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Assembly of specific SR protein 
complexes on distinct regulatory 
elements of the Drosophila doublesex 
splicing enhancer 
Kristen W. Lynch and T o m  Maniat is  

Department of Molecular and Cellular Biology, Harvard University, Cambridge, Massachusetts 02138 USA 

The Drosophila doublesex female-specific splicing enhancer consists of two classes of regulatory elements, six 
13-nucleotide repeat sequences, and a single purine-rich element (PRE). Here, we show that the Drosophila 
regulatory proteins Transformer (Tra) and Transformer 2 (Tra2) recruit different members of the SR family of 
splicing factors to the repeats and the PRE. The complexes formed on the repeats in HeLa cell extract consist 
of Tra, Tra2, and the SR protein 9G8. In Drosophila Kc cell extract, Tra and Tra2 recruit the SR protein RBP1 
to the repeats. These proteins are arranged in a specific order on the repeats, with the SR protein at the 5' end 
of each repeat, and Tra2 at each 3' end. Although Tra did not cross-link strongly to the repeats, its presence 
was essential for the binding of Tra2 to the 3' end of the repeat. Individual SR proteins were also recruited to 
the PRE by Tra and Tra2, but in this case they were SF2/ASF and dSRp30 in HeLa and Drosophila cell 
extracts, respectively. The binding of Tra2, Tra, and the specific SR proteins to the repeats or the PRE was 
highly cooperative within each complex. Thus, Tra2, which contains a single RNA binding domain, can 
recognize distinct sequences in the repeats and the PRE in conjunction with specific SR proteins. These 
observations show that the protein composition of each complex is determined by the RNA recognition 
sequence and specific interactions between SR proteins and Tra and Tra2. 

[Key Words: Alternative splicing; doublesex; sex determination; SR proteins; transformer proteins; 
site-specific crosslinking] 
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The female-specific alternative splicing of Drosophila 
doublesex (dsx) pre-mRNA is a well-characterized exam- 
ple of positive control of regulated alternative splicing 
(for review, see Baker 1989; Steinmann-Zwicky et al. 
1990; Maniatis 1991; Rio 1992). The third intron of dsx 
pre-mRNA contains a nonconsensus 3' splice site that is 
not recognized by the splicing machinery in males (Fig. 
1A). Thus, in males the common exons 1-3 are joined 
directly to the male-specific exons 5-6. The resulting 
mRNA encodes a transcriptional regulatory protein re- 
quired for male sexual differentiation. In contrast, in fe- 
males the weak 3' splice site is recognized, resulting in 
the joining of the common exons 1-3 to the female-spe- 
cific exon 4. Polyadenylation of this RNA at the end of 
exon 4 results in an mRNA that encodes a transcrip- 
tional regulatory protein required for female sexual dif- 
ferentiation (see Fig. 1A; Burtis and Baker 1989; Coschi- 
gano and Wensink 1993). 

The female-specific activation of the weak 3' splice 
site requires the proteins Transformer (Tra) and Trans- 
former 2 (Tra2)(McKeown et al. 1988; Nagoshi et al. 
1988; Nagoshi and Baker 1990), and a cis-acting regula- 
tory sequence designated the dsx repeat element (dsxRE) 
(Burtis and Baker 1989; Hedley and Maniatis 1991; 

Hoshijima et al. 1991; Ryner and Baker 1991; Tian and 
Maniatis 1992). Tra is expressed only in females, 
whereas Tra2 is expressed in both males and females. 
The dsxRE consists of six 13-nucleotide repeat se- 
quences (Burtis and Baker 1989; Nagoshi and Baker 1990) 
and a purine-rich element (PRE), both of which are re- 
quired for efficient use of the female-specific 3' splice 
site in vitro (Lynch and Maniatis 1995). The dsxRE is 
capable of activating weak heterologous 3' splice sites in 
the presence of Tra and Tra2 and, therefore, is a regulated 
splicing enhancer (Tian and Maniatis 1992). 

Previous studies demonstrated that Tra and Tra2 as- 
sociate with the dsxRE as part of a multiprotein en- 
hancer complex (dsxEC), which includes members of the 
SR protein family of general splicing factors (Tian and 
Maniatis 1992, 1993). The functional significance of this 
complex formation was demonstrated by showing that 
Tra, Tra2, and SR proteins are sufficient to commit dsx 
pre-mRNA to the splicing pathway in vitro (Tian and 
Maniatis 1993). A feature shared by all three proteins is 
the presence of one or more serine-arginine (SR)-rich do- 
mains, which are involved in protein-protein interac- 
tions and subnuclear localization (Ge et al. 1991; Krainer 
et al. 1991; Fu and Maniatis 1992; Zahler et al. 1992; Wu 
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Figure 1. Identification of proteins that cross-link to the dsxRE 
under splicing conditions. (A) Schematic of the dsx pre-mRNA, 
showing the male and female splicing patterns. Open boxes rep- 
resent exons; lines represent introns. The dsxRE, located within 
the fourth exon, is shown in detail below the pre-mRNA. 
Within the dsxRE {shaded box) are labeled the six repeat se- 
quences and the PRE. Also shown is the minigene construct 
used in splicing assays. This RNA contains only the third exon 
and intron, and the fourth exon inclusive of repeats 1-5 and the 
PRE. (B) Cross-linking of proteins to the dsxRE, in both HeLa 
and Kc nuclear extracts (NE). Approximate molecular masses 
are shown under "kD." Reactions labeled +Tra/Tra2 contain 
60 ng each of Tra and Tra2. The identified proteins correspond 
to those that are Tra/Tra2- and dsxRE-dependent. These pro- 
teins are identified in the text. 

and Maniat is  1993; Amrein  et al. 1994; Kohtz et al. 1994; 
Hedley et al. 1995; for review, see Fu 1995). In particular, 
it has been shown that the SR domains wi th in  Tra, Tra2, 
and SR proteins mediate  interactions between these fac- 
tors (Wu and Maniat is  1993; Amrein  et al. 1994). In 
addition, Tra2 and SR proteins, but not Tra, contain 
a r ibonucleoprotein (RNP)-type RNA-binding domain 
(Boggs et al. 1987; Amre in  et al. 1988; for review, see Fu 
1995). Thus, the complex formed on the dsxRE involves 
both protein-protein and prote in-RNA interactions. 

