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The yeast MUD2 protein: an interaction 
with PRP11 defines a bridge 
between commitment  complexes 
and U2 snRNP addition 

Nadja Abovich,  1 Xiaoling C. Liao, 1'2 and Michael Rosbash 1'3 

1Howard Hughes Medical Institute, Brandeis University, Department of Biology, Waltham, Massachusetts 02254 USA 

In characterizing a series of yeast (Saccharomyces cererisiae) mutants synthetic lethal with UI RNA, we have 
identified a yeast gene (MUD2) with sequence similarity to the well-studied metazoan splicing factor U2AF65. 
The biochemical characterization indicates that the MUD2 gene product (MUD2P) contacts pre-mRNA 
directly and is a component of the pre-mRNA-U1 snRNP complex (commitment complex) that forms during 
early spliceosome assembly in yeast extracts. Unlike U1 snRNP itself, the association of MUD2P with 
pre-mRNA is dependent on a proper yeast branchpoint sequence. Genetic experiments indicate that MUD2P 
affects U2 snRNP addition. Moreover, experiments in the two-hybrid system show that PRPllP, a recently 
identified component of U2 snRNP, can interact directly with MUD2P. The experiments identify a specific 
inter-snRNP protein-protein contact that occurs during spliceosome assembly and more generally support 
substantial functional similarity between U2AF65 and MUD2P. 
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The field of pre-mRNA splicing has adopted the working 
hypothesis that the efficiency and specificity of the 
cleavage and ligation reactions are provided by the five 
splicing small ribonucleoprotein particles (snRNPs) 
(Guthrie 1991; Steitz 1992; Moore et al. 1993). This 
chemical role is preceded by an ordered snRNP addition 
pathway that occurs during in vitro spliceosome assem- 
bly. U1 snRNP is the first snRNP to interact with the 
pre-mRNA substrate. This is followed by the ATP-de- 
pendent binding of U2 snRNP, which is followed in turn 
by the binding of the U4/U5/U6 tri-snRNP (for reviews, 
see Green 1991; Rymond and Rosbash 1992; Moore et al. 
1993). Although it is not known whether this pathway 
also occurs in vivo, its conservation between two well- 
studied in vitro splicing systems, yeast (Saccharomyces 
cerevisiae) and mammals, suggests that it is of func- 
tional significance. 

Studies in both systems indicated that the binding of 
U1 snRNP is important to form a stable complex (a 
"commitment complex"), committed to the rest of the 
splicing pathway (S4raphin and Rosbash 1989; Michaud 
and Reed 1991, 1993; Jamison et al. 1992}. Although U1 
snRNP binding may be aided and perhaps even preceded 
by the association of important protein factors with the 
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pre-mRNA substrate (Zamore and Green 1989; Bennett 
et al. 1992; Michaud and Reed 1993; Fu 1993; Wu and 
Maniatis 1993}, there are a number of in vitro observa- 
tions indicating that U1 snRNP interacts with both the 
5' and 3' splice site regions during the early phases of 
splicing complex formation [Legrain et al. 1988; Ruby 
and Abelson 1988; Zillmann et al. 1988; Barabino et al. 
1990; S6raphin and Rosbash 1991; Hoffman and 
Grabowski 1992; Jamison et al. 1992; Michaud and Reed 
1993}. 

The 5' splice site region is a short sequence quite con- 
served between yeast and mammals {consensus: 
G-GUAUGU in yeast and G-GUAAGU in mammals 
where the dash indicates the 5' splice site). The best 
characterized aspect of its interaction with U1 snRNP 
involves direct base-pairing with the 5' end of U1 RNA 
(for review, see Rosbash and S4raphin 1991). The 3' 
splice site region is more complex and consists of two 
subregions: (1) the conserved dinucleotide at the 3' splice 
site lAG) and a usually adjacent polypyrimidine-rich 
stretch, and (2) a nearby branchpoint sequence. In mam- 
malian systems, the interaction between the 3' splice 
site region and U1 snRNP depends in part on indirect 
contacts between the pre-mRNA polypyrimidine stretch 
and U1 snRNP {Hoffman and Grabowski 1992; Michaud 
and Reed 1993; Wu and Maniatis 1993), whereas the 
highly conserved branchpoint sequence (UACUAAC) ap- 
pears to collaborate with the 5' splice site region to pro- 
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mote U1 snRNP complex formation in the yeast S. cer- 
evisiae ( S6raphin and Rosbash 1989 ). The relative impor- 
tance of the branchpoint subregion or the rest of the 3' 
splice site region to yeast and mammalian complex for- 
mation, respectively, reflects their conservation among 
different pre-mRNAs: The polypyrimidine stretch is a 
less prominent feature of many yeast pre-mRNAs (al- 
though, see Patterson and Guthrie 1991), whereas the 
branchpoint sequence {highly conserved as UACUAAC 
in yeastl A indicates branchpoint) is much more variable 
among mammalian pre-mRNAs (Rymond and Rosbash 
19921. The relative importance of these two subregions is 
also reflected in their contribution to the first step of 
splicing in yeast: In this system, a truncated pre-mRNA 
substrate can undergo spliceosome assembly and the 
first step of splicing quite efficiently without a promi- 
nent polypyrimidine stretch and a 3' splice site AG (e.g., 
Rymond and Rosbash 1985). 

The contribution of the branchpoint region to yeast 
U1 snRNP complex formation in vitro was detected by 
electrophoresis assays, which showed that wild-type 
substrates form two ATP-independent commitment 
complexes, CC1 and CC2 (S6raphin and Rosbash 1989}. 
Substrates with mutant  or missing branchpoint regions 
only form the higher mobility complex {CC1) (S6raphin 
and Rosbash 1991). A number of observations indicate 
that CC2 corresponds to a larger more complete complex 
and that some of the factors in this complex do not as- 
sociate or associate less stably with U1 snRNP and pre- 
mRNA in the absence of a functional branchpoint region 
(S6raphin and Rosbash 1991). This reasoning suggests 
that proteins present in CC2, but absent in CC1, might 
depend on, and perhaps associate with, the branchpoint 
region during this early step in spliceosome assembly. 

Previously, we had undertaken a genetic approach to 
identify U1 snRNP proteins or protein factors that col- 
laborate with U1 snRNP during pre-mRNA splicing 
(Liao et al. 1993). This enhancer or synthetic lethal 
screen searched for mutant  genes that were nonfunc- 
tional in combination with mutant  versions of U1 RNA 
but functional in a wild-type background. We employed 
a biochemical subscreen to define several candidate 
genes that also affected U1 snRNP complex formation in 
vitro. The first of these genes characterized in detail 
(MUD1) encodes the S. cerevisiae version of the well- 
studied mammalian U1 snRNP protein U1A {Liao et al. 
1993). 

