
Regulated Splicing of the Drosop hila P 
Transposable Element Third Intron in Vitro: 

Somatic Repression 

In eukaryotic cells alternative splicing of messenger RNA 
precursors (pre-mRNA's) is a means of regulating gene 
expression. Although a number of the components that 
participate in regulating some alternative splicing events 
have been identified by molecular genetic procedures, the 
elucidation of the biochemical mechanisms governing 
alternative splicing requires in vitro reaction systems. The 
tissue specificity of P element transposition in Drosophila 
depends on the germline restriction of pre-mRNA splic- 
ing of the P element third intron (IVS3). Drosophila P 
element IVS3 pre-mRNA substrates were spliced accu- 
rately in vitro in heterologous human cell extracts but not 
in Drosophila somatic cell splicing extracts. Components 
in Drosophila somatic cell extracts that specifically inhibit- 
ed IVS3 splicing in vitro were detected by a complemen- 
tation assay. Biochemical assays for Drosophila RNA 
binding proteins were then used to detect a 97-kilodalton 
protein that interacts specifically with 5' exon sequences 
previously implicated in the control of IVS3 splicing in 
vivo. Inhibition of IVS3 splicing in vitro could be corre- 
lated with binding of the 97-kD protein to 5' exon 
sequences, suggesting that one aspect of IVS3 tissue- 
specific splicing involves somatic repression by specific 
RJNA-protein interactions. 

I N EUKARYOTIC CELLS, THE FORMATION OF FUNCTIONAL PRO- 

tein-coding messenger RNA's (mRNA's) often requires the 
removal of intervening RNA sequences (introns) from precur- 

sor mRNA (pre-mRNA) and the rejoining of coding sequences 
(exons) by a process called RNA splicing. The development of 
soluble in vitro systems has led to a detailed understanding of the 
biochemical mechanism of this process (1). The first step in splicing 
involves cleavage at the conserved 5' splice site sequence with the 
concomitant covalent joining of a conserved guanosine (G) residue 
at the 5' end of the intron via a 2',5'-phosphodiester bond to a site 
within the intron known as the branch point sequence, yielding the 
5' exon (E l )  and intron-3' exon (IVS-E2) intermediates. In the 
second step of splicing, cleavage at the conserved 3' splice site 
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occurs, and the two exons are joined by ligation, creating the mature 
mRNA and the excised intron (IVS). Splicing occurs in large 
ribonucleoprotein complexes known as spliceosomes (I), which are 
assembled from abundant small nuclear ribonucleoprotein particles 
(snRNP's) (2) in an ordered, adenosine triphosphate (ATP)- 
dependent pathway. In addition to snRNP's, other protein factors 
appear to facilitate spliceosome formation, presumably by stabilizing 
interactions between snRNP's and the pre-mRNA (1). 

The splicing of messenger RNA precursors serves as an important 
mechanism for the posttranscriptional control of eukaryotic gene 
expression. Numerous examples of alternative splicing illustrate that 
regulation can occur in a temporal, tissue-specific, or developmental 
fashion (3). Despite the success of the biochemical approach toward 
elucidating the mechanism of pre-mRNA splicing, little detailed 
knowledge has emerged regarding the molecular events that direct 
alternative pre-mRNA splicing. However, recent molecular genetic 
experiments in Drosophila melanogaster have begun to suggest mecha- 
nisms responsible for the regulation of alternative pre-mRNA 
splicing (4). For example, the pathway of somatic sexual differentia- 
tion is controlled by a hierarchy of genes that are regulated by 
alternative pre-mRNA splicing. Several of these genes carry a 
conserved protein motif that is involved in direct protein-RNA 
interactions (9, suggesting that the translation product of one gene 
directly regulates splicing of its own pre-mRNA or those of 
downstream genes (or both). A second example of differential 
splicing in Drosophila is the suppressor o fwhi te  apricot, su(wa), gene. 
The su(wa) gene product apparently blocks splicing of its own pre- 
mRNA, thereby autoregulating su(wa) protein expression (6) .  

While molecular genetic approaches in Drosophila have proved 
valuable for the identification of important cis- and trans-acting 
regulatory factors participating in alternative splicing events, the 
lack of in vitro systems has hindered progress toward clarifying how 
these factors function. The problem of alternative splicing in vitro is 
best appreciated by studying a simple alternative splicing event that 
has been well characterized in vivo, such as the tissue-specific 
splicing in Drosophila of the P transposable element third intron 
(NS3).  Differential splicing of P element pre-mRNA restricts P 
element transposition, and hence the syndrome of detrimental 
genetic traits known as hybrid dysgenesis, to germline tissues (7). In 
somatic cells, the first two introns of the P element pre-mRNA are 
removed, but IVS3 is retained. This somatic mRNA encodes a 66- 
kD protein that can function as a negative regulator of transposition 
in both the germline and soma (8) .  By contrast, in the germline 
N S 3  is removed, resulting in an mRNA species encoding the 87- 
kD transposase protein required to catalyze P element transposition 
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Fig. 1. Tissue-specific splicing of the third intron 
of P element pre-mRNA. Transcription of full- 
length 2.9-kb P element DNA yields a single pre- 
mRNA containing four long open reading frames 
(ORF's). The first three OW'S are joined in the 
mature mRNA after splicing of the first two 
introns (IVS1 and IVS2) in both the soma and 
gerrnline. In contrast, IVS3 is removed only in 
the germltne, thereby restricting production of 
the 87-kD transposase protein (inchcated by the 
larger shaded box) to this tissue. In somatic cells, 
IVS3 is retained, and translation halts at a UGA 
stop codon within IVS3 to yield a 66-kD protein 
(smaller shaded box). 

4 C 2.9 kb P Element DNA 
I ORFO I 

ORF2 ORF3 

5 A A I A4A44 Somatlc (and possibly germlone) mRNA 

1 66kD Proteln (repressor) 

and excision (Fig. 1) (9). Genetic experiments have revealed that cis- 
acting regulatory sequences reside within exon sequences adjacent to 
the splice sites or within 26 nucleotides (nt) of intron sequence (10). 
The basis of this tissue-specific pre-mRNA splicing event is not 
known, but could involve negative control of IVS3 splicing in the 
soma, activation of IVS3 splicing in the gerrnline, or both. We have 
used a biochemical complementation assay to study this tissue- 

I V S 3  

lVSl IVS2 UA4 

5 A A ' A4A44 Germlane mRNA 

specific splicing event 6 vitro. Our results suggest that IVS3 
splicing is regulated by specific interactions between RNA binding 
proteins and the 5' exon that inhibit splicing in somatic cells. 

