also suppress mutations in position A51 of the critical ACAGAG motif in U6 snRNA,
which has been observed previously to cross-link position 2 of the 5’ GU. Other mutations in the 5’ splice
site, branchpoint, and neighboring residues of the U6 ACAGAG motif are not suppressed. Notably, the
suppressed residues are specifically conserved from yeast to man, and from U2- to Ul12-dependent
spliceosomes. We propose that Prp8 participates in a previously unrecognized tertiary interaction between U6
snRNA and both the 5’ and 3’ ends of the intron. This model suggests a mechanism for positioning the 3’
splice site for catalysis, and assigns a fundamental role for Prp8 in pre-mRNA splicing.
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The removal of introns from eukaryotic genes to gener-
ate mRNA is catalyzed by the spliceosome, a complex
RNA-protein machine composed of small nuclear RNAs
(snRNAs), and at least 60 proteins. The pre-mRNA splic-
ing reaction consists of two sequential transesterifica-
tion steps: The first step results in cleavage of the 5’
splice site (5’SS) and formation of a branched (lariat) in-
termediate; the second step results in ligation of the 5’
and 3’ exons. The existence of self-splicing group-II in-
trons, which utilize a similar two-step transesterifica-
tion mechanism, has led to the hypothesis that pre-
mRNA splicing is catalyzed by RNA (Sharp 1985; Cech
1986). Indeed, mutational and cross-linking analyses
have revealed a network of RNA-RNA interactions,
which have been proposed to form the catalytic core of
the spliceosome (Newman 1994; Nilsen 1994).
Whether any of the spliceosomal proteins make direct
structural or chemical contributions to the active site
remains unknown. Numerous cross-linking studies have
placed one spliceosomal protein, Prp8, at or near the
catalytic core. As summarized in Figure 1, Prp8 has been
observed to cross-link to RNA residues within each criti-
cal sequence component of the intron: The consensus
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sequences that define the 5'SS, the branch-point (BP),
and the 3’ splice site (3'SS) (MacMillan et al. 1994;
Teigelkamp et al. 1995; Umen and Guthrie 1995a; Chi-
ara et al. 1996, 1997; Reyes et al. 1996). Prp8 also forms
extensive cross-links to residues in both the 5’ and 3’
exons (Wyatt et al. 1992; Teigelkamp et al. 1995; Chiara
et al. 1996) and to U5 snRNA (Dix et al. 1998), which
interacts with the 5’ and 3’ exons (Newman and Norman
1992; Sontheimer and Steitz 1993). Prp8 is distinguished
by its unusually high evolutionary conservation, that is,
62% sequence identity from yeast to man over the en-
tirety of its [.500 residues (Hodges et al. 1995; Lucke et
al. 1997; Luo et al. 1999). Prp8 is thus hypothesized to
play a fundamental role at the active site. Unfortunately,
the sequence of this large protein provides no clues to its
domain organization or its potential biochemical activi-
ties.

We have taken a genetic approach, in the budding
yeast Saccharomyces cerevisiae, to identify functional
correlates to Prp8'’s cross-linking interactions with RNA.
This approach exploits the ACTI-CUP1 splicing re-
porter system, through which the splicing of mutant in-
trons can be measured in vivo by growth on copper
(Lesser and Guthrie 1993a). This system has been used
previously to provide functional support for Prp8’s ob-
served interactions with the 3’SS (Umen and Guthrie
1996). Through screens of randomly mutagenized prp8
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Figure 1. Prp8 forms extensive cross-links to RNA residues in
the intron consensus sequences, and in the 5’ and 3’ exons.
Intron consensus sequences that define the 5’SS, BP, and 3’SS
are indicated. For most yeast introns, a stretch of Pyr, functions
with the 3'SS YAG in definition of the 3’SS. Triangles denote
the location of Prp8 cross-links observed in either mammalian
(A), or yeast (A) systems. For all studies except those with an
asterisk (*), the location of the cross-linked site is determined
through the use of a site-specific photoreactive substitution or
by RNase fingerprinting. (*) Approximated sites of cross-linking
within an RNase T1 fragment.

alleles, mutants were identified (prp8-121 through prp8-
125) that suppress the splicing defect of ACTI-CUP1
reporters containing mutations in the 3'SS YAG consen-
sus sequence. This finding suggested a role for Prp8 in
recognition of this sequence during the exon ligation
step. A separate class of prp8 mutants suggested a role for
Prp8 in recognition of the pyrimidine (Pyr) tract that pre-
cedes most 3’SS. It was known from in vivo studies of a
construct containing two 3’'SS in competition that the
3'SS following a Pyr tract is preferentially used (Patter-
son and Guthrie 1991); the prp8-101 through prp8-107
alleles were isolated in a screen for loss of this prefer-
ence. Interestingly, prp8 mutations that give rise to the
two classes of phenotypes, loss of Pyr tract preference,
and 3'SS YAG suppression, map to distinct regions of the
protein and are functionally nonoverlapping. This sug-
gests that different domains of PRP8 can be mutated to
uncover separable functions.

Our current study was motivated by the identification
of a very strong UV cross-link between the human Prp8
homolog, p220, and the invariant GU dinucleotide at the
5" end of the intron (5’SS GU) (Reyes et al. 1996). Our
goals were twofold. First, we sought functional verifica-
tion of a role for Prp8 in binding the 5’'SS GU, by looking
for suppression of mutations at the 5'SS. Second, we
wanted to know whether the protein location of such
5'SS suppressors would implicate a new functional PRP8
domain.

We have identified alleles of prp8 that suppress the
splicing of mutations in position 2 of the 5'SS GU. Sup-
pression arises from viable mutations in at least four
regions of the protein, including the two regions impli-
cated previously in 3'SS YAG and Pyr phenotypes. Sur-
prisingly, these alleles concomitantly suppress muta-
tions in the 3’SS YAG. Moreover, we found that all of the
originally identified 3'SS YAG suppressor alleles also
suppress 5'SS position 2 mutations. This newly defined
prp8 phenotype of 5’SS and 3’SS suppression does not
extend to other mutations in the 5’SS or in the branch-
point consensus sequences. However, mutations in A51
of the critical U6 ACAGAG motif, which cross-links to
5'SS position 2 (Sontheimer and Steitz 1993; Kim and
Abelson 1996), are also suppressed. All of the mutations
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suppressed confer a strong defect to exon ligation, which
is partially rescued by the prp8 alleles. We suggest that
suppression of the distinct subset of RNA mutations
could occur through a loosening of an active site struc-
ture comprised of a previously unrecognized tertiary in-
teraction. The proposed interaction, whose components
are conserved from yeast to man, and from U2- to Ul2-
dependent spliceosomes, could serve to position the 3'SS
for catalysis. Our findings are consistent with the view
that the spliceosomal catalytic core is fundamentally
comprised of RNA and that the highly conserved pro-
tein, Prp8, binds a critical RNA structure at the spliceo-
somal active site.

