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Summary 

Although both Ul and U2 snRNPs have been impli- 
cated in the splicing process, their respective roles in 
the earliest stages of intron recognition and spliceo- 
some assembly are uncertain. To address this issue, 
we developed a new strategy to prepare snRNP=de- 
pleted splicing extracts using Saccharomyces cere- 
visiae cells conditionally expressing Ul or U2 snRNP. 
Complementatlon analyses and chase experiments 
show that a stable complex, committed to the splicing 
pathway, forms in the absence of U2 snRNP. Ul snRNP 
and a substrate containing both a 5’ splice site and a 
branchpoint sequence are required for optimal forma- 
tion of this commitment complex. We developed new 
gel electrophoresis conditions to identify these com- 
mitted complexes and to show that they contain Ul 
snRNA. Chase experiments demonstrated that these 
complexes are functional intermediates in spliceo- 
some assembly and splicing. Our  results have implica- 
tions for the process of splice site selection. 

Introduction 

The early events of spliceosome formation involve, or are 
dependent upon, the initial interactions of intron cis-acting 
sequences with trans-acting splicing factors. The earliest 
and smallest specific splicing complex detected in vitro by 
gel electrophoresis contains U2 snRNA and pre-mRNA 
(Konarska and Sharp, 1988; Pikielny et al., 1988; Cheng 
and Abelson, 1987; Zillmann et al., 1987; Lamond et al., 
1988). Kinetic analyses suggest that it is an intermediate 
in the formation of other larger and more mature com- 
plexes. lntron binding proteins (Nazi et al., 1988; Gerke 
and Steitz, 1988), U2 snRNP auxiliary factor (Ruskin et 
al., 1988) and two other factors (SF1 and SF3; Kramer, 
1988) have been implicated early in the formation of this 
stable U2 snRNP-pre-mRNA complex, also called the 
prespliceosome. Additional splicing factors that might be 
important in the early stages of spliceosome formation in- 
clude hnRNP proteins (Choi et al., 1988) and two activities 
called SF2 and SF4B (Krainer and Maniatis, 1985). 

Because base pairing between the B’end of Ul snRNA 
and the pre-mRNA 5’splice junction is important for splic- 
ing (Zhuang and Weiner, 1988; Seraphin et al., 1988; Sili- 
ciano and Guthrie, 1988) and because Ul snRNP binds 
in vitro to the 5’ splice site or to pre-mRNA in the absence 
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of other snRNPs or ATP (Mount et al., 1983; Tatei et al., 
1987; Bindereif and Green, 1987; Ruby and Abelson, 
1988), Ul snRNP may also be involved in prespliceosome 
formation. However,  no experiments have demonstrated 
that Ul snRNP-pre-mRNA complexes are intermediates 
in the splicing process. Furthermore, this issue remains 
controversial because 5’ splice site sequences are not 
strictly necessary for the formation of prespliceosomes 
in mammalian systems (Frendewey and Keller, 1985; 
Konarska and Sharp, 1988; Bindereif and Green, 1987; La- 
mond et al., 1987) and the detection of Ul snRNA as- 
sociated with the pre-mRNA in the prespliceosome is de- 
pendent on the assay conditions (Pikielny et al., 1988; 
Grabowski and Sharp, 1988; Konarska and Sharp, 1988; 
Cheng and Abelson, 1987; Sindereif and Green, 1987; 
Kretzner et al., 1987; Rymond et al., 1987; Lamond et al., 
1988; Ruby and Abelson, 1988; Zillmann et al., 1988). 

Recently we demonstrated that Ul snRNA-pre-mRNA 
pairing is required for yeast prespliceosome formation in 
vitro; thus Ul snRNP acts at or prior to this step in the 
splicing pathway (Seraphin et al., 1988). Using oligonu- 
cleotide-directed RNAase H depletion of U2 snRNPs 
(Kramer et al., 1984) in conjunction with chase experi- 
ments, we also demonstrated that stable complexes (re- 
ferred to as commitment complexes) containing pre-mRNA 
can form in vitro prior to U2 snRNP binding (Legrain et al., 
1988). Use of the same chase strategy to examine the role 
of Ul snRNP during the early steps of the splicing process 
was unsuccessful: the large amounts of oligonucleotide 
necessary to deplete yeast extracts of Ul snRNP (Kretzner 
et al., 1987; Ruby and Abelson, 1988) prevented efficient 
complementation between depleted and active extracts. 

To confirm and extend these studies, we turned to analy- 
ses of the commitment and chase reactions using extracts 
derived from cells depleted in vivo of Ul or U2 snRNA. Our  
results show that Ul snRNP is required for the formation 
of the commitment complexes. These complexes were fur- 
ther identified by native gel electrophoresis and shown to 
contain Ul snRNA. Chase analyses demonstrate that 
commitment complexes are functional intermediates for 
spliceosome assembly and splicing. 