Studies wi th  recombinant  proteins and wi th  HeLa cell 
nuclear  extract have shown that Tra and Tra2 bind co- 

operatively, wi th  each other and wi th  SR proteins, to the 
dsxRE (Tian and Maniatis  1993, 1994; Lynch and Mani- 
atis 1995). Furthermore, the specificity of the interaction 
of each of these proteins wi th  the dsxRE is increased 
dramatically when  the proteins are bound in combina- 
tion rather than in isolation (Lynch and Maniat is  1995). 
Both the repeat sequences and the PRE have been impli- 
cated as potential protein-binding sites wi th in  the dsxRE 
based on in vitro binding studies wi th  purified recombi- 
nant  proteins. In addition, funct ional  data indicate that 
SR proteins may weakly associate wi th  these sequence 
motifs even in the absence of Tra and Tra2 (Tian and 
Maniatis  1994; Lynch and Maniat is  1995; Zuo and Ma- 
niatis 1996). However, these studies do not address the 
critical question of where individual  components  of the 
dsxEC bind wi th in  the dsxRE. Furthermore, although 
the purification of the dsxRE showed that SR proteins 
are the primary components of the dsxEC along wi th  Tra 
and Tra2 (Tian and Maniat is  1993), the identif ication of 
which SR proteins are bound opt imal ly  wi th in  the 
dsxEC in either human  or Drosophila extracts has not 
been determined. 

To address the question of which  proteins are bound to 
the dsxRE as part of the native Tra- and Tra2-dependent 
dsxEC, and to map the sites where these proteins inter- 
act with the dsxRE, we carried out UV cross-linking ex- 
periments of enhancer complexes bound to dsxRE RNA. 
Using both HeLa and Kc cell nuclear extracts, we find 
that distinct complexes consisting of a specific SR pro- 
tein, Tra, and Tra2 assemble on each repeat sequence 
and the PRE in a highly cooperative manner.  Remark- 
ably, Tra2 binds specifically to both types of regulatory 
elements,  indicating that the RNA-binding specificity of 
a protein can be determined by a combinat ion  of pro- 
tein-protein and pro te in-RNA interactions. 

R e s u l t s  

Identification of SR proteins that are recruited to the 
dsxRE by Tra and Tra2 

Previous studies demonstrated that Tra, Tra2, and a sub- 
set of SR proteins are sufficient to commi t  dsx pre- 
m R N A  to the female-specific splicing pathway in vitro 
(Tian and Maniatis  1993). Although several different SR 
proteins can function in this c o m m i t m e n t  assay, it is 
possible that particular SR proteins are used preferen- 
tially for dsx enhancer-dependent splicing. To address 
this possibility we carried out UV cross-linking experi- 
ments  with the dsxRE assembled in nuclear extracts un- 
der conditions s imilar  to those used for splicing. The 
RNA used in the cross-linking experiments  contains the 
enhancer, but not the intron, to identify only those pro- 
teins that bind directly to the dsxRE. Cross-linking as- 
says were carried out by incubat ing the dsxRE in nuclear 
extracts, in the presence or absence of Tra and Tra2. The 
binding reactions also contained excess tRNA and a 
small  amount  of BSA to l imi t  nonspecific pro te in-RNA 
and protein-protein interactions (see Materials and 
methods). After binding reached equi l ibr ium (by 20 min;  
data not shown) proteins were cross-linked to the RNA 
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by irradiation wi th  UV light. The RNA was then di- 
gested wi th  RNases, such that only proteins that cross- 
l inked at or near a labeled phosphate were l inked co- 
valently to a radiolabeled nucleotide. These labeled pro- 
teins were then separated on an SDS-PAGE gel and 
visualized by autoradiography. 

The cross-linking experiments were carried out with 
nuclear extracts from both h u m a n  HeLa cells and Droso- 
phila Kc cells. The HeLa cell extract allows a direct cor- 
relation between cross-linking and splicing activity (see 
Fig. 4E, below). The Kc extract, although inactive for 
splicing, identifies the Drosophila proteins that interact 
specifically wi th  the dsxRE. The results of the cross- 
l inking assay using uniformly labeled dsxRE RNA are 
shown in Figure lB. In the absence of Tra and Tra2 only 
a few slow-migrating proteins appear to cross-link sig- 
nif icant ly  to the RNA in HeLa cell extract. The cross- 
l inking of these proteins to RNA is not dependent on the 
presence of dsxRE sequences (data not shown). Further- 
more, the amount  of cross-linking of these proteins fre- 
quently decreases in the presence of Tra and Tra2 (see 
Figs. 2A and 3A). Thus, the bands observed in the ab- 
sence of Tra and Tra2 represent nonspecific protein-  
RNA interactions, which  l ikely correspond to hnRNP 
proteins (Bennett et al. 1992). We also note that the Kc 
extract appears to contain low levels of endogenous 
Tra2; however, no endogenous Tra is detected (Fig. 1B). 

In contrast, a number  of additional proteins cross-link 
to the dsxRE in the presence of Tra and Tra2 (Fig. 1B), 
and this cross-linking requires the dsxRE (data not 
shown). Consistent  wi th  previous studies (Tian and Ma- 

Composition of a splicing enhancer complex 

niatis 1993), all of these proteins are members  of the SR 
protein family. 9G8 and SF2/ASF (which comigrate in 
these experiments), SC35, hSRp20, B52/dSRp55, Tra, 
and Tra2 were all identified based on comigration wi th  
recombinant  proteins, or comigration wi th  bands de- 
tected by Western blot analysis using antibodies against 
these proteins, or both (data not shown). Cross-linked 
recombinant  proteins migrate exactly wi th  the cross- 
l inked proteins from the extract, whereas Western blots 
done on cross-linked samples detect both a cross-linked 
and an uncross-linked population of protein. RBP1 as 
well  as SF2/ASF and Tra2 were identif ied based on im- 
munoprecipi tat ion of the cross-linked protein wi th  spe- 
cific antibodies (data not shown; see Fig. 5C, below). The 
identi ty of the 35-kD protein in Kc extract (dSRp30) 
could not be confirmed because no SR proteins of this 
molecular  mass have been cloned from Drosophila. 
However, purification of total SR proteins from Droso- 
phila does reveal the presence of a protein wi th  molec- 
ular mass of - 3 5  kD (Roth et al. 1991). Because the pro- 
tein we detect at 35 kD in Kc extract binds to the dsxRE 
with specificity similar  to that of SF2/ASF (see Fig. 5A, B, 
below), it is l ikely to be dSRp30, and we wil l  refer to it as 
such here. 

Tra and Tra2 form a specific complex with 9G8 or 
RBP1 on the repeat sequences 

The cross-linking experiments  carried out wi th  uni- 
formly labeled RNA identify all of the proteins that in- 
teract with the dsxRE in a Tra- and Tra2-dependent man- 
ner, but they do not show where these proteins interact 
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Figure 2. Site-specific cross-linking of pro- 
teins to repeat 4 in the context of the intact 
dsxRE. (A) Cross-linking of proteins in 
HeLa and Kc nuclear extracts to single la- 
bels within repeat 4. Single labels within 
the repeat 4 sequence are designated *, po- 
sitioned above the lanes to which they cor- 
respond. (B) Cross-linking of proteins in 
HeLa extract to 5' half (UCU*UCAAUCA- 
ACA), middle (UCUUCA*AUCAACA), or 
3' half (UCUUCAAUCA*ACA) of repeat 4 
with addition of Tra alone, Tra2 alone, or 
Tra and Tra2 as indicated. 
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Figure 3. Site-specific cross-linking of proteins to repeat 5 in 
the context of the intact dsxRE. (A) Cross-linking of proteins in 
HeLa and Kc nuclear extracts to single labels within repeat 5. 
Locations of single labels are designated as in Fig. 2A. (B) Cross- 
linking of proteins in Kc cell extract to the 5' half {UCA'AC - 
AAUCAACA) of repeat 5 with addition of Tra alone, Tra2 alone, 
or Tra and Tra2. 

along the dsxRE. Therefore, we carried out UV cross- 
l inking studies wi th  dsxRE RNA containing a single- 
labeled phosphate at a specific position wi th in  the repeat 
e lement  using the site-specific labeling procedure of 
Moore and Sharp (1992) (see Materials and methods for 
details). 