Results

Screen for prp8 alleles that affect fidelity
for the 5'SS GU

To determine whether Prp8 functions at the 5'SS GU, we
screened for prp8 alleles that relax or change the require-
ment for these residues in splicing. Using ACT1-CUP1
reporters (Lesser and Guthrie 1993a) that contained mu-
tations in 5'SS position 2, we mutagenized PRP8 and
screened for alleles that confer growth on higher concen-
trations of copper, reflecting an increased efficiency of
splicing. PRP8 mutagenesis was conducted with Mn?*-
enhanced PCR (Leung et al. 1989), and a gap repair strat-
egy was used to introduce plasmid-borne mutagenized
prp8 into strains, as depicted in Figure 2A (Muhlrad et al.
1992). To reduce the frequency of null mutations, and to
facilitate the mapping of mutations, we separately mu-
tagenized each of four equal fragments (A-D) of the PRP8
coding region (Umen and Guthrie 1996). For each frag-
ment, [M000 mutant transformants were screened. The
strain used was deleted for the chromosomal PRP8 and
wild-type PRP8 was supplied on a counterselectable
URA3-marked plasmid. After loss of this plasmid by
growth on 5-FOA, [60% of the prp8 mutant transfor-
mants were unable to support viability. We screened all
transformants before 5-FOA passage for dominant sup-
pression and the surviving 40% after 5-FOA passage for
recessive suppression. The screens yielded prp8 suppres-
sors of two 5'SS position 2 mutations, U2A and U2G,
from the B, C, and D mutagenized fragments. These new
prp8 alleles confer a modest but reproducible increase in
copper resistance: a two- to fourfold increase for U2A
and barely a twofold increase for U2G (Fig. 2B). All of the
prp8 alleles identified exhibit dominant suppression and
are haploviable.

Mapping the GU suppressor alleles

Whereas Prp8’s domain structure is not known, the dis-
tinct location of mutations that confer the previously
characterized Pyr and 3’'SS YAG phenotypes suggested
the existence of separable functional domains. Thus, we
were curious whether 5’SS position 2 suppression arises
from mutations in similar regions of Prp8, or whether
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Figure 2. Identification of prp8 alleles that [ C [ D |
suppress mutations in position 2 of the 5'SS. 8131 %5 B-141
. . Commad DODQ wlacmaid B =) -
(A) Strategy for isolation of new prp8 alleles. LEPPES TRio Piasmin
The coding region of PRP8 was divided into
four equal fragments (A,B,C,D). Each frag- B-132 @ B-142
ment was amplified by mutagenic PCR and Co-transform
cotransformed with an appropriately gapped c-133 . D-143
plasmid (as shown for B), to generate mutant
alleles of prp8 by in vivo gap repair. The re- f A
sulting strain, which is deleted for its chro- mutant prp8 A\’G c-134 0 D-144
mosomal copy of PRP8 and CUPI, is dia- @ mE
grammed. Mutant prp8 transformants were D-135 0
screened for the ability to confer increased L 2
copper growth on ACTI-CUP1 reporters con-
taining U2A or U2G mutations in the 5'SS, prgSA::LYSZ cuplA:ura3 b-136 .
both before and after loss of wild-type PRP8 . J

by 5-FOA selection. (B) Suppression of the
copper growth phenotype of mutations in
5'SS position 2 by the newly identified prp8
alleles. Each column shows growth on the
concentration of copper, 0.075 mm and 0.05
mM, that is limiting for 5’SS U2A and U2G
reporters, respectively. Equal numbers of log
phase cells from each strain were spotted onto
the same copper-containing plate.

another distinct functional domain could be defined. Of
particular interest was whether any of these suppressor
mutations localize to the site of 5’'SS GU cross-linking
on Prp8 (Reyes et al. 1999).

The 5'SS position 2 suppressors lie in four regions of
Prp8, indicated in solid bars in Figure 3. One cluster of
suppressor mutations, identified from screens with the
D mutagenized fragment, lie 100 residues from the site
of 5’SS GU cross-linking. The clustering of mutations is
unlikely to be due to bias in the mutagenesis procedure,
because many alleles contained additional mutations
outside these regions that did not contribute to the sup-
pression phenotype (data not shown). Interestingly, the
cluster of 5SS position 2 suppressor alleles from the D-
mutagenized fragment overlaps in location with the 3'SS
Pyr alleles, and another cluster from the C-mutagenized

Figure 3. 5'SS position 2 suppressor muta-
tions cluster in four regions of PRPS. The lo-
cation of mutations that confer 5’'SS position
2 suppression are indicated in black; green
and blue indicate the location of previously
characterized 3’'SS YAG suppressors and Pyr
alleles, respectively (Umen and Guthrie
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fragment overlaps in location with the 3’SS YAG sup-
pressor alleles.

Allele specificity of 5'SS and 3'SS suppression

To address whether suppression of mutations in the 5'SS
consensus sequence and suppression of mutations in the
3'SS consensus sequence are separable or overlapping
phenotypes, we analyzed the allele specificity of suppres-
sion. Each prp8 allele was tested for effects on a number
of different mutations in the 5'SS and 3’SS sequences. A
mutation in the intron residue that becomes the nucleo-
phile for 5’SS cleavage, within the so-called BP consen-
sus sequence, was also tested for suppression by prp8
alleles. Copper growth conferred on strains bearing a se-
ries of mutant ACT1-CUPI reporters are shown for rep-

1996). The corresponding location of the 5’SS
GU cross-link in mammalian Prp8 is indi-

cated by the lightning bolt. Solid lines indi-
cate the location of single mutations that con-
fer suppression. Broken lines indicate muta-
tions that confer suppression together but
that have not been assayed on their own.
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resentative prp8 alleles in Figure 4A. The phenotypes for
all alleles are summarized in Figure 4B.

Interestingly, we found that all of the prp8 alleles that
suppress 5'SS position 2 also suppress at least one 3’SS
YAG mutation. Conversely, the previously identified
3'SS YAG suppressor alleles all suppress the 5'SS U2A
mutation. Importantly, suppression by these prp8 alleles
does not extend to all mutations in the intron, because
the 5’'SS mutations G1A and G5A, as well as the BP
mutation A259C, are not suppressed. Thus, the effect of
the prp8 alleles on splicing is specific to a discrete, al-
though unanticipated, subset of mutations.