Results 

Construction of Strains Conditionally Expressing 
Ul or U2 snRNA 
To change the level of Ul snRNA in the cell, we used a 
slightly different strategy from the one described by Pat- 
terson and Guthrie (1987). In brief, we constructed a hy- 
brid gene, GAL-Ul, containing regulatory sequences 
from the GAL70 gene upstream of the (presumed) TATA 
box of the Ul snRNA gene (Figure la). By conventional 
techniques, we then constructed a yeast strain in which 
the GAL-U1 hybrid gene is the only functional Ul gene. 
Similarly, we constructed a yeast strain in which the U2 
snRNA gene is controlled by a GAL regulatory element 
(Figure la). As expected, growth of the resulting strains 
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Figure 1. Construction of Yeast Strains Conditionally Expressing Ul or U2 snRNAs 

(a) Construction of the hybrid GAL-U1 and GAL-UP genes. The organization of the wild-type Ul, U2, and GAL70 promoters, as well as the resulting 
hybrid constructs, is depicted. Relevant elements (TATA box, UAS, and transcribed region) and restriction sites used for construction are indicated. 
(b) Growth curve of strains harboring plasmids expressing hybrid GAL-U1 or GAL-U2 genes. The wild-type control is an isogenic strain harboring 
the wild-type Ul gene (Seraphin et al., 1988). The cells were shifted from galactosecontaining medium to glucose-containing medium at time 0. 

and the presence of Ul or U2 snRNA were dependent on ence of glucose reproducibly exhibit at least a lo-fold 
the carbon source galactose in the culture medium (Fig- reduction of splicing-related complex formation when 
ure lb and data not shown). We note that our constructs compared with an extract derived from a similarly treated 
containing the GAL UAS upstream of the snRNA TATA box isogenic wild-type strain. This reduced ability to assemble 
allow the synthesis of snRNAs with the correct 5’end (see spliceosomes correlates with the low levels of Ul or U2 
Figure 2b). In contrast, heterogeneous transcription start snRNAs and snRNPs present in these extracts (Figures 
sites and aberrant snRNAs were observed in an in vivo 2b and 2~). Furthermore, we note that Ul or U2 depletion 
study with a fusion containing a complete GAL promoter does not affect the level of the other snRNAs and/or 
in front of the U5 snRNA coding sequence (Patterson and snRNPs (Figure 2b and data not shown), indicating the 
Guthrie, 1987). high specificity of the depletion protocol. 

Preparation of snRNP-Depleted Splicing Extracts 
Splicing extracts were prepared with a novel and simpli- 
fied protocol (see Experimental Procedures) from the 
GAL-U% and GAL-U2-containing strains after growth in 
the presence of glucose, which represses the hybrid 
gene, or galactose, which induces them (Figure 2). In 
each case an isogenic wild-type strain was used as a con- 
trol. Spliceosome formation in these extracts was assayed 
by native gel electrophoresis (Pikielny et al., 1986; Konar- 
ska and Sharp, 1966) (Figure 2a). The levels of snRNAs 
were analyzed by primer extension, and those of snRNPs 
by native gel blotting (Seraphin et al., 1966; Konarska and 
Sharp, 1986; Cheng and Abelson, 1987) (see Figures 2b 
and 2~). Several conclusions can be drawn from these ex- 
periments. First, there is little difference in the results ob- 
tained with duplicate extracts. Second, extracts prepared 
from any strains grown in the presence of galactose are 
very similar and contain normal or somewhat higher than 
normal levels of Ul and U2 snRNAs, presumably due to 
the presence of the GAL UAS. Third, extracts derived from 
GAL-U% or GAL-UBcontaining cells grown in the pres- 

To rule out the possibility that a single factor missing 
from both the Ul- and USdepleted extracts was responsi- 
ble for the observed defect in complex formation, we con- 
ducted a series of complementation experiments. Fully 
active and depleted extracts were mixed in all possible 
combinations, and spliceosome assembly was then as- 
sayed by native gel electrophoresis (Figure 2a). This ex- 
periment indicated that Ul-depleted extracts were always 
deficient in at least one common factor, most likely Ul 
snRNP Similarly, U2-depleted extracts were likely defi- 
cient in U2 snRNP More important, Ul- and UP-depleted 
extracts always complemented fully, indicating that de- 
pletion was reproducible, specific, and limited. Taken to- 
gether, these results confirmed our earlier conclusions 
that both Ul and U2 snRNPs are required for prespliceo- 
some formation in vitro (Legrain et al., 1988; Seraphin et 
al., 1988). 

Ordered Interaction of Ul and U2 snRNP 
in Spliceosome Assembly and Splicing 
The efficient complementation between the Ul- and U2- 
depleted extracts allowed us to use them in a two-step 
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Figure 2. Analyses of Splicing Extracts Derived from Cells Depleted In Vivo for IJI or U2 snRNA 
(a) Analyses of splicing complex formation using extract depleted in vivo for Ul or U2 snRNA and complementation between extracts. Extracts were 
derived from strain ES-Y82 (GAL-Ul; lanes 1, 2, and 17), ES-Y88 (GAL-UP; lanes 3, 4, 18) or BS-Y46 (wr; lanes 5, 8, 19). Cells were grown for 16 
hr in 4% glucose (GAL-W and GAL-U2 repressed; lane l-8) or in 3% galactose, 1% sucrose (lanes 17-19). In lanes 1 and 2.3 and 4. and 5 and 
8, independent duplicate extracts derived from the three strains are presented. Lanes 7-16 represent in vitro complementations between extracts 
presented in lanes 1-6, and the numbers above the lanes refer to extracts presented in lanes l-6. Note that complementation always occurs, except 
in the case in which two extracts are depleted for the same U snRNA (lane 7 for Ul, and lane 12 for U2). A standard extract (S) (Newman et al., 
1985) was used in lane 0. U indicates the nonspecific complex, and I, II, and Ill indicate the different forms of splicing-specific complexes (Pikielny 
et al., 1988). N indicates a new complex detected in UP-depleted extracts. 
(b) Primer extension analyses of Ul and U2 snRNA levels in the various extracts. Lane numbers correspond to extracts presented in (a). Ul and 
U2 indicate the snRNAs analyzed. Arrows indicate the positions of the full-length extension products. Note that only the correct B’ends are observed, 
even with the hybrid genes. 
(c) Analyses of snRNP levels in some extracts. snRNPs were fractionated by native gel electrophoresis (Pikielny et al., 1988), blotted, and detected 
with a Ul or U2 probe. Lane numbers correspond to extracts presented (a), except that lane 0 is a control lane without extract. Preliminary analyses 
did not reveal any differences in the U4 or U5 snRNP content of the various extracts (data not shown). Multiple bands are reproducibly detected 
using the Ul probe. 

