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ABSTRACT 
PRP8 encodes a highly conserved U5 snRNP protein required for spliceosome assembly and later 

steps of pre-mRNA splicing. We recently identified a novel allele, prp8-101, that specifically impairs 
recognition of the  undine tract that precedes most yeast 3' slice sites. We carried out extensive mutagene- 
sis of the  gene  and selected for new alleles that  confer a phenotype similar to that of p-8 -101 .  The 
strongest alleles cause  changes  in one of two amino acids in the  Gterminal  portion of the  protein. We 
also identified  a  second class of PRP8 mutant  that affects the fidelity of 3' splice site utilization. These 
alleles suppress point mutations  in the PyAG motif at  the 3' splice site and  do  not  alter  uridine tract 
recognition. The strongest of these alleles map  to a  region directly upstream of the pp8-l01-like muta- 
tions. These new PRP8 alleles define two separable  functions of Prp8p,  required  for specificity of 3' 
splice site selection and fidelity of 3' splice site utilization, respectively. Taken  together with other  recent 
biochemical and genetic data,  our results suggest that Prp8p plays a functional role at the active site of 
the spliceosome during  the second catalytic step of splicing. 

N UCLEAR pre-mRNA splicing involves the recogni- 
tion and removal of introns  from messenger RNA 

precursors. Introns  are  identified by conserved se- 
quences at  the 5' splice site, branchsite, and 3' splice 
site. These  sequences are recognized by  five small nu- 
clear ribonucleoprotein particles (Ul,  U2, U4, U5, and 
U6 snRNPs) that,  together with numerous accessory 
proteins, assemble onto intron-containing RNAs to 
form  the spliceosome. The spliceosome catalyzes the 
removal of introns  in two chemical steps involving  5' 
splice site cleavage and  branched lariat formation  (step 
l),  followed by 3' splice site cleavage and  exon ligation 
(step  2) (reviewed in GREEN 1991; GUTHRIE 1991; RY- 
MOND and ROSBASH 1992; MOORE et al. 1993). 

A key question is  how introns  are accurately identi- 
fied. The 5' splice site and branchsite  are recognized 
by a well-characterized set of interacting snRNAs and 
proteins (reviewed above). However, much less  is 
known about how the 3' splice site is identified.  In most 
organisms, the 3' splice site is composed of a nearly 
invariant PyAG motif preceding  the 3' splice junction 
and  an upstream pyrimidine-rich tract. In mammals, 
the pyrimidine tract is first bound by  U2AF, which  is 
required  for  the first step of splicing, and later by  PSF, 
which is required  for the second step (ZAMORE and 
GREEN 1991; PATTON et al. 1993; GOZANI et al. 1994). 

Several RNA-RNA interactions  are also required for 
proper 3' splice site selection. The first and last guano- 
sine residues in  introns  share  a non-Watson-Crick inter- 
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action that is critical for 3' splice site utilization (PARKER 
and SILICIANO 1993; CHANFREALT et al. 1994; DEIRDRE et 
al. 1995). U5  snRNA can interact with the first two 
residues of the  second  exon and may  play a role in 
aligning the two exons  during  the  second  step of  splic- 
ing (NEWMAN and NORMAN 1992; SONTHEIMER and 
STEITZ 1993). Because exon sequences are poorly con- 
served, this interaction probably does  not normally play 
a major role in 3' splice site selection. Finally, mutations 
in U2 and U6  snRNAs can compromise the fidelity of 
3' splice site utilization and nonspecifically suppress the 
effects  of point mutations in the QAG motif (LESSER 
and GUTHRIE 1993b; MADHANI and GUTHRIE  1994). As 
these residues are in a  domain of  U2 and U6 that is 
thought to be part of the spliceosomal active site, their 
alteration may change  the  architecture of this region 
so as to relax its stringency for 3' splice site nucleotide 
identity (IV~ADHANI and GUTHRIE  1994). 

We have focused on  the role of a highly conserved 
U5 snRNP protein,  Prp8p, in 3' splice  site selection 
(HODGES et al. 1995; UMEN  and  GUTHRIE  1995a).  Prp8p 
was first  shown to have a role in spliceosome assembly 
before  the first  catalytic step (JACKSON et al. 1988; 
BROWN and BEGGS 1992). Recently, however, we identi- 
fied a novel allele, p98-101, that impairs recognition of 
the 3' splice  site uridine-rich tract during  the second 
catalytic step (UMEN  and GUTHRIE  1995a). Consistent 
with a  direct role in  3' splice site recognition,  Prp8p 
can be cross-linked to the  3' splice site in  a site-specific 
manner  during splicing after the first catalytic step 
(TEIGELKAMP et al. 1995; UMEN  and GUTHRIE  1995a).  A 
more  detailed kinetic analysis  of  its interaction with the 
3' splice site indicates that  Prp8p is likely to be bound 



724 J. G. Umen  and C. Guthrie 

to the 3’ splice site during  the second catalytic event 
(UMEN  and GUTHRIE 199513). However, to  date,  there 
is no functional evidence of a role for  Prp8p  in catalysis 
or in recognition of the conserved PyAG trinucleotide 
at  the 3’ splice junction. 

Although Prp8p is likely to be an RNA-binding pro- 
tein, it does not contain any significant homologies to 
known  RNA-binding proteins or other families  of pro- 
teins (HODGES et al. 1995).  Thus,  there  are  no obvious 
structural  domains  that  might be candidates for  intron 
binding sites. In this  work, we have carried out  an exten- 
sive mutagenesis of the PRP8 gene with two objectives. 
The first is to genetically map  the  domain(s) of the 
protein responsible for  uridine tract recognition, and 
the second is to determine  whether  a  domain of Prp8p 
interacts functionally with the PyAG trinucleotide  at  the 
3’ splice site. We have found  that all uridine  recognition 
mutants (like pq8-101; UMEN  and GUTHRIE 1995a) 
cause alterations in the C-terminal portion of the pro- 
tein. The strongest of these new alleles (including new 
isolates of pq8-101)  change one of two codons. We have 
identified a  second class  of mutations  that alters the 
fidelity  of 3’ splice site utilization. These also cause alter- 
ations in  the C-terminal half of Prp8,  but  in  a region 
upstream of the  alterations caused by the prp8-lOl-like 
class. Unlike pp8-101, which exacerbates the effects of 
point  mutations  in  the PyAG motif at  the 3‘ splice junc- 
tion (UMEN  and GUTHRIE  1995a), this class of PRP8 
mutant suppresses the effects of PyAG alterations. The 
complex spectrum of preferences  for  different PyAG 
alterations displayed by these PRP8 alleles is suggestive 
of a  direct  interaction between Prp8p and  the PyAG 
trinucleotide and/or  the spliceosomal active site. 

M A T E W S  AND METHODS 

Yeast methods: All methods  for manipulation of  yeast, in- 
cluding media preparation, growth conditions,  transforma- 
tion, plasmid recovery and 5-fluoro-orotic acid (5FOA) selec- 
tion were performed  according  to  standard  methods 
(GUTHRIE  and FINK 1991).  Copper growth assays and P-galac- 
tosidase assays were performed as previously described 
(MILLER 1972; LESSER and GUTHRIE 1993a). Strains for p- 
galactosidase assays were grown in media containing 2% galac- 
tose and 2% raffinose for 24 h  before analysis in  order  to 
induce expression of the lacZ fusion  construct.  Strain YJU75 
(with various plasmids described below) was used for all 
experiments: MATa ade 2 cuplA::ura3 his3 leu2 lys2 
p48A::LYSB trpl pJU169 (PRP8 URA3 CENARS). Disruption 
of the PRP8 locus is described below. 

After mutagenesis and transformation, 3‘ splice site selec- 
tion mutants were selected by replica  plating to copper-con- 
taining plates before or after replica plating to 5FOA-con- 
taining plates. 

Plasmid construction: Molecular cloning  procedures were 
carried out according to  standard  methods (MANIATIS et al. 
1982). Plasmid pJU225 (PRP8 TRPl2p)  was constructed from 
a previously described plasmid JDYl3 (GAL::PRP8) (BROWN 
and BEGCS 1992).  The galactosedriven promoter  in this plas- 
mid was removed by cutting with NheI and XhoI. A wild-type 
copy of the  promoter was amplified by  PCR under  nonmuta- 
genic  conditions and used to replace the galactose driven 
promoter.  The  entire PRP8 gene was then excised using XhoI 
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FIGURE 1.-Strategy for isolation of novel PRP8 mutants. 
(A) Schematic of PRP8 gene with locations of PCR primers 
(depicted as arrows) and restriction sites in their  approximate 

ple of in vivo gap repair used to generate  mutant library from 
PCR fragment B. The  ends of this fragment  are shown recom- 
bining with a gapped PRP8 plasmid cut with SaA and SpeI. 
(C) Depicted is a yeast cell containing a reporter construct, 
wild-type PRP8 gene  and selectively mutagenized PRP8 gene 
(region B from above). The strain is deleted  for its chromo- 
somal copy of PRP8 and CUPl. PRP8 mutants  that affect splic- 
ing of the  reporter construct can be  selected  before or after 
loss of the wild-type PRP8 allele by 5FOA selection. 

locations (see MATERIALS AND METHODS for details).  (B) Exam- 

and NotI and ligated to plasmid RS424 (TRPl  2p) also cut 
with XhoI and NotI (SIKORSKI and HIETER 1989). 