Whereas some of the 5SS position 2 suppressor alleles
contain multiple mutations, the phenotypes at the two
sites do not arise from separate mutations. For some of
the 5’SS suppressors (Table 1) and all of the 3'SS sup-
pressors (Umen and Guthrie 1996), a single mutation
that confers suppression has been identified. We con-
clude that 5'SS position 2 and 3'SS YAG suppression are
actually the same phenotype, reflecting a single function
for Prp8 at both sites. This phenotype, which we now
simply call splice site suppression, is distinct from the
previously characterized Pyr phenotype, because prp8 al-
leles that are defective for Pyr tract recognition do not

U301G A302U G303C ACTT—C!P]‘
0.05 0.025 1.0

LLY

_HNelel

Figure 4. Allele specificity analysis re-
veals overlapping phenotypes at 5'SS and
3'SS. (A) prp8 alleles identified in different
screens were tested for effects on reporters
containing various mutations at the 5’SS,
BP, or 3’SS. Each column shows growth on
the concentration of copper that is limit-
ing for each reporter in a wild-type PRPS8
strain. Equal numbers of log phase cells for
each mutant strain were spotted onto the
same copper containing plate. The prp8 al-
leles do not confer strong effects on
growth when the ACT1-CUPI reporter is
wild type, (C-133, the exception, is tem-
perature sensitive). Not visible, some but
not all of the alleles from each of the
screens were observed to confer a mild en-
hancement of copper resistance to the
wild-type ACT1-CUPI1 reporter. Because
some Pyr alleles display this puzzling ef-
fect, it does not appear to correlate with
the 5’'SS and 3’SS suppression phenotype.
(B) Phenotypes for prp8 alleles identified
in three independent screens are summa-
rized. (+) Intron mutations that are sup-
pressed; (-) intron mutations that are not
suppressed. Alleles identified through in-
dependent screens for 5’'SS position 2 and
3'SS YAG suppression display the same
splice site suppression phenotype.

Table 1. Identity of 5'SS position 2 suppressor mutations
in prp8

PRP8

allele Mutation(s)

B-131 Y923C, E942G

B-132 1857T, E888G, Y923C, E935G, E942G,
QI976R, D1075G

C-133 11444V, T1565A, V1621A

C134 Q1455P, D1485G, H1592R

D-135 E1817G

D-136 N1869D

B-141 1857T, Y923C, E942G

B-142 I857T, S894G Y923C, E942G, S1018P

D-143 K1864E

D-144* F2176S, Q2313R, T2364A

Most of the suppressors contained additional mutations, not
listed, which did not affect the suppression phenotype (see Ma-
terials and Methods). Single mutations that confer the suppres-
sion phenotype are indicated in boldface type.

2D-144 contains three mutations, each of which confer a weak
suppression phenotype on their own but confer stronger sup-
pression when combined. For other alleles, the mutations listed
have not been separated from one another to identify those re-
sponsible for suppression.
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suppress any intron mutation (Fig. 4; data not shown).
Likewise, none of the splice-site suppressor alleles affect
recognition of the Pyr tract (Umen and Guthrie 1996;
data not shown).

That the same mutations on prp8 give rise to pheno-
types at both the 5’SS and 3’SS suggests that the same
part(s) of the protein functions at both sites. Whether the
location of the suppressor mutations reflect the location
of protein—-RNA contacts is not known. Two observa-
tions, in addition to the striking specificity, suggest that
suppression is not simply due to indirect effects on
splice-site residues. One observation is that the degree of
suppression for different 3'SS YAG mutations is distinct
for each prp8 allele (Fig. 4A; Umen and Guthrie 1996).
Another observation in the companion study is that prp8
mutations in residues very close to the site of 5'SS GU
cross-linking give rise to the same splice site suppression
phenotype (Siatecka et al. 1999).

The dual suppression by the same prp8 mutations also
suggests that position 2 of the 5’SS interacts with the
3'SS YAG. Consistent with this notion, strong evidence
for an interaction between 5’'SS position 1 and the last
residue of the 3’SS has been reported (Parker and Sili-
ciano 1993; Chanfreau et al. 1994; Deirdre et al. 1995).
However, there are no previous data implicating 5’SS
position 2 in an interaction with any residues in the 3’SS
YAG. In fact, evidence for an interaction with the 3'SS
penultimate residue has been sought, but not found

Figure 5. The exon ligation defect of 5’SS
U2A and U2G splicing is suppressed. (A)
Primer extension analysis of ACTI-CUP1
RNA splicing. Products generated from

(Ruis et al. 1994), conceivably due to additional con-
straints imposed by Prp8.

prp8 alleles suppress the exon ligation defect of both
5'SS position 2 and 3'SS YAG mutations

The suggested interaction might explain the longstand-
ing observation that mutations in 5'SS position 2 confer
a strong defect to exon ligation, the result of the second
catalytic step of splicing, (Aebi et al. 1986, 1987; Fouser
and Friesen 1986), as do mutations in the 3’SS YAG
(Reed and Maniatis 1985; Ruskin and Green 1985; Vijay-
raghavan et al. 1986; Fouser and Friesen 1987; Parker and
Siliciano 1993; Chanfreau et al. 1994). Because the prp8
splice-site suppressor alleles rescue the exon ligation de-
fect of 3'SS YAG mutations (Umen and Guthrie 1996),
they might concomitantly rescue the exon ligation de-
fect of 5’SS position 2 mutations. To test this hypoth-
esis, we assayed the in vivo efficiency of the exon liga-
tion step for the U2A and U2G mutant reporters by
primer extension analysis (Fig. 5). The prp8 splice-site
suppressor alleles allowed an increase in the steady-state
levels of mRNA. From Phosphorlmager analysis, the ra-
tio of spliced (mature) RNA to lariat-intermediate RNA
was calculated to estimate the efficiency of the exon
ligation step (Pikielny and Rosbash 1985; Fouser and
Friesen 1986). For all alleles except D-144 (see below),
this efficiency was increased for both U2A and U2G

precursor, mature, lariat-intermediate, A reporter 5SS UZA wt B~ A B B U6

and U14 control species are denoted at left Suppressors {1{ o 6

of the gel. Other bands are prominent g =

primer extension stops derived from the prp8 allele: € & .

longer precursor species. (Right) Splicing £ J

of a wild-type ACTI-CUP1 reporter is = — ~ £ }

shown, to highlight the splicing defect § z

conferred by the U2A mutation and the 1 m
0

modest extent of suppression by prp8 al-
leles. Note that this experiment used less
total RNA, as indicated by the reduced
Ul14 levels. (B) The efficiency of the sec-
ond step is estimated by calculating the
ratio of levels of mature spliced ACTI-
CUP1 RNA to the lariat intermediate spe-
cies (Pikielny and Rosbash 1985; Fouser
and Friesen 1986). The values were deter-
mined through Phosphorlmager analysis
of triplicate samples, with the exception of
C-133 (for U2A). The near background lev-
els of lariat intermediate in this strain re-
sulted in large deviations for the (Mat/Lar
int.) measurement. Shown is the lowest
estimate for this ratio. (C) The total splic-
ing efficiency is estimated by the ratio of
levels of mature spliced ACTI-CUPI ut4
RNA to unspliced precursor ACT1-CUP1

RNA.
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splicing from 2- to 20-fold (Fig. 5B; data not shown). The
increase in the efficiency of exon ligation could reflect a
direct effect on the second catalytic step of splicing, or
on any substep in the spliceosomal rearrangements that
must occur between the first and second catalytic steps.