The dsxRE repeats 1, 2, and 4 are identical, whereas 
repeats 3, 5, and 6 differ from this consensus sequence by 
1, 2, and 3 nucleotides, respectively. Therefore, we first 
introduced labeled phosphates in the 5' half, the 3' half, 
and the middle  of repeat 4 to identify proteins that cross- 
l ink to a consensus repeat. These single labels were 
placed wi th in  the full dsxRE RNA, so that we could 
assay for binding to specific sites wi th in  the fully assem- 
bled dsxEC. As shown in Figure 2A, in HeLa cell extract 
a 30-kD protein, which  we identified as 9G8 (Fig. 4), 
specifically cross-linked to the 5' end of the repeat, 
whereas Tra2 cross-linked to the 3' end of the repeat. In 
Kc extract Tra2 also cross-linked to the 3' half of the 

repeat, whereas RBP1 cross-linked to the 5' half. We did 
not detect SR proteins at the 3' half of the repeat nor 
significant amounts  of Tra2 at the 5' half; however, 
when the single label is placed in the middle  of the re- 
peat it cross-links wi th  intermediate  in tensi ty  to the pro- 
teins bound at either end. In addition, very weak cross- 
l inking of Tra to the middle  of the repeat was detected in 
the HeLa cell extract. We also note that many  proteins 
appear to cross-link to the middle  of the repeat in the Kc 
extract, but they are observed in both the absence and 
the presence of Tra and Tra2. Because none of these 
bands correspond to proteins that specifically cross-link 
as part of the dsxEC (Fig. 1B), they l ikely represent non- 
specific binding. 

To determine the relative roles of Tra and Tra2 in pro- 
moting specific p ro te in-RNA interactions in the dsxRE, 
we repeated the cross-linking experiments  in the pres- 
ence of only Tra or Tra2. The addition of Tra2 to HeLa 
nuclear extract was sufficient to induce the cross-linking 
of 9G8 to the 5' half of repeat 4, and the further addition 
of Tra did not affect the strength of this interaction (Fig. 
2B). Likewise, Tra2 alone is necessary and sufficient for 
the cross-linking of 9G8 and Tra2 to the middle of the 
repeat. Surprisingly, however, the binding of Tra2 to the 
3' half of repeat 4 is almost  entirely dependent on the 
presence of Tra (Fig. 2B), as well  as the presence of 9G8 
(data not shown). This  involvement  of Tra in the recog- 
ni t ion of the repeat is consistent wi th  the weak associ- 
ation of Tra to the middle of the repeat (see Discussion). 
Similar results were obtained when  Tra and Tra2 were 
added separately to Drosophila Kc cell extract (data not 
shown). 

Next, we placed site-specific labels in repeat 5 to de- 
termine whether  its sequence deviation from consensus 
alters the pattern of protein cross-linking. The 5' half of 
repeat 5 contains two adenine residues in place of the 
two uracils in the consensus repeat sequence (cf. Fig. 2A 
and 3A). One effect of these changes is that the resulting 
repeat 5 sequence consists of two direct repeats of the 
sequence UCAACA separated by a single adenine. If the 
RNA sequence is the primary determinant  of binding, 
then it is l ikely that wi th in  the complex binding to re- 
peat 5 a Tra2 molecule would associate wi th  each half of 
this repeat, as Tra2 recognizes the 3' UCAACA sequence 
in repeat 4. 

Contrary to that prediction, however, when  a single 
label is placed between the two adenines in the 5' half of 
repeat 5, the predominant  cross-linked species is again 
9G8 in HeLa extract and RBP1 in Kc extract (Fig. 3A). 
There is weak association of Tra2 wi th  this site in both 
extracts. However, because this association does not in- 
crease in Kc extract upon the formation of the dsxEC ( + 
Tra and Tra2; Fig. 3A), most  l ikely Tra2 does not interact 
specifically wi th  the 5' half of repeat 5 wi th in  the dsxEC 
but rather associates weakly to that site when  the dsxEC 
has not formed (see also Fig. 4B). Tra2 does, however, 
cross-link strongly to the 3' half of repeat 5. Thus, de- 
spite the sequence variations between repeat 4 and re- 
peat 5, both repeats associate wi th  the same proteins in 
the same spatial arrangement. Therefore, repeat 5 may  
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Figure 4. 9G8 specifically cross-links to the 5' half of repeat sequences and is critical for the function of the dsxEC. (A) Cross-linking 
of purified recombinant SC35, 9G8, and SF2/ASF in the presence and absence of Tra and Tra2 to the 5' half of repeat 4 
(UCU*UCAAUCAACA). No nuclear extract was present in this experiment. Units of SR proteins are given in microliters. All SR 
proteins used are present at a concentration of -100 ng/~l. (B) Cross-linking as in A but to the 5' half of repeat 5 (UCA*ACAAU- 
CAACA). (C) Splicing of [3-globin pre-mRNA in S 100 extract complemented with SC35, 9G8 or SF2/ASF. Units of SR proteins are as 
described in A. Correctly spliced product is labeled as mRNA. (D) Splicing of the dsx construct D1 [Tian and Maniatis 1992), which 
contains repeats 1-5 and the PRE, in S100 extract supplemented with SC35, 9G8, and SF2/ASF in the presence or absence of Tra and 
Tra2. Correctly spliced product is labeled as mRNA. In reactions that do not splice, a background band migrates just below where the 
mRNA migrates. (E) dsx commitment complex assay as described in Tian and Maniatis (1993). D1 pre-mRNA is incubated for 1 hr 
with Tra and Tra2 either alone ( - ) or in the presence of SC35, 9G8, or SF2/ASF as indicated. Nuclear extract is then added with a 
150-fold excess of dsxRE-specific competitor. Only those reactions in which a stable complex formed on the dsx pre-mRNA during the 
preincubation are chased into spliced product. 

represent  a subop t ima l  repeat  sequence. Cons i s ten t  w i th  
th is  poss ib i l i ty  is the  observat ion  tha t  a l though  cross- 
l ink ing  of bo th  9G8 and RBP1 to the 5' half  of repeat  4 
requires on ly  Tra2, as does the associa t ion  of 9G8 wi th  
the 5' half  of repeat  5, op t ima l  b inding of RBP 1 to the 5' 
half  of repeat  5 requires Tra as wel l  as Tra2 (Fig. 3B). 
Thus,  the changes of uraci l  to adenine  w i th in  the 5' half  
of repeat  5 appear to decrease the abi l i ty  of RBP1 to bind 
to th is  site, such  tha t  in te rac t ions  w i th  both  Tra and 
Tra2, ins tead  of w i t h  Tra2 alone, are required to facili- 
ta te  the b inding  of RBP1 to repeat 5. 