reaction, consisting of a commitment reaction followed by When this protocol is used, spliceosome assembly is only 
a chase reaction (Legrain et al., 1988). In brief, labeled observed if, during the first incubation, the labeled RNA 
pre-mRNA was incubated with one depleted extract, and is assembled into a relatively stable complex (a commit- 
then an excess of cold pre-mRNA was added prior to the ment complex) that is then preferentially chased (com- 
addition of the other depleted extract. Products of the pared with the total pool of RNA) into spliceosomes during 
reaction were then analyzed by native gel electrophoresis. the second step. Results of these experiments are pre- 
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Figure 3. Commitment and Chase Experiments Using Ul- and UP-Depleted Extracts 

(a) Analyses by native gel electrophoresis of the products of the commitment and chase reactions. The extracts used for commitment and chase 
are indicated above each lane as extract 1 and extract 2, respectively. Addition of a W-fold excess of cold RNA after the commitment reaction, to 
allow the visualization of the products of the chase reaction only, is indicated by a + in the row “Excess cold RNA:’ Extracts are indicated as follows: 
-Ul, Ul-depleted (identical to lane 2, Figure 2); -U2, U2-depleted (identical to lane 4, Figure 2); Wr. complete extract (identical to lane 6, Figure 

2); 0, dialysis buffer was used instead of splicing extract, Lanes l-3 and 4-6 are controls for the activity of the extract during the commitment and 
chase reactions, respectively. Lane 7 is a control for the effect of addition of excess cold pre-mRNA before incubation in an active extract. Lanes 
6-11 represent all possible combinations of Ul- and UP-depleted extracts in the commitment and chase experiments. Functional complementation 
occurs only when Ul is present first (-U2) followed by U2 (-Ul) during the chase (lane 10). Lanes 12 and 13 are controls to show that in the absence 
of cold RNA the two depleted extracts complement when added in either order. Lanes 14-16 show the results of a commitment and chase experiment, 
using complete extract for the chase. Again, functional complementation occurs only when Ul is present during the commitment reaction, Lane 
0 corresponds to a standard extract (S) (Newman et al., 1965). Complexes are labeled as in Figure 2. 
(b) Commitment and chase reaction assayed for splicing products. Lanes are labeled in the same way as (a). Lanes l-4 are controls for the activity 
of the depleted extracts during both steps of the reaction. Lane 6 shows that functional complementation occurs when Ul snRNA is present first 
(-U2), followed by U2 snRNA. The reverse order is not productive (lane 5). In the absence of cold RNA, complementation is independent of the 
order of addition of the depleted extracts (lanes 7 and 6). The assay for splicing was not as sensitive as the assay for spliceosome formation, probably 
because late steps of the splicing process are limiting in these extracts (B. S.. unpublished data). Mature RNA and exon 1 were not clearly visible, 
owing to nuclease activity. Pre-mRNA heterogeneity is also contributed to by poly(A) addition, as defined by inhibition with cordycepin triphosphate 
(N. Abovich and B. S., unpublished data). L. lariat intermediate; I, intron lariat: P, pre-mRNA. 

sented in Figure 3a. Lanes l-6 are control reactions and 
show the background activity of each extract at both steps 
of the reaction. Lane 7 shows that mixing the labeled pre- 
mRNA with excess cold pre-mRNA decreases the specific 
activity of the substrate to a point where no splicing com- 
plexes are detected. Hence, observation of complexes af- 
ter the second incubation implies the formation of a stable 
commitment complex during the first incubation. Lanes 
B-11 display the results of the two-step reaction performed 
using the Ul- and UP-depleted extracts. Formation of a 
normal amount of spliceosomes is only detected in lane 
10, where the UPdepleted extract was added first, fol- 
lowed by the Ul-depleted extract. The reverse combina- 
tion (lane 9) is not productive, that is, only the background 
level of spliceosome formation is observed (compare with 
lanes 1, 2, 8, or 11). In control reactions (i.e., in the ab- 
sence of excess cold pm-mRNA), spliceosome formation 
is independent of the order of addition of the depleted ex- 
tracts (lanes 12 and 13). Similar results were obtained with 
several independent extracts (data not shown). We con- 
clude that Ul snRNP, but not U2 snRNP, is required for 
commitment complex formation. 