The 5’SS position 2 mutations also confer a modest
defect to steps preceding and possibly including 5’SS
cleavage (Fouser and Friesen 1986; Aebi et al. 1987; Kon-
forti and Konarska 1994; Siatecka et al. 1999). Notably,
the estimated overall efficiency of U2A and U2G splic-
ing by the prp8 alleles (Fig. 5C) correlates, as expected,
with the degree of copper resistance observed for these
reporters (Fig. 4A), but does not exactly correlate with
the estimated efficiency of exon ligation (Fig. 5B). The
differences between the estimates in Figures 5C and B
could be due to additional effects on other steps of splic-
ing, such as those preceding or including 5’SS cleavage.

In our in vivo analysis, one splice site suppressor al-
lele, prp8-144, does not appear to suppress the exon li-
gation step. Consistent with only a weak effect on exon
ligation, this allele exhibits barely detectable suppres-
sion of 3’SS YAG mutations (Fig. 4A). Because this prp8
allele does increase the overall efficiency of 5'SS U2G
splicing (Fig. 5C), we suspect that the distinct location of
prp8-144’s mutations allows for suppression at steps
prior to but not including exon ligation.

prp8 alleles suppress a mutation in U6 snRNA

The proposed interaction between 5'SS position 2 and
the 3’SS YAG could include other spliceosomal compo-
nents in addition to Prp8. Excellent candidates for such
an interaction are residues in the invariant ACAGAG
motif of U6 snRNA. Base-pairing interactions between
U6 (positions 47-49) and the 5'SS consensus sequence
(positions 4-6), (Kandels and Séraphin 1993; Lesser and
Guthrie 1993b), is thought to bring U6 G50, U6 A51, and
U6 G52 close to 5’SS positions 1-3 (Table 2). Consistent
with this notion, 5’SS position 2 is known to cross-link
to U6 A51 (Sontheimer and Steitz 1993; Kim and Abel-
son 1996). Notably, mutations in the G50, A51, and G52
of the ACAGAG motif result in a severe block to exon
ligation (Fabrizio and Abelson 1990; Madhani et al.
1990), reminiscent of the requirements for the 5'SS GU
and 3'SS YAG residues at this step.

We thus investigated whether the effect of prp8 sup-
pressor alleles extended to the candidate 5’'SS-interacting
residues in U6. We assayed the growth phenotypes of
mutations in U6 G50, A51, and G52 in the presence of
wild-type PRP8 or C-122, a representative splice site sup-
pressor allele of prp8 (Table 2). Recessive U6 mutant
phenotypes are very severe [inviable or very sick
(Madhani et al. 1990)]; mutations in U6 A51, but not
adjacent residues, are dominant-negative (Luukkonen
and Séraphin 1998a). The presence of the prp8 suppressor
allele (C-122), has no effect on the recessive growth phe-
notypes. Notably, however, the dominant-negative ef-
fect of mutations in A51 is suppressed (Table 2; Fig. 6).

The ability to suppress the dominant-negative effects

Genetic interactions of Prp8 with spliceosomal RNA

Table 2. Genetic interactions between a prp8 splice site
suppressor allele and U6 snRNA

uUe
3 25 )
\‘—~GQGACA——*’
[ A |
GUAUGU
12 3

+ Wild-type U6 - Wild-type U6

wild-type  mutant  wild-type = mutant

PRP8 prp8 PRPS prp8

Wild-type U6 e+t e+ +++ o+
G50A +++ 44 — —
C +++ +++ + +
U +++ +++ + +
A51C + ++ — —
G +++ +++2 — —
18) — + — —
G52A +++ +++ — —
C +4++ 4 — —
18) +++ +++ + +

Mutations in U6 snRNA residues of the ACAGAG motif were
tested for genetic interactions with the prp8 suppressor allele
C-122. Growth (at 30°C) was assayed in either in the presence or
absence of an extra copy of wild-type U6. The effects conferred
by C-122 upon mutant U6 are shaded. (—) No growth; (+) or (++)
intermediate growth; (+++) wild-type growth rate.

2Although effects on growth were not detected, a 30% increase
in splicing efficiency was measured for a wild-type ACT1-
CUPI reporter by primer extension assays.

of A51 mutants was then tested for all representative
prp8 alleles by transformation efficiency (data not
shown), growth (Fig. 6A), and copper resistance conferred
on a wild-type ACT1-CUP1 (data not shown). The splice
site suppressor prp8 alleles suppress the dominant-nega-
tive phenotype of A51C by these assays, whereas the Pyr
alleles of prp8 do not (Fig. 6A; data not shown). The
extent of suppression exhibited by all of the alleles with
mutations in the B fragment was not as strong (Fig. 6A;
data not shown). Thus, the extent of A51C suppression
appears to correlate with the location of the mutation(s)
on PRPS.

The prp8 suppressor alleles exerted a weak effect on
the transformation efficiency of the severely dominant-
negative A51U mutation, but the analysis for A51U was
complicated by a high frequency of reversions (data not
shown). The weak dominant effects of the A51G muta-
tion were not detectable by growth assays. However, in
primer extension assays, the prp8 allele C-122 was ob-
served to allow for a small, [B0% increase in the splicing
efficiency of the wild-type ACT1-CUP1 reporter in the
presence of A51G (data not shown).

The exon ligation defect is suppressed

Like the 5'SS position 2 mutations, mutations in U6 A51
confer a strong inhibition to the exon ligation step of
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Figure 6. Splice site suppressor alleles of A
prp8 suppress the dominant-negative pheno-
type of mutations in U6 A51. (A) Growth (at
30°C) conferred by each prp8 allele in strains
containing wild-type or A51C mutant U6 on a
plasmid, in addition to a wild-type chromo-
somal copy of U6 snRNA. Equal numbers of
log phase cells were spotted onto medium —
lacking histidine to require retention of the
HIS3-marked plasmid containing dominant-
negative U6. (B) The exon ligation defect con-
ferred by dominant-negative mutations in U6 3'SS YAG
A51 is partially suppressed by prp8 alleles. ~ SuPPressor |
Primer extension analysis of wild-type Pyr tract |
ACT1-CUP1 reporter RNA was conducted in  recognition
triplicate for wild-type PRP8 and C-122

strains. The efficiency of the exon ligation

step of splicing was estimated as described in

Fig. 5. (C) prp8 suppressor allele C-122 allows

for expression and association of U6 A51C.