To identify candidate proteins involved in branchpoint 
recognition during commitment  complex formation, we 
screened mutant  extracts for specific defects in CC2 for- 
mation. One gene (MUD21 fulfilled this criterion and 
was studied in detail. As expected from the initial char- 
acterization of the mutant  extract, it associates directly 
with the pre-mRNA substrate in a branchpoint-depen- 
dent fashion. Remarkably, it encodes a protein related to 
the well-studied splicing factor U2AF65 {Ruskin et al. 
19881 Zamore et al. 1992), which also interacts with the 
3' splice site region during early complex formation in 
mammalian systems {Zamore and Green 198% Bennett 
et al. 19921 Michaud and Reed 1993). The results support 
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previously suspected similarities as well as differences in 
the early events of spliceosome formation between yeast 
and mammals. They also provide insight into possible 
functional roles of U2AF during these early steps of com- 
plex formation. 

Results 

One mutant  (mud21 fulfilled the criterion for further 
study: Extracts from the four alleles that were tested 
were able to form CC1, the basal pre-mRNA-U1 snRNP 
complexes, but little or no CC2, the complete pre- 
mRNA-U1 snRNP complex (data not shown}. Because 
these in vitro phenotypes were based on a synthetic le- 
thal combination (the mud mutant  in addition to a sig- 
nificant deletion in U1 RNAI and because there might be 
more than one relevant mutation in the mutagenized 
background, we cloned the MUD2 gene and generated a 
gene deletion [MUD2 KO; see Materials and methods}. 
Like the original mud2 mutants, the deletion had no 
detectable growth phenotype in an otherwise wild-type 
background. We then constructed an epitope-tagged ver- 
sion of MUD2 by adding the 9-amino-acid-epitope from 
influenza virus hemagglutinin protein {HA) to the car- 
boxyl terminus of MUD2P. The tagged gene (MUD2 HA) 
functioned indistinguishably from the wild-type MUD2 
gene, as it rescued the synthetic lethality of the mud2-  
U1 RNA deletion combination {data not shown). Ex- 
tracts were prepared from these strains and commitment  
complex formation assayed by native gel electrophoresis 
{Fig. 1}. 

The results showed that in the MUD2 KO extracts, the 
CC2 complex migrated more rapidly than the same com- 
plex formed in a wild-type extract (cf. lane 5 with lane 1 }. 
As expected from the phenotypic rescue, the extract 
from the MUD2 HA strain formed a normal {wild-type- 
likel CC2 complex (lane 3}. Addition of the 12CA5 
monoclonal antibody to the extracts prior to electropho- 
resis caused a supershift of only CC2 from the MUD2 
HA extract {lane 4}, indicating that MUD2P is itself a 
component of the CC2 complex rather than having an 
indirect effect on complex migration. The specificity of 
the supershift was verified by adding the same antibody 
to an extract derived from a strain in which the U170K 
protein had been similarly tagged with the HA antibody 
(U170K HA]. In this case {lane 2}, both CC1 and CC2 
were supershifted, consistent with the previous finding 
that U1 snRNP is a component of both commitment  
complexes. 

The association of MUD2 with U1 snRNP was assayed 
further by immunoprecipitation of U1 RNA from MUD2 
HA extracts with the 12CA5 antibody {Fig. 2A}. In all 
cases, little U 1 snRNP was immunoprecipitated as com- 
pared with the positive control, the U170K HA extract 
(cf. lanes 9-12 with lanes 5-81. This indicates that unlike 
the U170K protein, MUD2 is not stably associated with 
U1 snRNP in extracts. As pre-mRNA addition increased 
the amount of immunoprecipitated U1 RNA from 
MUD2 HA extracts, the stable association of MUD2 
with U1 snRNP appeared pre-mRNA dependent (cf. lane 
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Figure 1. Native gel electrophoresis of commitment com- 
plexes. Splicing extracts prepared from the indicated strains 
were incubated with radioactive wild-type pre-mRNA A2-3 and 
an oligonucleotide complementary to U2 RNA to form com- 
mitment complexes as described previously {Liao et al. 19921. 
Prior to electrophoresis, 12CA5 monoclonal antibody was 
added to the reactions in lanes 2,4, and 6 to supershift the com- 
plexes containing the HA-tagged proteins as described in Mate- 
rials and methods. Although the amount of total commitment 
complex is variable among different extracts, there was no con- 
sistent difference in the ratio of CC1/CC2 between MUD2 HA 
and wild-type extracts. The two forms of the commitment com- 
plex are indicated. 

10 with lane 9). Pre-mRNA substrate specificity was 
tested by comparing RNAs with mutations in the two 
important regions for early spliceosome assembly steps, 
the 5' splice site and the branchpoint regions. The 5' 
splice site mutant contains a substitution in the univer- 
sally conserved G at position 5 of the 5' splice site 
(GUAUGU --* GUAUaU), which has a significant effect 
on in vitro splicing and commitment complex forma- 
tion. Consistent with this observation, there was less U1 
snRNP immunoprecipitation with the mutant substrate 
(cf. lane 11 with lane 10). A deletion of the 7-nucleotide 
branchpoint region reduced the association to back- 
ground levels {cf. lane 12 with lane 9). The fact that 
MUD2P-U1 snRNA association is dependent on a 
proper pre-mRNA branchpoint sequence is consistent 
with the assignment of the MUD2-U1 snRNP associa- 

tion to CC2, whose formation is similarly dependent on 
the branchpoint region [S6raphin and Rosbash 1991). 

The association of MUD2P with pre-mRNA was di- 
rectly assayed by immunoprecipitation with the 12CA5 
antibody (Fig. 2BI. From two different MUD2-tagged ex- 
tracts, substantial levels of pre-mRNA were recovered, 
well above the background levels observed from a wild- 
type extract (cf. lanes 3 and 4 with lane 1). Yet the pre- 
mRNA levels from the MUD2 HA extracts were only 
30-50% of those from the U170K HA extract, consistent 
with the notion that only the CC2 subset of U1 snRNP- 
pre-mRNA complexes contains the MUD2 protein. With 
the mutant 5' splice site, pre-mRNA immunoprecipita- 
tion was reduced substantially, but the relative amount 
of pre-mRNA precipitated in the three HA-tagged ex- 
tracts was unaffected by the mutation, consistent with 
the failure of this mutation to substantially alter the 
CC1/CC2 ratio (S6raphin and Rosbash 1991). A qualita- 
tively different result was obtained with a 7 nucleotide 
deletion of the branchpoint sequence: There was little 
effect on immunoprecipitation from the U170K HA 
strain but a dramatic decrease in immunoprecipitation 
from the MUD2 HA extracts. In these cases, pre-mRNA 
levels were not appreciably greater than background (cf. 
lanes 11 and 12 with lane 9), consistent with the assign- 
ment of MUD2 to the branchpoint-dependent CC2 com- 
plex. 