To demonstrate that the commitment complex is a func- 
tional intermediate in the splicing process and not merely 
an artifact of the spliceosome assembly analysis, forma- 
tion of splicing products was also analyzed in the two-step 
reaction. This led to the same conclusions (Figure 3b), in- 
dicating that the ordered interaction of Ul and U2 snRNPs, 
observed above for spliceosome assembly, reflects an 
early step of the splicing reaction. 

Characterizetion of the Commltment Complexes 
To examine the sequence requirements for commitment 
complex formation, a competition protocol was employed 
(Legrain et al., 1988). In brief, radioactive pre-mRNA sub- 
strate was mixed with increasing amounts of different, 
nonradioactive competitor RNAs prior to incubation in the 
two-step reaction. Products were then analyzed by gel 
electrophoresis (Figure 4). Addition of functional pre- 
mRNA effectively competed with radioactive substrate for 
commitment complex formation (lanes 14). In contrast, a 
substrate carrying a single point mutation at the 5’ splice 
site and a substrate lacking a proper branchpoint se- 
quence were ineffective competitors (lanes 5-8 and 9-12). 
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Figure 4. Competition Experiments for Commitment Complex For- 
mation 

Cold competitor RNA was mixed with the labeled pre-mRNA before a 
10 min incubation in a US-depleted extract. Commitment complexes 
formed during this first incubation were chased into spliceosomes by 
successive addition of an excess of cold pre-mRNA and Ul-depleted 
extract. Competitor RNAs were: wild-type pre-mRNA (lanes l-4) HZ12 
Ssplice site mutant pre-mRNA (GTATAT, lanes 5-E), or a branchpoint 
deletion mutant pre-mRNA (A3E; Pikielny et al., 1983). Molar ratios of 
competitor pre-mRNA to labeled pm-mRNA were 0 (lanes 1. 5, and 9) 
3 (lanes 2, 8, and IO), 8 (lanes 3, 7, and 11) and 24 (lanes 4, 8, and 
12). Neither the Ssplice site mutant RNA nor the branchpoints deletion 
mutant RNA competes effectively, indicating that both &-acting se- 
quences are required for commitment complex formation. Similar 
results were reported using a 5’ splice site deletion mutant RNA 
(Legrain et al., 1988). Complexes are labeled as in Figure 2. 

Similar results were reported by Legrain et al. (1988) who 
used an independent depletion and chase procedure. 

These experiments indicate that a proper 5’ splice site 
and branchpoint sequence are required for optimal forma- 
tion of a stable commitment complex. Furthermore, be- 
cause we have previously shown that the 5’splice site mu- 
tant used as competitor is specifically defective in pairing 
with Ul 8nRNA for spliceosome formation (Seraphin et al., 
1988) we conclude that Ul snRNA-pre-mRNA pairing is 
required for commitment complex formation. Our  results 
also demonstrate that the branchpoint sequence is recog- 
nized prior to U2 snRNP addition. Further experiments 
also indicate that commitment complexes are stable un- 
der splicing conditions (data not shown; see also Legrain 
et al., 1988). 

Identification of Commitment Complexes by Native 
Gel Electrophoresis 
The results presented above indicate that a stable commit- 
ment complex forms in the presence of Ul snRNP during 
the splicing reaction. Despite the stability of the commit- 
ment complex under splicing conditions, however, the com- 

1 2 3 4 5 6 

Figure 5. Identification of Commitment Complexes by Native Gel Elec- 
trophoresis and Chase of Commitment Complexes into Spliceosomes 

Complexes formed during the splicing reaction were resolved using 
the gel electrophoresis conditions described in Experimental Proce- 
dures. Labeled pre-mRNA was incubated for 10 min in a U2-depleted 
extract. An aliquot of the reaction was withdrawn and stopped; two 
commitment complexes (CC) are detected after gel electrophoresis 
(lane 2). An excess of cold pre-mRNA was added before addition of di- 
alysis buffer and incubation continued for 10 min (lane 3). When the 
commitment complex-containing reaction was further incubated for 10 
min in the presence of a Ul-depleted extract, commitment complexes 
were quantitatively chased into more mature spliceosomes (SP). This 
chase occurs even if an excess of cold pre-mRNA has been added 
prior to addition of the U&depleted extract (lane 4) indicating that the 
pre-mRNA present in the commitment complexes is committed to 
spliceosome assembly. As a control, lane 1 shows the background 
spliceosome formation observed when the excess of cold pre-mRNA 
is added before addition of the two depleted extracts. Spliceosomes 
formed in a wild-type extract are shown in lane 8. Note the pattern of 
more mature (U2containing) spliceosomes observed using these 
modified gel conditions. Trace amounts of commitment complexes are 
detected in lane 8, consistent with the fact that commitment complexes 
are intermediates in spliceosome assembly in a wild-type extract 
(B. S., unpublished data). U indicates a nonspecific complex. 