Accurate splicing of IVS3 in human HeLa cell nuclear extracts. 
Elucidating the mechanisms governing the tissue-specific splicing of 
the Drosophila P element third intron requires an in vitro reaction 
system suitable for dissecting this regulatory process biochemically. 

I 

Although nuclear extracts derived from somatic Drosophila tissue 

87kD Proteln (transposase) 

" 
culture cells or 0- to 12-hour embryos are active for splicing of the 
Jirshi tarazu (ftz) intron, the first two P element introns, and several 
other Drosophila and mammalian introns (1 1, 12), these extracts do 
not detectably process substrates containing the P element third 
intron (12) (see below). We therefore examined N S 3  splicing in 
heterologous human HeLa cell extracts that splice various mRNA 
precursors, including the Drosophilaftz intron (13). After incubation 
in a HeLa cell nuclear extract, an IVS3 pre-mRNA substrate was 
accurately spliced, yielding the expected products in an ATP- 
dependent reaction that followed the appropriate kinetics (Fig. 2, A 
and E). After a characteristic lag of approximately 30 minutes, the 5' 
exon (El)  and the intron-3' exon (I-E2) lariat appeared (Fig. 2A, 
lane 3). Later in the incubation (as expected), the amount of intron 
lariat ( N S )  and mRNA surpassed the amount of 5' exon and 
intron-3' exon intermediates (Fig. 2A, lanes 6 to 8). 

The designated bands (Fig. 2A) represent the products of an 
accurate IVS3 splicing reaction. The mRNA species was fully 
protected from ribonuclease (RNase) T 1  digestion after hybridiza- 
tion with an M13 recombinant carrying a P element cDNA 
fragment lacking IVS3 (12). In addition, the putative N S  and IVS- 
E2 lariats were purified and incubated with a HeLa cell cytoplasmic 
SlOO extract that contained debranching enzyme activity that 
specifically cleaved the 2',5'-phosphodiester bonds present in lariat 
RNA's (14). In the absence-of debranching enzyme, the putative 
N S  (Fig. 2B, lane 1) and IVS-E2 (Fig. 2B, lane 3) retain their lariat 
structures and thus migrate anomalously during gel electrophoresis. 
However, when treated with the debranching enzyme, the N S  (Fig. 
2B, lane 2) and NS-E2 (Fig. 2B, lane 4) migrate as linear RNA's of 
the expected sizes of 191 and 379 nt, respectively (Fig. 2E). 

The site of branch point formation in the lariat RNA species 
generated during pre-mRNA splicing usually occurs at an adenosine 
(A) residue within a weak consensus sequence located 18 to 35 nt 
upstream of the 3' splice site (15, 16). Because a number of 
alternatively spliced intpons form a branch at a remote branch point 
(17), we mapped the position of the IVS3 branch point in the N S -  
E2 and IVS lariat RNA's. First, the N S  and NS-E2 lariats were 

treated with RNase T1 after incubation in the presence or absence of 
debranching enzyme. Both lariat RNA's, but not the pre-mRNA, 
gave rise to RNA oligonucleotides migrating at approximately 40 
nt, the mobility of which was altered to 38 nt after debranching 
(Fig. 2C), an indication of the presence of an RNA branch. 
Examination of the IVS3 sequence (18) revealed that the only 38-nt 
RNase T1 oligonucleotide found in the IVS-E2 contained the 
consensus branch point sequence (15). The branch point was more 
precisely mapped by primer extension analysis (Fig. 2D) (19) with a 
32P-labeled DNA oligonucleotide complementary to sequences in 
the 3' exon. A prominent band of approximately 8 7  nt was 
observed, consistent with an RNA branch blocking reverse tran- 
scription at the consensus branch point position at nucleotide 2114 
(1 8) (Fig. 2D, lane 2). This 87-nt reverse transcription product was 
not observed when debranched NS-E2 was used as the template 
(Fig. 2D, lane 3), confirming the conclusion that the 87-nt product 
resulted from the presence of an RNA branch. The branch point 
mapped here in mammalian extracts is likely to be the same as that 
used in Drosophila since the Drosophila firshi tarazu branch point is 
identical in both mammalian and Drosophila extracts (11, 13). Our 
data (Fig. 2) show that, unlike the splicing of other regulated 
introns, N S 3  splicing does not involve branch point formation at a 
distal position (1 7). 

Specific inhibition of IVS3 splicing by somatic Drosophila 
extract. Because N S 3  was not spliced in somatic Drosophila splicing 
extracts but was accurately spliced in human cell extracts and 
microinjected Xenopus oocytes (12), regulation of N S 3  splicing 
could involve a somatic inhibitory activity. We therefore developed 
an in vitro biochemical complementation assay for factors that 
regulate IVS3 splicing in which we examined the effect of splicing 
extract from Drosophila somatic Kc cells (20) on IVS3 splicing in 
HeLa cell extract. The IVS3 pre-mRNA was first incubated with 
increasing amounts (0 to 60 pg of protein) of Drosophila Kc extract 
to allow potential regulatory factors to interact with the pre-mRNA. 
A constant amount (60 kg) of HeLa splicing extract was added, and 
incubation was continued. Small amounts of Kc extract (10 to 20 
pg) had little effect on IVS3 splicing (Fig. 3, A and B, lanes 1 and 
2); intermediate amounts (30 to 40 kg) inhibited IVS3 splicing by 
at least 50 percent (Fig. 3, A and B, lanes 3 and 4). When the 
amount of Kc extract (50 to 60 kg) was nearly equal to the amount 
of HeLa extract, splicing was completely inhibited (Fig. 3, A and B, 
lanes 5 and 6). The addition of increasing amounts of Drosophila Kc 
extract inhibited the production of each of the splicing intermediates 
and products (Fig. 2E), suggesting that the inhibition occurred at or 
before cleavage at the 5' splice site. The observed inhibitory effect 
was not due to increased RNA degradation catalyzed by the added 
Drosophila Kc extract, as indicated by control experiments with other 
introns (see below) and the observation that an equal amount of 
RNA is present in each lane. The inhibitory effect was not due to 
changes in monovalent cation concentration, as the conductivity of 
both extracts was monitored, the salt concentration in each reaction 
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was kept constant, and IVS3 splicing in HeLa extracts was unaffect- 
ed by a KC1 concentration 3.5 times higher than that in the standard 
reaction (12). Heating the Drosophila Kc cell extract for 5 minutes at 
100°C destroyed the inhibitory effect, suggesting that a protein 
component was involved (12). 

