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Positive Control of Pre-mRNA Splicing in Vitro

Ming Tian and Tom Maniatis

Positive control of the sex-specific alternative splicing of doublesex (dsx) precursor mes-
senger RNA (pre-mRNA) in Drosophila melanogaster involves the activation of a female-
specific 3’ splice site by the products of the transformer (tra) and transformer-2 (tra-2)
genes. The mechanisms of this process were investigated in an in vitro system in which
the female-specific 3’ splice site could be activated by recombinant Tra or Tra-2 (or both).
An exon sequence essential for regulation in vivo was shown to be both necessary and
sufficient for activation in vitro. Nuclear proteins in addition to Tra and Tra-2 were found
to bind specifically to this exon sequence. Therefore, Tra and Tra-2 may act by promoting
the assembly of a multiprotein complex on the exon sequence. This complex may facilitate
recognition of the adjacent 3’ splice site by the splicing machinery.

Somatic sex determination in Drosophila
melanogaster involves a cascade of regulated
splicing events (I). The last step in this
hierarchy is the alternative splicing of dsx
pre-mRNA. The dsx gene contains six ex-
ons. In females, dsx mRNA consists of
exons 1, 2, 3, and 4 (2) (Fig. 1A) and
encodes a protein that represses the expres-
sion of male-specific genes (3, 4). In males,
exons 1, 2, 3, 5, and 6 comprise the
alternative dsx mRNA (2) (Fig. 1A) whose
translation product blocks female sexual
differentiation (3, 4).

In Drosophila, the female-specific pro-
cessing pathway of dsx pre-mRNA depends
on the activities of both the tra and tra-2
genes (2, 5). The polypyrimidine tract (6)
of the female-specific 3’ splice site is inter-
rupted by purine residues and is inefficiently
recognized by the splicing apparatus (5,
7-10). When the purines are mutated to
pyrimidines, the dsx female-specific 3’
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splice site is constitutively used both in vivo
(9) and in vitro (I11). Genetic studies in
flies (7) and transfection experiments with
cells in culture (8-10) indicate that prod-
ucts of tra and tra-2 serve as activators of
the female-specific 3’ splice site. Male flies
produce functional tra-2 (I12) but not tra
gene products (5). As a result, dsx pre-
mRNA undergoes default processing to
generate the male dsx mRNA.

The primary structures of Tra (I13) and
Tra-2 (14) are consistent with their roles as
splicing regulators; Tra-2, but not Tra,
contains a ribonucleoprotein-consensus
(RNP-CS) RNA binding domain, a 90-
residue motif implicated in protein-RNA
interactions (15). Recombinant Tra-2 pro-
duced in Escherichia coli binds specifically to
a region in the female-specific exon of dsx
pre-mRNA (8). This region contains six
copies of a 13-nucleotide (nt) sequence and
is required for female-specific splicing (7—
10). Both Tra and Tra-2 contain arginine-
serine-rich regions (RS domain) that are
present in several splicing factors (13, 14,
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16—-18). Although the function of this mo-
tif is not known, recent studies indicate
that it can direct proteins to speckles (19),
subnuclear regions where several splicing
components are preferentially localized
(20).

To study the mechanisms involved in
the positive control of dsx female-specific
splicing by Tra and Tra-2, we established
an in vitro splicing system that consisted of
HeLa cell nuclear extracts and recombinant
Tra and Tra-2 produced in a baculovirus
expression system. Female-specific splicing
was not observed when an in vitro—synthe-
sized transcript of the dsx minigene was
incubated under splicing conditions in
HelLa cell nuclear extracts in the absence of
Tra and Tra-2 (Fig. 1B). The low level of
splicing observed resulted from the use of
a cryptic 3’ splice site (21). Addition of
recombinant Tra or Tra-2 (or both) (22)
activated female-specific splicing (Fig. 1B,
lanes 2 to 5 and 12 to 26). The highest
level of female-specific splicing was ob-
served when both Tra and Tra-2 were
added (Fig. 1B, lanes 22 to 26). Activation
of female-specific splicing by Tra or Tra-2
alone has also been observed in transfection
studies with Drosophila tissue culture cells
(9, 10). In flies, female-specific splicing
requires both Tra and Tra-2. This differ-
ence may result from the use of minigene
substrates and altered ratio of regulators and
basic splicing components in vitro and in
transfection systems.