Overexpression of MUD2HAP, by expression from a 
galactose upstream activating sequence (UAS)-contain- 
ing expression construct, had no detectable effect on the 
level of pre-mRNA immunoprecipitation (e.g., Fig. 2B, 
cf. lane 4 with lane 3). This is not attributable to the lack 
of an effect on protein levels, because the MUD2 HA Gal 
extract had at least 10 times as much MUD2P as the 
MUD2 HAYCP extract (assayed by Western blotting 
with the 12CA5 antibody; data not shown). The negative 
result suggests that MUD2P levels are not limiting in 
wild-type extracts and that the protein interacts only 
weakly with pre-mRNA in the absence of commitment 
complex formation. 

The association of MUD2 with pre-mRNA was as- 
sayed further by UV cross-linking. Subsequent to irradi- 
ation, reactions were digested with RNase A, denatured, 
and immunoprecipitated with 12CA5 antibody from 
MUD2 HA extracts or from U170K HA extracts (Fig. 3). 
The results with a wild-type substrate indicate that 
MUD2 is in direct contact with the pre-mRNA. The re- 
sults with mutant substrates are consistent with those 
shown above: The 5' splice site mutation reduced the 
signal and a strong branchpoint mutation (UACUAcC) 
eliminated the signal. All of the in vitro data indicate 
that MUD2P interacts directly with the pre-mRNA sub- 
strate in a branchpo'int-dependent fashion. 

The sequence of MUD2 indicated that it codes for a 
protein of 58 kD. The four sequenced mud2 alleles in- 
troduced stop codons within this open reading frame 
(Materials and methods). Although no strong homologies 
were apparent in data base searches, a few known RNA- 
binding proteins were among the best matches. These 
proteins were identified because of the ribonucleopro- 
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Figure 2. Associations of MUD2P. (A) Association with U1 RNA. Commi tmen t  complexes were formed as in Fig. 1 wi th  the 
indicated extracts; no pre-mRNA was added to the reactions in lanes 1,5, and 9, or 25 ng of nonradiolabeled pre-mRNAs as indicated 
in each lane. The 5' splice site (5'ss) pre-mRNA contained the sequence GUAUaU, and the BP pre-mRNA contained a 7-nucleotide 
deletion of the branchpoint sequence UACUAAC (S6raphin and Rosbash 1991 ). After immunoprecipi ta t ion and washing in NET-150, 
the RNA was recovered and cDNA was synthesized with reverse transcriptase and a 5'-labeled oligonucleotide specific for U 1 RNA. 
(B) Association with  pre-mRNA. Complexes were formed as above and an extract was prepared from a strain carrying the MUD2 
HA-tagged protein under the control of the Gal promoter in a mult icopy vector (lanes 4,8,12). Radiolabeled pre-mRNAs were added 
as indicated above. After immunoprecipi ta t ion under the same conditions described above, these pre-mRNAs were recovered and 
electrophoresed on denaturing urea-acrylamide gels. 

tein consensus sequence (RNP-CS) or RNA-binding do- 
main (RBD) present in MUD2, and they included a single 
known splicing factor, U2AF65, with a molecular weight 
similar to MUD2. 

U2AF65 has been shown to interact directly with the 
polypyrimidine-rich portion of the mammalian 3' splice 
site region prior to U2 snRNP addition (Ruskin et al. 
1988; Zamore and Green 1989). It is an essential factor 
for mammalian and Drosophila in vitro splicing (Zamore 
et al. 1992; Kanaar et al. 1993); cognates in Drosophila 
(Kanaar et al. 1993) and Schizosaccharomyces pombe 
(fission yeast; Potashkin et al. 1993) have recently been 
identified, and it is an essential gene in these two organ- 
isms. Because the interaction of MUD2P with yeast pre- 
mRNA also takes place prior to U2 snRNP addition and 
is dependent on a proper branchpoint region, this rela- 
tionship was examined in more detail. 

A multisequence alignment of MUD2P with the three 
U2AF65 genes is shown in Figure 4A. Each metazoan 
U2AF65 has an arginine-serine (RS)-rich domain at its 
amino terminus followed by three RBDs. Even the S. 
pombe sequence shows 50% overall sequence conserva- 
tion and a similar organization with an RS domain fol- 
lowed by three RBDs. In contrast, MUD2P contains only 
a single easily identifiable RBD near its carboxyl termi- 
nus, but its closest relative in the data base is the car- 

boxy-terminal RBD of hU2AF65 (31% identity and 49% 
similarity). 

The rest of U2AF65 is not convincingly related to 
MUD2P, nor does MUD2P encode additional recogniz- 
able RBDs. However, there are some hints that the pro- 
teins might share features in addition to this single RBD. 
First, there is an intriguing patch of homology with 
U2AF65 (especially with the human and Drosophila ver- 
sions) near the end of the first RBD region, comprising 
amino acids 303-311 [Fig. 4). Second, the amino-termi- 
nal region of MUD2 is rich in arginine and contains four 
RS (or SR) dipeptides. Although this does not constitute 
a striking RS domain like the comparable region of 
hU2AF65, the dU2AF65 protein only contains three RS 
{or SR) dipeptides in its amino-terminal domain. Third, 
there is a similar distribution of histidines and cysteines 
throughout the hU2AF and MUD2 proteins, with the 
histidines clustered at the amino terminus and the cys- 
teines at the carboxyl terminus, further suggesting that 
some aspects of functional conservation might extend 
beyond the carboxy-terminal RBDs. In sum, the two pro- 
teins are related, but the similarity is insufficient to 
identify MUD2P as S. cerevisiae's U2AF65 protein. 