Other introns were used in the inhibition assay to test the 
specificity of the inhibitory effect. The hsophila &hi tarazu 
(fiz) intron was efficiently spliced in both hsophila Kc and HeLa 
extracts (Fig. 4 4 .  Addition of Kc extract, even in high amounts, to 
the HeLa splicing reaction had no eEect on splicing of the& intron 
(Fig. 4A) or on the rabbit f3-globin second intron (Fig. 4B). 
Splicing of a Drosophila actin 5C gene intron, which occurs in&- 
ciently in HeLa cell extract, was also not inhibited by the addition of 
Kc extract (12). P element IVS3, the p-globin intron, and the 
Drosophila actin 5C inaon were not spliced in Kc extract; however, 
of these introns, only splicing of IVS3 in HeLa cell extract was 

Flg. 2. The P element third inmn is accu- A M 1 2 3 4 5 6  78 

rarely spliced in HeLa cell nuclear extract. -I-€2 

Reaction products were visualized by auto- 
radiography after electrophoresis in denatur- ' -1Vs 

ing polvacrylamide gels. (M, 32P-labeled 
mark'ers-of M S ~  I-digTsted p ~ ~ 3 2 2  DNA.) 
(A) Time course of the splicing reaction. 
IVS3 pre-mRNA (see part E) was incubated 
in a HeLa cell nuclear emact in the absence 
(lane 1) or presence (lanes 2 to 8) of ATP at 
30°C: lane 1, 180 minutes; lane 2, 15 min- 
utes; lane 3,30 minutes; lane 4,45 minutes; 
lane 5. 60 minutes; lane 6.90 minutes: lane 
7, 120 minutes; l k e  8, 150 minutes. ~ e L a  
nuclear extract was made as described (41), 
except that 2.7 ml of buffer C containing 0.6 
M NaCl was used. Reactions contained 160 
80,000 cpm (2 X 10' cpmlpmol) of pre- 147 - 
mRNA, 20 percent (vlv, 100 kg of total 
protein) nuclear extract, 2.5 percent (wlv) 
polwinyl alcohol, 5 mM MgCI2, 10 units of 123 - 
RNasin (Promega), 3 mM ATP, 5 mM 
creatine phosphate, 27 rnM Hepes (pH 110 

7.6), 7.2 percent (vlv) glycerol, 62 mM KCI, 
72 p M  EDTA, and 0.18 mM dithiothreitol 
(DTT). Positions of the input pre-mRNA 
(pre), the intermediates of the reaction (5' 
exon, El ;  intron-3' exon, I-E2) and the 
products of the reaction (mRNA and intron, 
IVS) are indicated. (B) The inmn (I) and 7 6  
intron-3'exon (E) species were puritied 
from a gel s d a r  to that shown in (A) and 
incubated for 1 hour in the absence (lanes 1 6 7 - 
and 3) or presence (lanes 2 and 4) of HeLa 
SlOO extract (14, 41). The numbers to the 
left of the gel show the positions of the s i x  - ~1 
markers described above. (C) Debranching 
and T1 ribonuclease digestion analysis to 
map the branch point. The pre-mRNA (p), inuon (I), and inmn-3' exon 
(E) species were gel-purified, incubated for 75 minutes in the presence (lanes 
3,5, and 7) or absence (lanes 2,4, and 6) of HeLa S 100 extract and digested 
with 1 unit of RNase TI (Bochringer Mannheim) for 30 minutes at 37°C 
(42). (D) Primer extension analysis to map the branch point (43). A 22-nt 
sZP-labeled primer corresponding to P element nucleotides 2200 (5') to 
2179 (3') (18) was hybridized for 90 minutes at 50°C to gel-puritied introw 
3' exon RNA that had been incubated for 1 hour in the presence (lane 3) or 
absence (lane 2) of HeLa SlOO extract. The primer extension products of 
about 87 nt (lane 2) and 253 nt (lane 3) representing reverse transcription to 
the branch point (BP) at position 2114 (18) (Fig. 8A) and to the end of the 
linearized inwn-3' exon (5' SS), respectively, are indicated (44). (E) 
Structure of the input IVS3 pre-mRNA and the splicing reaction intermedi- 
ates and products. The Pst EHinc I1 P element DNA fragment (nucleotides 
1911 to 2316) (18) was inserted into the Pst I-Sma I sites of pGEM2 
(Promega) and then used as a template for T7 RNA polymerase transcrip- 
tion with [(r-SZP]GTP (45). 

inhibited by Kc extract (Figs. 3 and 4B) (12). This observation rules 
out the possibility that inhibition of IVS3 splicing occurs because 
the Drosophila splicing machinery nonproductively interacts with the 
pre-mRNA during the initial incubation and prevents the HeLa 
splicing components h m  productively binding the pre-mRNA. Of 
all the control introns tested, only splicing of the adenovirus L1-2 
intron was inhibited, but less so than IVS3 splicing (Fig. 4C). The 
adenovirus L1-2 intron, like the Drosophila Sex-lethal (Sxl) male- 
specific and trattsfimner (tra) non-sx-specific 3' splice sites, contains 
an unusual sequence of eight uridine residues and a cytosine residue 
(UsC) in its polypycimidine tract (21). Since binding of the Sxl 
protein is propad to inhibit splicing by binding to these splice sites 
(22), Sxl expression in Drosophila Kc cells could account for the 
observed inhibition of splicing of the adenovirus L1-2 intron (20, 
23). Alternatively, our RNA binding studies (Fig. 5) su%gest that 
the adenovirus L1-2 intron binds the same protein that appears to 

--- 
527 --- -Bramhed 

1 6 0 e  

404 38 n* - - 
0-379 I-E2 

Debranched 14 7 m  

21 7 

201 
190 9 -191 IVS 
180, 

E l  IVS 3 El 
T7 + 32 nt 191 nt 188 nt 

promoter I I I 
(25 nt) Pst I BP Hinc II 

I 

I T7 transcription 
in vitro 

IVS 3 Pre-mRNA 

I Splicing in 
Hela Nuclear 

Extract 

IVS 191 nt 
mRNA 245 nt 
1- 

I 
I- L - 

IZOZ SCIENCE, VOL. 24.8 



be involved in inhibition of IVS3 splicing. Therefore, splicing of the 
adenovirus L1-2 intron may be inhibited by the same mechanism 
as is splicing of IVS3. Indeed, the mechanism governing P 
element IVS3 tissue-specific splicing probably operates on other 
Drosophi la  genes because most laboratory strains lack P elements 
(24). 