mitment complex has eluded clear identification by gel 
electrophoresis. Consequently, we systematically changed 
the conditions to maintain the integrity of the complex dur- 
ing electrophoresis and arrived at a procedure by which 
we consistently detected complexes with the predicted 
properties (see Figure 5 and Experimental Procedures): 
two complexes (CC) accumulate in UP-depleted extracts 
(Figure 5, lane 2); they are not detected in Ul-depleted ex- 
tracts (data not shown); once formed, the complexes are 
stable under splicing conditions even in the presence of 
an excess of cold pre-mRNA (Figure 5, lanes 2 and 3); and 
complex formation occurs in the absence of added ATP 
(data not shown). In wild-type extracts, only trace amounts 
of these complexes are detected in the presence of ATP 
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Figure 6. Commitment Complexes Contain Ul snRNA 

Reactions containing either no pre-mRNA (lane 1) or cold pm-mRNA 
(lane 2) were fractionated by gel electrophoresis and blotted to a nylon 
membrane (Biotrans. ICN). The filter was then hybridized with a Ul 
probe. Two Ul SnRNA-containing complexes (arrowheads) were de- 
tected in the lane with cold pre-mRNA substrate (lane 2) but were ab- 
sent from the control lane without pre-mRNA substrate (lane 1). The 
two complexes indicated by arrowheads migrate at the same position 
as the commitment complexes formed using radioactive pre-mRNA, 
which were run in an adjacent lane and exposed prior to probing (data 
not shown). Note that Ul snRNPs migrate very heterogeneously under 
these conditions, giving rise to some background signal at the position 
of the commitment complexes. Ul snRNA was reproducibly detected 
in the commitment complexes under several conditions (data not 
shown). Hybridization of the same filters with a U2 probe, after removal 
of the Ul probe, confirmed that U2 snRNP is absent from the commit- 
ment complexes. In contrast, in a fully active extract, U2 snRNA was 
observed to be associated with the spliceosome complexes corre- 
sponding to the bands labeled SP in Figure 5 (data not shown). 

(Figure 5, lane 6). but they accumulate during incubation 
in the absence of added ATP (data not shown). 

It is important to note that these complexes were quanti- 
tatively chased by addition of Ul-depleted extracts, allowing 
the formation of more mature forms of spliceosomes (Fig- 
ure 5, lane 5; note that more mature spliceosomes are not 
as well resolved using these new gel conditions). This 
chase occurred even after the addition of an excess of 
cold pre-mRNA, demonstrating that the pre-mRNA pres- 
ent in these complexes is committed to the spliceosome 
assembly pathway (Figure 5, lane 4). All of these results 
are consistent with our functional analyses and indicate 

that we have identified the commitment complexes. Fur- 
ther analyses are required to determine if the two identi- 
fied complexes are isoforms of a single complex or if they 
represent two functionally distinct complexes. It is also 
possible that one represents a breakdown product of the 
other (due to, for example, the intrinsic instability of the 
commitment complex under native gel electrophoresis 
conditions). 

Commitment Complexes Contain Ul snRNA 
Because Ul snRNP is required for commitment complex 
formation, we tested for a stable association of Ul snRNA 
with the pre-mRNA in the commitment complexes by blot- 
ting a native gel and hybridizing with a Ul-specific probe. 
A hybridization signal was detected at the position of the 
commitment complexes (Figure 6, lane 2). These com- 
plexes were not detected if pre-mRNA was omitted from 
the reaction. Instead, a smear of Ul snRNP was observed 
under the gel conditions used for the identification of the 
commitment complexes (lane 1). This result suggests that 
Ul snRNP is an integral part of the commitment com- 
plexes. To the best of our knowledge, this is the first 
demonstration of the presence of Ul snRNA in a splicing- 
relevant complex by native gel blotting. Under most other 
electrophoresis conditions, Ul snRNA has been reported 
absent from splicing complexes (Konarska and Sharp, 
1966; Cheng and Abelson, 1987; Lamond et al., 1988). On-  
ly Zillmann et al. (1988) reported immunoprecipitation of 
gel-fractionated complexes using anti-Ul-RNP antibodies, 
suggesting that under their conditions, some Ul snRNP 
protein may remain associated with a fraction of gel- 
derived spliceosomes. Further analyses are required to 
determine if Ul snRNA also remains associated with more 
mature forms of spliceosome when these new gel elec- 
trophoresis conditions are employed. 

Discussion 

To distinguish between the roles of Ul and U2 snRNPs in 
the early steps of spliceosome assembly, we have devel- 
oped a new procedure for preparing snRNP-depleted ex- 
tracts. Compared with extracts conventionally depleted in 
vitro by oligonucleotide-directed RNAase H cleavage of 
snRNA, these in vivo depleted extracts offer several sig- 
nificant advantages: the depletion is highly effective (im- 
portant for snRNAs like Ul that are difficult to inactivate 
efficiently with RNAase H); extract preincubation is not re- 
quired; the entire snRNA is missing; and efficient com- 
plementation between various depleted extracts can be 
easily carried out. In principle, this in vivo strategy should 
be applicable to the in vitro analysis of other proteins or 
snRNAs involved in splicing, or to the in vitro analysis of 
other processes for which cloned genes are available. 