The association of 9G8 with the repeat sequences is 
functionally significant 

The  b ind ing  of RBP1 to the  repeats in  Kc extract  was 

ident i f ied on the  basis of mig ra t ion  of the  cross- l inked 
species and conf i rmed by i m m u n o p r e c i p i t a t i o n  of RBP1 
cross- l inked to the 5' half  of repeat  4 (data no t  shown). In 
contrast ,  in HeLa extract  the  molecu la r  mass  of the pro- 
tein(s) tha t  cross- l inked to repeats 4 and 5 was insuffi- 
c ient  to ident i fy  wh ich  of the  hSRp30 pro te ins  was bind- 
ing. The  migra t ion  suggested tha t  the  major  c o m p o n e n t  
was ei ther  9G8 or SF2/ASF, whereas  SC35 bound  only  
very weakly  to this  site (cf. Figs. 2A and 1B). 

To de te rmine  conc lus ive ly  w h i c h  hSRp30, if any, was 
b inding cooperat ively  w i th  Tra and Tra2 to the repeat 
sequences, we cross- l inked single-labeled RNA in the 
presence of Tra, Tra2, and purif ied r e c o m b i n a n t  SC35, 
9G8 [a gift f rom J. Stevenin,  Cent re  Na t i ona l  de la Re- 
cherche Scient if ique (CNRS), Strasbourg, France], or 
SF2/ASF. As shown  in Figure 4A, B, SC35 and SF2/ASF 
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cross-link very weakly to the 5' half of repeats 4 and 5 
either wi th  the absence or presence of Tra and Tra2. In 
striking contrast, 9G8 cross-links strongly to repeats 4 
and 5 in the presence, but not in the absence, of Tra and 
Tra2, at amounts  ~>10-fold lower than the amount  of 
SC35 or SF2/ASF used. Thus, the abili ty of recombinant  
9G8 to cross-link to the repeats is indist inguishable from 
the cross-linking of the SRp30 detected in HeLa cell ex- 
tract, and 9G8 binds to the 5' half of the repeats with an 
affinity >10-fold more than that of either SC35 or SF2/ 
ASF. Interestingly, in the absence of 9G8 there is signif- 
icant cross-linking of Tra2 to the 5' half of repeat 5, but 
this cross-link is competed away when 9G8 is present 
(Fig. 4B). This  is consistent with the 5' sequence 
UCAACA acting as a binding site for Tra2 in the pres- 
ence of Tra, but preferred by 9G8 when the full complex 
is formed on the repeat. 

Although it was clear that 9G8 binds specifically to 
the repeats in the presence of Tra and Tra2, previous 
studies had indicated that SC35 could form a complex 
wi th  Tra and Tra2 on the dsxRE that commit ted  the 
substrate to the female pattern of splicing (Tian and Ma- 
niatis  1993). Therefore, we wanted to determine whether 
the association of 9G8 wi th  the repeats is functionally 
significant. Recombinant  9G8, SF2/ASF, and SC35 all 
were equivalent ly active for the complementat ion of 
splicing of a B-globin transcript in S100 extract (Fig. 4C). 
However, only 9G8 was able to s t imulate  significantly 
the splicing of the dsx substrate when S100 extracts were 
complemented  wi th  Tra, Tra2, and the hSRp30s (Fig. 
4D). The activity of 9G8 was also tested using a com- 
m i t m e n t  complex assay (Tian and Maniatis  1993) in 
which  Tra, Tra2, and hSRp30s were preincubated with 
the dsx substrate followed by the addition of a vast ex- 
cess of dsxRE RNA competitor and nuclear extract. Con- 
sistent wi th  earlier results, preincubation with Tra and 
Tra2 alone was insufficient to form a stable commit ted  
complex. However, addition of 9G8 to the preincubation 
wi th  Tra and Tra2 commits  ~50% of the substrate to the 
female-specific pattern of splicing (Fig. 4E). The fact that 
we could not detect any significant effect of SC35 prein- 
cubation wi th  Tra and Tra2 in this study is l ikely attrib- 
utable to differences in the quanti ty or activity of the 
proteins used in this experiment relative to the earlier 
study (Tian and Maniat is  1993). 

In summary,  we find that the same SR proteins are 
recruited to repeats 4 and 5 by Tra and Tra2, and this 
complex formation occurs on isolated repeat sequences 
(see Fig. 6, below). Thus, Tra2, Tra, and 9G8 or RBP1 
form a heterotrimeric complex (a repeat-specific com- 
plex or dsxRC) that recognizes specifically each of the 
repeat sequences, and is sufficient to mediate function of 
the dsxRE. 

Tra and Tra2 form a specific complex wi th  SF2/ASF or 
clSRp30 on the PRE 

In contrast to the dsxRC, a s imilar  but distinct hetero- 
t r imeric complex binds to the PRE. Cross-linking of pro- 
teins to the PRE was detected by the use of a single label 

wi th in  the middle of the PRE. We found that this single 
label was sufficient to assay the binding across the entire 
PRE, and that placing labels at other positions along the 
PRE or uniformly labeling the PRE did not reveal any 
additional cross-linked proteins (data not shown; cf. Figs. 
5A and 6B). Thus, we were not able to identify binding 
sites along the PRE wi th  the same resolution as was done 
for the repeat sequences. 

The use of this PRE single-labeled RNA in cross-link- 
ing assays reveals the cross-linking of Tra2, Tra, and an 
SRp30 in both HeLa and Kc extracts (Fig. 5A). In contrast 
to the repeats, Tra cross-links much  more strongly to the 
PRE than to the repeats, and in Kc extract dSRp30, but 
not RBP1, binds to the PRE. There is also a weak and 
somewhat  variable association of the SR protein B52/ 
dSRp55 with the PRE single label, s imilar  to the associ- 
ation of B52/dSRp55 with the uni formly labeled dsxRE 
RNA. Because RBP1 appears to act as the homolog to 
9G8, the absence of RBP1 binding to the PRE suggests 
that the hSRp30 that cross-linked to the PRE is not 9G8. 

Several previous studies have shown that SF2/ASF 
binds to purine-rich sequences (Sun et al. 1993) and, in 
particular, that SF2/ASF binds to the dsx PRE (Lynch 
and Maniatis  1995). To determine whether  the hSRp30 
that cross-links to the PRE is SF2/ASF, we carried out 
immunoprecipi ta t ion studies wi th  an anti-SF2 antibody. 
As shown in Figure 5B, anti-SF2 precipitates specifically 
a protein that cross-links strongly to the uni formly la- 
beled dsxRE in the presence of Tra and Tra2. Likewise, a 
protein that cross-links strongly to the PRE is also pre- 
cipitated by anti-SF2. In contrast, no proteins that cross- 
l ink to either the 3' half or the 5' half of repeat 4 are 
precipitated by this antibody. These data confirm that 
9G8, and not SF2/ASF, cross-links to the repeat se- 
quences. 