Preferential interaction of a 97-kD protein with IVS3. Puta- 
tive inhibitors of splicing of IVS3 might bind to IVS3 RNA 
preferentially compared to other introns that are not subject to 
inhibition. Therefore, ultraviolet (UV) cross-linking was used to 
detect RNA binding proteins that interact specifically with IVS3 
pre-mRNA (25). IVS3 and the other introns tested in the inhibition 
assay were incubated in Kc extract under splicing conditions, 
exposed to UV at 254-nm (a wavelength that covalently cross-links 
RNA-protein complexes) and then briefly treated with RNase A to 
remove the excess RNA that would alter the mobility of the cross- 
linked proteins in SDS-polyacrylamide gels. The IVS3 pre-mRNA 
cross-linked conspicuously to several polypeptides (Fig. 5, lane 3). 
The 4 0 - 0  species, which may correspond to the heterogeneous 
nuclear (hn) RNP C proteins (26), the 65-kD protein, which may 
recognize 5' splice site consensus sequences (see below), and a 
number of other proteins cross-linked to all introns tested; there- 
fore, they are not good candidates for a potential inhibitor. In 
contrast, only a 97-kD protein preferentially cross-linked to IVS3. 
In fact, cross-linking of the 97-kD protein to some of the other 
introns correlated with the degree of inhibition (Figs. 3 to 5). For 
example, the 97-kD protein cross-linked strongly to the IVS3 pre- 
mRNA, weakly to the adenovirus L1-2 pre-mRNA, and not at all to 
the $2 pre-mRNA (Fig. 5). 

Competition experiments with unlabeled competitor RNA's con- 
firmed that the differences in cross-linking signals reflected differ- 
ences in binding and not label transfer (12, 27). However, one 
exception to the correlation between cross-linking the 97-kD pro- 
tein and inhibition was observed with the p-globin intron. The p- 
globin pre-mRNA weakly cross-linked to the 97-kD protein (Fig. 5, 
lane 2), but splicing of this intron was not affected in the inhibition 
assay (Fig. 4B), implying that binding of the 97-kD protein in itself 
is not sufficient for inhibition, that the proper location of the 97-kD 
protein binding site within the pre-mRNA is critical for inhibition 
or that the 97-kD protein acts in concert with other factors not 
bound by the P-globin pre-mRNA. 

Fig. 3. Drosophila somatic cell nuclear extract inhibits splicing of the P 
element third intron in HeLa nuclear extract. IVS3 pre-mRNA (Fig. 2E) 
was first incubated in the absence of HeLa nuclear extract for 10 minutes at 
20°C in a volume of 22 p1 in the presence (lanes 0 to 6 and K+) or absence 
(lanes - and K-) of ATP under the splicing conditions described in Fig. 2A 
with the following amounts (vlv, total protein) of Drosophila somatic Kc 
nudear extract (1 1): lanes - and 0, no Kc added; lane 1,2.3 percent, 10 pg; 
lane 2,4.5 percent, 20 pg; lane 3,6.8 percent, 30 pg; lane 4,9.1 percent, 40 
pg; lane 5, 11.4 percent, 50 pg; lane 6, 13.6 percent, 60 pg; lanes K- and 
K+, 27 percent, 120 pg. HeLa nuclear extract (3 )11,60 pg, 12 percent vlv) 
was then added (lanes - and 0 to 6), and incubation was continued for 105 
minutes at 30°C. No HeLa extract was added to reactions K- and K+, 
which were allowed to incubate an additional 105 minutes at 20°C. Reaction 
conditions other than these have been tested, but no splicing of IVS3 in 
Drosophila Kc extract has been observed in this assay. P, input pre-rnRNA. 
M, "P-labeled markers of Msp I-digested pBR322 DNA. The positions of 
the relevant species are indicated as in Fig. 2A. The heterogeneous popula- 
tion of RNA running above and adjacent to the pre-mRNA represents the 
products of an ATP-dependent polymerization reaction , catalyzed by the Kc 
extract. These products were not as prevalent when other pre-rnRNA's were 
used (Fig. 4). (A) The products were detected by autoradiography after 
electrophoresis on a denaturing 7 percent polyacrylarnide gel. The rnRNA 
and pre-rnRNA are resolved well, but the intron and pre-rnRNA migrate 
together. (B) Same as (A), except that a denaturing 10 percent polyacrylam- 
ide gel was used to resolve the intron and the pre-rnRNA. 

In order to localize the 97-kD protein binding site on the IVS3 
pre-mRNA, we used UV cross-linking to analyze a series of IVS3 
RNA's with deletions from the 3' end (12). A small RNA oligonu- 
cleotide from the IVS3 5' exon termed A 1 1  cross-linked to the 65- 
kD and 97-kD proteins (Fig. 5, lane 5). However, other regions 
within the intron may also have an h i t y  for these proteins (12). 
This A11 RNA fragment contains 35 nt of 5' exon sequence ending 
2 nt upstream from the IVS3 5' splice site in addition to polylinker 
sequence (Fig. 7C). This exon region has been implicated genetical- 
ly in the tissue specificity of IVS3 splicing (lo), supporting the idea 
that a putative inhibitor might bind to the A11  RNA fragment. The 
pattern of bands observed when HeLa extract was used for cross- 
linking in place of Kc extract was similar in that polypeptides of 35 
to 40 kD, 45 to 50 kD, 66 kD, and 116 kD cross-linked to A 1 1  in 
both extracts; however, no band near 97 kD was observed with 
HeLa extract (Fig. 5, lane 6). Taken together, the UV cross-linking 
results suggest a correlation between inhibition of IVS3 splicing in 
vitro and interaction between a 97-kD RNA binding protein and 
IVS3 5' exon sequences. 