To verify the functional importance of the conserved 
carboxy-terminal RBD, we mutagenized the two highly 
conserved aromatic residues present in the RNP-1 sub- 
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Figure 3. UV cross-link of MUD2 protein to pre-mRNA. Splic- 
ing reactions for commitment complex were scaled up sixfold, 
with the U170K or MUD2-tagged extracts and the indicated 
radiolabeled pre-mRNAs. The complexes were UV irradiated 
(lanes 1-6) and RNase A treated (see Materials and methods). 
Prior to immunoprecipitation, the samples were denatured in 
SDS as described and diluted back to NET-150. Immunoprecip- 
itates were washed at NET-300, and SDS sample buffer was 
added directly to the beads and boiled. The proteins were elec- 
trophoresed on a 10% SDS-PAGE gel (Laemmli 1970) and the 
UV cross-linked species detected by autoradiography. The posi- 
tion of prestained molecular mass markers is indicated at right. 
The signals in the negative control lanes (7,8) do not correspond 
to radioactive proteins. 

region of this region. This subregion in general and these 
amino acids in particular have been shown to be impor- 
tant for the RNA-binding function of RBDs. The bioas- 
say determined the ability of the mutant proteins to res- 
cue the synthetic lethality of a MUD1-MUD2 double 
KO (see below), by replacing the wild-type MUD2 gene 
with the mud2 mutant genes. Although the first aro- 
matic residue was inessential, the mutant protein with 
both residues changed to aspartic acid was unable to res- 
cue the synthetic lethality of the MUD1-MUD2 double 
KO combination (Fig. 5). Similar results have been re- 
ported for the mutagenesis of the RNP1 subregion of 
another RBD-containing mammalian protein, the splic- 
ing factor ASF/SF2 (Caceres and Krainer 1993; Zuo and 
Manley 1993). The double mutation also eliminated in 
vitro activity, as extracts that expressed this mutant 
MUD2 protein (indistinguishably from the wild-type 
protein by Western blotting with the 12CA5 antibody; 
data not shown) were identical to the negative control 
MUD2 KO strain. (The in vitro role was defined by UV 

cross-linking to pre-mRNA as well as by native gel elec- 
trophoresis; data not shown). The results indicate that 
this region of MUD2 contributes to its splicing function. 

Because of the importance of U2AF for U2 snRNP 
binding, we sought to determine whether MUD2P might 
play an analogous (albeit inessential) role during S. cer- 
evisiae splicing. This was first assayed genetically, by 
placing the MUD2 KO in combination with other prp 
mutants known to be components of U2 snRNP or to 
affect U2 snRNP activity (Fig. 6). One of these tempera- 
ture-sensitive mutants, prpll  (Chang et al. 1988), nor- 
mally grows well at 25°C but failed to grow at this tem- 
perature in combination with the MUD2 KO gene. The 
synthetic lethality was not attributable to some general 
difficulty of MUD2KO-prp mutant combinations: The 
growth of two other prp temperature-sensitive mutants, 
another U2 snRNP temperature-sensitive mutation 
(prp9, Abovich et al. 1990) and a U5 snRNP temperature- 
sensitive mutation (prp8, Lossky et al. 1987) was 
unaffected by the addition of the MUD2 KO allele. As a 
positive control, the MUD2 KO was also put in combi- 
nation with a MUD13 KO [a recently characterized in- 
essential U1 snRNP protein (H. Color, unpubl.)] as well 
as with the MUD1 KO; consistent with the notion that 
all three proteins contribute to a single activity (U1 
snRNP), both combinations were synthetic lethal. 

Because the human PRPll protein (SAP62) (Bennett 
and Reed 1993) is a subunit of SF3A, which is a loosely 
associated component of U2 snRNP in mammalian sys- 
tems (Brosi et al. 1993), the synthetic lethality suggested 
that MUD2 is a commitment complex component that 
affects U2 snRNP addition. An alternative interpretation 
is based on recent work suggesting that, in yeast, PRP11 
adds to U1 snRNP complexes in an ATP-independent 
manner, for example, prior to U2 snRNP addition (Ruby 
et al. 1993). These latter observations resemble those 
made for MUD2 and more generally for CC2 formation, 
suggesting that the mud2-prpI1 synthetic lethality 
might reflect their contribution to the same particle or 
assembly step. 

To distinguish between these possibilities, we assayed 
the U2 RNA dependence and ATP dependence of PRP 11 
addition to pre-mRNA (and U1 snRNP) with procedures 
similar to those used above for MUD2. Extracts were 
made from a prpl 1 temperature-sensitive strain rescued 
with a tagged PRP 11 protein, which was expressed from 
a promoter containing a galactose UAS (see Materials 
and methods). Although a low level of pre-mRNA was 
immunoprecipitated in the absence of U2 RNA or ATP, 
this amount was dramatically increased in their pres- 
ence (Fig. 7A). Similarly, PRPll 's  association with U1 
RNA is dependent on functional U2 RNA (Fig. 7B) as 
well as ATP (data not shown). The low levels of immu- 
noprecipitated U1 RNA and pre-mRNA are likely attrib- 
utable to the trace amounts of U2 RNA refractory to 
RNase H digestion (Fig. 7B cf. lanes 2 and 3, and 6 and 7, 
with 1 and 5, respectively). The results are identical to 
those obtained for PRP9 (Abovich et al. 1990) and PRP21 
(Arenas and Abelson 1993), at least one of which (PRPg} 
is also a known component of SF3A. Taken together, the 
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PUZAF . . . . . . .  MDL $SRLSSESSR IPKRHRDYRD EEPRRER6S6 616REDPR6H 

MUD2 MADEKRLEDL RSKIMESI6K $EKDVVPIEN KRFNTDNAVI DTHFKRQKSD 

101 
DU2AF H . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  RNSF 
HU2AF i -  . . . . . . . . . . .  bQRSASR DRRRRSKPLT ~6AKEEH66L 
PU2AF ~YbDYEPRS LRYSSV6RSR $PPPSRERSV ~IE~ELEQL 
MUD2 BSYNRENRYS $HNTGPQWNN NPYNRQRDER BJGRN...ERF 

201 
DU2AF . . . . .  PQTAV PV~STITRR RRLY~JENIP FGVTEEEMRE 
HU2AF DGLAVTPTPV PV~B6SQMTR~ qRRLY~NIP FGITEEAMMD 
PU2AF EGSIIAPP.. PPLGPGASRG NRRLt/BTGIP NEFVEDAFVS 

MUDZ YNMASSKAN$ R=I~ZS6LSGS $DPSI~R . . . . . . . . .  LK~ 

150 
FKPSL . . . . .  
IRSPLHEKKK 
RDVTPINQWK 
DRRGRNGNGN 

250 
FFNQQMHLV6 
FFNAQMRL66 
FIEDLFISTT 
LLENFIS6LQ 

100 

NKQE~DKE~ HRKRSHS~R . . . . . . . . . . . . .  RK R~RS~RRN 
YSSEBPRRI R~ESOFRBHe . . . . . . . . .  RS Y~EBCeRE 
seLP~PKSB NVSHSNNB~P :ITMSTNR TTYEQ 6P HBQSY~RS6 

200 
. . . .  YWDVPP P~FEHITPMQ Y~, . . . . . . . . .  AMQASGQIP ASVVPDT..- 
K~YWDVPP PIFEHZTPME ~ .ARQAASQIP ATALLPTRTP 
RKBSLWDIKP PIYELVTADQ iS6VFPI'P SAPRAAVTDP EKLLEFARSA 
YDgFNYQRKN EBSKFMGDRD KRQLQTNKYD MNYMSQNVflY PESSFDSPAY 