For all nonmutagenic PCR reactions, Hot  Tub polymerase 
(Amersham) was used according  to  the manufacturer’s  in- 
structions. 

The 2.1 kb BstEII fragment from pJU225 was swapped be- 
tween wild type and  mutant clones using standard procedures. 
The chimeras were confirmed by sequencing the relevant re- 
gions. 

ACTl-CUP1 reporters  are  depicted in Figure 2. The 3’ splice 
site competition reporters  and construct  set I1 were made 
according to previously described methods  (UMEN  and 
GUTHRIE 1995a).  Construct  set I plasmids were made by using 
oligonucleotide directed mutagenesis. The sequences that 
were altered  compared to the  standard ACTl-CUP1 fusion are 
depicted. 

The ACTl-CUP1 G5A reporter with either  the  normal (NI) 
or cryptic (Ab) 5’ cleavage sites in  frame with the CUP1 coding 
sequence were constructed by AMY KISTLER. The rp5la-lacZ 
fusion construct  and ACTI-CUP1 A259C construct have been 
described previously (LESSER and GUTHRIE 1993a; CHANFREAU 
et al. 1994). 

The prp8A  ::LYS2 disruption plasmid was constructed by 
first eliminating the NotI site in the polylinker region of 
pJU225. A NotI site was then  introduced  into  the 5’ end of 
PRP8 at  the fifth codon using PCR-based mutagenesis. A 4 
kb fragment  containing  the LYS2 gene  in  the polylinker of a 
Bluescript plasmid (Stratagene) was excised with NotI and 
CluI and ligated to  the ClaI and NotI sites of the modified 
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FIGURE 1.-Continued 

PRP8 plasmid just described.  This  disruption removes all but 
the first five and last four  codons of PRP8. 

To  generate strain YJU75, the p p 8 A  ::LYSP fragment with 
PRP8 flanking sequence  (1 -2 kb  on each  side) was excised 
from  the  disruption plasmid with Sac1 and ApaI and trans- 
formed  into strain L5 (UMEN  and GUTHFUE 1995a), which 
contained plasmid pJU169 (PRP8 URA3 CENARS). Lys+ trans- 
formants were screened  for  disruption of the chromosomal 
PRP8 locus by their inability to grow on 5FOA-containing 
media. The  disruption was confirmed by a whole cell PCR 
assay, and  the 5FOA induced lethality was rescued by the 
presence of a  non-URA3marked PRP8 plasmid (data  not 
shown). 
PCR mutagenesis: The strategy we used for mutagenic PCR 

is described in Figure 1 (MUHLRAD et al. 1992). Mutagenic PCR 
conditions have been described previously (LEUNG et al. 1989). 
Primer sequences and Mn2+ concentrations were as follows:  A1 , 

GCGGATITGATGCAT-3’,  0.1 mM MnC12;  B1,5’-AATACAAAA- 
GATGCGATGTCGS‘; B2,5“GCTCGCCCTAGGTTAACGTCG 
3’, 0.03 mM MnCl,;  C1, 5”CAGAGATACCACCTCTTCTGG-3’; 
C2, 5’-TAGAAAATGCAGTGTACGATG3’, 0.05 mM MnCl,; Dl, 
5 ’ -TGATCGGTATCGATITGf;  and D2,5’CTAAATACA- 
TCGATITGIITCGJ’, 0.1 mM MnC12. When MnC12 was in- 
cluded, 200 p~ dATP, 1 mM dGTP, d lTP  and dCTP were used. 
Without MnC12, all dNTPs were used at 1 mM. 

PCR reaction volumes were performed in  4 X 50 pl aliquots 
using Amplitaq polymerase (Perkin-Elmer) . The samples were 
then  extracted with phenol/chloroform  and precipitated with 
0.4 volumes 3 M NaOAc (80 pl) and 1.4 volumes isopropanol 
(280 pl). The  appropriate PCR product was cotransformed 
with gapped plasmid pJU225,  with the PCR  DNA in  a mass 
ratio of 5 PCR DNA1 vector DNA. The enzymes used for 
gapping pJU225 were: (A) NheI/Sall, (B) Sall/SpeI, (C) SpeI/ 
MscI, (D) MscI/SphI. 

Gap repair: To  determine  whether  the mutations we iden- 
tified were necessary and sufficient to  generate  the  pheno- 
types we observed, regions of a mutant  (or wild-type control) 
plasmid were amplified  using nonmutagenic PCR conditions 

5’-GCATGCTCGAGACTTCAAAGCATGG-3’; A2, 5”ACATGG 

(see  above) and cotransformed with gapped wild-type vector 
(pJU225). For pp8-101-prp8-107, the amplified region 
spanned nucleotides 5322-6024 of the  coding region, and 
the vector was cut with MscI at position 5723. For prp8-121- 
prp8-125, the amplified region spanned nucleotides 4125- 
5322 of the  coding  sequence,  and  the vector was partially 
digested with BstEII in the presence of 100 pg/ml ethidium 
bromide  (EtBr).  The EtBr enriched  for singly cut plasmids. 
The relevant cut site that can be repaired  from  the PCR  DNA 
is at nucleotide 4829  of the  coding region. The  other BstEII 
site is at nucleotide 6931. In each case, the  mutant PCR  DNA 
stimulated the  appearance of a mutant phenotype by 10- to 
1000-fold over amplified wild-type DNA. 

RNA analysis: RNA preparation  and  primer extensions 
assays were performed as previously described (LESSER and 
GUTHRIE 1993a). Results were quantitated by phosphorim- 
ager scanning of duplicate or triplicate samples. 

RESULTS 

Mutagenesis strategy for PRP8: To identify new  al- 
leles of PRP8, we utilized PCR, which can efficiently 
mutagenize a selected region of DNA (LEUNG et al. 
1989; MUHLRAD et al. 1992). Since the  coding region 
of PRP8 is  very large (7.2 kb), we divided the  gene  into 
four approximately equal-sized regions (A-D) based 
on convenient restriction sites (Figure 1 ) .  This division 
was necessary to reduce  the high frequency of null al- 
leles that would be expected if the whole coding region 
were mutagenized simultaneously, and it also facilitated 
the  mapping of mutations. Each region of the  gene 
was amplified using Taq polymerase, with and without 
added  manganese. Manganese has been  reported to 
increase the  error rate of Taq polymerase by approxi- 
mately  fivefold (LEUNG et al. 1989). Each PCR fragment 
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TABLE 1 

Characterization of mutagenized PRP8 library 

No. of 
Mutagenized No. of Percentage temperature- Percentage Percentage 3' splice 

region transformants null sensitive/50 prp8-10l-like" site suppressors'' 

Gap  A -500 4 ND ND ND 
+PCR A -4000 18 ND 0 (0) 0 (0) 
+PCR A + MnP+ -4000 76 ND 0 (0) 0 (0) 
Gap B -800 4 0 ND ND 
+PCR B -4000 34 0 0 (0) .025 (1) 
+PCR B +Mn'+ -4000 48 9 0 (0) ,025 (1) 
Gap  C -800 4 0 ND ND 
+PCR C -4000 40 2 .4 (16) .2 (8) 
+PCR C +Mn'+ -4000 64  1 ,075 (3) .1 (4) 
Gap  D -800 8 0 ND ND 
+PCR D -4000 32 3 .55 (22) . I3  (5) 
+PCR D +Mn'+ -4000 62 5 (4) 0 (0) 

~ ~~~ ~ 

The first column  indicates  the  region of the  gene  that was mutagenized (Gap A-D) and cotransformed 
alone  or with PCR  DNA (+PCR A-D) or with manganese  mutagenized PCR  DNA (+PCR  +Mn2+ A-D). The 
second column indicates the  number of transformants screened  and  the  third column  indicates the percentage 
null alleles generated (scored as inviable on 5FOA-containing media).  The  fourth column  indicates the  number 
of temperature-sensitive mutants obtained from  50  randomly  chosen  transformants. The fifth column  indicates 
the percentage of transformants with a prp8-101-like phenotype (loss of uridine recognition) with the actual 
number isolated indicated  in  parentheses. The last column  indicates the percentage of transformants that 
suppress 3' GAG (described  in  text) with the actual number isolated indicated  in  parentheses. ND, parameter 
was-not assayed. 

"Values  in parentheses  are total number isolated. 

was cotransformed  into  a  recipient strain along with an 
appropriately  gapped, high copy PRP8 plasmid. Since 
the PCR fragments  contained -300 nucleotides of ho- 
mology on each side of the  gapped  region, they could 
direct  repair of the  gapped PRP8 plasmid (Figure 1B) 
(MUHLRAD et al. 1992). When no PCR-amplified DNA 
is cotransformed with the  gapped plasmid, the gap can 
be repaired efficiently from the plasmid-borne copy  of 
PRP8 that is already in  the cell (Table 1; see below). 
However, based on  the frequencies of null mutants ob- 
tained  in  the  presence of PCR-amplified DNA, the PCR 
DNAs appear to compete strongly as repair  donors, 
probably because they contain  free  ends. The PCR  DNA 
also stimulated transformation efficiency approximately 
fivefold (data  not  shown). 

