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Sex-lethal (Sxl), a key sex determination gene in Drosophila melanogaster, is known to express a set of three
early transcripts arising during early embryogenesis and a set of seven late transcripts occurring from
midembryogenesis through adulthood. Among the late transcripts, male-specific mRNAs were distinguished
from their female counterparts by the presence of an extra exon interrupting an otherwise long open reading
frame (ORF). We have now analyzed the structures of the late Sxl transcripts by cDNA sequencing, Northern
(RNA) blotting, primer extension, and RNase protection. The late transcripts appear to use a common 5' end
but differ at their 3' ends by the use of alternative polyadenylation sites. Two of these sites lack canonical
AATAAA sequences, and their use correlates in females with the presence of a functional germ line, suggesting
possible tissue-specific polyadenylation. Besides the presence of the male-specific exon, no additional sex-
specific splicing events were detected, although a number of non-sex-specific splicing variants were observed.
In females, the various forms of late Sxl transcript potentially encode up to six slightly different polypeptides.
All of the protein-coding differences occur outside the previously defined ribonucleoprotein motifs. One class
of Sxl mRNAs also includes a second long ORF in the same frame as the first ORF but separated from it by
a single ochre codon. The function of this second ORF is unknown. Significant amounts of apparently partially
processed Sxl RNAs were observed, consistent with the hypothesis that the regulated Sxl splices occur relatively
slowly.

Sexual development in fruit flies is one of the best-
characterized systems for the study of determination in a
metazoan organism. In Drosophila melanogaster, the initial
signal for specification of the male or female state is the ratio
of X chromosomes to autosomes. This signal is recognized
and interpreted by an array of genes that act in sequence
making the decisions ultimately leading to sexual differenti-
ation (3, 19, 20, 29, 36, 57). A considerable amount is now
known regarding the molecular nature of some of these
regulatory genes (2, 4, 28).

Central in the pathway leading to sex determination lies
the gene Sex-lethal (Sxl). In female flies, Sxl carries out a
variety of related functions. It governs the phenotypic de-
velopment of sexual dimorphism (18, 53) and is essential for
female viability through its involvement in dosage compen-
sation (17, 23, 37). Sxl also positively regulates its own
activity in a feedback loop believed to be critical for main-
taining the determined state throughout development (18).
Finally, Sxl is required for normal development of the female
germ line and may possess different female-specific somatic
and germ line activities (48, 50, 54).
Although Sxl expresses a suite of functions in females,

genetic analysis suggests that it is not active or necessary in
males (16, 18, 38, 50). However, the gene is transcribed in
males, and the transcripts generated in adult males and
females are of different sizes (7, 38, 51). This results from the
occurrence in male RNAs of an extra exon not present in
female RNAs. The extra exon interrupts an otherwise long
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open reading frame (ORF), apparently eliminating protein-
coding potential and thereby generating inert transcripts in
males. The exclusion of the male exon from female tran-
scripts is associated with the expression of full-length Sxl
polypeptides in female flies (11).
A mechanism for Sxl action has been hypothesized on the

basis of a comparison of Sxl with a gene downstream of it in
the sex determination hierarchy: transformer (tra). Like Sxl,
tra is transcribed in both sexes but is differentially spliced
(10, 14, 40). Sex-specific alternative splicing of tra depends
on Sxl function (41, 44), suggesting that the regulation of tra
expression by Sxl is mechanistically similar to Sxl autoreg-
ulation. Furthermore, a conserved sequence element has
been identified at regulated splice acceptor sites in the tra
and Sxl genes, mutation of which in the case of tra leads to
the abrogation of Sxl control (55). The polypeptide encoded
by a female Sxl cDNA possesses two copies of a 90-amino-
acid ribonucleoprotein (RNP) motif, shared by a number of
known RNA-binding proteins (6, 58). More recently, Sxl
protein was shown to bind in vitro to the conserved RNA
sequence element mentioned above (30). This RNA-binding
capability, together with its genetic effects on sex-specific
RNA processing, lead to the postulate that Sxl is a trans-
acting splicing factor that represses the use of particular
acceptor sites. This model is attractive, as it unifies Sxl's
autoregulatory and somatic differentiation activities through
a common biochemical process, but its validity for Sxl's
regulation of dosage compensation awaits molecular analysis
of the downstream genes involved in that process (8, 59).