Our  previous results indicated that Ul in addition to U2 
snRNP is required for spliceosome assembly in vitro 
(Legrain et al., 1988; Seraphin et al., 1988). We also 
showed that, in the absence of functional U2 snRNP, the 
addition of pre-mRNA to an otherwise competent yeast 
splicing extract resulted in the formation of a stable com- 
plex committed to the splicing pathway (Legrain et al., 
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Figure 7. A Model for the Early Seps of Spliceosome Assembly 

Binding of Ul snRNP to the pre-mRNA occurs first and in the absence 
of U2 snRNP and ATP Interactions at the 5’ splice site are mediated 
by pairing between Ul snRNA and the 5’splice site (Mount et al., 1983; 
Zhuang and Weiner, 1988; Seraphin et al., 1988; Siliciano and Guthrie, 
1988). Interactions at the branchpoint region may be mediated directly 
by Ul snRNA, a protein of Ul snRNP, or a branchpoint binding pro- 
tein probably also interacting with Ul snRNP (X). In the presence of 
ATP, U2 snRNP binds to this commitment complex, forming the 
prespliceosome. U2 snRNP remains associated with all subsequent 
forms of the spliceosome; its absence from the commitment complex 
and its presence in the spliceosomes are the diagnostic distinction be- 
tween the commitment complex (CC) and the subsequent spliceo- 
some complexes (SP). BP, branchpoint sequence; 5’ S.S, 5’ splice 
site; 3’ S.S., 3’ splice site; Py, polypyrimidine stretch. 

1988). These conclusions are confirmed by the results 
presented in this report. 

More important, our functional assays for spliceosome 
assembly and splicing, in conjunction with the in vivo 
depleted extracts, show that Ul snRNP interacts with pre- 
mRNA in the absence of U2 snRNP to commit the pre- 
mRNA to the splicing pathway. In striking contrast, U2 
snRNP is unable to form a complex with the pre-mRNA in 
the absence of Ul snRNf? We conclude that the interac- 
tions of Ul and U2 snRNPs with the pre-mRNA substrate 
are not both independent, indicating that they probably 
constitute an ordered process. We do not know if other 
factors in addition to Ul snRNP are necessary for forma- 
tion of this commitment complex (CC, Figure 7), although 

we note that little or no ATP is required (data not shown); 
see also Legrain et al., 1988). 

Modification of native gel electrophoresis conditions 
has allowed the detection of two novel bands with the ex- 
pected properties for this commitment complex (Figure 5). 
They are the major complexes that form in UP-depleted 
extracts, and they fail to form in Ul-depleted extracts. They 
are also the most prominent bands that form in a com- 
plete, fully functional extract upon incubation in the ab- 
sence of added ATP (data not shown). They contain Ul 
snRNP (Figure 6), indicating that the Ul snRNP require- 
ment for pre-mRNA commitment to the splicing pathway 
almost certainly reflects the formation of a stable Ul 
snRNP-pre-mRNA complex. 

Finally, the availability of separate and complementing 
Ul- and U2-containing extracts has allowed a gel chase 
experiment (Figure 5, lanes 3 and 4). The data show that 
these Ul-containing complexes proceed through the 
splicing pathway upon the addition of U2 snRNP-con- 
taining extracts. To the best of our knowledge, this is the 
first report of a successful spliceosome assembly chase 
experiment, in which visible early complexes have been 
“chased” into more mature splicing complexes, thereby in- 
dicating a precursor-product relationship. A similar ap- 
proach has recently been taken by Buratowski et al. (1989) 
to study the stepwise assembly of transcription com- 
plexes. 

Taken together with the results of our functional (but in- 
direct) assay for commitment complex formation, these 
experiments indicate that we have identified, by native gel 
electrophoresis, the formally defined “commitment com- 
plexes” and that we are observing functional Ul snRNP- 
pre-mRNA complexes. It also provides strong evidence 
that spliceosome formation is characterized, at least in 
part, by the ordered assembly of snRNPs with the pre- 
mRNA, as originally proposed (Konarska and Sharp, 
1986; Pikielny et al., 1986; for review, see Maniatis and 
Reed, 1987). 

Affinity chromatography experiments in both yeast and 
mammalian systems (Bindereif and Green, 1987; Kretz- 
ner et al., 1987; Ruby and Abelson, 1988) have shown that 
pre-mRNA binds more rapidly (and in an ATP-indepen- 
dent manner) to Ul snRNP than to U2 snRNP While this 
work was in progress, Ruby and Abelson (1988) further 
showed that Ul snRNP binding was dependent on the 
presence of a proper branchpoint sequence and was in- 
dependent of the presence of complete, functional U2 
snRNP Although the Ul-containing complexes identified 
by affinity chromatography have not been shown to be 
related to spliceosome assembly or splicing, all of these 
results are entirely consistent with our identification and 
characterization of functional commitment complexes 
containing Ul snRNA. We note, however, that the experi- 
ments presented in this and our previous report (Legrain 
et al., 1988) do not directly address the relationship be- 
tween the TACTAAC box and Ul snRNP binding; indeed, 
the first step depicted in Figure 7 (commitment complex 
formation) may consist of two or more steps of undeter- 
mined order and requirements. 

