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ABSTRACT

We have compared the RNA sequences and secondary structures of the Drosophila melanogaster and
Drosophila virilis doublesex (dsx) splicing enhancers. The sequences of the two splicing enhancers are highly
divergent except for the presence of nearly identical 13-nt repeat elements (six in D. melanogaster and four
in D. virilis) and a stretch of nucleotides at the 5’ and 3’ ends of the enhancers. In vitro RNA structure probing
of the two enhancers revealed that the 13-nt repeats are predominantly single-stranded. Thus, both the pri-
mary sequences and single-stranded nature of the repeats are conserved between the two species. The sig-
nificance of the primary sequence conservation was demonstrated by showing that the two enhancers are
functionally interchangeable in Tra-/Tra2-dependent in vitro splicing. In addition, inhibition of splicing enhancer
activity by antisense oligonucleotides complementary to the repeats demonstrated the importance of the con-
served single-stranded structure of the repeats. In vitro binding studies revealed that Tra2 interacts with each
of the D. melanogaster repeat elements, except for repeat 2, with affinities that are indistinguishable, whereas
Tra binds nonspecifically to the enhancer. Taken together, these observations indicate that the organization
of sequences within the dsx splicing enhancers of D. melanogaster and D. virilis results in a structure in which
each of the repeat elements is single-stranded and therefore accessible for specific recognition by the RNA-
binding domain of Tra2.
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INTRODUCTION In females, exon 3 is joined to exon 4 to produce an
mRNA containing exons 1, 2, 3, and 4 (Burtis & Baker,
1989). The female-specific 3’ splice site in intron 3 de-
viates significantly from the consensus 3’ splice site, so
it is not recognized by the splicing machinery in the ab-
sence of Tra and Tra2, or in the absence of the dsxRE
(Burtis & Baker, 1989; Hedley & Maniatis, 1991; Hoshi-
jima et al., 1991; Ryner & Baker, 1991; Tian & Maniatis,
1992, 1993; Zuo & Maniatis, 1996).

The dsxRE is a 270-nt regulatory element that con-
tains six 13-nt repeat sequences, and a purine-rich ele-
ment (PRE) located between repeats 5 and 6 (Burtis &
Baker, 1989; Lynch & Maniatis, 1995). The presence of
both types of elements is required for efficient Tra/Tra2-
dependent use of the female-specific 3’ splice site. Tra
and Tra2 bind to the dsxRE and facilitate the recruit-
ment of splicing factors to the weak female-specific 3’
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Sex-specific alternative splicing of the Drosophila mela-
nogaster doublesex (dsx) pre-mRNA requires the regu-
latory proteins Transformer (Tra) and Transformer 2
(Tra2), and a Tra- and Tra2-dependent splicing en-
hancer (the doublesex repeat element dsxRE) that is lo-
cated 300-nt downstream of the female-specific 3’ splice
site (for review see Baker, 1989; Maniatis, 1991). Tra
is produced exclusively in females by the sex-specific
splicing of Tra pre-mRNA, whereas Tra2 is expressed
in both males and females (Boggs et al., 1987; Amrein
etal., 1988). As shown in Figure 1, dsx pre-mRNA con-
tains six exons: three common exons (exons 1-3), a
female-specific exon (exon 4), and two male-specific ex-
ons (exons 5 and 6). In males, exon 3 is joined to exon 5
to produce an mRNA containing exons 1,2,3,5, and 6.
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FIGURE 1. Sex-specific alternative splicing pattern of dsx pre-mRNA and the dsx splicing enhancer (dsxRE). Top: Open
boxes represent the common exons 1, 2, and 3, the light hatched box represents the female-specific exon 4, and the dark
hatched boxes represent the male-specific exons 5 and 6. The sex-specific splicing pattern is illustrated by the lines above
{female) and below (male) the pre-mRNA. Sites of cleavage and polyadenylation are labeled poly A. Bottom: Enlargement
shows the organization of the D. melanogaster dsxRE comprised of six 13-nt repeat elements (boxes 1-6) and a PRE located

between repeats 5 and 6.

tially directed to an intrinsically weak splice site recog-
nition signal.

In vitro splicing experiments have shown that, in
addition to Tra and Tra2, one or more members of the
SR (serine/arginine) family of general splicing factors
are required for dsxRE-dependent recognition of the
female-specific 3" splice site (Tian & Maniatis, 1993).
UV-crosslinking experiments and the characterization
of affinity-purified enhancer complexes have shown
that Tra and Tra2 recruit SR proteins to the dsxRE to
form a multicomponent splicing enhancer complex
(Tian & Maniatis, 1992, 1993). Both Tra and Tra2 con-
tain SR domains, and are therefore considered mem-
bers of the superfamily of SR-containing splicing
factors (for review see Fu, 1995). Although Tra2 and SR
proteins contain an RNA recognition motif (RRM)
(Bandziulis et al., 1989), Tra is lacking a known RNA-
binding domain. Binding studies in HeLa cell nuclear
extracts or with purified recombinant Tra, Tra2, and SR
proteins revealed that Tra2 binds with significant spec-
ificity to the dsxRE, whereas Tra exhibits low or no
specificity (Hedley & Maniatis, 1991; Inoue et al., 1992;
Tian & Maniatis, 1992; Lynch & Maniatis, 1995, 1996).
In addition, these studies showed that Tra, Tra2, and
SR proteins bind cooperatively to the dsxRE. Recent
UV-crosslinking experiments have shown that Tra and
Tra2 recruit a specific SR protein to the dsx repeats
(Lynch & Maniatis, 1996). This SR protein binds to the
5" ends of the repeats, whereas Tra2 binds to the mid-
dle and 3’ regions. Tra is an essential component of this
heterotrimeric complex, but does not appear to directly
contact RNA.

These observations, in conjunction with studies
showing that these proteins interact with each other
through their SR domains (Wu & Maniatis, 1993; Am-
rein et al., 1994), suggest that a complex involving
multiple specific protein-protein and protein-RNA in-
teractions is assembled on the dsxRE.

Tra2 and SR proteins contact RNA through their
RRMs, but relatively little is known about the structure
of the binding sites in the dsxRE. Recently, the three-
dimensional structure of a complex between the RNA-
binding protein UTA and its binding site in U1 snRNA
was determined (OQubridge et al., 1994). ULA, which
contains an RRM similar to that present in SR proteins
and Tra2, specifically interacts with the single-stranded
region of a hairpin structure formed by U1 snRNA. The
single-stranded region provides a surface for extensive
interactions between the protein and exposed nucleo-
tides. These results and other studies suggest that
interactions with single-stranded RNA might be a gen-
eral mode of recognition for the RRM domain/RNA
complex (Nagai et al., 1995).

Although the dsxRE is the only regulated splicing en-
hancer thus far characterized, a number of constitutive
splicing enhancers have been described (Sun et al.,
1993; Watakabe et al., 1993; Dominski & Kole, 1994;
von Qers et al., 1994; Ramchatesingh et al., 1995). Most
of these elements are short (approximately 10 nt)
purine-rich sequences, but a few are pyrimidine-rich.
None thus far reported resemble the dsx repeat se-
quences. Both types of enhancers require SR proteins
for their activities, but only the dsxRE requires Tra and
Tra2. The primary difference between constitutive en-