Preliminary characterization of the Sxl transcript pattern
revealed considerable complexity (51). What are the struc-
tural relationships among the various transcripts, and what
are the consequences for protein-coding potential? An an-
swer to this question is essential for understanding how Sxl
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carries out its functions and specific mutations interfere with
those functions and for interpreting information on sequence
conservation for Sxl among various species.
The present report greatly refines our understanding of the

structure of the late mRNA species which are present
throughout most of development. The late transcript pattern
is shown to be even more complex than previously thought.
The 5' and 3' ends and precise exon structure of these
mRNAs are described. There do not appear to be significant
developmental stage-specific differences in RNA splicing,
but there may be tissue-specific differences in polyadenyla-
tion. The transcripts encode a variety of structurally related
proteins. One simplifying aspect of the results reported here
is the discovery that despite the considerable complexity in
the Sxl RNA splicing pattern, the only sex-specific splicing
difference found so far is that involving the translation-
terminating exon 3 reported previously.

MATERIALS AND METHODS

Fly stocks. Flies were raised at 25°C on a standard corn-
meal dextrose-yeast medium. Sterile adult females were
obtained as heterozygotes carrying the dominant female
sterile allele ovoDI (13). Sxl deficiencies RJ2 and 7BO are
described by Salz et al. (50).
cDNA isolation and DNA sequence analysis. A 1.5- to 5-h

embryonic cDNA library in XgtlO (23a, 33) was screened
with nick-translated probes from Sxl regions hl and j (see
Fig. 1), and recombinant phage were purified essentially
according to the method of Sambrook et al. (52). cDNA
inserts were removed as EcoRI fragments and cloned into
pBluescript KS (Stratagene). None of these cDNAs was full
length; only one, EF5a21, is explicitly discussed in the text.
Subsequently, a 12- to 24-h embryonic cDNA library in
plasmid pNB40 (12) was screened with combined probes
from Sxl regions hl and f3. Because of uneven library
amplification, multiple isolates of many recombinant cDNAs
were obtained. Independent inserts were recloned as EcoRI
fragments in pBluescript KS. For complete sequencing of
MS3 and MS11, nested deletions were made with Exolll
(25). Dideoxy sequencing was performed by the method of
Sanger (52) with Sequenase (USB), and sequence assembly
was carried out according to the method of Staden (56). Like
the previously sequenced cDNA cFl, both MS3 and MS11
contained an additional G residue, not encoded in the
genomic sequence, at the 5' end. This extra G appears to be
diagnostic of full-length cDNAs from the Brown library (lla)
and for clarity is omitted from the sequences shown in Fig.
2 and 3. In comparing the sequences of the various Sxl
cDNAs, cMl, as shown in Fig. 2 of Bell et al. (7), should
have a G rather than the published A residue at the position
equivalent to cFl bp 768 (6a). Despite the occurrence of both
male and female type transcripts in mixed late embryo
populations, cDNAs obtained from the Brown library were
all either female or unclassifiable because of 5' truncations.
The absence of male cDNAs may have resulted from uneven
library amplification.
RNA analysis. Poly(A)+ RNA was prepared essentially as

described elsewhere (46), except that frozen embryos, lar-
vae, or adults were disrupted in a Brinkmann homogenizer.
All preadult RNA preparations are from mixed-sex popula-
tions.
For Northern (RNA) blot analysis, generally 2.5 to 10 ,ug

of poly(A)+ RNA was loaded per lane. RNA was fractionated
on 1% agarose-formaldehyde gels according to the method of
Sambrook et al. (52) and after partial alkaline hydrolysis was