The transformants were  initially scored in several 
assays. Each recipient strain contained a low copy, URA3 
marked plasmid bearing the wild-type PRP8 gene  and  a 
high copy, lJU2-marked plasmid bearing an AC7'1-CUP1 
gene fusion  as a splicing reporter. By selecting against 
cells harboring  the wild-type PRP8 plasmid  with  5FOA, 
the recessive phenotypes of the PRP8 mutants could be 
determined (Figure 1C). As a measure of mutagenic 
efficiency, we scored null alleles by their inability to grow 
on 5FOA-containing  plates. Without cotransformation of 
PCR  DNA, the null frequency was low for each gapped 
region ( 4 4 % ) .  Cotransformation of  PCR  DNA caused 
a four- to  10-fold increase in the frequency of null alleles, 
and the use  of manganese mutagenized PCR  DNA 
caused a  further increase to a null frequency of 48-76%. 
We also screened a limited number of mutants (300 total 

in  six separate pools;  see Table 1) for  temperature or 
cold  sensitivity after selection on 5FOA. Although the 
number of transformants scored this way  was too low to 
be statistically significant, we found  a surprisingly large 
number of temperature-sensitive PRP8 mutants (20,' 
300). These were distributed among  the  three regons 
that we scored: B-D.  We did  not recover  any  cold-sensi- 
tive mutants. In summary, the mutagenesis strategy that 
we have developed efficiently  targets four different s u b  
regions of PRP8 and allows rapid identification of alleles 
that confer different splicing phenotypes (Table 1; see 
below). 

Identification  of  new  &b&lOl-like  alleles: To  iden- 
tify new alleles of PRP8 that affect uridine tract recogni- 
tion, we introduced  the  eight pools of our library (A-D, 
-+MnC12) into  a  recipient strain harboring  the  reporter 
ACT-CUP +T PyDOWN (Figure ZA). The  reporter di- 
rects synthesis of an intron-containing RNA with dupli- 
cated 3' splice sites, one uridine-rich and the  other 
adenosine-rich. The  intron is fused to the CUPl gene, 
which encodes  a  copper-chelating  metallothionein ho- 
mologue that can be used as a selectable marker 
(LESSER and GUTHRIE  1993a). Use  of the branchsite- 
proximal, uridine-rich 3' splice site produces  a message 
where the  initiator AUG in exon one is out  of  frame 
with the CUPl coding  sequence, whereas use  of the 
branchsite-distal, adenosine-rich 3' splice  site results in 
the  initiator  codon being in  frame with C W I  (PAT- 
TERSON and  GUTHRIE 1991; UMEN  and GUTHRIE  1995a). 
In wild-type strains, the uridine-rich 3' splice site  is pre- 
ferred >20:1 over the adenosine-rich competitor (Fig- 
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U A C U A A C A U C G W U G W G W U C G A U U ~ C C U U C A U U C U U U U  +T PyDOWN 

UACUAACAUCGAAACMCAAACGAW~CCUUCAUUCWUWGUUGCUAUAUUAUAUGUUU~ +A WT FIGURE 2."3' splice site reporter 
constructs. (A) 3' splice site compe- 
tition constructs. The sequence be- 
tween the branchsite  (raised  A in 3' Splice  Site  Mutants  Set l 

UACUAACAUCGAWCCWCAUUCLNUUUGWGCUAUAUUAUAUGW~/MUAWCAWCUCCGM 3' GAG 
bold)  and two competing 3' splice 
sites (underlined  and bold AGs) is 
shown. (B) Reporter set I. As above 

quence in bold and cleavage site 
followed by a / symbol. Exon 2 se- 
quences that have been  altered are 

UACUAACAUCGAWGCWCAWCWUWGUUGCUAUAUUAUAUG~/AAUAWCAUUCUCCGM 3' UUG with mutated splice acceptor se- 

3' Splice  Site  Mutants  Set 11 
kso shown. (C) Reporter set 11. As 
in (B) except only the wild-type  ver- 
sion is shown in its entiretywith mu- 
tants at  the 3' acceptor  sequence 
drawn below. The cryptic E splice 
acceptor is also underlined. 

ure 3A, lane 2; Table  2). Loss of uridine recognition creased copper resistance (LESSER and GUTHRIE 1993a; 
and  the  consequent activation  of the adenosine-rich 3' UMEN and GUTHRIE 1995a). 
splice site generates  more in-frame message and Cup1 The wild-type strain harboring +T PyDOWN cannot 
fusion protein. Since the chromosomal copy of CUP1 survive at  copper  concentrations above  0.05 mM while 
is deleted in this strain, we can detect increased splicing the pg8-IO1 mutant allows  growth at 0.18-0.25 mM 
to the adenosine-rich 3' splice site by measuring in- copper (UMEN and GUTHRIE 1995a). The pools of  trans- 

A 

U 

tlD 

B 

FIGURE 3.-Splicing of 3' splice site competition  constructs. (A) Primer  extension analysis of +T PyDOWN splicing in wild- 
type (lane  2)  and prpB-lOl-pp8-107strains (lanes 3-9). Primer  extension  products corresponding to mature message from use 
of the branchsite  proximal  (MP) and branchsite distal (MD) 3' splice sites are marked next to the bands. A U1  snRNA primer 
extension product  (control) is used as an  internal control. Lane 1 (marked M) contains size markers  (HfluIIdigested pBR325). 
(B) Splicing of +A WT. Lanes and  primer extension  products are marked as in (A). The  internal control band is not shown. 



728 J. G. Umen  and C. Guthrie 

TABLE 2 

Phenotypes of new firp8-ZOI-like alleles 

Primer  extension analysis Copper 
resistance 

Allele RNA MP/MD Loss of uridine  preference 

PRP8 +T PyDOWN 26 NA 0.05 

pq8-102 +T PyDOWN 4.9 5.3x 
pq8-103 +T PyDOWN 3.6 7.2X 

0.15 

pp8-104 +T PyDOWN 3.1 8.4X 0.18 
?0.15 

pp8-106 +T PyDOWN 2.2 12x  0.15 
?0.13 

PqS-101 +T PyDOWN 2.0 13X 0.18 

prP8-105 +T PyDOWN 5.2 5.0X 

prP8-107 +T PyDOWN 5.3 4.9x 0.15 

PRP8 +A WT 2.3 NA  ND 
prP8-101 +A WT 7.4 3.2X ND 
pps-102 +A WT 6.5 2.8X ND 
plp8-103 +A WT 3.7 1.6X ND 
pp8-104 +A WT 5.1 2.2x ND 
pq8-105 +A WT 7.9 3.4x ND 
prP8-106 +A WT 7.6 3.3x ND 
pp8-107 +A WT 3.9 1.7X ND 

The first column indicates the PRP8 allele assayed. The second  column  indicates the  reporter construct 
that was utilized. The  third column shows quantitation of primer extension data as the ratio of branchsite 
proximal  (MP) to branchsite distal (MD) mRNA from  each of the  competing 3' splice sites from Figure 3. 
The  fourth column represents  the  amount of uridine  preference lost in each  mutant. For +T PyDOWN this 
value is (MP/MD)wild type/(MP/MD)mutant. For +AWT this value is (MP/MD)mutant/(MP/MD)wild type. 
The last column  represents  maximum copper resistance of each  strain with the branchsite distal 3' splices site 
(uridine  poor 3' splice site for +T PyDOWN) in  frame with the CUP1 sequence. NA, not applicable; ND, 
parameter was not-measured. 

formants were replica plated to copper  concentrations 
ranging from 0.1 to 0.5 mM either  before or after selec- 
tion on 5FOA. No cells transformed with the  A  and B 
libraries grew at  or above 0.1 mM in this assay, indicating 
that it is difficult or impossible to mutate regions A and 
B and obtain  a pqb8-101-like phenotype. We obtained  a 
combined total of  45 presumptive dominant isolates 
that grew at  or above 0.1 mM copper  before FOA selec- 
tion from cells transformed with the C and D libraries. 
The pqb8-101 mutation lies in an overlap region of the 
C and D libraries and could, in principle, be obtained 
from either  pool  (UMEN  and GUTHRIE 1995a). After 
selection on 5FOA, there were  -100 additional  pre- 
sumptive recessive isolates that  could grow at  or above 
0.1 mM copper  (Table 1 ) .  As we were interested in the 
strongest alleles, we focused on 12 isolates that grew 
at  the highest copper  concentrations (0.15-0.25 mM) 
before 5FOA selection. 

By transformation into Escherichia cola, we were  suc- 
cessful in rescuing the  mutant PRP8 plasmids from 11 
of the 12 isolates. These clones, which  were later  found 
to represent seven different alleles of  PRP8,  pqb8-101- 
pqb8-107, were retransformed  into the original yeast 
strain harboring  the  reporter plasmid +T PyDOWN, 
and each was retested for the prp8-101-like phenotype 
by growth on copper-containing  media. Like pq8-101, 
each new mutant  conferred increased copper resistance 
in the  presence of the wild-type  PRP8 plasmid but 
showed  slightly higher  copper resistance after selection 

of 5FOA (Table 2, data  not  shown).  Thus, these alleles 
are all haploviable and semidominant. 