Strains containing mutant or wild-type prp8,

5'SS U2A
SUppressors

suppressors

5'SS U2G | B141

B wils [ EEASIC
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and a shorter, pseudo-wild-type version of U6 snRNA (pwtU6), were transformed with an additional plasmid containing full-length
U6*: either wild-type or A51C. Total RNA and RNAs that coimmunoprecipitation with polyclonal «-Prp8 were resolved on a
denaturing gel and subjected to Northern analysis with an oligo probe that hybidizes to both pwtU6 and U6*(Madhani et al. 1990). The
polyclonal antibodies immunoprecipitate Prp8 with a very low efficiency, (data not shown), but the critical comparison is the ratio of
mutant U6* /pwtU6. This ratio is not significantly different between C-122 (mut) and wild-type (wt) PRPS8. (Lane Pre) Background

levels of RNA precipitated by preimmune sera.

splicing (Fabrizio and Abelson 1990). Thus, as for the
5'SS mutations, the exon ligation defect of U6 A51 mu-
tants is predicted to be suppressed by the splice site sup-
pressor prp8 alleles. By primer extension analysis, we see
a 2.5-fold increase in the efficiency of exon ligation for
wild-type ACT1-CUP1 splicing (Fig. 6B), as well as for
the endogenous RP51 transcript (data not shown). Thus,
the exon ligation defect of the dominant-negative U6
mutation is partially suppressed by the prp8 mutant.

Splice site suppressor prp8 alleles allow for assembly
of A51 mutants into SnRNPs

Because the prp8 alleles did not rescue the recessive le-
thal phenotype of A51 mutations (Table 2), we explored
the possibility that the prp8 alleles suppress the domi-
nant-negative phenotype by impairing the ability of mu-
tant U6 snRNA to assemble into snRNPs. This could in
turn allow the assembly of more snRNPs containing
wild-type U6 snRNA, and thus cause an apparent sup-
pression of the exon ligation defect. Prp8 is a component
of the U5 snRNP, which joins the U4/U6 snRNP to form
the U4/U5/U6 triple snRNP. It is thus possible that Prp8
forms contacts with or influences U6 in the triple
snRNP. We assayed whether the prp8 mutants affected
the stability of mutant U6 snRNA, or its ability to co-
immunoprecipitate with Prp8. We used strains contain-
ing pseudo-wild-type U6 (Madhani et al. 1990), which
can be distinguished in size from mutant U6. The
pseudo-wild-type U6 is expressed at low levels in the
presence of wild-type U6, but is increased when the
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A51C mutant is the only other copy of U6 in the cell. As
shown in Figure 6C, the prp8 mutant C-122 does not
affect the ratio of A51C mutant U6 to pseudo-wild-type
U6 in either the total pools of snRNAs, or in those im-
munoprecipitated by a-Prp8 antibodies. These data sug-
gest that the prp8 suppressor allele allows for the assem-
bly of 51C mutant U6 into snRNPs and, probably, into
spliceosomes. It is thus likely that suppression of the
dominant-negative phenotype of the 51C mutation oc-
curs on the spliceosome, at the exon ligation step. To
explain why suppression of the recessive U6 A51C
growth phenotype was not observed, we suggest that
suppression by these prp8 alleles is simply not strong
enough to confer viability to the severe U6 mutant.

Mutations adjacent to U6 A51 are not suppressed

Within U6, suppression by the prp8 alleles appears spe-
cific to U6 A51. Combining the prp8 alleles with muta-
tions in U6 nucleotides adjacent to A51 did not result in
any growth alterations (Table 2), despite the fact that
mutations in G52 and G50, like A51, have been shown
to strongly impair exon ligation (Fabrizio and Abelson
1990). For a more quantitative comparison, we con-
ducted the primer extension analysis of ACT1-CUP1
splicing for the viable U6 G52 and G50 mutations. In
contrast to what is observed with A51C, neither the ef-
ficiency of exon ligation, nor the overall splicing effi-
ciency, was improved (data not shown). Thus, although a
number of U6 mutations impede exon ligation, suppres-
sion by prp8 appears specific for mutations in A51.



Discussion

A new tertiary interaction between the 5'SS, 3'SS,
and U6

Our initial goal was to provide functional correlates for
Prp8’s cross-linking interactions to the 5’'SS and 3’SS
consensus sequences, and to determine whether func-
tions at the two splice sites would map to distinct or to
the same functional domains of the protein. We found
prp8 alleles that suppress mutations in both the 5'SS GU
and in the 3'SS YAG,; all prp8 alleles that suppress mu-
tations in the 3'SS YAG also suppress mutations in 5’SS
position 2. Furthermore, we found that mutations in A51
of the U6 ACAGAG motif are also suppressed by the
prp8 alleles. However, other mutations in intron consen-
sus sequences, and in neighboring residues of U6, are not
suppressed. To explain the distinct, but unanticipated
pattern of suppression, we suggest that Prp8 influences a
specific, previously unrecognized, tertiary interaction
between the suppressed residues (Fig. 7A,C).

This proposed interaction is consistent with several
previous observations. First, mutations in the 5’ and 3’
terminal intron residues can reciprocally suppress each
other, with a specificity that suggests that they form a
non-Watson—Crick base-pairing interaction (Parker and
Siliciano 1993; Chanfreau et al. 1994; Deirdre et al.
1995). Second, 5'SS position 2 cross-links to U6 A51
(Sontheimer and Steitz 1993; Kim and Abelson 1996). In
addition to Watson-Crick pairing of U6 with positions
4-6 of the 5’'SS (Kandels and Séraphin 1993; Lesser and
Guthrie 1993Db), genetic interactions between U6 and
5'SS positions 1 and 3 support the hypothesis that the
entire 5’'SS consensus sequence is juxtaposed to the U6
ACAGAG sequence (Luukkonen and Séraphin 1998Db).
Third, the U6 G52U mutation suppresses mutations in
the terminal intron residue, suggesting that U6 and the
3'SS interact at least indirectly (Lesser and Guthrie
1993Db).