transferred either to nitrocellulose (Schleicher & Schuell) or
to Zetabind nylon (AMF-Cuno). Nitrocellulose membranes
were hybridized as described previously (7), with omission
of dextran sulfate from hybridization mixtures. After hybrid-
ization, membranes were washed at 65°C with 0.2x SSPE
(ix SSPE is 0.18 M NaCl, 10 mM NaPO4, and 1 mM EDTA
[pH 7.4])-0.1% sodium dodecyl sulfate (SDS). RNA was UV
cross-linked to nylon membranes and hybridized by a mod-
ification of the procedure of Amasino (1). Hybridization was
in 0.125 M NaHPO4 (pH 7.0)-0.25 M NaCl-7% SDS-1 mM
EDTA-10% polyethylene glycol 8000 at t5oC. Washes were
as described by Amasino (1) or as described above for
nitrocellulose. Hybridization probes from gel-purified Sxl
genomic fragments were prepared by nick translation or by
random priming with Escherichia coli Klenow fragment
(Boehringer) according to the manufacturer's recommenda-
tion. For normalization of mRNA concentrations in the
different poly(A)+ RNA fractions, the blot shown in Fig. 4A
was reprobed with a fragment containing the ribosomal
protein 49 gene (45). Sizes of the various Sxl transcripts are
given on the basis of the sequences of the representative
cDNAs and on RNase protections mapping the 5' and 3'
ends.
RNase protections were performed according to the

method of Melton et al. (42) with the following modifica-
tions. High-specific-activity uniformly labeled antisense ri-
boprobes were synthesized with SP6, T3, or T7 RNA
polymerase as suggested by the manufacturer (Promega).
Riboprobes were purified by spin column chromatography; 1
to 2% eluate was used directly in hybridizations. Nonradio-
active control sense strand RNAs from Sxl cDNAs or
genomic subclones were synthesized as suggested by the
manufacturer (Promega). Following hybridization of radio-
active probes with synthetic control RNA or poly(A)+ RNA,
reactions were quenched with RNases A and Ti at dilutions
optimized for each different probe (see figure legends).
RNase mix (ix) was 40 ,ug of RNase A per ml and 2 ,ug of
RNase Ti per ml. RNase treatment was generally for 60 min
at room temperature; in the case of probe kla, a shorter,
10-min incubation was necessary to prevent overdigestion.
RNases were inactivated with protease treatment, and sam-
ples were extracted, ethanol precipitated, resuspended, and
electrophoresed on denaturing urea-Tris-borate-EDTA-
polyacrylamide gels. Molecular weight markers consisted of
end-labeled HaeIII-cut 4XX174 or MspI-cut pBR322.

Primer extensions employed a polynucleotide kinase-la-
beled oligonucleotide with the sequence CACTGCGCGACT
TTCCTTCTTC, complementary to the downstream end of
exon 1, and were performed as described elsewhere (22) with
5 ,ug of poly(A)+ RNA and avian myeloblastosis virus
reverse transcriptase (USB). Extension products were re-
solved by electrophoresis on denaturing urea-Tris-borate-
EDTA-8% polyacrylamide gels. To control for reverse tran-
scriptase artifacts, extensions were also performed on
synthetic plus-strand RNA from genomic subclone d2 (-223
to +242); with this synthetic RNA, no strong stops were
observed in the region of interest (see Fig. 5A).
For autoradiography, X-ray films were generally pre-

flashed (except for the autoradiogram shown in Fig. 5A) and
exposed with an intensifying screen.

In vitro translations. Translatable mRNAs were synthe-
sized from Sxl cDNAs with SP6 RNA polymerase as de-
scribed previously (32), including the cap analog GpppG in
the transcription reactions. Capped RNAs were translated in
treated reticulocyte lysate (Promega) as recommended by
the manufacturer. Typically, 8- to 10-,ul reactions were
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performed with S 1XCi of [35S]methionine and empirically
determined optimal concentrations of synthetic mRNA.
Where noted, partially purified yeast suppressor tRNAs (a
kind gift of M. Bienz, J. Smith, and J. Kohli) were included
in translations. Products were resolved on SDS-10% poly-
acrylamide gels, and gels were dried and autoradiographed.
Markers were in vitro-translated brome mosaic virus pro-
teins (Promega) or '4C-methylated proteins (Amersham).