To further confirm the interact ion of SF2/ASF with 
the PRE, we studied the binding of recombinant  hSRp30s 
to the PRE in the presence or absence of Tra and Tra2 
(Fig. 5C). In striking contrast to the binding of these pro- 
teins to the repeat sequences (Fig. 4A, B), SF2/ASF cross- 
l inks to the PRE much  more strongly and cooperatively 
with Tra and Tra2 than did either SC35 or 9G8. Thus, 
like the repeats, the PRE is also bound by a heterotr im o 
eric complex containing Tra, Tra2, and an SR protein. 
However, the SR protein in this PRE-specific complex 
(dsxPC) is SF2/ASF or dSRp30 as opposed to 9G8 or 
RBP1 found in the dsxRC. 

Finally, we determined the roles Tra and Tra2 play 
independently in the formation of the dsxPC. Previous 
studies suggested that Tra2 on its own was able to bind 
the PRE with some specificity, whereas isolated Tra did 
not recognize this sequence (Lynch and Maniat is  1995). 
Consistent with these results, we find that Tra2 stimu- 
lates the binding of Tra and either SF2/ASF or dSRp30 to 
the PRE (Fig. 5D) as well  as being necessary for the weak 
interaction of B52/dSRp55 in Kc extract. Thus, Tra2 
helps recruit these other factors to the PRE to form the 
dsxPC. 

If we consider all of the proteins that cross-link to the 
repeats and PRE, we can account for all but one of the 
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Figure 5. Site-specific cross-linking of proteins to the PRE identifies the association of SF2/ASF with the PRE. (A) Cross-linking to 
the singly labeled PRE (AAAGGACAAAG*GACAAA) within the context of the dsxRE in the presence of HeLa or Kc extracts. (B) 
Immunoprecipitation of cross-linked reactions with anti-SF2. HeLa extract was cross-linked in the presence or absence of Tra/Tra2 to 
dsxRE RNA that was labeled uniformly, or labeled in the 5' or 3' half of repeat 4, or within the PRE. After digestion with RNases the 
reactions were immunoprempitated with a monoclonal antibody against SF2/ASF (see Materials and methods), and precipitated 
proteins were analyzed by SDS-PAGE gel. (C) Cross-linking of purified recombinant SC35, 9G8, and SF2/ASF in the presence and 
absence of Tra and Tra2 to the single PRE label. Units of SR proteins are given in microliters..All SR proteins used are at a 
concentration of approximately 100 ng/~l. (D) Cross-linking to the PRE label when Tra alone, Tra2 alone, or Tra and Tra2 are added 
to HeLa or Kc extracts. 

proteins that  cross-link to the uniformly labeled dsxRE, 
the SR protein hSRp20 (Fig. 1). To identify the site of 
hSRp20 cross-linking we introduced 32p labels at various 
sites wi th in  the dsxRE outside the repeats and PRE. We 
found that  hSRp20 cross-links to an 8-nucleotide pyrim- 
idine tract located between repeats 3 and 4 (data not  
shown). Studies are in progress to determine whether  
this interact ion is funct ional ly  significant. 

The dsxRC and dsxPC form on target sequences in 
isolation 

Dist inct  heterotr imeric  protein complexes are assem- 
bled on the repeat sequences and PRE wi th in  the intact  
dsxRE. Thus, it is possible that  the formation of these 
complexes depends on proteins that  bind to other regions 
of the dsxRE, or to the overall secondary structure of the 
RNA. Therefore, we carried out experiments to deter- 
mine  whether  complexes of Tra, Tra2, and SR proteins 
can form on the isolated repeats or PRE. To examine 

complex formation on the repeat sequences we used uni- 
formly labeled RNAs that  contained either a single con- 
sensus repeat (Rxl) or a dimer of this repeat (Rx2). Both 
of these RNAs cross-link to Tra2 and 9G8 or RBP1, and 
weakly to Tra {Fig. 6A), the same proteins that  cross-link 
to the repeat sequence wi th in  the intact  dsxRE. Addi- 
t ional studies demonstrated the af f in i ty  of the complex 
for the isolated repeats is approximately the same as that  
observed wi th  the intact  dsxRE (data not  shown). Thus, 
interrepeat cooperativity is not  necessary for the stable 
association of Tra, Tra2, and SR proteins to the repeats. 

We also carried out cross-linking assays using a uni- 
formly labeled RNA that  contained only the PRE se- 
quence (Fig. 6B). This isolated PRE cross-linked to the 
same proteins, Tra, Tra2, and SF2/ASF or dSRp30, as did 
the PRE wi th in  the context of the dsxRE. We did not  
detect cross-linking of B52/dSRp55 to the isolated PRE. 
However, the cross-linking of B52/dSRp55 to the single- 
labeled PRE or to the uniformly labeled dsxRE was also 
somewhat  variable. Thus, nei ther  neighboring sequences 
nor a particular structural conformat ion was necessary 
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Figure 6. The dsxRC or dsxPC are assembled on the corre- 
sponding elements in isolation. (A) Cross-linking of proteins in 
HeLa or Kc extracts to dsxRE RNA uniformly labeled with 
[32P]UTP, or Rx2 or Rxl constructs uniformly labeled with 
[32p]ATP. The amount of each probe used was such that equal 
molar amounts of consensus repeat sequences are present in 
each reaction. Cross-linking is done with half as much nuclear 
extract and Tra/Tra2 as in other cross-linking experiments {see 
Materials and methods); thus conditions are in the linear range 
of detection. (B) Cross-linking of HeLa or Kc extract in the pres- 
ence and absence of Tra and Tra2 to the PRE uniformly labeled 
with [3~p]ATP. 

for the  fo rma t ion  of specific he te ro t r imer ic  prote in  com- 
plexes on the repeat  sequences or the PRE. 

D i s c u s s i o n  

We have shown  tha t  d is t inc t  SR prote in  complexes  are 
assembled on the two types of regulatory e lements  in the 
dsx spl icing enhancer ,  and tha t  the prote ins  in this  com- 
plex are arranged in a specific 5' to 3'  order (Fig. 7). Tra 
in terac ts  on ly  weak ly  w i th  the  middle  of the repeat, but  
is essent ia l  for the  cross- l inking of Tra2 to the  3' half of 
the  repeat. The  same set of prote ins  that  cross-l inks to 
the  consensus  repeat  4 also cross-l inks to repeat  5, al- 
t hough  the  5' end of repeat  5 deviates s ignif icant ly  f rom 
the  consensus.  Thus,  it  is l ike ly  that  the  same hetero- 

t r imer ic  prote in  complexes  are assembled on all of the 
repeat sequences.  