30O 
LAQAA6SPVL A C , I N L D K . . . N F A F . F .  IDET~AM~F DGINLKGQS. 
LTQAP6NPVL AVQZNQDK.. .NFAF~A~T VDET~A~F DEZIF~6QS. 
YHKPETKHF$ $VNVCKEE.. .NFAI PEDA~FLW6L QSESYSNDVF 
KTESNAEDFK ISNFYIGEGR PDHZZV~FS~ QICS~VL~ RSFFNAKL6f 

• • 

m m z ~ 3 ° l  ~ . ~  DU2AF . .  Z ~PMPSIDTT PAZKPAVVSS 6VZSTVVP~ H.BZFI6S~ 
HUZAF E B Z ~ B Q P L P S M S E  . . . .  NPSVYVP 6VVSTVVPBS ~H.BLFXSSB 
PUZAF F ~  U. IVPGITPE VSQKRS...D DYAKMDVLD Ng.mzYZSNm 

MUD2 BVQQLDHLVD FCRETVZALE NLENZEEEED YRM~LFSS~ 

401 ~ 450 
DU2AF ~ASLNGMQL6 DKKLIVQ S VGAKIg .... QNAANTTQSV MLQV~SB~..S 
HU2AF BASLN6MQL6 DKKLLVQR~$ VSAKN~JTLVS PPSTINQTPV TLQI/RSlMS$ 
PU2AF RSGLDGKDTY 6NKLHAQFRC VSLNQ~IDK $NGRAILTEL . . . . . . . . .  A 

MUD2 BLD . . . . . . . . . .  KLKPYKW FKPNDGKISQ VTSWITFQSL . . . .  ~ IVTQ 

DU2AF 
HUZAF 
PUZAF 
MUD2 

400 
PN'~DDQ~ll EB.LSFSKLR AFNSVKDAAUm.SKSYA~E YVDLSXT4S 
PNYDDDQbg F.B.TSFGPLK AFNLVKDS/~ELSK6YAFBE YVDINVTIWA 
pL._m~EDQVV E~ILKPFGDLL SFQLIKNIAD BSSKGFCFmE FKNPSDAEVA 
• .NVTN6TA~ ~FYKCSS . . . . . . .  NTN4BKESE~TKBI LLSFEVVzm 

JE 500 
N~TS6PP ~n~JDMVTI . . E E E Y E  .L~DI .EEC TKY6VVRSVE 
QBM66HP~E ~ c L i  ~ E~L~DEEYE E~DVRDEC $KYGLVKSIE 
KASSQSIP1R ~MlWVQEYE $NY6PLIDIK 
SBRVES..~R LDlllqETFIT ~ ~ : ~  AGADTIKICQ 

501 550 ~ F566 
.IIPRPV~SV E V P .  BEIITSVFI)CQ YGEIBClKANACBII~SIBHRRD ~ ~ 
..PRSI6TR N S S L  BRYS,IRSAE ~ p ~ K  

PSVDYRLNFE NLA~ • IN~JlCTLEAAK I~DFDMME ATQLS 

Figure 4. Alignment of MUD2, Drosophila (DU2AF s°, Kanaar et al. 1993), human (HU2AF 6s, Zamore et al. 1992) and S. pombe PRP2 
(PU2AF, Potashkin et al. 1993) proteins using the program Pileup, with a gap weight of 3.0 and gap length weight of 0.1. The three 
U2AF sequences were manually moved two spaces to align with MUD2 at position 303. The three RBDs are boxed in and within each 
the RNP-1 and RNP-2 conserved elements are overlined (Kanaar et al. 1993). The shaded areas represent positions of identity in all four 
proteins: Three identical and one conservative change or three identical amino acids, one of which is on MUD2. The small black boxes 
represent positions at which at least three positions are conserved, one of them being MUD2. Similar amino acids were considered T 
and S; V, L and I; D and E; K and R; N and Q; G and A; F and Y. 

resul ts  indicate  tha t  PRP11 adds to U1 snRNP com- 
plexes as a c o m p o n e n t  of U2 snRNP. 

This  in te rp re ta t ion  then  raises the quest ion,  does 
MUD2 affect U2 snRNP addi t ion  directly, for example,  
does MUD2 m a k e  physica l  contac t  w i th  U2 snRNP and 
in par t icular  w i t h  PRP 11 ? We assayed the  physical  asso- 
c ia t ion  of MUD2 and PRP 11 in  the  yeast  two-hybr id  sys- 
tem, where  a posi t ive  resul t  was obta ined (Fig. 8). Posi- 

t ive and negat ive controls  consis ted  of pieces of the  
Drosophila period gene, k n o w n  to undergo homod imer -  
iza t ion in  vi t ro (Huang et al. 1993) as wel l  as in  this  yeast  
assay (Z. Huang, unpubl.).  The  prp l  1 temperature-sensi -  
t ive m u t a n t  prote in  as well  as PRP11-Cys  {in w h i c h  the  
two cysteines  of the  zinc finger were altered} in te rac ted  
w i th  MUD2P ind is t inguishably  f rom P R P l l P  {Fig. 8), 
and the YF--~ DD change in the  RBD of M U D 2 P  was 

STRAIN ADE" LEU'TRP" FOA LEU" 

MUD1 KO (ADE) I MUD2 KO (LEU) +MUD1 (URA) YCP. 

+MUD2 HA (TRP) 

+VECTOR (TRP) 

+MUD2 HA Y=D (TRP) 

+MUD2 HA YF=DD (TRP) 

Figure 5. Effect of RNP-1 mutations on the activity of MUD2P. A strain was constructed in which both genes MUD2 and MUD1 had 
been deleted by replacement of the coding regions with the LEU2 and ADE2 genes, respectively, (see Materials and methods; Liao et 
al. 1993). The strain also carries the MUD1 gene in a centromeric plasmid YCP50 containing the URA3 gene, for a positive selection 
of cells that can lose the plasmid and grow on 5-fluoro-orotic acid (FOA). Mutations in the RNP-1 region of MUD2 Y---~ D and 
YF ~ DD were introduced in HA-tagged MUD2P by oligonucleotide-directed mutagenesis {Kunkel 1985) and transferred to the PG1 
vector (Schena and Yamamoto 1988) for transformation and TRP selection. Transformants were grown on minimal plates selected for 
adenine, leucine, and tryptophan and replica plated to FOA Leu- plates. 
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S T R A I N S  LEU"  LEU"  
37 °C 25Oc 

[+ MUD2 YCP50] 

MUD1 KO / MUD2 KO 

prp 9 ts / MUD2 KO 

prp 11 ts / MUD2 KO 

prp 8 ts / MUD2 KO 

MUD13 KO / MUD2 KO 

F O A L E U "  
25oc 

MUD2 protein contacts PRPl l  

Figure 6. Synthetic lethal relationships 
of MUD2. The MUD2 gene was deleted in 
each of the strains and replaced by the 
LEU2 gene. The deletion was covered by 
the wild-type MUD2 gene in the URA3- 
containing centromeric plasmid YCPS0. 
The strains were patched on uracil and 
leucine selective plates and maintained at 
25°C. They were replica plated onto the 
indicated selective plates. 

similarly without effect (data not shown). Although an 
association of two yeast proteins in this assay must be 
interpreted with caution, the results are consistent with 
the in vivo synthetic lethality and suggest that MUD2P 
and PRP11P are part of the interface between U1 and U2 
snRNP during spliceosome formation. 