Nucleotide sequence accession numbers. The nucleotide
sequences described here have been entered in the GenBank
data base and assigned accession numbers M59447 (pMS3)
and M59448 (pMS11).

RESULTS

Isolation of Sxl cDNA clones. The initial analysis of Sxl
gene expression showed that the locus encodes at least 10
distinct transcripts whose patterns of expression vary ac-
cording to the sex and developmental stage of the animals
(51). In adult females four transcripts were detected, falling
into three size classes: a large RNA of approximately 4 kb,
two middle RNAs of about 3 kb, and a small RNA of 2 kb.
Expression of the two middle RNAs differed in that one was
absent from sterile female flies while the other was retained;
these RNAs were therefore termed the mid-gld (germ line-
dependent [missing in sterile females]) and the mid-gli (germ
line-independent) transcripts. In adult males three RNAs
were detected: large, middle, and small. Each of these RNAs
was approximately 200 nucleotides (nt) larger than the
equivalent female RNA, because of the presence of an extra
exon (7). It remained unclear whether the inclusion of this
male-specific exon represented the only Sxl RNA processing
difference between the two sexes.
The adult-type transcripts were shown to occur through-

out much of development. They were thus termed the late
transcripts to distinguish them from another set of RNAs
observed uniquely during early embryogenesis (2 to 4 h).
The early transcripts also fell into three size classes: large,
middle, and small, each approximately 200 nt smaller than
the analogous adult female RNA.
The numerous Sxl transcripts overlap extensively. Al-

though some differences in sequence content among these
transcripts were detected by probing Northern blots with
particular genomic DNA segments (51), this level of analysis
was insufficiently detailed to distinguish exact exonic struc-
ture. To examine the differences among the transcripts at
higher resolution, we have resorted to an extensive cDNA
analysis. A 12- to 24-h embryo library (12), expected to
include both male and female late transcripts, was screened
and provided 10 cDNAs longer than 1.5 kb. Two of the
largest clones, MS3 and MS11, were fully sequenced, and
their exon structures were determined by comparison with
cDNAs cMl and cFl and with Sxl genomic sequences (14a).
These sequenced cDNAs are presented schematically in Fig.
1, together with the deduced structures of the eight other
Brown library cDNAs and one earlier Goldschmidt-Cler-
mont library cDNA. A genomic restriction map of the Sxl
locus is provided at the top of the figure, and various
genomic subclones used for Northern blot and RNase pro-
tection analysis are indicated.

Structure of clone MS3 and related cDNAs. MS3 is 3,094 bp
in length (see Fig. 2). Its 5' end is exactly the same as that of
the previously sequenced female-specific cDNA cFl. At its
3' end is a short poly(A) tail, preceded 35 bp upstream by a
canonical AATAAA polyadenylation signal. MS3 contains
seven exons, corresponding to numbers 1, 2, 4, 5, 6, 7, and

8 of Bell et al. (7) (Fig. 1). Exon number 3, the male-specific
exon, is not present in MS3, which is therefore a female-
specific cDNA. On the basis of its size and sequence
content, MS3 appears to represent a full-length version of
the mid-gli transcript (see Fig. 9). The cDNA contains a
single long ORF, potentially encoding a 354-amino-acid
polypeptide, assuming that translation initiates at the first
available methionine of the long ORF (bp 426). The pre-
dicted sequence of this polypeptide is identical to that of
cFl, including two RNP motifs conserved in a variety of
RNA-binding proteins (encoded in MS3 exons 5 to 8).

Clones MS21, MS24, MS29, MS31, and MS59, together
with cFl and cMl, resemble truncated versions of MS3 (Fig.
1). All are shorter than MS3, with 3' ends occurring at the
positions indicated in Fig. 2; many of these 3' ends occur at
long runs of A residues in the genomic sequence and may
have resulted from internal priming by oligo(dT). Most of
these cDNAs are also truncated at the 5' end, at the
approximate positions shown in Fig. 1. MS13 and MS50,
also truncated at the 3' end, are peculiar in that they contain
unspliced intron sequences. These two clones probably
represent incompletely processed intermediates.