We were unable  to detect  a specific order of prote in  
binding on the PRE, mos t  l ike ly  because of the  scarci ty 
of RNase cleavage sites w i t h i n  th is  e lement .  However ,  it  
seems l ike ly  that ,  l ike the repeat  sequences,  the  SR/Tra /  
Tra2 proteins  are arranged in a specific order on the PRE. 
Finally, site-specific label ing of the  dsxRE outs ide the 
repeats or the PRE failed to detect  any  specific p r o t e i n -  
RNA interact ions ,  w i t h  the except ion  of the  possible in- 
te rac t ion  of hSRp20 w i t h  the sequence  be tween  repeats 3 
and 4 (data not  shown). T a k e n  together,  these observa- 
t ions suggest s t rongly tha t  the  ful ly  assembled dsxEC 
consists  of seven t a n d e m l y  arranged he te ro t r imer i c  pro- 
t e i n - R N A  complexes,  six on the  repeats and one on the 
PRE (Fig. 7). 

The RNA-binding specificity of SR proteins is 
determined by a combination of protein-RNA and 
protein-protein in teractions 

Originally,  the SR prote ins  were defined as a group by 
the i r  copurif icat ion,  and ind iv idua l ly  by thei r  abi l i ty  to 
act ivate  splicing in SR prote in-def ic ient  S100 extracts 
(Fu and Mania t i s  1992; Mayeda  et al. 1992; Zah le r  et al. 
1992). Because all of the SR pro te ins  tested showed ac- 
t iv i ty  in this  assay, it appeared tha t  ind iv idua l  SR pro- 
teins are func t iona l ly  redundant .  However ,  subsequent  
studies demons t ra ted  tha t  cer ta in  SR prote ins  could pro- 
mo te  splicing preferent ia l ly  (Zahler  et al. 1993; Wang 

PRE:  

H u m a n  Drosophi la  

Figure 7. Model of the protein-protein and protein-RNA in- 
teractions involved in the formation of the dsxEC. Data pre- 
sented in this study are summarized in the complexes bound to 
the repeats or the PRE. Within the full dsxRE we have shown 
that the same repeat-specific complex binds to repeats 4 and 5. 
Given the sequence similarity between repeats 1, 2, and 3 and 
repeats 4 and 5, we can extrapolate that the same complex binds 
to repeats 1 through 5. Repeat 6 is the most dissimilar of the 
repeat sequences; however, we hypothesize, that the same re- 
peat-specific complex binds to this sequence as to the other 
repeats. 
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and Manley 1995) and commitment complex formation 
(Fu 1993) with different splicing substrates. In addition, 
distinct SR proteins were shown to associate with differ- 
ent constitutive (Lavigueur et al. 1993; Sun et al. 1993; 
Ramchatesingh et al. 1995) and regulated (Tian and Ma- 
niatis 1993) splicing enhancers. These associations could 
be correlated with the ability of these proteins to pro- 
mote splicing in vitro. Similarly, multiple base substitu- 
tions in a purine-rich splicing enhancer had little effect 
on the activity of the enhancer, but did result in a dra- 
matic switch in the SR proteins that interact specifically 
with the sequence (Staknis and Reed 1994). Thus, indi- 
vidual SR proteins can associate specifically with differ- 
ent pre-mRNAs, presumably attributable to amino acid 
sequence differences in their RNA-binding domains. 

As expected from such a proposal, when the RNA- 
binding domains of SC35, SF2/ASF, and RBP1 were used 
to identify RNA recognition sequences by in vitro selec- 
tion (SELEX), each protein selected a different RNA se- 
quence (Heinrichs and Baker 1995; Tacke and Manley 
1995). In the case of SC35 and SF2/ASF these differences 
in binding specificity could be correlated with in vitro 
function (Tacke and Manley 1995). 

The situation in vivo is likely to be more complex 
because of the possibility of multiple protein-protein in- 
teractions through the SR domains of these proteins. Al- 
though different SR domains display relatively little 
specificity in protein-protein interaction assays (Wu and 
Maniatis 1993; Amrein et al. 1994; Kohtz et al. 1994), 
the results presented here show that highly specific pro- 
tein-RNA complexes can be formed through a combina- 
tion of protein-RNA and protein-protein interactions. 
Moreover, the RNA sequence recognized by the complex 
is determined by the particular set of proteins assembled. 
Specifically, we show that Tra and Tra2 can associate 
with entirely different RNA sequences, the repeats, or 
the PRE by associating with different SR proteins. Fur- 
thermore, neither Tra2 nor 9G8 or RBP1 binds individ- 
ually with high affinity to the UCAACA sequence 
within the repeats. However, all of these proteins can 
interact strongly with this sequence, depending on 
whether the position of this sequence is at the 5' or 3' 
end of the repeat. Thus, the specificity of SR protein- 
RNA interactions is determined by a combination of pro- 
tein-protein and protein-RNA interactions. 

Three different assays have been used to study specific 
protein-RNA interactions in the dsxEC, and the results 
are consistent. First, we show here that Tra and Tra2 
recruit specifically the SR proteins 9G8 and SF2/ASF to 
the repeats and the PRE, respectively, as assayed by UV- 
cross-linking of extracts to singly-labeled dsxRE probes. 
This is a highly sensitive assay, as no exogenous SR pro- 
teins are added, and 9G8 and SF2/ASF are selected from 
the total population of SR proteins in the nuclear extract. 

Second, the functional significance of 9G8 recruit- 
ment was demonstrated in both the commitment com- 
plex and S100 reconstitution assays, where 9G8 was the 
most effective of the SR proteins tested. Although SC35 
can function in this assay, higher levels of protein are 
required (Tian and Maniatis 1993). Similarly, SC35, but 

not SF2/ASF, can complement splicing activity in a 9G8- 
depleted extract (Cavaloc et al. 1994), indicating that 
there is some functional redundancy between 9G8 and 
SC35. 

The functional significance of the recruitment of SF2/ 
ASF to the PRE has been more difficult to demonstrate 
as this protein is not active in the commitment complex 
assay (Fig. 4; Tian and Maniatis 1993). However, we note 
that the binding of a protein to the dsxPRE may not be 
sufficient to commit the pre-mRNA to the female-spe- 
cific pathway of splicing. One reason for this may be that 
only one copy of the PRE is present in the dsxRE and that 
this PRE is insufficient to stimulate the use of the fe- 
male-specific 3' splice site (Lynch and Maniatis 1995). 
This may explain why SF2/ASF does not function in the 
commitment complex assay (Tian and Maniatis 1993). 

We also find that B52/dSRp55 is weakly recruited to 
the PRE by Tra and Tra2. In contrast to SF2/ASF, this 
protein has been shown to function with Tra and Tra2 in 
a commitment complex assay (Tian and Maniatis 1993). 
One explanation for this apparent contradiction is that, 
unlike SF2/ASF, B52/dSRp55 can bind to the repeats in 
vitro in the absence of other SR proteins (Lynch and Ma- 
niatis 1995). Thus, although neither SC35 nor B52/ 
dSRp55 are recruited to the repeats in nuclear extract, 
both bind to the repeats as purified recombinant pro- 
teins, and both can function in the commitment com- 
plex assay. 