Genetic interactions of Prp8 with spliceosomal RNA

Importantly, whereas all of the above previous obser-
vations are consistent with an extended interaction be-
tween the 5" and 3’ ends of the intron (Fig. 7A), they have
been equally consistent with a configuration (Fig. 7B) in
which the sole interaction between the 5’ and 3’ ends of
the intron occurs between the first and last nucleotides.
Evidence for an interaction between the second and pen-
ultimate nucleotides of the intron, predicted by Figure
7A, has not been found by directed mutagenesis (Ruis et
al. 1994). The tertiary interaction suggested by our data
between 5'SS position 2 and the 3’SS YAG now favors
the extended interaction between the 5’ and 3’ ends of
the intron, (Fig. 7A,C). An interaction between the sec-
ond and penultimate residues of the intron is thus likely
to occur, and could have eluded previous studies through
constraints imposed by additional factors that were not
mutagenized in that study, namely U6 and Prp8. Sup-
portive of this idea, an indirect interaction was suggested
to occur between 5'SS position 3 and 3’SS position -3, on
the basis of the observation that mutations in 5’SS po-
sition 3 nonspecifically affect the competition of closely
spaced 3’SS YAG sequences (Deirdre et al. 1995). Prp8
and U6 may also affect a tertiary interaction between
these positions (see below).

It is striking that participants in the postulated inter-
action are conserved between the conventional U2-de-
pendent and the divergent Ul2-dependent spliceosomes.
Although introns spliced by the two different pathways
vary in whether they contain G-G or A-C in the first and
last positions, all contain U in the second and A in the
penultimate positions (Dietrich et al. 1997; Sharp and
Burge 1997; Shukla and Padgett 1999). Moreover, the
residue in Ubatac snRNA corresponding to position 51 of
yeast U6 is also an A (Tarn and Steitz 1996). Addition-
ally, the three adjacent residues, 5’'SS position 3, 3’SS
position -3 of the intron, and the position corresponding
to U6 G50, are also conserved (Tarn and Steitz 1996;
Dietrich et al. 1997; Sharp and Burge 1997). Notably,

A B
Figure 7. Hypothesized interaction of RNA residues sup-
3 . LSJG 3 [ g.s pressed by prp8 extends the juxtaposition of conserved resi-
'\G%G/ﬁ\gf\——-’ ~—GAGACA—  dues at the 5' and 3’ ends of the intron. (A4,B) The previ-
s euAuGU---+
*
s JoGAY---+

5|:|‘}'@[lj]ﬁ\lljéll.l ---3
s VAol

ously implicated non-Watson-Crick base-pairing interac-
tion between the first and last residue of the intron (*), in
addition to Watson-Crick (-) and cross-linking (lightning
bolt) interactions between the 5’SS and U6 snRNA, equally
favor an alignment of the 5’ and 3’ ends of the intron in
which additional residues are juxtaposed (A), or an align-
ment in which they are not (B). Residues that are critical
for the second step are denoted in outline. The 3’ hydroxyl
of exon 1 and the 3’SS phosphate, reactants for the exon
ligation chemical step are colored green. (C) Prp8 could
function in conjunction with RNA interactions at the spli-
ceosomal active site for the second step. The known and
hypothesized (asterisks) RNA interactions could align the
5" and 3’ ends of the intron, in addition to the 5’ and 3’
exons, to position the reactants (green) for exon ligation
catalysis. Interactions between the invariant loop of U5
snRNA and the 5’ and 3’ exons are shown in blue.
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Prp8 has also been shown to be a component of the two
spliceosomes (Luo et al. 1999). This supports the idea
that the proposed interaction of the three RNAs and Prp8
is fundamental to the mechanism of pre-mRNA splicing.

Interactions that bridge the two catalytic steps
of splicing

The long-standing observation that residues at the 5’ end
of the intron are required for the second transesterifica-
tion step has always seemed paradoxical, as the 5’ end of
the intron is no longer a substrate for splicing chemistry
after the first step is completed. In the splicing reaction
catalyzed by group I introns, the 5’ end of the intron
leaves the active site after the first cleavage step, to be
replaced by the 3 end of the intron for the second trans-
esterification step (Cech 1990). In the spliceosome, the 5’
end of the intron could function at the active site for
both steps. If the 5’ exon does not stray far from the
cleaved 5’ end of the intron, these residues could serve,
through the proposed interaction (Fig. 7C), to position
the 3’SS for catalysis of exon ligation.

Little is known about how the spliceosome couples
5'SS cleavage to exon ligation. The 5’ exon is thought to
be held or carried from the first to the second catalytic
step by an invariant loop in U5 snRNA (for review, see
Newman 1997). Because Prp8 makes extensive cross-
links to the loop, and to the 5’ and 3’ exons, it has been
hypothesized that Prp8 acts in conjunction with the U5
loop to position the exons for ligation (Teigelkamp et al.
1995; Dix et al. 1998; O’Keefe and Newman 1998). Align-
ment of the 5" and 3’ ends of the intron could help in the
alignment of the exons and in the positioning of the 3’SS
for catalysis (Fig. 7C). This could be accomplished by the
proposed network of RNA interactions and facilitated by
Prp8.

The progression of splicing from 5’SS cleavage to exon
ligation is known to involve a conformational change in
the spliceosome (Schwer and Guthrie 1992; Umen and
Guthrie 1995b; Chiara et al. 1996; Chua and Reed 1999)
and the construction of a chemically distinct active site
(Moore and Sharp 1993; Sontheimer et al. 1997). How-
ever, a number of interactions that are critical for exon
ligation are established during spliceosome assembly,
before 5'SS cleavage. These include the interaction of the
5’SS consensus sequence with the U6 ACAGAG motif
(Kim and Abelson 1996), and the 5’ exon with the U5
invariant loop (Newman and Norman 1991, 1992; Was-
sarman and Steitz 1992; Sontheimer and Steitz 1993;
O’Keefe et al. 1996). Prp8 is also observed to cross-link to
the 5’ exon (Wyatt et al. 1992; Teigelkamp et al. 1995;
Chiara et al. 1996) and to the 5'SS GU before 5’ cleavage
(Reyes et al. 1996). In a concurrent study, Siatecka et al.
(1999) report evidence that Prp8 functions in recognition
of 5’'SS position 2 during spliceosome assembly, before
5'SS cleavage, as well as during exon ligation (Siatecka et
al. 1999). The maintenance of interactions between the
two catalytic steps of splicing suggests ways in which
one active site could be altered to undergo both transes-
terification steps. Through interactions with the 5’SS,
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U6 and 3'SS, in addition to the 5’ exon, U5, and 3’ exon,
Prp8 could perform a critical function in bridging the
two steps of splicing.