Structures of very large clones MSll and MS16. MS11 and
MS16 contain sequences from regions j and k and hence are
clearly distinct from the cDNAs described above (Fig. 1).
These regions are specific in females to the 4-kb large and
3-kb mid-gld transcripts (51). However, both in total size (5
kb) and in the presence of k3 sequences (see below), the
cDNAs differ from these transcripts. They appear instead to
be very large, similar to the large transcript but containing
about 1 kb of additional sequence at the 3' end.
MS11 is 5,163 bp long (see Fig. 3), with a 5' end identical

to that of MS3. Like MS3 it contains exons 1, 2, 4, 5, 6, and
7 and lacks male exon 3. Therefore, MS11 has the potential
to encode a polypeptide containing the two RNP motifs.
However, MS11 differs critically from the MS3-type cDNAs
in exon 8. A splice at bp 1395 of MS11 truncates exon 8,
eliminating 23 amino acids present in MS3 and generating
thereby a 43-amino-acid alternative C terminus encoded in
exons 9 and 10. Another alternative splice, into exon 5 of
MS11, eliminates the first 8 amino acids of coding potential
present in exon 5 of MS3. These two forms of exon 5 were
previously noted in cFl and cMl (7).

In addition to the ORF containing the two RNP consensus
motifs, a second long ORF of 355 amino acids occurs in
MS11 following the UAA translation terminator at bp 1524
(Fig. 3). This second long ORF is in the same frame as the
first ORF and is henceforth designated ORF2. The first ORF
is therefore called ORF1 or the RNP-ORF. ORF2 is not
obviously related to ORF1, although it does in general match
the Drosophila codon bias. ORF2 is rich in glutamine,
serine, and asparagine and shows similarity to many opa
repeat-containing genes (62) in the GenBank and EMBL data
bases.

Besides the different C terminus, MS11 has two internal
amino acid differences from MS3 at the positions noted in
Fig. 2 and 3. Oddly, male cDNA cMl resembles MS3 at the
first site and MS11 at the second. Clone cFl is identical to
MS3 at both positions.
Clone MS16 differs slightly from MS11 in that it has the

same 5' and 3' ends but skips exon 9, splicing exon 8 directly
into exon 10 with the same junctions as MS11 and preserving
the translational reading frame. Thus, MS16 should lack the
22 amino acids encoded by exon 9 but have the same C
terminus as MS11, as well as ORF2 in exon 10. In addition to
MS11 and MS16, six early embryonic cDNAs and one larval

MOL. CELL. BIOL.



MULTIPLE PRODUCTS OF THE Sxl GENE 3587

Direction of transcription 5' -* 3'
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AUG UGA
*cF1
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EF5a21I-
FIG. 1. Exon structures of Sxl cDNAs. A 12- to 24-h embryonic cDNA library was screened for Sxl clones. The 10 longest inserts (MS3

to MS59) were mapped by restriction analysis, Southern blotting with genomic Sxl probes, 5'- and 3'-end sequencing, and RNase protection.
The structures of previously sequenced adult cDNAs cFl and cMl are provided for comparison. Partial cDNA EF5a21 was isolated from the
Goldschmidt-Clermont library as described in the text. Asterisks denote cDNAs which have been completely sequenced. Ends of cDNAs
which are believed to represent truncations of Sxl transcripts (either 5' or 3') are indicated with vertical lines. Putative translational initiation
and termination codons are indicated; these are inferred for partially sequenced cDNAs on the basis of exon mapping. Exon-intron junctions
were determined by comparison with genomic Sxl sequences (for reasons of clarity, not all exons are shown to scale). The presence of
microexon 4 was not rigorously demonstrated for partially sequenced cDNAs. Exon 3, the male-specific exon, was apparently absent from
all the late embryonic cDNAs. Retained intervening sequences in MS13 and MS50 are shown by stippled boxes. Sxl genomic subclones used
for hybridization probes are shown at the top of the figure. The Sxl nucleotide numbering system has been revised so that map position 0,
previously corresponding to the site of insertion of a P element, now corresponds to the 5' end of the late Sxl transcription unit. In addition,
the numbering system now increases positively in the direction of transcription (51). Restriction sites are designated as follows: B, BamHI;
H, HindIII; P, PstI; R, EcoRI; S, SalI; X, XhoI.