The repeat region in exon 4 is required
for female-specific splicing in vivo (7-10).
The deletion of most or all of the repeat
sequence from the minigene transcript se-
verely impaired or abolished activation in
vitro (Fig. 2). In addition, the splicing of
both human B-globin (hB-globin) (23) and
fushi taruzu (ftz) pre-mRNA (24) was unaf-
fected by Tra and Tra-2 (11). These results
demonstrate that Tra and Tra-2 function in
a sequence-specific manner in vitro.

To test the possibility that the repeat
region is sufficient fot regulation, we intro-
duced this sequence downstream of the 3’
splice site of h@-globin intervening se-
quence 1 (23). By analogy with the subop-
timal female-specific 3’ splice site of dsx
pre-mRNA, we used hf-globin constructs
that contained mutations that adversely
affected 3’ splice site recognition. The poly-
pyrimidine tract in G(py) (25) is interrupt-
ed by purines. The branchpoint sequence in
G(bps) (26) deviates significantly from the
consensus. Both mutations substantially de-
crease the efficiency of h@-globin splicing in
vitro (25, 26).

In splicing reactions with the hybrid
substrates, the 3’ splice sites from G(py)
and G(bps) were not utilized in the absence
of Tra and Tra-2 ‘(Fig. 3, lanes 2 and 13).
Instead, splicing to cryptic splice sites was
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Fig. 2. RNA sequence
requirements for the
activation of dsx fe-
male-specific  splicing
by Tra and Tra-2 in vi-
tro. Splicing reactions
of 32P-labeled sub-
strates were performed
and analyzed as in Fig.
1B. Precursors and fe-
male-specific  splicing
products are indicated
on both sides of the au-
toradiogram. The lanes
are specified as in Fig.
1B. Where indicated,
60 ng of Tra, 240 ng of
Tra-2, or 60 ng of each
were added. M, P, and
H are the same as in
Fig. 1B. Substrates
(36) and their expected
female-specific  splic-
ing products are illus-
trated below the autora-
diogram. E1, exon 1;
E2, exon 2; short lines
above exons, location
of 13-nt repeats. Arrow
indicates splicing.
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observed as in splicing reactions with the
dsx minigene transcript. The mutant 3’
splice sites in the hybrid substrates were
activated by Tra or Tra-2 (or both) (Fig. 3).
As expected, activation by Tra or Tra-2 was
not observed with RN As lacking the repeat
sequence (11). These results demonstrate
that the repeat region is both necessary and
sufficient for mediating activation of a 3’
splice site by Tra and Tra-2. Similar obser-
vations have been made in vivo (10). The
data presented here further indicate that
Tra and Tra-2 can overcome mutations in
either the branchpoint sequence or the
polypyrimidine tract.

Previous studies have shown that Tra-2
binds specifically to the repeat region (8).
In contrast, Tra, either alone or together
with Tra-2, binds indiscriminately to all the
RNAs tested in ultraviolet (UV) cross-
linking experiments (27) (Fig. 4, lanes 1 to
3). However, an adduct corresponding in
size to Tra (29 kD) was specifically formed
on RNA containing the repeat sequence
when the binding reactions contained nu-
clear extract in addition to Tra and Tra-2
(Fig. 4, lanes 7 to 9) and this adduct was
not observed in the absence of Tra (Fig. 4,
lanes 4 to 6).