In another recent study (Kuhn et al. 1999), a mutation
in PRPS, (prp8-201), was found to suppress a U4 muta-
tion, U4—cs1, which compromises the interaction of the
U6 ACAGAG motif with the 5'SS consensus sequence.
Interestingly, suppression is conferred by a mutation in
residue 1861 of Prp8, which is strikingly close to the
location of mutations in the splice site suppressor alleles
D-135, D-136, and D-143 (Table 1). In fact, prp8-201 sup-
presses 5'SS U2A and 3'SS YAG mutations (C. Collins
and C. Guthrie, unpubl.). However, our splice site sup-
pressor alleles fail to suppress Ud—csl (A. Kuhn and D.
Brow, pers. comm.); thus, the relationship between
splice-site suppression and U4-cs1 suppression by prp8
remains to be understood. Notably, U4—csl suppression
appears to occur prior to 5’ cleavage (Kuhn et al. 1999).
The fact that one mutation, in prp8-201, can suppress
defects at two different steps suggests, again, that Prp8
forms interactions that are maintained throughout both
chemical steps of splicing.

A role for Prp8 at the spliceosomal catalytic core

The model based on our genetic results provides an at-
tractive explanation for the extensive cross-linking in-
teractions that have been observed previously between
Prp8 and residues near both the 5’SS and 3'SS. These
data suggest that Prp8 actually binds the proposed ter-
tiary RNA interaction. However, it is not known
whether the amino acids mutated in the suppressor al-
leles, which map to four distinct regions of the protein,
play a direct role in RNA recognition. Whereas most of
these residues are conserved in the known homologs of
Prp8, all of the suppressor mutations are viable and con-
fer only a mild, if any, detectable defect to wild-type
splicing. The suppressor alleles could serve to relax some
of the constraints imposed on the identity of splice-site
residues, thereby allowing mutant as well as wild-type
sequences to be utilized. In well-studied systems of pro-
tein-substrate recognition, mutations that permit a
wider range of interactions have been observed to in-
crease the flexibility of the binding interface or pocket
(Bone et al. 1989; Morton and Matthews 1995). Such ef-
fects are not limited to mutations at the site of binding,
and, in fact, may occur at considerable distances (Mace
et al. 1995; Gutierrez et al. 1998). It remains formally
possible that the suppression observed is mediated by
allosteric effects on another protein that binds the 5’ and
3’ ends of the intron. However, despite the numerous
proteins that have been found to function during the
exon ligation step (Umen and Guthrie 1995b), Prp8 is the
only protein that has yet been found to affect the require-
ment for YAG at the 3’SS.

Whereas spliceosome catalysis is thought to be per-
formed by RNA, many of the same types of observations
that suggest a critical role for RNA at the catalytic core
have yielded similar results for Prp8, namely, cross-link-
ing to RNA near sites of chemistry, genetic suppression



of splice-site mutations, and phylogenetic conservation.
What is, then, the specific role of Prp8? Prp8 could con-
ceivably make direct structural or chemical contribu-
tions to the spliceosomal active site. Alternatively, Prp8
could serve to add constraints or stability to a structure
that is intrinsically comprised of RNA. This latter role
for protein in RNP catalysis has been demonstrated for
group-I introns (Weeks and Cech 1995a,b, 1996) and
Rnase P (Guerrier-Takada et al. 1983). Recent crystal
structures of ribosomal L11 protein complexed with a
58-nucleotide domain of 23S rRNA illustrate that a pro-
tein component of an RNP can stabilize an unusual RNA
fold through direct contact with a critical RNA tertiary
interaction (Conn et al. 1999; Wimberly et al. 1999). Ul-
timately, an ultrastructural analysis of Prp8’s interaction
with RNA in the spliceosome is required to understand
the contribution of this protein to catalysis.

Materials and methods

Yeast strains and plasmids

Screens and characterization of prp8 alleles were conducted
with the strain yJU75 (Umen and Guthrie 1996): MATa, ade?2
cuplA:ura3 his3 leu2 lys2 prp8A::LYS2 trpl; pJUl69 (PRPS
URA3 CEN ARS). ACT1-CUPI1 reporters are described in
Lesser and Guthrie (1993a) and Umen and Guthrie (1996). For
all reporters, the LEU2-marked (pGAC24) version was used.
The 5'SS U2A, U2G, and wild-type ACTI-CUP1 reporters are
described in Ruis et al. (1994), except that the pGAC14 vector
backbone was swapped for pPGAC24 (Lesser and Guthrie 1993a),
to generate pCC72 (U2A), pCC44 (U2G), and pCC71 (wild type).

For testing genetic interactions between prp8-122 and muta-
tions in U6 snRNA (Fig. 6), a prp8A::LYS2 disruption was gen-
erated, according to Umen and Guthrie (1996), in a diploid het-
erozygous for the disruption snR6A::LEU2 (Brow and Guthrie
1988). The diploid was then transformed with plasmids (see
below) and sporulated. Haploid progeny containing both disrup-
tions, prp8A::LYS2 covered by wild-type PRPS8 or prp8—C122 on
a pRS423 plasmid (2 n HIS3), and snR6A::LEU2 covered by wild-
type U6 in pSE360, were identified by nutritional markers, and
the presence of both prp8 and snR6 disruptions was confirmed
by whole-cell PCR. The resulting U6-shuffle strains were trans-
formed with plasmids containing wild-type (pSX6T) or mutant
U6 (Madhani et al. 1990), and assayed for growth before or after
counter selection on 5-FOA of the URA3-marked plasmid con-
taining wild-type U6 (Table 2). For the experiments in Figure
6C, a similar strategy was used to generate a double-knockout
haploid strain containing plasmid-borne pseudo-wild type U6,
and wild-type or mutant prp8 (in pRS423). The resulting strain
was then transformed with plasmids (pSE360) containing wild-
type or A51C mutant U6.

Screens for suppressors of mutations in the 5’'SS GU

PRP8 was PCR mutagenized in four parts, with primers and
Mn?* conditions described in Umen and Guthrie (1996), accord-
ing to mutagenic PCR conditions described in Leung et al.
(1989). prp8 mutants consisting of each of four mutagenized
fragments were created by in vivo gap repair (Muhlrad et al.
1992). The four corresponding gapped plasmids were generated
from pJU225 (PRP8 TRP1 2p), as described in Umen and Guth-
rie (1996).

Genetic interactions of Prp8 with spliceosomal RNA

yJU75 strains containing either 5'SS U2A or U2G mutant
ACTI1-CUP1 reporters were transformed, and, for each reporter,
4000 were replica plated onto medium containing 0.025, 0.05,
or 0.1 mM copper sulfate (Lesser and Guthrie 1993a). To look for
recessive as well as dominant suppression, transformants that
survived passage on 5-FOA were rescreened for increased
growth on copper. For each candidate suppressor, the TRP-
marked plasmid was recovered, transformed into a fresh yJU75
strain, and retested for the ability to confer increased growth on
copper with the 5'SS U2A and U2G ACTI1-CUP1 reporters.