To directly test the effect of the new alleles on alterna- 
tive splice site selection, we analyzed RNA isolated from 
mutant  and wild-type strains by primer  extension. In 
wild-type  cells, the ratio of branchsite-proximal uridine- 
rich 3' splice site  usage us. branchsite-distal, adenosine- 
rich 3' splice site is 26:l.  In all mutant strains, splicing 
to the distal splice  site is activated and  the ratio of splice 
site  usage is more balanced (Figure 3A, lane 2 us. lanes 
3-9; Table 2).  pq8-I01  and  pq8-106 display the largest 
change in this ratio  (2.0:l and 2.2:l). The  copper resis- 
tance does not correlate strictly  with the  primer  exten- 
sion data because the  mutations cause two phenotypes. 
The first phenotype is activation of the distal splice site, 
which increases copper resistance, and  the second is an 
overall decrease in  the efficiency of splicing, which 
tends to reduce levels  of both  the proximal and distal 
mature messages and decrease copper resistance. Thus, 
in pqb8-106, the overall efficiency of splicing is slightly 
reduced  in comparison with pq8-101. 

We also examined splicing with a  different 3'  splice 
site competition  construct, +A WT (Figure 2A; PAT- 
TERSON and GUTHRIE 1991; UMEN and GUTHRIE 1995a). 
The RNA produced  from this plasmid differs from that 
of +T PyDOWN in that  the branchsite-proximal 3' 
splice  site is adenosine-rich and  the branchsite-distal 3' 
splice  site is uridine-rich. The reversed order of the 3' 
splice sites in this construct us. +T PyDOWN allows  us 
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to rule out differences in distance or spacing preference 
as the cause of the  phenotype. With  +A W T ,  the  change 
in ratios of  3’ splice site usage in the  mutant strains is 
again altered  to  reduce splicing to  the uridine-rich 3’ 
splice site (Figure 3B, lane  2 us. lanes 3-9; Table 2). 
Thus,  the  change  in  ratio of splice site  usage in the 
mutant strains, with both +T PyDOWN and +A WT, 
correlates with the placement of the uridine-rich tract 
and  not with the relative positions of the  competing 
splice sites. This result confirms that  the new mutants 
are all impaired in uridine tract recognition per se. 

Mapping uridine recognition  mutations: To deter- 
mine  the  nature and location of the  mutations in these 
new alleles, we sequenced  the  region of overlap be- 
tween the  C  and D libraries in  each  clone. We reasoned 
that this would be a likely location for  the relevant muta- 
tions since it is where the original pib8-101 mutation 
lies. Among the 11 isolates, there were two that con- 
tained  the E1960K alteration  found in pib8-101. There 
were three  additional isolates that  changed this amino 
acid to a G. This allele is designated pib8-102. The  other 
isolates all caused a  change in amino acid F1834 to L 
or to S. Two  of the alleles, prp8-106 and prp8-107 only 
cause a  change in amino acid 1834, whereas pib8-l0?, 
pq8-104, and pq8-105 cause a  change at 1834 and  one 
additional  alteration  (Table 7; Figure 7). 

That we repeatedly identified changes in  the same 
two amino acids suggests that  the  mutations affecting 
these positions are sufficient to cause the prp8-101-like 
phenotype.  To test  this idea, we amplified the region 
we had  sequenced from each  clone using PCR under 
nonmutagenic  conditions and cotransformed  the am- 
plified DNA with a wild-type PRP8 plasmid that  had 
been  cut with MscI. The MscI recognition site lies in 
the middle of the region that we amplified for each 
clone and stimulates gene conversion from the ampli- 
fied sequences  to  the plasmid. Whereas amplified wild- 
type PRP8 DNA generated  a very  low frequency of pq8- 
101-like phenotypes upon cotransformation (< 1 %) , co- 
transformed DNA amplified from the  mutant alleles 
gave  rise to a  mutant  phenotype  at  a high frequency 
(10-40%)  (data not  shown).  Thus,  the  alterations in 
amino acids 1960 and 1834 are sufficient to generate 
the prp8-101-like phenotype. The additional changes in 
fwp8-10?, PqS-104, and pq8-105 may slightly alter  the 
phenotype  (see  Table  2)  but are  not necessary  to confer 
it. Interestingly, the  additional  changes  in these alleles 
occur in conserved amino acids (Figure 7) (HODGES et 
al. 1995). Despite this conservation, the identity of these 
residues must not be critical for  the  function of Prp8p. 

Isolation of 3‘ splice  site  fidelity mutants: There is 
mounting evidence that  Prp8p may be present  at or near 
the active  site  of the spliceosome during  the second cata- 
lytic step (TEIGELKAMP et al. 1995; UMEN and GUTHRIE 
1995a,b).  Therefore, we wished  to  test whether Prp8p 
plays a functional role in recognition of the PyAG tri- 
nucleotide sequence at  the 3‘  splice junction.  Our strat- 
egy  was to screen for alleles of PRP8 that suppress the 

phenotypes of point mutations in the PyAG motif. The 
reporter constructs we used (Figure 2B, Set I) contain 
the sequence GAG (3’ GAG) or UUG (3’ UUG) at the 
3’  splice junction. In addition, parts of exon two were 
altered to eliminate possible  cryptic  3’  splice  sites, and 
in 3’  UUG, two nucleotides of the  intron  near  the 3’ 
splice  site  were fortuitously deleted during its construc- 
tion. 3’ GAG confers a  copper resistance of 0.1 mM;  3‘ 
UUG confers a resistance of 0.05 us. 2 mM for a wild- 
type  3’  splice  site (Table 3; Table 4). 

Mutagenized PRP8 libraries were introduced  into 
strains harboring  one of these two constructs and trans- 
formants were selected for growth on 0.25-1 mM cop- 
per before and after 5FOA selection against the wild- 
type PRP8 plasmid (Figure 1). For each construct, we 
isolated -15-20 suppressors, distributed in regions B- 
D, that grew  above  0.25 mM copper  prior to 5FOA  selec- 
tion. The majority  of suppressors arose from region C 
and  the strongest suppressors were  also from the C 
region. After  5FOA selection, several dozen weaker sup- 
pressors were isolated but were not characterized fur- 
ther. Again, the majority of these were in  the  C  region 
(Table 1). 

We chose six  of the strongest suppressors (three for 
each 3‘ splice site mutation),  and were able to recover 
five  of the  mutant plasmids by transformation into E. 
coli. Each plasmid conferred suppression upon retrans- 
formation  into yeast. These alleles are designated pp8- 
121-pq8-125. The level  of suppression on  copper is 
very high for these mutants,  reaching 15-fold over wild 
type for those selected against 3’  UUG (pq8-121 and 
p98-122) and 7.5-10-fold  over wild  type for those se- 
lected against 3‘ GAG (prp8-12?-prp8-125) (Table 3). 
Each of the alleles is dominant  and haploviable (data 
not shown). 

Specificity for suppression of 3’ splice  site muta- 
tions: We first tested whether these alleles could sup- 
press mutations  in other parts of the  intron  and 
whether they altered 3‘ splice site uridine tract recogni- 
tion, similar to prp8-101 -pq8-107. We examined split- 
ing of constructs containing  a  mutation in the  branch 
nucleotide from A to C (A259C) and a  construct con- 
taining a G to A  mutation  at  the fifth position of the 
intron  (G5A). For G5A,  we measured splicing to both 
the  authentic 5’ splice  site and to an upstream cryptic 
5’ splice site at position -5, which is activated by the 
G5A mutation (PARKER and GUTHRIE 1985;  LESSER and 
GUTHRIE 1993b). Finally, we measured splicing in the 
3’ splice site competition  construct +T PyDOWN.  We 
assayed splicing of these ACTl-CUP1 fusions by growth 
on copper-containing media. 

Splicing of  A259C  is unaffected in pib8-I24 and de- 
creased twofold in pq8-121, -122,  -123, and -125 (Table 
4). Normal splicing of G5A  is unaffected in strain prp8- 
12? and decreased between two and greater  than five- 
fold in pq8-121, $198-122 and p98-124. We see a very 
slight suppression in pq8-125 (less than twofold). For 
aberrant splicing of G5A, we see a similar pattern except 
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TABLE 3 

3' splice  site  suppression with construct set I 

Primer  extension analysis Copper growth 

Strain RNA M/LI Fold suppression Copper growth (mM) Fold suppression 

PRP8 
pq8-121 
pq8-122 
prp8-123 

Ma125 

PRP8 

prpam 

prpa121 
pga122 
pq8-123 
prp8-124 
pP8-125 

3' GAG 
3' GAG 
3' GAG 
3' GAG 
3' GAG 
3' GAG 

3' UUG 
3' UUG 
3' W G  
3' UUG 
3' UIJG 
3' UIJG 

0.66 
3.5 
3.9 
8.5 
5.8 

10.1 

0.64 
7.1 
5.3 
1.3 
2.1 
0.78 

NA 
5.3x 
5.9x 

8.8X 
13x 

15x 

NA 

8.3X 
2.0x 
3.3x 
1.2x 

I lX  

0.1 
.25 
.25 
.75 
.75 
.75 

.05 

.75 
20.75 

.25 

.25 

.18 

NA 
2.5X 
2.5X 
7.5x 
7.5x 
7.5x 

NA 
15x 
1 5 X  
5 x  
5 x  
4x  

The first column  indicates the strain  used. The second column indicates the 3' splice site reporter from 
construct  set  I that  each strain contained.  In bold is each PRP8 allele and  the 3' splice site mutant against 
which it was selected. The  third  and  fourth  column  represent  quantitation of primer extension  experiments 
measuring the efficiency of the second step as the ratio of mature message (M) to lariat intermediate  (LI). 
Fold suppression is the fold  increase  in M/LI in  the  mutant us. wild-type strains. The fifth and sixth columns 
represent  copper resistance of each  strain and  the fold increase in  copper resistance for each mutant us. wild 
type. NA, applicable. 

that $198-125 splices to  the  aberrant site at a similar  level 121 -prp8-125 since +T PyDOWN splicing is unchanged 
as  wild  type and pq8-123 slightly suppresses aberrant in these strains (Table 4). In summary, the  strong sup- 
splicing. Again, this suppression (less than twofold) is pression phenotype of alleles prp8-121-prp8-125 ap- 
very slight compared with the suppression this allele pears to be specific for VAG mutations at the 3' splice 
confers to introns with PyAG mutations (Table 4). Fi- site. Other alterations in the  intron  are  either relatively 
nally, uridine tract recognition is unaffected by $198- unaffected or exacerbated by these alleles. 