RNA that binds the 97-kD protein relieves inhibition of IVS3 
splicing. The UV cross-linking data indicated that the 97-kD 
protein interacts preferentially with IVS3 pre-mRNA within the 5' 
exon sequences in A 1 1  RNA. If binding of the 97-kD or other 
Drosophila proteins to these sequences is responsible for inhibition of 
IVS3 splicing in HeLa extracts, then addition of excess A11  RNA 
might be expected to relieve the inhibition of IVS3 splicing in vitro 
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Fig. 4. Analysis of other Drosophila A M P - 0 1 2 3 4 5 6 K-K+ 
and mammalian introns in the so- 
matic extract inhibition assay. Ex- 
periments were conducted as in - I-EZ 
Fig. 3, except that other pre- 
mRNA's were used and the MgClz -IVS 
concentration was 3 rnM for (B) 
and (0. The same extracts used for --- \ ,  022 
the experiment shown in Fig. 3 527 -pre 

were used in these experiments. (A) 
Drosophila firshi tarazu (Fz) ,  dena- 404 - 
turing 12 percent polyacrylamide - ~ R N A  
gel. T7 RNA polymerase transcrip- 
tion of pGEM2 V61 SIB (11) 309 " - ~ l  
cleaved with Xho I generated the 
input RNA. (B) Rabbit p-globin 
second intron, denaturing 5 per- 240 - 
cent polyacrylamide gel. T3 RNA 
plymerase transcription of pBSAL4 (37) cleaved with Eco RI generated the 
lnput pre-mRNA. (C) Adenovirus L1-2 intron, denaturing 7 percent 
po!yacrylamide gel. SP6 RNA-polymerase transcription of pE2Sma (46) 
cleaved with Sma I generated the input pre-mRNA. 

by preventing binding of inhibitory molecules to the splicing 
substrate RNA. Indeed, the presence of increasing amounts of 
unlabeled A 1  1 RNA in the inhibition assay, under conditions where 
splicing of IVS3 is normally completely inhibited (Fig. 6, lane +) 
resulted in restoration of IVS3 splicing (Fig. 6, A l l ,  1 to 3). The 
levels of the 5' exon and intron-3' exon intermediates and intron 
product formed in the presence of A 1  1 RNA were comparable to 
those observed after splicing in HeLa extract alone (Fig. 6, lane -), 
indicating that both steps of the splicing reaction were l l ly  
restored.- he partial rest6ration of the m f i ~  product probably 
reflects the presence of nucleases in the Drosophila extract. Since the 
mRNA is released from the spliceosome and is a linear species, it is 
the splicing product most susceptible to degradation by nucleases. 
No relief of inhibition of IVS3 splicing was observed when compa- 
rable molar amounts of the two control RNA's PL1 or PL2 were 
used (Fig. 6, lanes PLl, 1-3 and PL2,l-3; and Fig. 7C), indicating 
the specificity of the effect. These results implicate binding of an 
inhibitory factor, perhaps the 97-kD protein, to the A11  IVS3 5' 
exon sequences in the inhibition of IVS3 splicing by somatic 
~ v o s o ~ h i i a  extracts. Also, since A 1  1 contains only one29:nt stretch 
of P element 5' exon sequence not present in PL1 (Fig. 7C), and 
PL1 fails to relieve inhibition, this experiment maps the cis-acting 
regulatory region to these nucleotides. 

Since only A 1  1 RNA relieved inhibition of splicing of IVS3, this 
RNA must interact specifically, when compared to the RNA's that 
failed to relieve inhibition, with the factor (or factors) responsible 
for inhibition. Thus, in order to detect RNA binding proteins that 
bind specifically to A 1 1  RNA and thereby identify the possible 
inhibitor protein (or proteins), A11  RNA and the two control 
RNA's PL1 and PL2 (Fig. 7C) were used in UV cross-linking 
competition experiments (Fig. 7A) and native gel electrophoresis 
RNA binding assays (Fig. 7B). In the W-cross-linking experiment, 
A 1 1  RNA cross-linked to several polypeptides; however, only the 
97-kD protein and two 40-kD species did not cross-link to either of 
the control RNA's (Fig. 7A). The specificity of binding of these 
three proteins to labeled A 1  1 RNA was confirmed by competition 
experiments in which a large molar excess of unlabeled competitor 
RNA was included in the binding reaction. Excess unlabeled A11  
RNA competed efficiently for binding of both the 97-kD and the 
two 40-kD proteins (Fig. 7A, lanes 3 to 6), but neither excess 
unlabeled PLl RNA (Fig. 7A, lanes 7 to 10) nor PL2 RNA (Fig. 
7A, lanes 13 to 17) competed for binding of these three proteins, 
even when present at a molar excess 3200 times greater than the 
labeled substrate RNA. Of these three proteins, the 97-kD protein 

-I-E2 
- IVS 

appears to be the best candidate for a negative regulatory molecule. 
The two 40-kD species bind to all introns tested (Fig. 5) and may 
correspond to the hnRNP C proteins based on their molecular mass 
(26) and fractionation propehes on cesium chloride gradients (12). 
In addition, cross-linking to the different labeled RNA's and the 
competition experiments revealed that both A11  RNA and PLl 
RNA, but not PL2 RNA, bound specifically to a 65-kD protein 
(Fig. 7A). Finally, the other polypeptides of 5 0 - 0 ,  80-kD, and 
130-kD that cross-link to A 1  1 RNA appear to be general, nonspecif- 
ic RNA binding proteins since they also cross-link to and are 
competed by PL1 RNA or PL2 RNA or both (Fig. 7A). 