Copper growth

Duplicate cultures were grown to log phase in medium lacking
leucine to ensure maintenance of the ACTI-CUPI1 reporter
plasmid. Cultures were then diluted to an ODgq of 0.5, and a
frogger was used to stamp equivalent amounts of cells from
each strain onto plates containing different concentrations of
copper (Lesser and Guthrie 1993a). For assays of the effect of
dominant-negative mutations in U6 A51 (Fig. 6A), cells were
grown on medium and copper plates lacking histidine, to ensure
maintenance of the pSE362 plasmid containing the dominant-
negative U6 mutant.

Mapping of suppressor mutations

Because each mutagenized prp8 fragment was [ kb, and con-
tained multiple mutations, the location of mutations sufficient
to confer suppression was mapped to a smaller region of PRPS.
Fragments of the mutant prp8 were PCR amplified in nonmu-
tagenic conditions with Pfu polymerase. The PCR fragments
were then cotransformed with appropriately gapped plasmid.
The fragments of mutant prp8 coding sequence that could re-
construct the suppressor phenotype for each mutant are shown
in Table 3.

The region listed for each allele in Table 3 was then se-
quenced at the Biomolecular Resource Center DNA Sequencing
facility at UCSF, with the Big Dye Terminator Cycle Sequenc-
ing Kit (Applied Biosystems). The program ALIGN (Myers and
Miller 1988) was used at the GENESTREAM network server
(http://www2.igh.cnrs.fr) to identify changes in the PRPS se-
quence.

The three mutations in the sequenced region of D-144 were
isolated from each other by standard cloning techniques, with
the intervening Stul and Sphl sites. Each isolate was confirmed
by sequencing, and found to confer modest suppression of 5’'SS
U2A. Likewise, D-134 and D-143 mutations were separated

Table 3. prp8 fragments that confer suppression

Fragment Enzyme used
PCR-amplified to gap
Allele from mutant pJu225?
C-133, C-134 4262-5161 BSstEII (w. EtBr)
D-135, D-136, D-143 5340-6147 Mscl
D-144 6017-7215 Stul
B-131, B-132, B-141, B-142 1635-3322 AfIIT (w. EtBr)
or

2431-3735 Spel

Oligonucleotides used to amplify each fragment ranged in size
from 20 to 22 nucleotides.

?For enzymes with two sites in pJU225, the plasmid was par-
tially digested in the presence of 100 pg/ml ethidium bromide to
enrich for singly cut plasmids (Umen and Guthrie 1996).
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from additional mutations by the MscI site. These additional
mutations (not shown) were not required for the suppression
phenotype (Table 3).

Primer extension analysis

RNA preparation and primer extension assays were performed
as described previously (Frank and Guthrie 1992; Lesser and
Guthrie 1993a). U14 snoRNA was primer extended for an inter-
nal control for the amount of total RNA in each lane (Noble and
Guthrie 1996). Products were quantified by Phosphorlmager
analysis of duplicate or triplicate samples. The total splicing
efficiency and the efficiency of the exon ligation step were es-
timated as derived previously (Pikielny and Rosbash 1985;
Fouser and Friesen 1986), by calculating the ratio of levels of
mature/precursor species for the total splicing efficiency, and
mature/lariat for the efficiency of the exon ligation step.

Bead-beat extracts

For Figure 6C, strains described above were grown to late log
phase in medium lacking uridine, to ensure maintenance of the
dominant-negative U6 plasmid. A total of 100 mls of culture
were pelleted and resuspended in 150 pl of Lysis Buffer (45 mm
HEPES at pH 7.9, 400 mm NaCl, 0.5% NP-40 (vol/vol), I mm
EDTA, 20% glycerol (vol/vol), DEPC-treated dH20, and prote-
ase inhibitors (1 mm PMSF, 1 pg/ml leupeptin, 1 mm benzami-
dine)). Cells were lysed by vortexing with 600 ul of acid-washed
glass beads (size 0.5 mm), in 1-min bursts followed by a 1-min
rest on ice, repeated six times. Insoluble material in the lysate
was then removed by microfuging for 10 min at maximum
speed. The supernatant lysate was diluted with an equal volume
of dilution buffer (45 mm HEPES at pH 7.9, 1 mm EDTA, 20%
glycerol, with a fresh addition of protease inhibitors). All steps
were conducted at 4°C.

Polyclonal o-PRP8 antibodies

The LacZ-PRPS fusion plasmid, pFP8.4, was provided by Jean
Beggs (University of Edinburgh, Edinburgh, Scotland), and ex-
pression of the fusion protein was heat induced in the Esche-
richia coli strain pop2136 as described previously (Lossky et al.
1987). The insoluble pellet, which contained the majority of the
fusion protein, was prepared from lysed cells, and purified ac-
cording to Harlow (1988). The [1170-kD fusion protein was fur-
ther purified by subjecting the sample to SDS-polyacrylamide
gel electrophoresis and removing the band after staining with
0.05% Coomassie blue in distilled water. Gel slices, containing
a total of (0.5 mg of fusion protein, were solubilized in Freund’s
adjuvant and used to immunize rabbits. The rabbits were
boosted in 3-week intervals with 0.25 mg of gel-purified fusion
protein. Preimmune sera were collected prior to immunization,
and antisera were obtained (110 days after the fourth boost. All
rabbit work was done by Berkeley Antibody Company (BAbCO)
in Richmond, CA.

The ability of the antibodies to immunoprecipitate Prp8 was
confirmed with extracts from strains that contain hemaggluti-
nin (HA) epitope-tagged PRP8 (Umen and Guthrie 1995a), and
subjecting the pellets and supernatants to Western blot analysis
with a monoclonal antibody specific for the HA epitope.

Immunoprecipitations

For immunoprecipitation of snRNAs, IgG was prebound to 30 nl
of protein A-Sepharose (Sigma) in NTN buffer [150 mm NaCl,
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50 mm Tris-HCI at pH 7.4, 0.1% NP-40 (vol/vol)], and washed
five times with 600 ul of the same buffer at 4°C. For each ex-
periment, 200 pl of bead-beat extract was added to 15 ul of
prebound serum, and incubated at 4°C, with protease inhibitors
(above), for 2.5 hr. The antibody complexes were centrifuged,
and washed four times with 600 pl of NTN buffer. RNA was
then prepared from the pellets, (and 10 ul of total extract), and
subjected to Northern analysis, with a 3?P-end-labeled oligo-
nucleotide probe against U6 snRNA (Noble and Guthrie 1996).
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