TABLE 4 

Specificity of 3' splice  site  suppressors 

Copper growth (mM)/ Copper growth (mM)/ 
Strain RNA /?-gal units  Strain RNA /?-gal units 

PRP8 

P p S - I  22 
pP8-123 
pq8-124 

pP8-121 

pq8-125 

PRP8 
prpa-121 
pq8-122 
prp8-123 
Pp8-124 
pq8-125 

PRP8 
pq8-121 
P@-l22 
pq8-123 
pq8-124 
b+!-125 

G5A N1 
G5A N1 
G5A N1 
G5A N1 
G5A N1 
G5A N1 

G5A  Ab 
G5A  Ab 
G5A  Ab 
G5A  Ab 
G5A  Ab 
G5A  Ab 

A259C 
A259C 
A259C 
A259C 
A259C 
A259C 

20.25 
<0.05 
<0.05 

0.25 
0.1 
0.25 

0.25 
<0.05 
<0.05 

0.25 
0.05 
0.25 

0.18 
0.1 
0.1 
0.1 
0.18 
0.1 

PRP8 
pq8-121 
Pq8-122 
prp8-123 

prp8-125 

PRP8 

pq8-122 
pq8-123 
pP8-I24 
pP8-125 

pq8-124 

prps-121 

+T PyDown 
+T F'yDown 
+T PyDown 
+T PyDown 
+T PyDown 
+T F'yDown 

rp5la 3'  UGG 
rp5la 3' UGG 
rp5la 3' UGG 
rp5la 3' UGG 
rp5la 3'  UGG 
rp5la 3' UGG 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 

1 .o 
3.5 

1.2 
1.9 

10 

15 

The first column  indicates the strain  used and  the second column indicates the  reporter constructs. G5A 
N1 and G5A  Ab indicate  normal and  aberrant splice sites are  in frame with CUP1 in this 5' splice site mutant. 
A259C  is a branch site mutant  and  +T PyDOWN  is described  in Figure 2 and  the  legend  for Table 2. rp5la 
3'  UGG  is described  in the text. Column 3  represents  maximum copper resistance for  each  mutant  or, in the 
case of rp5la S'UGG, /?-galactosidase activity in  arbitrary units. 2, weak growth at  that  concentration of copper. 
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A 
3' UUG 

A 

B 
3' GAG 

,z' ,zz >z= ,,zb ,z% 
9 tQ tQ tQ  tQ tQ 

Q 0 8 ' % ' % % 8 '  
M Q Q Q Q Q Q  

Control 

.I LI 

1 2 3 4 5 6 7  1 2 3 4 5 6 7  

FIGURE 4.--Splicing of 3' splice site mutant  construct  set I. (A) Primer  extension analysis of splicing  to 3' splice  site mutant 
UUG in wild-type (lane 2) and M18-121-@8-125 (lanes 3-7) strains.  Primer  extension  products  corresponding to mature message (a) lariat intermediate (LI) and U1 snRNA internal  control  (control)  are  labeled  next  to  gel.  Other  bands  are  strong  stops that 
occur  variably in different  lanes  and  experiment5.  Lane 1 (marked M) contains  size  markers (Hpddigested pBR32.5). (R) Primer 
extension analysis of' splicing to 3' splice  site mutant GAG. Lanes and primer  extension  products  are  marked as in (A). 

Allele specificity for different PyAG mutations: Con- 
struct set I (3' GAG and UUG): As a first  test  of allele 
specificity for  different PyAG alterations, we trans- 
formed p;h8-121 and p;h8-122 into a strain harboring 
the 3' GAG construct, and p;h8-123-p;h8-125 into a 
strain harboring  the 3' UUG construct.  This experi- 
ment revealed that  either set of alleles could suppress 
a different 3' splice site mutation other than  the one 
it was selected against, but less  efficiently. This observa- 
tion was confirmed by directly analyzing splicing in mu- 
tant  and wild-type strains by primer extension (Figure 
4, A and B, lane 2 vs. lanes 3 and 4 and 5-7; Table 3).  
In this and in subsequent  primer  extension experi- 
ments, we determined  the  ratio of mRNA (M) to lariat 
intermediate  (LI) as a measure of suppression. This 
ratio was used because 3' splice site mutations in yeast 
affect only the  second catalytic step, and  the M/LI ratio 
represents  the overall rate of the second catalytic step in 
vivo (PIKIELNY and ROSBASH 1985; FRANK and GUTHRIE 
1992). By copper  and  primer extension assays, W8- 
121  -p;h8-125 suppress  both types  of 3' splice site muta- 
tions but  exhibit  some allele preference  (Table 3). 

Construct set II (3' UAG, AAG, GAG and UGG): To 
better characterize the effects of p;h8-121-f$18-125 on 
3' splice site utilization, we tested a  more extensive set 
of PyAG point mutations. These  include  the  changes 

UAG to AAG,  GAG, UGG, UUG, UAU and UAC intro- 
duced inthe context o? the  sGndardACTI-CUPI  gene 
fusion. The exon sequences of construct  set I1 are differ- 
ent from those of set I in the region between the 3' 
splice site and  the CUP1 coding  sequence (Figure 2C, 
set I1 vs. set I ) .  These were transformed into wild-type 
strains and p;h8-121-pp8-125 mutants and splicing was 
analyzed by primer extension and/or growth on c o p  
percontaining media (Tables 5 and 6). We divided the 
reporter constructs into two groups based on  the sever- 
ity of splicing defect  that each causes and  on  the pattern 
of splicing each exhibits. For 3' UAG (wild type), @G, 

3' splice sitein both wild-type and  mutant strains, and 
observe  growth on  coppercontaining media above 
background levels. For 3' UAG and AAG - the levels  of 
lariat intermediate  produced are too low to accurately 
determine  the  (M/LI) ratio. For these two constructs, 
we only measured growth on  coppercontaining media. 
For 3' GAG and UGG, we measured splicing by growth 
on  coppercontaining media and by primer extension. 

For the wild-type  ACTI-CUP1 intron (3' UAG), we 
observe a slight reduction in splicing efficiency  in p;h8- 
121  -p;h8-125 strains compared with the wild-type strain 
(Figure 5A, lane 2 us. lanes 3-7, Table 5).  3' AAG is 
spliced equally well  in  wild-type strains and in m8-121- 

- GAG and UGG, we observe splicing to only the correct 

- - 
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TABLE 5 

3' splice  site suppression with construct set 11: 3' UAG, AAG, GAG, UGG 

Primer  extension  analysis  Copper  growth 

Strain RNA M/LI Fold  suppression  Copper  growth (mM) Fold  suppression 

PRP8 
Pq8-121 
pP8-122 
pP8-123 
pP8-124 
pP8-125 

PRP8 
pP8-121 
Pq8-122 
Pq8-123 
pP8-124 
pq8-125 

PRP8 
pq8-121 
pq8-122 
pq8-123 
Pq8-124 
prp8-125 

PRP8 
prp8-121 
pq8-122 
Pq8-123 
PqS-124 
Pe8-125 

3' UAG (WT) 
3' UAG ( W T )  
3' UAG ( W T )  
3' UAG (WT) 
3' UAG (WT) 
3' UAG (WT) 

3' &4G 
3' &4G 
3' &4G 
3' &4G 
3' &4G 
3' &4G 

3' GAG 
3' GAG 
3' GAG 
3' GAG 
3' GAG 
3' GAG 

3' UGG 
3' UGG 
3' UGG 
3' UGG 
3' UGG 
3' UGG 

ND 
ND 
ND 
ND 
ND 
ND 

ND 
ND 
ND 
ND 
ND 
ND 

1.8 

9.9 
9.6 

18 

18 
26 

1.1 

4.1 
8.7 
7.6 
6.7 

11 

NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 

NA 
lox 
6X 
5 x  

lox 
14X 

NA 
lox 
4 x  
8X 
7 x  
6X 

2 
1.5 
1.5 
1.5 
1.5 
1.5 

1.5 
1.5 
1.5 
1.5 
1.5 
1.5 

50.18 
0.75 
0.5 
1 
1 
1 

0.075 
0.5 
0.18 
0.75 
0.25 
0.25 

NA 
None 
None 
None 
None 
None 

NA 
None 
None 
None 
None 
None 

NA 
4 x  
3 x  
6X 
6X 
6X 

NA 
7 x  
2 x  

lox 
3 x  
3 x  

See  legend for Table 3. 