Discussion 

Previous experiments in this laboratory were interpreted 
to indicate that the difference in mobility between the 
two U1 snRNP complexes formed with a wild-type sub- 
strate was attributable to a component (X) that associ- 

ates with pre-mRNA in a branchpoint dependent fashion 
(S4raphin and Rosbash 1991) (Fig. 9A). This report de- 
fines MUD2P as a specific subcomponent of X and the 
first identified protein factor component of commitment  
complexes (Fig. 9B). The conclusion is based on bio- 
chemical criteria as well as the synthetic lethal interac- 
tion of mud2 with U1 RNA and two bona fide U1 snRNP 
proteins. 

Although the data indicate that there is a tripartite 
association among pre-mRNA, U1 snRNP, and X (or 
MUD2 as a component of X), they do not give insight 
into order of addition considerations, that is, does 
MUD2P addition precede, accompany, or follow U1 sn- 

A 

B 
- U2 - pmRNA - U2 + pmRNA + U2 + pmRNA 

I I I I I I 

! -  , r -  , r -  I -  v -  ~ -  
• , -  , p  v -  

-U2 + ATP +U2- ATP +U2 + ATP ~ ,- O ~,, 4- 5 o 4- :~ 

I I I I I I 1 2 3 4 5 6 7 8 9 10  11 12  

-- ~- ~ ~. ~ z " ~ EXTRACT 

1 2 3 4 5 6 7 8 9 10 11 12 ~ u l  

U2 

Figure 7. Immunoprecipitations in a PRPll-HA-tagged extract. (A) pre-mRNA. Radiolabeled wild-type pre-mRNA was added to 
splicing reactions in extracts prepared from a wild-type strain {lanes 1,5,9); the prpl 1 temperature-sensitive strain rescued with an 
HA-tagged PRPl l  gene under the galactose promoter whose expression was repressed in glucose-containing media (lanes 2,6,10, 
L-PRP 11HA) or induced in galactose-containing media {lanes 3, 7,11, H-PRP 11HA); or the U170K HA strain {lanes 4,8,12). The 
reactions contained an oligonucleotide complementary to U2 RNA to effectively deplete U2 RNA activities { -U2)  {lanes 1--4) or 2 mM 
glucose to deplete the endogenous ATP in the extracts (lanes 4-8). (B) U1 and U2 snRNPs. The reactions were as A except that 
nonradiolabeled pre-mRNA (25 rig) was added to the reactions in lanes 5-12. After immunoprecipitation, the recovered RNAs were 
used as templates for reverse transcription from 5'-labeled oligonucleotides complementary to U1 and U2 RNAs. The cDNA products 
are indicated. 
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Figure 8. In vivo interaction between MUD2 
and PRP 11 proteins. Yeast cells EGY 48 carrying 
a reporter gene, LexA op-Gall-LacZ (pSH 18-34), 
were transformed with plasmids containing 
LexA fusion proteins under a constitutive pro- 
moter and with plasmids in which the indicated 
proteins were fused to the Escherichia coli acti- 
vating sequence B42. These latter plasmids are 
expressed from a galactose-inducible promoter. 
MUD2 and PRPll fusions contained the com- 
plete protein; in prpl 1 the prpll-1 temperature- 
sensitive protein has been fused to B42 and in 
PRPI 1-Cys the cysteine residues at 68 and 71 
have been changed to glycines. The Drosophila 
period fusions comprise amino acids 233-685 
(Huang et al. 1993}. 

URA'HIS"rRP" 

X-GAL,GAL/RAFF 

URA'HIS'TRP" 

X-GAL,GLUCOSE 

LEXA/PER , m  B42/PER 

LEXAJ PER m B42/PRP11 

LEXA/MUD2 am B42/PER 

LEXA/MUD2 = =  B42/PRP11 

LEXA/MUD2 m B42/prp11 

LEXA/MUD2 ==  B42/PRP11-Cys 

RNP-pre-mRNA complex formation? This problem par- 
allels our lack of understanding of the relationship be- 
tween CC1 and CC2. These might have a precursor- 
product relationship. Alternatively, CC1 might be an in 
vitro artifact caused by the dissociation of X, a phenom- 
enon that might be substantially enhanced in the ab- 
sence of a pre-mRNA branchpoint region (S4raphin and 
Rosbash 1991). We favor this second interpretation, be- 
cause we have never been able to verify a precursor- 
product relationship (Liao et al. 1992). Moreover, a direct 
examination of commitment complex salt sensitivity in- 
dicates that CC2 converts into CC1 upon exposure to 
increasing salt concentrations (H.V. Colot, unpubl.); the 
association of MUD2P with both pre-mRNA and U1 
snRNP is similarly salt sensitive (data not shown). 

Although the 3' splice site region is important to early 
complex formation in both yeast and mammals, several 
lines of evidence indicate that only the highly conserved 
branchpoint subregion contributes substantially to early 
complex formation in yeast. In mammals, the branch- 
point subregion is poorly conserved and the 3' splice site 
AG and (usually) adjacent polypyrimidine-rich subre- 
gions appear more important for early events (for re- 
views, see Green 1991; Rymond and Rosbash 1992; 
Moore et al. 1993). It is possible that the interaction of 
U2AF65 with the polypyrimidine track and the interac- 
tion of X with the yeast branchpoint region play similar 
roles, namely, to stabilize a factor that associates with 
U1 snRNP and then helps recruit U2 snRNP to the 3' 
splice site region. A role for U2AF in U2 snRNP recruit- 
ment is well established (Ruskin et al. 1988; Zamore and 
Green 1991), and there are several lines of evidence that 
U2AF65 also interacts with U1 snRNP (Bennett et al. 
1992; Hoffman and Grabowski 1992; Michaud and Reed 
1993). A very recent study describes a series of interac- 
tions that bridge U2AF65 and U1 snRNP 70K protein 
(Wu and Maniatis 1993). 