These results suggest that the 29-kD
adduct corresponds to Tra specifically
bound to the repeat region. In addition,
adducts of 25 and 33 kD (p25 and p33)
were also specifically formed on the repeat-
containing RNA (Fig. 4, lanes 7 to 9). In
the absence of Tra and Tra-2 (Fig. 4, lanes
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through 11 and 12 through
22 are with G(py)/D and

G(py)D

MPH Tra Tra-2 Tra + Tra-2
FPPe T 'rPé’?["G)
Y E 5

G(bps)/D
MPH Tra Tra-2 Tra + Tra-2
f»é’ ,‘\? © @ ng)

G(bps)/D as substrates, G(py)/G(bps) [ 1 [ 1
respectively; lanes are X
specified as in Fig. 1B. D1 ) )
G(py)/D, G(bps)D (37), V
and their splicing products G(py)/D (848 nt)/G(bps)/D (871 nt) CE] e D)

[G(py)/D® and G(bps)/Dq]
are illustrated below the Y
autoradiogram. E1,exon 1: - g(py)/DS (716 nt)/G(bps)/DS (741 nt)
E2, exon 2; short lines

above exons, location of 13-nt repeats. X and the upper arrow iilustrate the construction of the
hybrid substrates; the lower arrow indicates splicing.

B 1T 77777771

NE + NE NE + Tra + Tra-2
Tra + Tra-2 D6 D5 D6 D5
— 5025050 250 — 50 250 50 250

Fig. 4. Interactions of Tra,
Tra-2, and nuclear pro-
teins with the repeat re-
gion. Shown are autora- "=

— - - :
diograms of UV cross- 77 ==—EE=8 pesi.u..' . ¥
linking products fraction- a- ST i e o .
L =3t L1 gsz=-
- p33
L -

ated by SDS-PAGE. Bind-
ing reactions were set up =
- -

Tra+Tra-2 __NE
D7D5 D6 D7 D5 D6 D7 D5 D6

as splicing reactions
(35), except that the re-
action volume was 10 ul,
and polyvinyl alcohol was
omitted from the reac- e
tions. Cross-linking of oy i iy \1

proteins to 32P-labeled D6 ey

RNA probes by irradiation D7 o s P

with UV was carried out as described (28). The sizes of the molecular markers (Pharmacia) are
indicated at the left in kilodaltons. The left autoradiogram (lanes 1 through 9) shows the reactions
with different probes [D5, D6, and D7 (38) as indicated at the top], under different binding
conditions. The right autoradiogram (lanes 10 through 19) shows competition experiments with
different competitors (D5 and D6) under different conditions. NE, reactions containing nuclear
extract only; NE+Tra+Tra-2, reactions containing both nuclear extract and Tra and Tra-2;
Tra+Tra-2, reactions containing only Tra and Tra-2. D5 is the probe for all of the reactions in the
autoradiogram on the right; numbers represent the molar ratio of the unlabeled competitor RNA to
the labeled probe, and dashes indicate reactions without competitors. Between the two autora-
diograms, the positions of the adducts corresponding to Tra, Tra-2, p25, p33, and p65 are
indicated. The structures of the probes and competitors are shown below the autoradiograms.
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4 to 6), the formation of the 25- and 33-kD
adducts was much weaker, and longer ex-
posure was required for clear visualization of
them. All of these adducts could be specif-
ically abolished by excess unlabeled RNAs
containing the repeat (Fig. 4, lanes 10 to
19). The presence of competitor RNAs that
lacked the repeat not only stimulated the
cross-linking of these proteins but also re-
vealed two more adducts (at 38 and 65 kD)
specific to the repeat (Fig. 4, lanes 10 to

19). The 38-kD adduct most likely corre-
sponds to Tra-2; the identity of the 65-kD
(p65) protein is unknown. The stimulatory
effect is more pronounced for the cross-
linking of p25, p33, and p65 in the absence
of Tra and Tra-2. Our interpretation is that
the binding of these nuclear proteins to the
repeat is weak in the absence of Tra and
Tra-2 and is therefore blocked by the abun-
dant nonspecific RNA binding proteins in
the extract. The competitor RNA that
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lacked the repeat titrated away these non-
specific RNA binding proteins, which al-
lowed specific interactions of these nuclear
proteins with the repeat.