Genetic studies have shown that a dominant-negative 
mutant of B52/dSRp55 over wild type decreased female- 
specific splicing of dsx pre-mRNA splicing in a back- 
ground of reduced levels of Tra and Tra2 (Peng and 
Mount 1995). However, when a B52/dSRp55 null over 
wild type was examined in the same genetic background 
no effect on dsx splicing was observed. Homozygous 
B52/dSRp55 null mutations are lethal (Ring and Lis 
1994; Peng and Mount 1995). Thus, genetic studies of 
B52/dSRp55 cannot determine unambiguously whether 
this protein plays an essential role in female-specific 
splicing of dsx pre-mRNA in the fly. 

A third assay used to study the dsxEC was filter bind- 
ing with radiolabeled RNA and purified recombinant 
proteins (Lynch and Maniatis 1995). These studies 
showed that recombinant SC35 can be recruited to the 
intact dsxRE by Tra and Tra2, but recombinant 9G8 was 
not available at the time. In this paper we show that 
recombinant 9G8 is cross-linked efficiently to the dsxRE 
in the presence of Tra2 (Fig. 3A). In contrast, similar 
amounts of recombinant SC35 are not recruited to the 
dsxRE by Tra and Tra2. The overall results obtained 
with these three assays strongly support the hypothesis 
that specific SR proteins are normally recruited to the 
dsxEC by Tra and Tra2, but other SR proteins can bind 
and function at higher concentrations. 

9G8 and RBP1 may be functional homologs 

The cross-linking results presented here strongly suggest 
that Drosophila RBP1 and human 9G8 are functional 
homologs. Although we have not yet been able to test 
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RBP1 in splicing assays, we were able to show that RBP1 
functions s imilar ly  to 9G8 in the formation of the 
dsxRCs. Previously, RBP1 was thought to be the Droso- 
phila equivalent  of h u m a n  SRp20 or SF2/ASF (Kim et al. 
1992). However, in this study we show that RBP1 binds 
to the same sites as 9G8, and does not interact with sites 
bound by either SF2/ASF or hSRp20. Although RBP 1 and 
hSRp20 are s imilar  in molecular  mass and contain sim- 
ilar RNA-binding domains  (RRMs), 9G8 also shares ex- 
tensive homology with RBP1 wi th in  the RRMs of the 
respective proteins. The RRMs of RBP1 and either 9G8 
or SRp20 are 71% identical  and 83% similar, whereas 
SF2/ASF and RBP1 share only 53% sequence identi ty 
(71% similarity) between their RRMs (Cavaloc et al. 
1994). At present, we do not know why 9G8 is favored 
over hSRp20 in the binding of the repeats; presumably 
this is a consequence of differences in the interactions of 
these proteins wi th  Tra and Tra2. 

As ment ioned  previously, Heinrichs and Baker (1995) 
determined potential  binding sites for RBP1 wi th in  the 
dsxRE by comparison wi th  consensus-binding sequences 
that were identified using purified RBP 1 in SELEX exper- 
iments.  Therefore, their study was designed to identify 
sites that bound to RBP1 alone. In contrast, we find that 
under the conditions used here RBP 1 does not bind to the 
dsxRE in the absence of Tra and Tra2. Furthermore, we 
do not detect any binding of RBP1, in either the presence 
or absence of Tra and Tra2, to one of the proposed RBP1 
sites (B3; Heinr ichs  and Baker 1995) in which  we placed 
a single label (data not shown). Instead we find that Tra2, 
and somet imes  Tra, is required for the binding of RBP 1 
to the dsxRE, and that under these conditions RBP1 
binds to the 5' half of the repeat. Although, wi th  the 
exception of the first repeat, Heinrichs and Baker (1995) 
did not generally identify the sequences at the 5' half of 
the repeats as RBPl-binding sites, these sequences differ 
at only one or two positions from one of the consensus 
sequences identified in that study. Thus, the site to 
which  RBP1 binds wi th in  the repeat-specific complex 
may be a sequence for which  RBP1 alone has some weak 
affinity; however, Tra2 and Tra are required for optimal 
recognition of the site by RBP1. 

Evidence for a funct ion of RBP1 in sex determination 
was provided by genetic studies that showed that dele- 
tion of the chromosomal  region in which the rbpl gene 
is located leads to intersex phenotype when the levels of 
Tra and Tra2 are reduced (Scott 1987). Although addi- 
t ional studies are required, the results of these genetic 
experiments,  and the fact that RBP1 is recruited selec- 
tively to the dsx repeats in vitro, strongly suggest that 
this SR protein plays a central role in dsx alternative 
splicing. 

The heterotrimeric SR protein complexes assemble on 
isolated repeat and PRE sequences 

We have shown that the SR/Tra/Tra2 protein complexes 
form not only on the repeats and the PRE in the context 
of the intact  dsxRE, but also on these sequences in iso- 
lation. In addition, the affinity and stabili ty of these pro- 

t e in -RNA complexes are context independent.  Thus, 
neither the formation nor the stabil i ty of the heterotri- 
meric protein complexes requires cooperativity between 
the repeats or between the repeats and the PRE. 

Maximal  levels of Tra- and Tra2-dependent splicing 
require mul t iple  repeats and the PRE (Hoshijima et al. 
1991; Tian and Maniatis  1992; Lynch and Maniat is  
1995). In addition, both the rates and efficiency of splic- 
ing increase in relation to the number  of repeats present 
in the dsxRE (K.J. Hertel and T. Maniatis,  in prep.). Re- 
cent studies have demonstrated that Tra, Tra2, and sev- 
eral SR proteins can interact wi th  the 35-kD subuni t  of 
U2AF (U2AF 35) (Wu and Maniat is  1993), that the dsxEC 
acts by recruiting the general splicing factor U2AF 6s to 
the weak female-specific 3' splice site, and that U2AF 3s 
mediates this interaction (Zuo and Maniat is  1996). Thus, 
the complexes formed on the mul t ip le  repeats and the 
PRE appear to increase the probabili ty of a productive 
interaction between the enhancer  complex and U2AF 3s 
to facilitate use of the female-specific 3' splice site. 