cDNA contain the same splice out of exon 8 (data not Developmental RNA analysis. To extend the previously
shown). Of all nine cDNAs in this class, four contain the published analyses of Sxl transcription, Northern blots were
exon structure 8-9-10 while the remaining five have the performed with a series of probes (Fig. 1) specific to different
structure 8-10. Sxl transcripts. In this way the expression patterns of all
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10 20 30 40 5o A 60 70 80 90
Ex 1 Ex 2

AAAAAAACCCCATAGGACTTAAGAGAGGAAAGCACAGTGAGCGTGCACACATGTAAAAAGAGAAAGAGAGCAACAGCAATTTTAGTACAA
100 110 120 130 140 150 160 170 180

CACAAGAAAGTTGAACAGAGGCAGAAGAGAAGTAACAGGAAAACAATAACAACGACAGCAGCAGGCCAGCTGAGAGCGCTGAGCGCCAAA
190 200 210 220 230 240 250 260 270

ACAATTGAAGAGATCGATTGAATCTCGATCATCGTTCTTAACCTCAAGTCAACTGCAACTCACCTCATCATCCTTTTCCTGTAAAACCGA
280 290 300 310 320 330 340 350 360

M Y G N N N P G S
AACTCACCTTCGATCGAGGGTGTAACTTTTGTTGATTCGAAAAACACACTCCCAACTCTCAGGATATGTACGGCAACAATAATCCGGGTA

370 380 390 400 410 420 430 440 450

N N N N G G Y P P Y G Y N N K S S G G R G F G M S H S L P S
GTAACAATAATAATGGTGGTTATCCCCCATATGGCTACAACAACAAGTCGAGTGGTGGGCGTGGATTTGGGATGTCCCATTCTCTGCCAT

460 470 480 490 500 A 510 520 530 540
Ex2 Ex4

G M S R Y A F S P Q D T E F S F P S S S S R R G Y N D F P G
CCGGAATGTCACGTTATGCGTTCTCGCCACAGGATACAGAATTTTCATTTCCAAGTTCATCGTCGCGTCGTGGTTACAATGATTTCCCCG

Ao 560 570 580 590 600 610 620 630
Ex 4 Ex 5
C G G S G G N G G S A N N L G G G N M C H L P (DM A ®SN N N S

GCTGCGGCGGCAGCGGCGGAAATGGTGGGAGTGCCAACAATTTAGGGGGCGGCAACATGTGCCACCTGCCGCCGATGGCCAGCAACAACT
640 650 660 670 680 690 700 710 720

L N N L C G L S L G S G G S D D L M N D P R A S N T N L I V
CGCTGAATAACCTCTGCGGATTGTCGCTGGGCAGCGGTGGTAGTGATGATCTCATGAACGATCCTCGGGCAAGCAACACCAACCTGATTG

730 740 750 760 770 780 79C 800 810

N Y L P Q D M T D R E L Y A L F R A I G P I N T C R I M R D
TCAACTACTTGCCCCAGGACATGACCGATCGCGAGCTGTACGCCCTATTCAGAGCCATTGGACCCATCAACACGTGCAGAATCATGCGAG

820 830 840 -850 860 870 880 890 900

Y K T G Y S F G Y A F V D F T S E M D S Q R A I K V L N G I
ACTATAAGACTGGCTACAGTTTTGGTTATGCTTTCGTGGACTTCACATCGGAAATGGACTCGCAGCGTGCTATTAAAGTGCTGAATGGCA

AO 920 930 940 950 960 970 980 990
Ex5 Ex6
T V R N K R L K V S Y A R P G G E S I K D T N L Y V T N L P

TCACAGTGCGCAACAAGCGGCTTAAGGTTTCCTATGCACGTCCCGGCGGAGAATCGATCAAGGACACCAATCTGTATGTGACCAATCTGC
1000 1010 A020 1030 1040 1050 1060 1070 1080