These experiments show that Tra, a
nonspecific RNA binding protein, either
by itself or with Tra-2, interacts specifi-
cally with the repeat region in the pres-
ence of nuclear extract. In addition, sev-
eral factors from the nuclear extract spe-
cifically recognize the repeat region. It is
likely that Tra achieves RNA binding
specificity through cooperative interac-
tions with these nuclear factors. A char-
acteristic feature of Tra is an extended RS
domain, which may function in both pro-
tein-RNA and protein-protein interac-
tions. In addition to the RS dipeptide that
is a hallmark of this motif (16), there are
clusters of residues resembling the basic
RNA binding domain of Tat and Rev
(28). These basic domains may be the site
of contact with RNA. The remainder of
the RS domain—that is, the RS dipep-
tides—may interact with other proteins;
these interactions could change the con-
formation of the closely linked basic do-
mains to achieve RNA binding specificity.

The binding of Tra, Tra-2, and these
nuclear proteins to the regulatory sequence
may lead to the formation of an activation
complex. This complex could associate di-
rectly with splicing components and facili-
tate their interaction with the 3’ splice site
or it could change the secondary or higher
order structure of the pre-mRNA in a way
that renders the 3’ splice site more accessi-
ble to splicing components. The observa-
tion that Tra and Tra-2 can activate heter-
ologous 3’ splice sites through the repeat
region does not support the latter possibil-
ity.

The direct targets of the activation
complex are unknown at present. Both
Tra and Tra-2 can suppress mutations in
either the branchpoint sequence or the
pyrimidine tract, and these elements in-
teract with distinct components of the
splicing apparatus. The branchpoint se-
quence binds directly to U2snRNP (29)
and the pyrimidine tract interacts with a
number of proteins including the splicing
factor UZAF (30). Recent studies indicate
that additional factors are involved in the
recognition of the 3’ splice site (31). A
detailed understanding of the interactions
between Tra, Tra-2, and these factors
should provide insight into the mecha-
nisms of regulated splicing and 3’ splice
site recognition.
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Body-Wall Muscle Formation in Caenorhabditis
elegans Embryos That Lack the MyoD
Homolog hlh-1

Lihsia Chen, Michael Krause, Bruce Draper, Harold Weintraub,
Andrew Fire*

The myoD family of DNA binding proteins has been implicated in the control of myogenesis
in a variety of organisms. Searches for homologs in the nematode Caenorhabditis elegans
yielded only one gene, designated hih-1, expressed in body-wall muscle cells and their
precursors. To assess the role of hih-1in C. elegans myogenesis, genetic deficiencies
spanning the hih-1 locus were isolated after gamma irradiation. Embryos homozygous for
these deficiencies exhibited extensive body-wall muscle differentiation, including expres-
sion of several characteristic myofilament proteins and weak contracile behavior. Thus,
zygotic hih-1 expression was not required for body-wall muscle precursors to adopt muscle

cell fates.

The myoD family of DNA binding pro-
teins, normally expressed early in verte-
brate muscle differentiation, can induce a
variety of nonmuscle and premuscle cells to
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adopt striated muscle characteristics when
ectopic expression is engineered (I).
Whether the myoD family also initiates
myogenesis during normal development can
be addressed with invertebrate organisms
amenable to genetic analysis: Caenorhabditis
elegans and Drosophila melanogaster. To
date, just one close myoD homolog has
been found in each species [hlh-1 in C.
elegans (2) and nau in Drosophila (3)]. Sim-
ilarities to vertebrate myoD family members
in both sequence and muscle expression
patterns suggest equivalent functions in de-
velopment. Consistent with this hypothe-
sis, the hlh-1 product can induce myogene-