pq8-125 (Figure 5B, lanes 2-7; Table 5 ) .  The splicing 
block caused by the 3' GAG construct is substantially 
suppressed in pq8-121-pp8-125 strains. By growth on 
copper-containing  media,  the  pattern of allele specific- 
ity  is similar to that seen for 3' GAG in construct  set  I, 
but  the differences between pq8-123-pq8-125 and 
pp8-121-prp8-122 are less pronounced  (Table 5). This 
difference is also reflected in  the  primer  extension anal- 
ysis (Figure 5C, lane 2 us. lanes 3 and 4 and 5-7; Table 
5).  The exceptions are p-8-121 and pq8-123, which 
have primer  extension M/LI values that  are  higher  and 
lower, respectively, than  expected  from growth on cop- 
per assays (Table 5 ) .  Since growth on copper-con- 
taining media itself is a  reproducible  measure of the 
amount of mature message produced, these results sug- 
gest that  the  mutants may also alter  the stability of the 
lariat intermediate as a secondary phenotype and thus 
slightly skew the M/LI ratio. Although we include an 
internal  standard (U1 snRNA labeled "control") in 
each  primer  extension  experiment,  the reproducibility 
between samples for U1 or  other standards is approxi- 
mately two- to threefold, whereas the M/LI ratio is 
highly reproducible between samples (usually < 1.5- 
fold).  Thus,  the  error  introduced  in trying to measure 
the  amount of LI for each sample would be greater 
than  the differences we wished to measure. 

For 3' UGG, we see a wide range of suppression on 

copper varying from twofold in prp8-122 to 10-fold in 
pq8-123 (Table 5).  The results of primer extension 
analysis generally match the results from growth on 
copper assays but, again, vary somewhat due to the rela- 
tive contributions of decreased lariat intermediate and 
increased  mature message to the (M/LI) ratio (Figure 
5D; Table 5 ) .  In summary, for wild-type and 3' AAG, 
which  display little or  no splicing defect, we see no 
suppression. For 3' splice site alterations  that  exhibit 
a  strong splicing defect (3' GAG and UGG), we see 
suppression by pp8-123-pq8-125. 

Construct set II(3' UUG, UAU and UAC): With  3' UUG, 
UAU and UAC, we observe splicing to the  correct3' 
splice site and to an upstream, cryptic  3' splice site at 
position -5 in the  intron.  The sequence  preceding  the 
cryptic cleavage  site is AUG/, as has been  noted  pre- 
viously (PARKER and SILICIANO 1993). These constructs 
produce very little mature message in a wild-type strain 
and show growth on copper-containing media at or 
near  background levels. Although we observe increased 
resistance to copper  in pP8-121  -pq8-125 with 3' UUG, 
AU - and UAC (data  not  shown),  the  degree of suppres- 
sion is difficult to assess  by growth on copper-containing 
media since the  starting resistances are  not measurable 
and because the cryptic 3' splice site  is not in-frame 
with the C W l  coding  sequence.  Therefore, we used 
only primer extension to quantitate splicing of these 

- - 

- 
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TABLE 6 

733 

3' splice  site  suppression with construct set II: 3' UUG, UAU, UAC 

Cryptic 3' splice site usage  Authentic 3' splice  site  usage 

Strain RNA MdMcryptic McrypJLI Fold  suppression M w A I  Fold  suppression 

PRP8 3' UIJG 0.78 0.018 NA 0.014 NA 
pP8-121 3' UIJG 1.0 0.15 8X 0.15 1 l X  

pP8-122 3' UIJG 0.44 0.1 1 6X 0.048 3 x  
pP8-1 23 3' UIJG 1.2 0.10 6X 0.13 9 x  
pP8-124 3' UIJG 1.1 0.081 5 x  0.087 6X 
pP8-125 3' UIJG 0.98 0.096 5 x  0.094 7 x  

PRP8 3' UAlJ 1.4 0.035 NA 0.049 NA 
pP8-121 3' UAU 1.7 0.25 7 x  0.43 9 x  
pP8-122 3' UAU 0.91 0.33 9 x  0.30 6X 
prP8-123 3' UAU 2.4 0.32 9 x  0.77 16X 
pq8-124 3' UAU 2.3  0.13 4 x  0.30 6X 
pq8-125 3' LJAU 2.1 0.22 6X 0.45 9 x  

PRP8 3' UAC 0.21  0.21 NA 0.047 NA 
Pq8-121 3' UAC 0.47  0.66 3 x  0.31 7 x  
pP8-I 22 3' UAC 0.30  0.67 3 x  0.21 4 x  
pP8-123 3' UAC 0.82  0.36 2 x  0.30 6X 
pP8-124 3' UAC 0.69  0.19 None 0.13 3 x  
pP8- I  25 3' UAC 0.49 0.21 None 0.099 2 x  

The  first  and  second  columns  indicate  the  strain  and 3' splice site reporter  construct  from  set 11. The  third  column is the 
ratio of wild-type (MwJ to  cryptic (Mc,,) mature  message  produced.  The  fourth  and  fifth  columns  show  quantitation of the 
efficiency of cryptic 3' splice site usage  measured by the  ratio of (McwI) to lariat  intermediate (LI) and  compared with wild 
type  to  give  fold  suppression.  The  sixth  and  seventh  columns show similar  data  for  the  wild-type 3' splice  site. NA, not  applicable. 

constructs. We measured  three values: the efficiency 
of splicing to the wild-type 3' splice site (Mwt/LI),  the 
efficiency of cryptic 3' splice site usage (Mcwt/LI)  and 
the ratio of authentic to cryptic splice site usage (MJ 

The pattern of suppression of 3' UUG in  construct 
set I1 (MJLI) is generally similar to what we observed 
for 3' UUG of construct  set  I, with differences between 
alleles being less pronounced.  The unexpectedly weak 
apparent suppression by p;b8-122 (threefold increase 
in M/LI) in this context may reflect an increase in  the 
stability  of the LI  with this construct. In  general,  the 
allele specificity has been preserved for  the two sets of 
constructs containing 3' GAG and 3' UUG alterations, 
but  the levels  of suppression are also clearly subject to 
modification by surrounding  sequence  context. 

The overall pattern we see for 3' UUG, 3' UAU and 
3' UAC in Pq8-121$@8-125 is suppression of both  the 
authentic  and cryptic splice sites in the  mutant strains 
(Figure 6, A-C, lane 2 us. lanes 3-7; Table 6). The 
authentic 3' splice site is usually suppressed slightly bet- 
ter  than  the cryptic 3' splice site but  not always. For 
example, the $198-122 strain suppresses cryptic splicing 
of 3' UUG and 3' UAU better  than it suppresses authen- 
tic splicing (Figure 6, A and B, lane 2 vs. 4; Table 6) .  
With 3' UAC, suppression values in Table 6 appear 
lower than what is visualized in the  primer  extension 
experiment (Figure 6C, lane 2 us. lanes 3-7) because 
the wild-type sample (lane 2) is underloaded  and be- 
cause the mutants may  stabilize the LI compared to 
wild type. 

Mcryptic). 

The ratio of authentic to cryptic splice site  usage 
(Mwt/Mcryptic) is useful for evaluating the Prp8-121-pq8- 
125 strains since it gives a  measure of relative prefer- 
ence  for two competing 3' splice  sites. This ratio is 
altered substantially in some of the  mutant strains. For 
example  the  ratio changes fourfold in favor  of the  au- 
thentic 3' splice site with 3' UAC in  a pq8-123 strain. 
In  contrast, (Mwt/Mcwtic) changes twofold in favor of 
the cryptic 3' splice site in pq8-122with 3' UUG (Table 
6). In  general,  the deviations in (Mw,/Mc,,ti,) for  the 
mutant strains support  the  notion  that these alleles 
cause altered  recognition of the 3' splice site. 

3' splice  site  alteration in a heterologous  intron: Because 
surrounding sequence context has some effect on s u p  
pression  (cf 3' UUG and 3' GAG, Tables 3, 5 and 6), we 
wished to determine whether the 3' splice  site suppres- 
sion we observed  with actin intron constructs would  also 
be  observed in  the novel context of a different intron. 
We used an qb5la-lacZ fusion construct with a  mutant 3' 
splice  site (UGG) to address this question (CHANFREXU 
et al. 1994). The splicing of this construct is suppressed 
between 1.2- and 15-fold when assayed in pp8-121-pqb8- 
125 strains, indicating that suppression is not  intron spe- 
cific (Table 4). Thus, these alleles of PRP8 do  not require 
a specific surrounding sequence context to suppress 
PyAG alterations at  the 3' splice  site. 