The interaction of proteins with these three RNA fragments was 
also assayed by a native gel electrophoresis assay; protein-RNA 
complexes were formed in solution and then separated from free 
RNA by polyacrylamide gel electrophoresis (PAGE) at low ionic 
strength. Both PL1 and A11  RNA's, but not PL2 RNA, formed 
protein-RNA complexes after incubation with Drosophila somatic 
cell nuclear extract (Fig. 7B). The specificity of these RNA-protein 
interactions was then tested by competition analysis. The three 
complexes (labeled A, B, and C in Fig. 7B) formed on labeled A 1  1 
RNA were specifically competed by increasing amounts of unla- 
beled A11  RNA but not by unlabeled PLl RNA or PL2 RNA. 
These results indicated that specific RNA-protein complexes were 
formed between components in the Drosophila extract and A l l  
RNA. These interactions presumably reflect, at least in part, binding 
of the 97- and 65-kD proteins identified by UV cross-linking. 
Analysis of the protein-RNA complexes on a SDS-PAGE second 
dimension indicated that the 65-kD protein is present in the two 
prominent complexes observed with A 1  1 RNA (Fig. 7B, complexes 
A and B) and that the 97-kD protein may be in one of the 
prominent complexes (Fig. 7B, complex B) as well as in the 
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Fig. 5. Ultnviokt cross-linking as- C)  

0 

say of inaons tested in the inhibi- - 2 
tion assay. [32P]GTP-labded sub- 12 
s a t e  RNA's from the appropriate 
d p t i o n  templates were made C 9 

0 z Q) 

as described (Figs. 2E and 4) (45, z 
47). For UV cross-linking (25) the 
indicated substrate RNA (about . -- 
150,000 cpm; 2 X lo6 cpmlpmol) 
was incubated for 1 hour at 20°C in 
a 25-pl reaction mixture containing kD 

Drosophila somatic Kc met (20 kD -116 

percentvh,100pgoftotalpro- 97- -97 4 

tein) as in Fig. 2A, except that 3 
mh4 Mgclz W ~ S  used. The samples .- 66 0 
were then irradiated for 15 minutes 65 - 
[254 nm; 3 mW/anz on the lamp 
surface, UVP model UVG-541 at 
3.5 an from the surface. Ribonu- 1 w 
cleasc A (Boehringcr Mannheirn) 

I 
- 4 5  0 

wasaddedtolmg/ml,andthe 40-)(  
samples were incubated for 30 min- 
utes at 30T. SDS-PAGE sample 1 2 2 4 5 -  

buffer was then added, and the 
samples were boiled for 5 minutes and placed on a discontinuous 7.5 percent 
SDS-polyacrylamide gel (48). The gel was fixed and mined with Coomassic 
blue. %-labeled proteins were detected by autoradiography. Laaes 1 to 3 
are from the same gel, and lanes 4 and 5 are from another. The mobility of 
the cross-linked proteins varied slightly among experiments, probably be- 
cause of small differences in RNase digestion (25). 

slowest migrating complex (Fig. 7B, complex C) (12). Our data 
indicate that the 9 7 - 0  protein interacts specifically with A1 1 RNA. 
The 65-kD protein, which interacts with both A1 1 and PL1 RNA's, 
may recognize the 5' splice sittlikc sequences in these RNA's (Fig. 
7C). Chemical m d c a t i o n  of the bases comprising the 5' splicc 
site-like sequence in A11 RNA i n t d m  with formation of the 
complex that contains the 65-kD protein (12). Fucthccmorc, this 
protein cofkactonates with the major snRNP's on cesium chloride 
gradients, su%gesting that it may be associated with or an integral 
component of an RNP complex (12). 

Exon sequences and control of P element IVS3 splicing. 
Although no other case of regulated splicing in Drosophila has bccn 
analyzed biochemically, it is useful to compare the somatic inhibi- 
tion of P element IVS3 splicing to othcr regulated splicing events in 
Drosophila. Regulated splicing in the sexual differentiation pathway 
involves differential use of 3' splice sites (4). However, negative 
control of splicing of the suppressor of white apricot first and second 
introns, like the rat troponin T and a-tropomyosin genes (17), 
apparently involves use of distal branch point sequences (6). The 
regulatory factors in thcse systems apparently control splicing by 
recognizing sequences within the intron such as the 3' splice site or 
branch point-polypyrimidine tract (4,6,22) or in the neighboring 3' 
exon (28). By contrast, negative control of P element IVS3 splicing 
in v im involves 5' exon sequences that interact with specific RNA 
binding proteins. Mutagenesis studies have also implicated these 
same exon sequences in the in vivo control of IVS3 splicing (10). 

The fact that exon sequences could play a role in alternative 
splicing had been established by in vim experiments where BNA 
substrates with duplicated 5' splice sites, 3' splice sites (or both), 
including variable lengths of flanking cxon sequence, were spliced in 
HeLa cell extracts. These experiments showed that varying exon 
length and sequence could dramatically alter splice site selection 
(29). Othcr examples have also implicated exon sequences in 
alternative splicing (3,30), but the biochemical mechanisms of thcse 
&ects are not clear. Inhibition of IVS3 splicing in vitro can be 
relieved by competition with excess 5' exon RNA sequences, 
suggesting that those sequences interact with RNA binding proteins 

Fig. 6. Relief of inhibition of splicing of A I  1 PLI PLZ 

PelementIVS3invitrobyanRNA -+'12f12B123' 
oligonucleotide that bids the 97-kD -I-E2 

protein. Inhibition was assayed in the -NS 
absence (lane -) or presence (all other 
lanes) o f  Drosqhila Kc extract (10 pet- 
cent, vh, 50 pg) as in Fig. 3. Numbered 

-pre 

-mRNA 

may d e c t  the presence of abundant, , 
nonspeufic RNA bin- proteins or 
nuclaws in the extract (25) or may 
indicate that the labeled substrate RNA 1 6 0  

contains multiple bin- sites for the 1 4 7 

inhibitory factor. Also, since the reaction 
to synthesize the [32P]GTP-labeled sub- 
SaateRNAwasconductedinthepres- 123 
encc of the cap analog diguanosine m- 
phosphate, which may have been incor- 
p t e d  into the nascent RNA and thus 
reduced the speci6c activity, the calculat- 
ed amount of substrate RNA could have 
been an underestimate (45). The se- 
quences of the competitor RNA's arc 
shown in Fig. 7C. Synthesis of A11 
RNA is described in Fig. 5 (47). T7 7 ,  
transaiption of @EM2 (Promega) 
cleaved with Eco RI generated PL1. PL1 
and A11 sham extensive sequence h e  s 
mology (Fig. 7C). SP6 transaiption of 
pGEM2 cleaved with Hind III generat- 
ed PL2 with a sequence unrelated to - ~ t  
both A11 and PLl. 3ZP-Labeled RNA's 
were detected by autoradiography after 
electrophoresis on a denaturing 10 pcr- - ~ l  

cent polyacrylarnide gel. The positions 
of the relevant RNA species and the 
size marken to the left of the gel are as 
in Fig. 2A. The lower panel is a darker exposure of the lower portion of 
the gel and has bccn included to better reveal levels of the 5' exon. 