Previous in vivo experiments have shown that pairing 
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between Ul snRNA and a 5’ splice site is important for 
splicing, both in metazoa (Zhuang and Weiner, 1986) and 
in yeast (Seraphin et al., 1988; Siliciano and Guthrie, 
1988). In vitro experiments further showed that this pairing 
is required at an early stage of yeast spliceosome assem- 
bly (Seraphin et al., 1988). The competition experiments 
shown here indicate that the E/splice junction requirement 
for stable commitment complex formation is due at least 
in part to this pairing event (Figure 4, lanes 5-8). More sur- 
prising is the branchpoint requirement for optimal commit- 
ment complex formation. Since U2 snRNA is not required 
for this event, we suggest that U2 snRNA-branchpoint 
base pairing (Parker et al., 1987) occurs subsequent to 
commitment complex formation and subsequent to Ul 
snRNA-Ysplice junction base pairing (Figure 7). Another 
factor(s) must therefore mediate initial recognition of the 
branchpoint region. This factor could be Ul snRNP itself; 
indeed it has been suggested that in mammalian in vitro 
systems Ul snRNP binds to the 3’splice site-branchpoint 
sequences (Zillmann et al., 1987; Tatei et al., 1987). Alterna- 
tively or in addition, Ul snRNP may interact with proteins 
that independently recognize the branchpoint-3’ splice 
site region (Krainer and Maniatis, 1985; Gerke and Steitz, 
1986; Choi et al., 1986; Tazi et al., 1986; Kramer, 1988; 
Ruskin et al., 1988). Factors of this nature have not yet 
been identified in yeast systems. 

It is important to note that, in mammalian systems, sta- 
ble U2 snRNP-containing complexes can form on pre- 
mRNA substrates that lack a 5’splice junction (Frendewey 
and Keller, 1985; Konarskaand Sharp, 1986; Bindereif and 
Green, 1987; Lamond et al., 1987). Hence, the pathway 
presented here may not apply to mammalian spliceosome 
assembly. However,  we also note that it has not been 
shown that the UPcontaining complexes that form in the 
absence of a functional 5’ splice junction (or in the ab- 
sence of functional Ul snRNP) reflect true intermediates 
in the splicing pathway. In contrast, it has been shown in 
mammalian systems that 5’splice site sequences (Lamond 
et al., 1987), and possibly Ul snRNP (Zillmann et al., 
1987; Kramer, 1988), are required for rapid and efficient 
spliceosome assembly in the context of a complete, fully 
functional substrate. It has also been reported that 
metazoan Ul binds to 3’ splice site-branchpoint se- 
quences (Zillman et al., 1987; Tatei, 1987). 

These considerations suggest that the early events of 
functional mammalian spliceosome assembly may be 
similar to the pathway that we describe here for yeast (Fig- 
ure 7). Because metazoan branchpoint sequences are 
poorly conserved, we imagine that mammalian commit- 
ment factors will also (or only) recognize the highly con- 
served polypyrimidine stretch close to the branchpoint se- 
quence (Ohshima and Gotoh, 1987), consistent with the 
important role of the polypyrimidine stretch in metazoan 
spliceosome assembly (Frendeway and Keller, 1985; 
Grabowski et al., 1985; Konarska and Sharp, 1986; Bin- 
dereif and Green, 1987). Thus the strong similarity ob- 
served between the late steps of spliceosome assembly 
in yeast and mammalian systems (Pikielny et al., 1986; 
Konarska and Sharp, 1986; Cheng and Abelson, 1987; La- 

mond et al., 1988) may be extended to the early steps of 
commitment complex formation. 

The early assembly events described in this report are 
based entirely on in vitro experiments. It is possible that 
they do not accurately reflect the in vivo situation, as 
differential recoveries of the multiple activities required for 
early complex formation could bias the observed order of 
events. Initial in vivo attempts to address the problem of 
pre-mRNA commitment to the splicing pathway have un- 
covered some similarities, however. Both a 5’ splice site 
and a branchpoint sequence are required; furthermore, 
the absence of a proper 5’ splice site-U1 snRNA interac- 
tion reduces pre-mRNA commitment to the splicing path- 
way (Legrain and Rosbash, 1989). Also, in vivo analysis 
of combinations of Ul snRNA and branchpoint muta- 
tions suggest that Ul snRNA-8 splice site pairing and 
branchpoint recognition act at the same rate-limiting step 
(Seraphin and Rosbash, 1989). These data are consistent 
with the in vitro analysis presented here. 

Our  results show that c&acting intron sequences inter- 
act very early in spliceosome assembly. Because the 
yeast 3’ splice site may be chosen as the first AG down- 
stream of the TACTAAC box (Langford et al., 1984), our 
data suggest that the selection of splice site partners, e.g., 
5’and 3’splice sites that are determined to be cleaved and 
ligated together, may occur at a very early step in the 
spliceosome assembly process. This concept has impor- 
tant implications for the mechanism of alternative splicing 
as well as for the identification of the Vans-acting factors 
involved in splice site recognition 

Experimental Procedures 

Strain Constructions 
Plasmid pBS88 is identical to piasmid pBS46 (wild-type Ul gene in 
pJHl61 backbone; Seraphin et al.. 1988) but contains an Ncol-Xhol 
fragment encompassing the GAL10 regulatory element from piasmid 
pLGSD5 (Guarente et al., 1982) inserted between Ncol and Ddel sites 
present upstream of the Ul snRNA coding sequence. pBS88 was intro- 
duced by transformation (Ito el al., 1983) into the yeast strain BS-Y20 
(a /eu2-3 /eu2-772 u&-52 trpl-289 erg4 ad82 snrlS::LEUUP ~23) (Sera- 
phin et al., 1988). Then a mitotic segregant BW82, having lost the ~23 
piasmid that contained the wild-type Ul gene, was recovered. Plasmid 
PBS129 is identical to pBS88 except that a Dral-Smal fragment con- 
taining the Ul coding sequences and part of the vector has been 
replaced by a Drai-Smai fragment encompassing the U2 snRNA cod- 
ing sequence and 3’ flanking region (Ares, 1986). 