More generally, is MUD2P the U2AF65 of S. cerevi- 
siae? U2AF65 is essential both in Drosophila (Kanaar et 
al. 1993) and S. pombe  (Potashkin et al. 1993), allowing 
the possibility of another essential S. cerevisiae gene 
product more closely related to U2AF65 than MUD2P. 
Yet, the highly conserved U1 snRNP A protein is an 

inessential splicing protein in S. cerevisiae (Liao et al. 
1993), mak ing  the interpretation "inessential" not 
straightforward. Also, the MUD2KO strain has a twofold 
effect on the splicing of the inefficient reporter gene con- 
struct Ace as compared with an isogenic wild-type strain 
(Liao et al. 1992, 1993). Thus, normal growth does not 
necessarily indicate normal splicing. 

Based on protein sequence comparisons and a promi- 
nent amino-terminal RS domain, the gene Y C L l l C  
(identified from yeast genomic sequencing) was sug- 
gested by Krainer and colleagues to be S. cerevisiae's 
U2AF65 (Bimey et al. 1992). To test this prediction, we 
generated a deletion of the YCL11 C ORF; the gene is 
inessential and extracts are wild type for complex forma- 
tion and splicing (also see Baudin et al. 1993). More im- 
portantly, the gene deletion is viable in combination 
with the MUD2 KO gene, and extracts from the double 
mutant strain show no additional defects due to the 
Y C L l l C  KO mutation (data not shown). As a conse- 
quence, we have no evidence that the gene product of 
YCL11C is involved in splicing. 

An alternative possibility is that MUD2P and U2AF65 
have a common ancestor, but MUD2P became less im- 
portant (inessential) in parallel with other changes in S. 
cerevisiae pre-mRNA splicing. Perhaps the changes in S. 
cerevisiae splicing were also accompanied by changes in 
the functional role of the amino-terminal two-thirds of 
the protein. In this context, it may be relevant that S. 
pombe's  pre-mRNA splicing not only employs an essen- 
tial and well-conserved U2AF65 gene but also is gener- 
ally more mammalian-like, for example, more introns 
and substantial polypyrimidine-rich regions (Rymond 
and Rosbash 1992). 

The sequence conservation in the carboxy-terminal re- 
gion of MUD2P and U2AF65 is striking. This third RBD 
has a number of atypical features, and these are also 
present in MUD2P (Krainer and Birney, pers. comm.; 
note the unusual but quite conserved RNP1 and RNP2 
motifs). The resemblance presumably reflects a related 
target RNA sequence if not a similar functional role 
shared by this region of all four proteins. Based on this 
selective conservation, the different RBDs of U2AF65 
might have different RNA targets, for example, the poly- 
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M U D 2  protein contacts P R P l l  

pyrimidine stretch might be only one of two or more 
RNA motifs directly contacted by U2AF65. 

MUD2P contacts pre-mRNA directly, for which the 
highly conserved yeast branchpoint as well as the integ- 
rity of its third RBD is required. It is therefore possible 
that the branchpoint sequence is directly contacted by 
this region of the protein. Although attractive, this hy- 
pothesis has not been confirmed by definitive identifica- 
tion of the pre-mRNA sequence that is cross-linked to 
MUD2P. As a consequence, it is possible that the 
branchpoint dependence is indirect and that the third 
RBD contacts some other sequence motif. 

Overexpression of MUD2P does not lead to more 
MUD2P-pre-mRNA complex, indicating that the pro- 
tein does not bind tightly and independently to the pre- 
mRNA substrate under these conditions (Fig. 2B). Al- 
though this is at odds with the current view of U2AF 
function (avid binding to the pre-mRNA polypyrimidine 
stretch without additional proteins or factors; Zamore et 
al. 1992}, the same experimental strategy has not been 
applied to both proteins. MUD2P binding to pre-mRNA 
has not been attempted with high concentrations of re- 
combinant protein, and U2AF-pre-mRNA interactions 
have not been assayed with physiological protein con- 
centrations in complete splicing extract. Under these 
conditions, it is possible that U2AF binding might man- 
ifest some U1 snRNP dependence. These possibilities 
underscore the uncertainty that U2AF and MUD2P bind 
before, with, or after U1 snRNP. 

Although the interpretation of the experiments with 
PRP11 is complicated by the possibility that this protein 
might add during spliceosome assembly in an unex- 
pected manner (Ruby et al. 1993), the most conservative 
interpretation is that PRP11 adds to the assembling spli- 
ceosome along with the rest of U2 snRNP. We favor this 
interpretation because (1) the biochemical characteriza- 
tion of PRP11 addition to splicing complexes (Fig. 7) re- 
capitulates the ATP-dependent results obtained for PRP9 
(Abovich et al. 1990) and PRP21 (Arenas and Abelson 
1993); {2) studies in the yeast two-hybrid system have 
described interactions between PRP9, PRP21, and PRP11 
and defined a tripartite complex (Legrain et al. 1993; 
Legrain and Chapon 1993); and (3) a single biochemical 
fraction from mammalian cells, SF3A, itself a subcom- 
ponent of U2 snRNP (Brosi et al. 1993), contains three 
proteins. One of these proteins (60K) is the homolog of 
PRP9 (Brosi et al. 1993), and another (SAP62) is the ho- 
molog of PRPll  (Bennett and Reed 1993). The interac- 
tion between MUD2P and PRP11 therefore establishes a 
strong functional link between metazoan U2AF and 
MUD2P; both proteins aid U2 snRNP's addition to U1 
commitment complexes. Because the interaction was as- 
sayed in yeast (raising the possibility that other yeast 
proteins bridge the contact), in vitro experiments with 
purified proteins will be required to verify that the in- 
teraction is direct. Taken together with the synthetic 
lethality, however, the data suggest that MUD2P makes 
direct contact with the PRPll  protein (Fig. 9C). The in- 
teraction is the first identified inter-snRNP protein-pro- 
tein contact that bridges U 1 snRNP and U2 snRNP dur- 

U2 snRNP 

Figure 9. A model for early spliceosome assembly. (A) In this 
model, U1 snRNP is base-paired to the 5' splice site (5'SS); the 
branchpoint region {bp) is shown interacting with U1 snRNP via 
an associated activity X {Rosbash and S4raphin 1991). (B) We 
propose that MUD2P is a component of X. (C) We further pro- 
pose that MUD2P makes direct contact with the PRP11 protein 
during U2 snRNP recruitment to the complex. 

ing spliceosome assembly. We have no comparable pic- 
ture of the interactions that bridge the 5' and 3' splice 
site regions in the yeast commitment complex (Fig. 9B). 
In contrast, a network of interactions between several 
defined components is proposed to bridge the 5' and 3' 
splice sites in mammalian U1 snRNP complexes (Wu 
and Maniatis 1993). 