Tra mediates protein-protein and protein-RNA 
in teractions 

The sex-specific regulation of dsx in vivo is determined 
solely by the presence or absence of Tra, the only female- 
specific component  of the dsx regulatory system. Sur- 
prisingly, however, Tra contains no known RNA-bind- 
ing motif. Furthermore, al though Tra does cross-link 
with high efficiency to the PRE, this sequence is not 
sufficient, and also not necessary, for the female-specific 
splicing of dsx. In contrast, Tra cross-links only weakly 
to the repeat sequences. However, despite its weak in- 
teractions with the repeat sequences themselves,  Tra is 
necessary for the optimal association of Tra2 wi th  the 
repeats. Thus, Tra does not appear to regulate splicing by 
directly interacting wi th  the RNA; instead, it functions 
through interactions wi th  Tra2, and perhaps also with 
the SR proteins that are critical for proper assembly of 
the dsxEC. This function is reminiscent  of that of the 
35-kD subunit  of the splicing factor U2AF (U2AFgS). 
Similar to Tra, U2AF 3s contains an SR domain, but lacks 
an RRM (Zhang et al. 1992). Recently, U2AF 3s was 
shown to be essential for both consti tutive and en- 
hancer-dependent splicing in vitro (Zuo and Maniatis  
1996), and probably functions in both processes by me- 
diating interactions between SR proteins containing an 
RRM. Thus, both Tra and U2AF 3s may  function by fa- 
cili tating the cooperative binding of proteins to specific 
RNA sequences. 

Materials  and m e t h o d s  

RNA 

The dsxRE RNA was transcribed in vitro from a construct in 
which repeats 1-6, flanked by a PCR-generated EcoRI site and 
an FspI site, were subcloned downstream of the T7 promoter in 
pSP72. The dsx splicing construct used was D1 (Tian and Ma- 
niatis 1992), which lacks only repeat 6 and is more stable in 
HeLa nuclear extract than constructs containing repeat 6 (data 
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not shown). The [3-globin splicing construct is as described in 
Reed et al. (1988). Both the dsxRE and the splicing constructs 
were uniformly labeled with  [32plUTP. The Rx2 RNA was tran- 
scribed from a construct made by subcloning the sequence 
5 ' -GGATCCGTCTTCAATCAACATACGCGAGATCT-3 '  cut 
wi th  BamI and BglII into the BglII site of pSP72, such that dimers 
of the sequence were incorporated into the plasmid. Rxl was 
made by cloning the fragment 5 ' -CGTCTTCAATCAACAT- 
ACGCGTCTCTTCAATCAACACGGTAC-3 '  into the KpnI 
site of pBluescript SK + (Stratagene) and linearizing with MluI 
for in vitro transcription. The isolated PRE was synthesized 
from a construct  in which  the region spanning exons 3 and 4 
was removed from dsxPRE (Lynch and Maniatis 1995). Rx2, 
Rxl, and the isolated PRE were all uniformly labeled with 
[S2P}ATP. 

Site-specific single-labeled RNAs were synthesized in most  
cases by ligating a 5' half RNA to a 5' end-labeled 3' half RNA 
using the method of Moore and Sharp (1992}. Templates for the 
synthesis of the 5' and 3' RNAs were generated by PCR from the 
dsxRE construct,  so that the resulting single label is in the 
context of the entire dsxRE. The 5' half templates began with 
the T7 promoter  from pSP72 and ended precisely at the nucle- 
otide immedia te ly  upstream from the one to be labeled. For the 
3' half templates, the T7 promoter was placed immediately  up- 
stream from the nucleotide to be labeled by using PCR primers 
that contained the T7 promoter. Both 5' and 3' half RNAs were 
then transcribed in vitro from these PCR-generated templates. 
After synthesis of RNA, the 3' half RNA was treated with calf 
intestine phosphatase for 1 hr at 50°C, and then 5' end-labeled 
by a kinase reaction. The two half RNAs were then ligated in a 
reaction that  contained 1 ~M each of the RNAs and of a DNA 
bridge, and 60-70 U/~zl T4 DNA ligase (Moore and Sharp 1992). 

To place a single label in the 5' half of repeat 4 we needed to 
label a uracil residue, which  is not used efficiently to initiate T7 
transcripts. Therefore, this single-labeled RNA was made by a 
three-way ligation. An RNA oligonucleotide, 5 '-UCAAUCAA- 
CAAUCC-3' ,  was synthesized chemically, kinased, and ligated 
to two flanking RNAs that contained the remaining dsxRE se- 
quences. 

Recombinant proteins 

Recombinant  baculoviruses expressing Tra and Tra2, and the 
purification of Tra and Tra2 were as described in Tian and Ma- 
niatis (1992}. Recombinant  viruses expressing SF2/ASF and 
SC35, and the purification of these proteins were as described in 
Tian and Maniatis (1993). Recombinant  9G8 was a gift of R. 
Gattoni  (CNRS, Strasbourg, France and J. Stevenin. 

In vitro splicing reactions 

In vitro splicing reactions were carried out as described in Tian 
and Maniatis (1992). Reactions were in a total volume of 25 ~1 
and contained 25% nuclear extract or $100 extract. Commit-  
ment  complex assays were performed as described in Tian and 
Maniatis {1993). 

UV cross-linking 

Standard UV cross-linking experiments were done by incubat- 
ing 20% nuclear  extract wi th  - 1  ng of RNA in either the pres- 
ence or absence of 60 ng each of recombinant  Tra and Tra2 for 
30 rain at 30°C. The sole exception to these conditions was the 
experiment  shown in Figure 6A in which  only half as much  

nuclear extract, Tra, and Tra2 were used. Binding reactions also 
contained 145 mM KC1, 0.5 m g / m l  of yeast tRNA, 20 ~g/ml  of 
BSA, 3.2 mM MgC12, 1 mM ATP, and 20 mM creatine phosphate 
in a total volume of 10 ~1. After binding, the reactions were 
placed on ice and cross-linked wi th  254 n m  UV light for 15 rain. 
RNase A (20 ~g) and T1 (20 units) were then added and the 
reactions were incubated at 37°C for 20 min. RNase digestion 
was stopped by the addition of Laemmli  buffer, and then sam- 
ples were boiled for 5 min  and loaded on a 12.5% SDS-PAGE gel. 

For immunoprecipi ta t ion of cross-linked reactions with anti- 
SF2 antibody, 250 ~1 of 2x RIPA buffer and 235 ~1 of anti-SF2 
cell supernatant were added to samples after RNase digestion. 
After incubation at 4°C for 1 hr, 20 ~1 of protein G--Sepharose 
beads were added to the samples and incubation was continued 
for another hour. The samples were then spun to precipitate the 
beads, and the beads were washed four t imes with  200 ~1 of 1 x 
RIPA buffer at 4°C. Finally, the beads were resuspended in 20 ~1 
of Laemmli  buffer, boiled for 5 min  and loaded on a 12.5% 
SDS-PAGE gel. 

The antibodies used for Western blots (data not  shown) are as 
follows: anti-SF2 (Sun et al. 1993) and anti-Tra2 (Hedley and 
Maniatis 1991), which  were both also used for immunoprecip-  
itations, are mouse monoclonal  antibodies. Anti-9G8, anti- 
SC35 (both kindly provided by J. Stevenin), and anti-RBP1 (Kim 
et al. 1992; kindly provided by V. Heinrichs and B. Baker, Stan- 
ford University, Palo Alto, CAI are rabbit polyclonal antibodies. 
Of these three antibodies only anti-RBP1 was effective for use in 
immunoprecipi ta t ion experiments. 
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