In summary, pqb8-221 -pfp8-125 demonstrate several 
interesting properties: they suppress the effects of point 
mutations  in  the 3' splice site but  not  the effects of 
mutations elsewhere in the  intron; 3' splice site suppres- 
sion is not specific for any particular  point  mutation in 
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A 
3' UAG 

I "  

Control 

"+@. 
LI 

1 2 3 4 5 6 7  

C 
3' GAG 

B 
3' AAG 

Control 

1 2 3 4 5 6 7  

D 
3' UGG 

1 2 3 4 5 6 7   1 2 3 4 5 6 7  

FIGURE  5.-Splicing of 3' splice  site mutant construct set 11. (A-D) Primer extension analysis of splicing to 3' UAG  (wt 
intron), AAG, " GAG and UGG. - Gels are marked as in Figure 4. 

the PyAG motif, but  the alleles display a complex pat- sion phenotype can be partially altered by surrounding 
tern of preferences;  the  preferences displayed by the sequence  context, as evidenced by differences between 
alleles preclude  ordering  them into  an allelic series construct set I and 11; however, a specific sequence con- 
based on relative strength of suppression; the suppres- text is not necessary for suppression. 
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A 

3' UlJG 

B C 

3' UAU 3' UAC 

1 2 3 4 5 6 7   1 2 3 4 5 6 7   1 2 3   4 5 6 7  

FIGURE 6.-Splicing of 3' splice site mutant construct set 11. (A) Primer extension analysis of splicing to  3' splice site mutant 
UUC in  wild-type (lane 2) and prp8-121-pp8-125 (lanes 3-7) strains.  Primer extension products corresponding to mature 
message  from  use of the authentic 3' splice site (MHT) or cryptic  3' splice at position -5 (McqT,ic), lariat intermediate (LI) or 
U1  snRNA internal control (control) are  marked next to the gel. Lane 1 (marked M) contains size  markers (Hpddigested 
pBR325). (B and C) Primer extension analysis of splicing to 3' UAE and UAC. Lanes  and  primer extension products  are  marked 
as in (A). 

Mapping 3' splice site fidelity mutations: To deter- 
mine the identity of the mutations in pp8-121-pp8-125, 
we first  used gap repair to map  the region of PRP8 that 
contained  the relevant change. We then sequenced a 
1.2-kb BstBI-ClaI fragment from region C  that was pre- 
dicted to contain the relevant alteration for each allele. 
In each case,  this region was found to contain one or 
more missense mutations (Table 7). pp8-122 and pp8- 
124 have single alterations in this fragment whereas W8- 
121,  -123 and -125 encode multiple changes. 

To determine whether or not these changes were  suf- 
ficient to elicit the observed suppression phenotype, we 
used a similar  strategy as that employed for the pp8-101- 
like  alleles. The cloned 1.2-kb BstBI-ClaI fragment from 
each allele and from wild  type was amplified using PCR 
under nonmutagenic conditions. This DNA was then 
cotransformed with a PRP8 plasmid that  had been par- 
tially cut with BstEII. One of two BstEII sites  in the PRP8 
gene lies  in the middle of the cloned region (see MATERI- 
ALS AND METHODS). In each case, the cotransformed PCR 
fragment from the  mutant allele generated  a suppressor 
phenotype at  a rate >100-fold higher  than  that of  co- 
transformed wild-type  PCR DNA. The pp8-124 PCR DNA 
generated suppressors at a frequency only  10-fold  above 

wild type, but this result was expected since the mutation 
on this fragment lies much farther from the BstEII site 
than  the changes in the  other alleles. 

Since pp8-121, -123and -125 each contain more  than 
one mutation, it was  of interest to know  which alter- 
a t ion(~)  is responsible for  the suppression phenotype. 
We took advantage of the fact that  there is at least one 
mutation in each of these alleles on  either side of the 
aforementioned BstEII site. Reciprocal swaps  were con- 
structed  that  contained all  six  possible  wild-type/mu- 
tant or mutant/wild-type combinations of parent vector 
and heterologous 2.1  kb BstEII fragment. In each case, 
a single mutation was isolated and  found to be responsi- 
ble for  the  phenotype (Table 7; Figure 7). Four of the 
suppressor  mutations  alter  amino acids in  a region of 
44 residues spanning positions 1565-1609. The fifth, 
in pp8-124, alters an amino acid 166 residues N-termi- 
nal to this stretch. 

DISCUSSION 

Several studies have  shown that  Prp8p interacts with 
intron  sequences  that are critical for splicing (WYATT 
et dl. 1992; TEICELKAMP et al. 1995; UMEN  and  GUTHRIE 
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TABLE  7 

Mutations in PRP8 identified in this study 

PRP8 allele Mutation(s) No. isolates 

Pq8-101 E1960K 2 
prps-102 E1960G 3 
pr-8-103 F1834L, V1946A 1 

prp8-105 F1834L, F1880S 1 
prpS-106 F1834S 1 
prp8-107 F1834L 2 

Pq8-104 F1834S, R1922G 1 

Pq8-121 W1609R, N1618D 1 
prp8-122 W1575R 1 

prp8-124 M1399I 1 
p#-12? E1576V, S1705C",  N1730Y" 1 

Pq8-125 T1565.4, N1721Y,  V1752A 1 

The first column  indicates  the allele designation  for  each 
PRP8 mutation.  The  second column indicates  the  mutations 
found by sequencing regions of  each mutant. The  alteration 
responsible  for  the  selected  phenotype with each allele is in 
bold. The number of isolates  containing  each mutation is 
shown in column three. 

These two mutations  give  weak  3' splice site suppression 
when present without  the  E1576V  alteration.  However,  the 
E1576V change alone is sufficient to give the full level  of  3' 
splice  suppression  seen in the original prp8-123 isolate. 

1995a).  Furthermore,  the large size (280 kD) and se- 
quence conservation of Prp8p suggest that it mediates 
multiple interactions with spliceosomal RNAs and pro- 
teins (ANDERSON et al. 1989; PINTO and STEITZ 1989; 
HODGES et al. 1995). However, it has been difficult to 
assess the  functional significance of these interactions. 
Removal  of Prp8p by heat inactivation of a  temperature- 
sensitive allele or by in vivo depletion reveals a role for 
the  protein  in  maintaining  the integrity of the  U4/U5/ 
U6 triple snRNP (BROWN and BECGS 1992). Since the 
U4/U5/U6 snRNP is required  during spliceosome as- 
sembly, however, these methods  cannot be used to as- 
sess the  function(s) of Prp8p within the spliceosome. 

Uridine  tract  recognition by Prp8p: By repeating our 
original search for undine tract recognition  mutants 
using a mutagenized PRP8 library, we have isolated six 
new alleles of PRP8 that  contain  alterations in one of 
two amino acids, E1960 and F1834. As mutations in 
these amino acids were isolated multiple times, it a p  
pears that we have saturated this search, at least for 
single changes that yield a  strong  uridine tract recogni- 
tion phenotype. Notably, none of the new alleles iso- 
lated are significantly stronger  in  phenotype  than pq8-  
101, and all are haploviable. It is possible that alleles 
of PRP8 exist that  change  the ratio of splice site usage 
even more  than  the  ones we isolated but do  not result 
in a  net increase in usage  of the adenosine-rich 3' splice 
site. However, one observation argues that  the alleles 
we isolated are the most  severe that could be recovered 
from this screen. The ratios of proximal to distal splice 
site usage for +T PyDOWN in our  mutant strains is 
similar to the  ratio of splice site usage in a wild-type 

strain when no uridine tract precedes  either 3' splice 
site in a cis competition (PATTERSON and GUTHRIE 
1991).  Thus, p~8-lOI$rp8-107 behave as though  there 
were no uridine tract preceding the proximal 3' splice 
site in +T PyDOWN. 

It is clear from this  work that only a very limited and 
specific set of changes in PRP8 leads to loss  of uridine 
preference. Residue 1834 contains a conservative 
change  from  F to Y in Caenorhabditis elegans, and residue 
1960 is conserved as an E in Saccharomyces  cereuisiae, 
Caenorhabditis elegans, Homo sapiens, and %za sativa 
(HODGES et al. 1995) (Figure 7). It is important to bear 
in  mind  that we selected and characterized only the 
strongest  uridine  recognition alleles of PRP8. The 
weaker alleles that we did not characterize were  also 
isolated from  the  C and D libraries and probably lie  in 
the same region of overlap. Supporting this idea, 
changes in positions 1880, 1922 and 1946 occur  along 
with changes in position 1834 in pq8-103-pq8-105, 
and these additional  changes cause some alteration in 
the  phenotype (Tables 2 and 7). Thus,  the region en- 
compassing residues 1834-1960 of Prp8p is likely to 
be  involved in uridine tract recognition. Until a larger 
number of weaker alleles are  mapped, we cannot pre- 
cisely define  the limits of this functional  domain. None- 
theless, we have identified the key amino acids in Prp8p, 
E1960 and F1834, that make the largest contribution 
to uridine tract recognition.  These residues are pre- 
dicted to function  either  through  direct  contact with 
the  uridine tract or by stabilizing a  structure in Prp8p 
that binds this sequence.  Supporting  the  idea  that resi- 
due 1960 facilitates uridine tract binding by Prp8p is 
our observation that  the E1960K mutation, pq8-101, 
causes a decrease in crosslinking of Prp8p to the 3' 
splice site i n  vitro (UMEN  and GUTHRIE 199513). 