The CC2 complex formed in the MUD2 KO extract is 
aberrant but still distinct from CC1, the basal U1 snRNP 
complex (Fig. 1). It is therefore likely that there are other 
yeast commitment complex proteins in addition to 
MUD2P that are branchpoint dependent. Similar bio- 
chemical and genetic approaches should lead from 
M U D 2  to these other genes. Their analysis should con- 
tinue to illuminate the role of the branchpoint and 
branchpoint-dependent activities in early complex for- 
mation, and the role of early complex formation in yeast 
splice site identification. 
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Materials and methods 

Cloning of the wild-type MUD2 gene and mapping 
of mud2 mutants 

The original mud2-1 mutant strain (Yml4) was used as the host 
for transformation with a wild-type yeast library based on the 
LEU2-CEN vector p366, as described (Liao et al. 1993). A func- 
tional 4.5-kb subclone (pXL79) was identified, and the bound- 
aries of the MUD2 open reading frame mapped by linker inser- 
tion mutagenesis {Legrain et al. 1991). A portion (2.5 kb) of the 
sequence was determined {Liao 19921 and will be deposited in 
the gene bank. This sequence contains an open reading frame of 
527 amino acids. The sequence of four mud2 alleles was deter- 
mined as described previously for mud1 (Liao et al. 1993). All 
four mutations introduce stop codons within this open reading 
frame; mud2-1, mud2-2, and mud2-3 introduce stop codons af- 
ter amino acids 448, 183, and 47, respectively, mud2-4 contains 
a 1-nucleotide deletion at the position of amino acid 49 that 
frame-shifts the reading frame into a stop codon at position 73. 

P1asmicl constructions and strains 

To aid in subsequent manipulations, synthetic BamHI and SphI 
sites were introduced as unique sites flanking the 4.5-kb insert 
of pXL79, and NcoI and SalI sites were introduced at the initi- 
ating ATG and 15 nucleotides downstream of the stop codon, 
respectively. 

Deletion of the MUD2 gene: MUD2 KO 

A plasmid was constructed in which the NcoI-Sal I fragment 
described above was replaced by a 2.2-kb SalI-HpaI LEU2 frag- 
ment flanked by SalI and NcoI sites. Gene disruptions into wild- 
type yeast strain MGD 353-13D were carried out with the 
BamHI-SphI linear fragment of the resulting plasmid. Chromo- 
somal deletions of MUD2 were confirmed by PCR amplifica- 
tion of genomic DNA from the transformants with appropriate 
primers or by Southern blotting. 

HA protein tagging 

Proteins were tagged with the HA epitope before the last amino 
acid at the carboxyl terminus as described previously (Abovich 
et al. 1990). 

MUD2 HA YCP 

The 4.5-kb BamHI-SphI fragment carrying the HA-tagged 
MUD2 gene was cloned in YCPS0 and introduced into the 
MUD2 KO strain. 

MUD2 HA Gal 

A synthetic BamHI site was placed in front of the NcoI site and 
an SstI site was introduced 550 nucleotides downstream of the 
stop codon in MUD2 HA to clone this fragment into BamHI-/ 
SstI-digested pLGSD5 (Guarente et al. 1982), and introduce it 
into the MUD2 KO strain. The expression of the MUD2HAP is 
driven by the Gal UAS promoter and is overexpressed when 
cells are grown in galactose. A very low level of expression 
persists when cells are grown in glucose. 

PRPl l-HA Gal 

The PRP11-coding sequence was amplified by PCR from wild- 
type genomic DNA, with primers that included a BamHI site at 

the initiating methione and a XhoI site after the stop codon. 
Primers were designed from the PRP11 sequence (Chang et al. 
1988). This amplified DNA was cloned in the above-described 
plasmid in place of the BarnHI-SalI fragment coding for MUD2 
HA. The resulting plasmid was transformed into strain A635 
(Legrain and Rosbash 1989), a prpI1 temperature-sensitive mu- 
tant. The gene was functional as verified by growing the trans- 
formed strain at 37°C. 

In vitro complex assembly and native electrophoresis 

Splicing extracts were prepared, and standard splicing reactions 
were carried out as described previously (Abovich et al. 1990). 
Depletions of U2 snRNP and ATP were done as described in 
Liao et al. (Liao et al. 1992), and native gel electrophoresis was 
performed as in Seraphin and Rosbash (1989). 

Supershift of complexes 

After incubation for commitment complex formation, 12CA5 
monoclonal antibody from BabCo (Berkely Antibody Company, 
Richmond, CA) was diluted in buffer D {Newman et al. 1985) 
and added to the reactions to a final concentration of 11.5 ~g/1; 
the control reactions received buffer D only. Samples were in- 
cubated at 25°C for 10 rain prior to the addition of buffer R and 
nonspecific competitor, and subjected to electrophoresis as de- 
scribed previously (Seraphin and Rosbash 1989). 

UV cross-linking of commitment complexes 

Standard commitment complex reactions were scaled up six- 
fold, and the concentration of radiolabeled pre-mRNA increased 
fourfold. After incubation at 25°C for 30 rain, the reactions were 
transferred to a 96-well microtiter dish, placed on ice, and UV 
irradiated. After irradiation, the samples were treated with 
RNase A. Irradiation and RNase A digestion were done as de- 
scribed (Hoffman and Grabowski 1992). 

Immunoprecipitations 

Immunoprecipitations were carried out in NET-150 and washed 
at the same salt concentration (Abovich et al. 1990); immuno- 
precipitation of the cross-linked protein after UV and RNase A 
treatment were denatured prior to immunoprecipitation as rec- 
ommended in Kolodziej and Young {1991). These immunopre- 
cipitates were also washed at a higher salt concentration (NET- 
3001. 

Analysis of protein-protein interactions in the yeast 
two-hybrid system 

We used the two-hybrid system to detect protein interactions by 
activation of transcription {Fields and Song 1989) as established 
and modified by Gyuris et al. (1993). The yeast host strain EGY- 
48 and plasmids (pEG200 for LexA fusions; pJG4-5 for B42 ac- 
tivator fusions) and the reporter pSH18-34 were all a gift from 
Roger Brent's laboratory (Harvard Medical School, Boston, MA). 

LexA-MUD2 fusion derivatives were generated by direc- 
tional cloning into the BamHI and SalI sites in pEG200; and 
into the EcoRI and SalI sites for LexA-Per (Z. Huang, unpubl.). 

B42-PRPll and the variant prpl l  temperature-sensitive 
strain and PRPll-Cys were generated by directional cloning 
into the EcoRI and XhoI sites of pJG4-5, as was B42-Per (Z. 
Huang, pets. comm.). 
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