that negatively @ate IVS3 splicing in the soma. Among the 
proteins that cross-linked to the IVS3 5' exon, only a 97-kD protein 
cross-linked specifically to this RNA fragment and bound p c e k ~ ~ -  
tially to the IVS3 pre-mRNA splicing substrate. In fact, spacific 
binding of the 97-kD protein to the IVS3 5' exon comlated with 
inhibition of splicing. Ddinition of the 97-kD protein binding site 
should provide insights into how the 97-kD protein might act to 
inhibit TVS3 splicing and whether additional 97-kD protein binding 
sites lie elsewhere in the IVS3 pre-mRNA. In the simplest model, 
specific binding of the 97-kD protein to IVS3 pre-mRNA might 
inhibit splicing by sterically occluding binding of positive splicing 
factors. Since the 97-kD protein binds in an exon fragment irnrnedi- 
a d y  adjacent to the 5' splice site, the most likely candidates fbr such 
positive splicing factors are those implicated in the recognition of 5' 
splice sites, including U1 snRNP (31, 32). In this respect, it is 
potentially important fbr elucidating the mechanism of inhibition 
that we have also detected binding of a 65-kD protein that m a d  
to recognize 5' splice sites. The 97-kD protein may act in conjunc- 
tion with othcr factors, perhaps as part of a specific inhibitory 
complex, or by modifying the activity of general splicing compo- 
nents. 

Inhibition ofIVS3 splicing in vitro ocwws &re the first stcp of 
splicing, dcavagc at the 5' splice site and lariat formation. Thmforc, 
the 97-kD protein may act by blocking one of the early steps in 
spliceosome assembly. Thcse steps include recognition of the 5' 
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splice site and branch point by U1 and U2 snRNP's, respectively (1, 
33, 34). Both of these interactions are facilitated by other protein 
factors (1, 32, 34-36). Formation of pre-splicing complexes appears 
to require interaction between the snRNP complexes formed at the 
5' splice site and branch point (36-38). Studies of the 97-kD 
binding and spliceosome assembly experiments shodd clarify at 
which step in the splicing pathway the IVS3 block occurs. It is also 
possible that a block at the earliest stages of spliceosome assembly 
might result in increased transport of unspliced IVS3-containing 
RNA to the cytoplasm, an idea that is supported by experiments in 
yeast and with the HIV rev protein (39). 

5' splice site competition model. The IVS3 5' exon sequences 
implicated in the regulation of IVS3 splicing in vivo and in vitro 
contain a 5' splice site-like sequence adjacent to the accurate 5' 
splice site. Nearby 5' exon and intron sequences contain additional 
5' splice site sequences (18). The presence of these six 5' splice site- 
like sequences (referred to as pseud-5' splice sites, two in the 5' 
exon and four in the intron; see Fig. 8) within 196 nt surrounding 
the accurate IVS3 5' splice site raises the possibility that competition 
between these sites, either for binding of U1 snRNP or other 
splicing factors, may play a role in the inhibition of IVS3 splicing. 
Genetic data have implicated P element intron as well as 5' exon 
sequences in the tissue specificity of IVS3 splicing in vivo (10). Low 
but detectable levels of somatic N S 3  splicing were observed with 
mutant IVS3 derivatives that either contained deletions within the 
intron or point mutations in the accurate 5' splice site that improved 

A ~ 1 1  Comp. P L ~  Comp. PL2 Comp. 

Competitor 0 0 
Probe PEA11 

kD 
97 - 

dm?-- 

Fig. 7. Biochemical assays for RNA binding C 
proteins. [32P]GTP-labeled substrate RNA's and RNA ~ength 5' ss 
unlabeled competitor RNA's were made as de- Ollgo - - 
scribed (Fig. 6) (45). The 32P-labeled substrate - 
RNA (probe) in each lane is A 1 1  (C) except 
where indicated otherwise. Numbers above the 
lanes denote molar excess, relative to the probe, of A ,, ,, Yes 

the unlabeled competitor (Comp.) RNA's (Fig. 
6). (A) Ultraviolet photochemical cross-linking. 
The indicated 32P-labeled RNA's (about 80,000 
cpm; 5 x lo5 cpm/pmol), together with or with- PLl  59 nl Yes 

out (0) the indicated molar excess of unlabeled 
competitor RNA, were subjected to incubation 
and UV cross-linking as in Fig. 5. The labeled ,,, ,9 nt No 

proteins seen when [32P]UTP-labeled substrate 
was used in place of [32P]GTP-labeled substrate were the same, suggesting 
that all RNA binding proteins detectable by W cross-linking were visual- 
ized after cross-linlung to the GTP-labeled RNA's as shown. (B) Native gel 
electrophoresis. The indicated 32P-labeled RNA (probe, about 40,000 cpm; 
5 x lo5 cpm/pmol) together with or without (0) the indicated molar excess 
of unlabeled competitor RNA was incubated for 80 minutes under the 
splicing conditions described in Fig. 5 in the absence (-) or presence (+) of 
Drosophila somatic Kc extract (20 percent vlv, 100 pg of protein). Xylene 
cyan01 and bromophenol blue (BPB) dyes were each added to 0.1 percent 
(wlv), and the samples were subjected to electrophoresis on a native 4.2 
percent polyacrylamide (acry1amide:bis = 60:l)  gel (17 by 14.7 by 0.15 
cm) at 8W until the BPB was approximately 2 cm from the bottom of the gel 
(49). Three RNA-protein complexes, labeled A, B, and C, as well as the free 

its match to the 5' splice site consensus sequence (10). Indeed, the 
low level of somatic IVS3 splicing observed in several IVS3 deletion 
mutants in vivo might have been-due to loss of some of the internal 
pseud-5' splice sites. The possibility that the remaining pseud-5' 
splice sites retained some inhibitory influence may explain why such 
a low level of somatic splicing activity was observed. The notion of 
redundant regulatory signals to efficiently inhibit somatic IVS3 
splicing is not surprising given the potentially lethal effects d 
somatic transposition. Such reiterated negative regulatory signals 
may preclude the simple transfer of this splicing control to heterolo- 
gous introns. The idea of nearby 5' splice site sequences influencing 
splice site utilization is supported by in vitro experiments in the 
mammalian globin system, where the juxtaposition of an introduced 
5' splice site-sequence near an authentic site inhibited splicing from 
both the accurate and introduced sites, even though both sites 
appeared to bind U1 snRNP (40). The efficiency with which the 
introduced site was used correlated with its match to the 5' sdice 
site consensus sequence, presumably because an improved match 
allowed for increased binding of U l  snRNP by increasing comple- 