Prp8p  governs  the  fidelity of 3' splice site usage: Be- 
cause Prp8p  might be present  at or  near  the active site 
during  the  second catalytic step, we wished to deter- 
mine  whether this protein is involved in recognition of 
the WAG nucleotides that directly precede  the reactive 
phosphate  at  the 3'  splice junction.  The PyAG motif is 
known to be critical for  proper 3' splice site recognition 
and utilization (REED and MANIATIS 1985;  RUSKIN and 
GREEN 1985; VIJAYRAGHAVAN et al. 1986; FOUSER and 
FRIESEN 1987; REED 1989; PARKER and SILICIANO 1993; 
CHANFREAU et al. 1994). In this  work, we have identified 
five  new alleles of PRP8 that suppress the inhibitory 
effects of PyAG alterations  at  the 3' splice site. This 
phenotype markedly contrasts that displayed by the uri- 
dine tract recognition mutant $98-101, which strongly 
exacerbates the splicing defect of PyAG alterations 
(UMEN  and GUTHRIE 1995a). Moreover, the PyAG sup- 
pressor alleles prp8-121-pq8-125 do not show a  defect 
in uridine tract recognition, nor  do they suppress alter- 
ations at the  branchsite. Three of the five alleles, pq8-  
121, -122 and -124 actually exacerbate  the effects of 
mutations  at  both  the  branchsite and  5' splice site. prp8- 
123 and prp8-125 have no effect on splicing of the 
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FIGLIRE 7.-Domains of P W 8  involved in uridine tract recognition  and in maintaining  the litlelity of 3' splice site usage. The 
bottom shows a schematic of Prp8, length  2413  amino acids. The  hatched  box shows the region  where :4' splice site fidelity 
mutants  are located  and  the gray box shows the  location of uridine tract recognition mutants. These regions are expanded to 
show  the  location of the relevant change for each  allele  (see  Table 7  for locations of  other  alterations).  The nature of the 
mutation  for each  allele is shown  in bold above the wild-type residue.  Included is an alignment with portions of P W 8  homologues 
from other  species: C. rlrgnns (worm), H. snfiims (human)  and 0. Sntion (rice)  (Hodges rt nl. 199.5). The  numbering  on the 
right reflects the  position in the yeast sequence. 

branchsite  mutant we tested, and with a 5' splice site 
mutation, show very weak suppression of either  aber- 
rant  or  normal 5' splice site cleavage. It is possible that 
this weak 5' splice site  suppression results from the sec- 
ondary  mutations associated with j@8-123and jjV18-125. 
In  any case, weak 5' splice site  suppression is not obliga- 
torily coupled  to 3' splice site  suppression  since other 
3' splice  site  suppressor mutants  do  not display this 
phenotype. Finally, the suppressors  function in the con- 
text of a heterologous  intron with a 3' splice site  muta- 
tion.  Thus,  these alleles are specific in their suppression 
of PyAG mutations and functionally  distinct  from the 
alleles which affect uridine  tract  recognition  (Table 4). 

prp8-121-j)rj)8-125 were selected  using two different 
PyAG variants, - GAG and UUG (Table 3). In  principle, 
suppression of 3' splice site  mutations by these alleles 
of I'W8 could  occur by an indirect  mechanism.  For 
example, if these alleles alter a kinetic parameter  that 
affects fidelity of 3' splice site usage, we might  expect 
to see  similar  suppression for all 3' splice  site  mutants, 
or  an allelic series  where  some alleles always generate 
higher levels of suppression  than  others. An example 
of an  indirect  mechanism is suppression of branchsite 

- 

alterations by mutations in PWl6 ,  which encodes  an 
RNA-dependent ATPase (BURGESS et al. 1990; SCH"ER 
and GUTI-IRIE  1991).  The PWl6 suppressor alleles af- 
fect the ATPase activity of the  protein,  and  there is a 
correlation  between  strength of suppression and reduc- 
tion in ATPase activity (BURGESS and  GUTHRIE  1993). 
The mechanism of suppression is indirect, in the sense 
that it does  not  require  altered  recognition of aberrant 
branchsites by PrplGp.  Instead,  the slowed ATPase  activ- 
i ty  of the  mutant  proteins allows more time for  aberrant 
branch  lariah, which would otherwise be  degraded, to 
continue productively in the splicing pathway (BURGESS 
and GUTI-IRIE  1993). 

In contrast  to  branchsite  suppressor alleles of PRPl6, 
the 3' splice site  suppressor alleles of P W 8  cannot  be 
placed into  an allelic series based on strength of s u p  
pression.  Instead,  these alleles show a complex  pattern 
of specificity with different 3' splice sites. Most illustra- 
tive of this specificity are  the two 3' splice site  alterations 
with which these  PlU~8alleles were selected, 3' GAG and 
3' UUG. flV18-121 and j1rj1t-122 suppress the 3' UUG 
alteration  much  better  than thev suppress 3' GAG, and 
f@8-123, -124 and -125 suppress 3' GAG much  better 
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than they suppress 3' UUG (Table 3). For other con- 
structs, the matrix of suppression is more complicated 
and does not form  a  predictable  pattern.  Thus,  the 
suppression we observe is difficult to explain via a com- 
pletely indirect mechanism. 

If these PRP8 alleles do  not act indirectly, how might 
they alter  the fidelity of 3' splice site selection? The 
simplest possibility is that  Prp8p makes direct  contact 
with the PyAG trinucleotide and  surrounding se- 
quences to form  part of a 3' splice site binding site. 
This idea is supported by the fact that  Prp8p can be 
crosslinked to the 3' splice site during  the  second cata- 
lytic step (TEIGELKAMP et al. 1995; UMEN and GUTHRIE 
1995b).  Mutant  Prp8p would be predicted to bind al- 
tered 3' splice sites  with  less discrimination than the 
wild-type protein and allow these substrates to be uti- 
lized at  a  higher  rate. 

It is especially intriguing that mutations in two spliceo- 
soma1  snRNAs, U2 A25 and U6 G52 also suppress PyAG 
alterations (LESSER and GUTHRIE 1993b; MADHANI and 
GUTHRIE 1994). These two nucleotides are  thought to 
participate in a tertiary interaction that forms part of the 
active  site for the second catalytic step (MADHANI and 
GUTHRIE 1994). Moreover, the 3' splice  site suppression 
we see for p98-121 -prp8-125 appears to  be stronger and 
more specific than  that seen for  the snRNA mutations. 
Therefore, if p98-121 "p8-125 do  not alter a direct in- 
teraction between Prp8p and the 3' splice site, then these 
alleles are likely to alter the geometry of the active  site 
in such a way as to relax the specificity  normally imposed 
on 3' splice  site nucleotide identity. This kind of pheno- 
type  has been previously documented  for active  site  mu- 
tations in alpha-lytic protease that  broaden substrate 
specificity. These alpha-lytic protease mutations cause 
increased flexibility in the active site, which  allows a 
larger spectrum of amino acid side chains to be  accom- 
modated (BONE et al. 1991). 

Notably, the alterations  in PRP8 that lead to strong 
3' splice site suppression all cluster in  a relatively  small 
region of the  protein. The changes we identified are 
also in residues that  are conserved between yeast and 
worms. Four of the five alterations  are  in  a 44 amino 
acid stretch, and  the fifth change lies 166 residues to- 
wards the N-terminus from this stretch (Figure 7). The 
clustering suggests that this region of the  protein may 
make critical contacts with the 3' splice site or active  site 
residues. Since we found weaker suppressors in other 
regions of the  protein,  other types of structural  pertur- 
bations may also alter  the  interaction of Prp8p with the 
3' splice site. However, it should  be emphasized that 3' 
splice site suppressors appear  at a relatively low fre- 
quency. Moreover, general loss  of function  mutations, 
such as the  temperature sensitive mutants we isolated in 
this study, do not affect 3' splice site utilization (Table 1; 
UMEN and GUTHRIE 1995a). 

The two types  of 3' splice site utilization mutants we 
isolated in this study are located relatively  close to one 
another within the primary sequence of Prp8p (Figure 

7). It is, therefore,  tempting to speculate that this re- 
gion of the  protein functions in 3' splice site selection. 
However, structural  data and more extensive genetic 
mapping  are  required to determine  whether this 561 
amino acid region of the  protein also carries out  other 
functions. In any event, our findings should provide a 
useful guide  for  future analysis aimed  at  a  more detailed 
biochemical and structural  understanding of  how 
Prp8p interacts with the 3' splice site. 

The mutagenized PRP8 library we have constructed, 
in  combination with  sensitive genetic assays, has proven 
useful in dissecting the roles of Prp8p in the spliceo- 
some and also in defining specific functional domains. 
Although we have focused our studies on 3' splice  site 
selection and  the second catalytic step of splicing, this 
library has many other potential uses. For example, it 
is  now being employed to find alterations  that  influence 
the fidelity of 5' splice selection ( A M Y  KISTLER, personal 
communication).  The library could also be used to ex- 
amine  the  interactions of Prp8p with  snRNAs and 
spliceosomal proteins. Recently, we have put PRP8 un- 
der  the  control of a  regulated  promoter to enable  a 
screen  for  dominant negative  alleles. This class  of allele 
will be particularly useful in identifylng new functions 
for  Prp8p. 
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