Ex6 Ex7
R T I T D D Q L D T I F G K Y G S I V Q K N I L R D K L T G

CGCGTACCATAACCGACGATCAGCTGGACACGATCTTCGGCAAGTACGGTTCCATTGTGCAGAAGAACATCTTGCGTGACAAGCTCACAG
1090 1100 1110 1120 1130 1140 1150 1160 1170

R P R G V A F V R Y N K R E E A Q E A I S A L N N V I P E G
GTCGTCCTCGTGGTGTGGCCTTTGTTCGGTACAACAAGCGTGAGGAGGCCCAGGAGGCCATTTCGGCGCTGAACAACGTAATACCCGAGG

1180 1190 lAo 1210 1220 1230 1240 1250 1260
Ex7 Ex8

G S Q P L S V R L A E E H G K A K AA H F M S Q M G V V P A
GCGGATCACAGCCGCTGTCCGTCCGGTTGGCTGAGGAGCATGGCAAGGCGAAGGCGGCCCACTTTATGTCGCAGATGGGCGTGGTTCCAG

1270 1280 1290 1300 1310 1320 1330 1340 1350

N V P P P P P Q P P A H M A A A F N M M H R G R S I K S Q Q
CAAATGTACCACCGCCGCCACCACAACCGCCAGCACATATGGCCGCCGCATTCAACATGATGCACAGAGGTAGATCAATTAAATCACAGC

1360 1370 1380 1390 1400 1410 1420 1430 1440

R F Q N S H P Y F D A K K F I -

AACGCTTCCAAAACTCGCATCCCTATTTCGAIGCTAAAAAGTTTATCTGAAATACAAATATCCAGAAACGAATACAAGATGAAACACACA
1450 1460 1470 1480 1490 1500 1510 1520 1530

AGCCACACACAAAATATAATCAAGAGCGATCTGCTGGGTATATAGTGAATACATATATACCAATTAATCTTGAGAGTGTTTACATCTGAA
1540 1550 1560 1570 1580 1590 1600 1610 1620

FIG. 2. DNA sequence of cDNA MS3. The junctions of exons 1 to 8 (Ex 1 to Ex 8) are indicated by arrowheads. Positions of 3' termini
of related cDNAs (see text) are marked; potential canonical and noncanonical polyadenylation signals are underlined (see Discussion). The
3' end of MS29 was not determined precisely but is probably similar to that of MS21. The amino acid sequence of the presumptive MS3
translation product is shown, with polymorphic amino acids circled. The two RNP motifs as defined by Bell et al. (7) are encoded between
bp 756 and 1019 and bp 1020 and 1274. The T at bp 731 of MS3 is a C in other cDNAs; this third position change does not introduce a difference
in coding potential.

seven late transcripts were determined from embryogenesis class of transcripts between 2 and 4 h of embryonic devel-
through adulthood (Fig. 4). opment and the subsequent appearance of the late male and

Fig. 4A shows the developmental profile of all Sxl tran- female transcripts during midembryogenesis. Note that the
scripts, visualized with general probe hl. The 10 previously 3.3-kb male RNA is initially less abundant than its 3.1-kb
identified Sxl transcripts are indicated by arrows on either female counterpart (5 to 12 h) but that the two transcripts
side of the figure: on the right, arrows are placed at the eventually achieve similar levels. A large RNA, not previ-
positions of the late transcripts; the left arrows point out the ously defined, of unknown sex specificity is transiently
early transcripts. The salient features observed by Salz et al. visible in late embryos (arrow marked "very large"). Al-
(51) were confirmed, notably, the occurrence of the early though the overall level of Sxl transcription is considerably
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XF3'CFl
1630 1640 1650 1660 1670 1680 1690 1700 1710

TAACACTAACAACCAACAACAATATGAATGCATACTTAGTTTTATTATTTGCTCTTAATTCGGTAATTCGTAAATAATTCAATTTATTGT
1720 1730 1740 1750 1760 1770 1780 1790 1800