B Al l  Comp. PLl Comp PL2 Comp 

[mm 
Competitor 0 0  O o Z Z g ' O z z g Z  0 0  0 0  ,,,-, 

Probe PLI A1 1 b PL2 AI I  - 
Extract 

Seq. T, - E l  5'55 IVS 3 3 'SS E 2 
promoter r, 

G O I O I ~ ~ T T G G G C T G C A G  GTCGACTCTAGAGGATCCCC GGGCW(GCTCW7T 

RNA at the bottom of the gel, were detected by autoradiography. (C) 
Sequence of the RNA oligonucleotides. The diagram at the top shows the 
position of A11 relative to IVS3. A11 contains 35 nt of 5' exon sequence 
ending 2 nt upstream from the 5' splice site (SS) in addition to 19 nt and 15 
nt from the pGEM2 polylinker at its 5' and 3' ends, respectively. The lengths 
of the RNA's and the positions of the 5' SS sequences (bold, underlined) are 
also indicated. The 5' SS sequences in A l l  and PL1 contain the absolutely 
conserved GU dinucleotide at positions 4 and 5 of the consensus sequence 
and an overall match of 5 nt out of the 9-nt consensus sequence (Fig. 8B) 
(50). Other regions of sequence homology between A 1  1 and PL1 are shown 
in italics. PL2 contains a GU dinucleotide at only one position, and at this 
position only one other nucleotide matches the consensus sequence; thus, 
PL2 is described as lacking a 5' SS sequence. 
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mentarity to U1 RNA. This observation may explain why some 
somatic IVS3 splicing was observed in vivo when point mutations in 
the accurate 5' splice site improved its match with the consensus 
sequence, thereby allowing better U1 recognition of the accurate 
IVS3 5' splice site relative to the pseudo-5' splice sites (10). In the 
presence of a wild-type 5' splice site, the pseud-5' splice sites, 
although not utilized to make functional mRNA's in vivo (7),  may 
compete efficiently with the accurate 5' splice site since they match 
quite favorably to the consensus sequence; in fact, some of the 
pseudo-5' splice sites match the 5' splice site consensus better than 
the accurate site (Fig. 8B). The 97-kD protein may act to negatively 
regulate IVS3 splicing by either sterically excluding U1 snRNP or 
other factors from recognizing the accurate IVS3 5' splice site or by 
actively channeling these factors to the pseud-5' splice sites. Taken 
together, these observations suggest that 5' splice site recognition 

ATTCGACCATCCCACTCCACTGCAGTITAAGTATAGGTAAG 
.) 5'SS 

AAAATATATAATAGGTATGACAAATTTAAAAGAATGCGTAA 

ACAAAAATGTAATTCCATGATTTATATAATTGTTTAATGTTTAG 

ATGTGCTGTCTATTGTGTTTTGTCTTTTATCTGTITCTTTTCA 

@P ass+ 
TTTTATTATTTAATCATTATCCTTTTGCTTATCCAACCAGGA 

ATACAGAAATGTTAAGAAATTCGGGGAAATATCGAAGAGGAC 

B SEQUENCE OF 5' SPLICE SITES 

S~ l i ce  Site Seauence Match Location 

C A 
consensus AAG/GUGAGU 

P IVS 3 UAG/GUAUGA (619) nt 1945 -1953 
fushi tarazu CAG/GUAGGC (719) 

P IVS3 pseudo 
5' s~ l i ce  sites 

upstream 1 UAG/GUUAAG (519) nt 1925 - 1933 
2 GAG/GUGGAC (519) nt 1882 - 1890 

downstream 1 AAU/GUAAUU (719) nt 1980 - 1988 
2 AAU/GUAGGU . (719) nt 2046 - 2054 
3 UAG/GUAGUU (619) nt 2050 - 2058 
4 AUU/GUGUUU (619) nt 2070 - 2078 

Fig. 8. Location of the pseudo-5' splice sites within and near the P element 
third intron. (A) Sequence of the P element DNA between nucleotides 1849 
and 2184 (18). The positions of the splice sites and branch point are denoted 
by arrows. The accurate 5 '  splice site and the six pseudo-5' splice sites are 
underlined. Pseudc-5' splice sites were defined as containing the absolutely 
conserved GT-dinucleotide at positions 4 and 5 of the consensus sequence 
and an overall match of at least 5 nt with the 9-nt consensus sequence (50). 
The IVS3 5' splice sites (six pseudo sites, one accurate site) are found within 
196 nt of each other, and the shortest distance between the accurate site and 
a pseudo site is 20 nt. Computer analysis of 10,000 random sequences of 20 
nt (taking into account the average 40 percent GC content of Drosophila 
DNA) revealed the presence of approximately 200 (2 percent) sequences that 
contained two or more pseudc-5' splice sites. The same analysis of 10,000 
random sequences of 196 nt revealed the presence of approximately 1400 
(14 percent) sequences that contained seven or more pseudc-5' splice sites. 
(B) Sequences of the consensus, IVS3, firshi tararu @) (51) and .NS3 
pseudo-5' splice sites. The overall match with the consensus sequence (50) as 
well as the positions of the IVS3 5' splice sites within the P element sequence 
(18) are also listed. 

factors as well as intron and 5' exon sequences may be involved in 
the somatic control of IVS3 splicing. 

The 97-kD protein, since it was detected in extracts of Drosophila 
somatic cells derived from a strain lacking P elements, likely 
modulates splicing of other pre-mRNA's during development. Our 
in vitro results, which suggest that regulation of P element IVS3 
splicing involves inhibition of splicing in the soma, predict that the 
97-kD protein (and possibly other factors) may be found in an 
active form only in somatic cells (7). Thus, the mechanism of 
negative control governing IVS3 splicing may normally operate as 
part of the germline-soma dichotomy in Drosophila. This type of 
control may serve to regulate the splicing of germline-specific genes 
in the soma, perhaps genes normally involved in germline differenti- 
ation. Furthermore, it is possible that in addition to somatic 
repression of IVS3 splicing, splicing of IVS3 could be activated 
specifically in the germline. 
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