Plasmid pBSlO0, containing a disrupted copy of the U2 gene, was 
constructed by inserting a blunt-ended Hindiii fragment carrying the 
WA3 gene between the blunt-ended Clal sites of piasmid pT7I-UP. 
thereby deleting part of the U2 promoter and coding sequences. 
pBSlO0 cu1 with Sall and EcoRi was cotransformed with PBS129 into 
strain MGD353-13D (Seraphin et al., 1988), producing strain BS-Y88 (a 
/eu2-3 leu2-712 ura3-52 trpl-289 arg4 ad82 snr2O::UhW pBSl29), con- 
taining a disrupted copy of the chromosomal U2 gene and the GAL-U2 
hybrid gene. For growth curve analyses, cultures of BS-Y82 (GAL-Ul), 
BS-Y88 (GAL-UZ), and, as a control strain, BS-Y48 (Seraphin et al., 
1988) (isogenic to BSY82 but with a wild-type Ul instead of GAL-Ul) 
in 3% galactose, 1% sucrose (OD, 1.5-3.0) were centrifuged and 
the cells resuspended in rich medium containing 4% glucose (time 0). 
Every 2 hr the ODsoo of the culture was taken, and the concentration 
of the ceils in the culture was adjusted to remain between ODBoo 1.0 
and 3.0. 

Extract Preparation and Characterization 
For quick and reproducible extract preparation, ceils were grown for 
16 hr in 20 ml of the indicated medium to a final concentration of 
6.0-16.0 OD&ml. A volume corresponding to a total of 80-200 ODBoo 
(~15 ml) was centrifuged at 3000 x g for 5 min. Cells were washed 
once with water and once with cold buffer A (Newman et al., 1985). and 
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resuspended in 1 ml of buffer A. Glass beads (~0.75 ml) were added 
and the cells were broken by vortexing three times for 30 set, with a 
30 set rest on ice after each vortexing. After centrifugation at 3000 x 
g for 5 min, the supernatant was transferred to an Eppendorf tube and 
0.1 vol of cold 2 M  KCI was added. After mixing by inversion, the tube 
was centrifuged for 2 min at 4OC. The supernatant was transferred to 
a new tube and centrifuged for 20 min at 105,000 x g in a Beckman 
TLA 100.2 rotor. The supernatant was dialyzed for 1 hr against buffer 
Cl (pH 7.9) (Newman et al., 1965) and stored at -7oOC. 

Native gel analysis using the A2 substrate has been described (Pik- 
ielny et al., 1966); we used either 2 nl of extract and 2 pl of dialysis 
buffer per 10 pl reaction, or 2 nl of each of the indicated extracts. 
Primer extension (Seraphin et al., 1988) was done using primer DT86 
(U2), S-GAACAGACACTACACTTG-3’, or primer DT168 (Ul), S-CAG- 
TAGGACTTCTTGATC-3’, and extract-derived RNAs. For the snRNP 
analysis, a native gel (Pikielny et al., 1986) was run using Xenopus 
poly(A)-RNA (a kind gift of Joel Richter) as competitor. The gel was 
electroblotted to Biotrans (ICN) for 3.5 hr at 32 V in 0.5x TBE (1 x TBE 
= 100 mM Tris, 100 mM boric acid, 4 mM EDTA). The membrane was 

then UV-treated, baked, prehybridized, and hybridized (Legrain et al., 
1988). Random primer-labeled Ul and U2 probes were used (Kretzner 
et al., 1967). 

Commitment Reactions 
A typical reaction was started by adding 2 nl of the commitment extract 
(extract 1) to 6 pl of a solution of salts, ATR and labeled pm-mRNA 
(Newman et al., 1965). After 10 min at 25oC, 1 nl of cold pm-mRNA (56 
fold molar excess) or water was added. After 30 set, 2 nl of the chase 
extract (extract 2) was added and incubation was continued for 10 min 
for spliceosome assembly or 20 min for a splicing assay. Reactions 
were stopped and analyzed as described previously (Pikielny et al., 
1986). 

Qel Electrophotesis of Commitment Complexes 
Vertical gels (200 x 160 x 1.2 mm) contained 3% acrylamide (6O:l 
acrylamide:bisacrylamide), 0.5% agarose, and 05x or 1 x TBE. For 
some experiments glycerol was added to the gel to a final concentra- 
tion of 5%. Splicing reactions (10 nl) were slopped by addition of ice- 
cold R buffer (10 pl) and total yeast RNA (1 nl, IO mg/ml). R buffer con- 
tained 2 mM (MgOAc)p and 50 mM HEPES-Na+ (pH 75). After a 10 
min incubation on ice, 5 )II of loading buffer (Pikienly et al., 1986) was 
added. Samples (5-15 nl) were loaded and electrophoresed in the cold 
room at 80 V for 12-15 hr. Gels were dried and autoradiographed or, 
alternatively, blotted and probed as described above. 
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