A',3' cMl
TGCAATTTCGCAGTGCATATATATTATACTAATATTATGTCGTATATTTTGATAAAAAAAACACAAAAATTGAATTGTATTTAAATT

1810 1820 1830 1840 1850 1860 1870 1880 1890
A'3'MS 13

TTTTAGTGTAATTGAAAZ AACAAAACT ATCATTTGGAAAACGTA AAAAGTAACTTTTAGATACTAA
1900 1910 1920 1930 1940 1950 1960 1970 1980

W 3'YMS21
CCrACAACTAAAAAGAGAAAGGGAAATATCACGTTTTTTTTGTTTAGGCTTAAATCTTAAGCTTTTCTTTCACAACTTTGACAACAGAAC

1990 2000 2010 2020 2030 2040 2050 2060 2070

TCACAACTACACACACACACATACACAAAACCAGGCGAAACGGTAAACTAGCACTTCAAAGTTCGCGTAAAAGTGTTAGTCAAAAACCAT
2080 2090 2100 2110 2120 2130 2140 2150 2160

TTTTTTAAACTTTTTTTTTATGTGTGTGTTTTCCAAAGCGGAAAATTTTTTTTTCCCGGATACAGCACAATAACAAAACGTAAAGCTGCA
2170 2180 2190 2200 2210 2220 2230 2240 2250

ATTTTTTTTATACAAATAAAAAATACCGAAATGCACATAATGAGTAATATATATTAACAACAAAGAGATAAACCAACCAAGGACTGAATC
2260 2270 2280 2290 2300 2310 2320 2330 2340

GATACCTAACTAAAAAAGCAAGAAATGCATAACCCACTAAAAAAGATGATATATATCCTTCTTGAACGAAGCTAAAGAGTGCAATTTTTT
2350 2360 2370 2380 2390 2400 2410 2420 2430

TTTGATCCTAGTTATTTTTTTTGGTAATTTTTTTCCCGTTTACACAAAAGACTGGTGCGAGACAACAGAAGATTAAACAAACATTGCAAT
2440 2450 2460 2470 2480 2490 2500 2510 2520

CAAGCAATCAGAACTGAATTATAAAAGTAAAACAAATCACGATATAAAATACAAATCTAAAGGAGTAAAAATTACAAAAGCGTTGCCGAG
2530 2540 2550 2560 2570 2580 2590 2600 2610

CATTAACCTGTAACCCTTTTAGATCCACTTACCTCTTCAGCATCTTCAGATCGCATCAATAATATTGAAATCGAATCACGCCTTTTTTTT
2620 2630 2640 2650 2660 2670 2680 2690 2700

3'MS 24v k' 3 MS31
TGGTTTTAATTTGCCCATCTCTACCAGCGACAACAACTACAATCTACTGCAAGATAAACAACATG AAACAAGAAAACTAAAATA

2710 2720 2730 2740 2750 2760 2770 2780 2790

A3' MS 50, 59
TTTCTGTTTTTCAACTGATATCTTCTATCATCAAGTTTTTTCCATATATCAACAAAAACGAAAAACACAAATAATTTAAAA AATCC

2800 2810 2820 2830 2840 2850 2860 2870 2880

CCTTTTTAGATATACTTATAATATACATATATATTTCACTATATGGAACCTATTCTATAAAATAGCGTTAAATTTTAATAATTATTTAGT
2890 2900 2910 2920 2930 2940 2950 2960 2970

TTGTAGTGCGTTAAAAGCATTTCAAAACAAAAATCAAGTATATAAAACAAAATCCCGAACGTGTGACCAGAGAAACTGAATATAA T
2980 2990 3000 3010 3020 3030 3040 3050 3060

GGCGAAAAGCAAAACAAACATAAAACCAAAAACCAAAAAAAAAAAA
3070 3080 3090 3100

FIG. 2-Continued.

reduced during larval and pupal stages, there is no significant
qualitative change in the late transcript pattern until adult-
hood. At this time the large (4.3-kb) male transcript, not
detectable in preadult stages in this experiment, is observed.
The small (1.9-kb) transcript reappears in females, and
comparison of fertile and sterile females shows the expected
germ line dependence of the 3.1- and 1.9-kb RNAs.
The relative contributions of the two different middle

transcripts were determined with probes specific for these
RNAs. As shown in Fig. 4B, mid-gli-type transcripts visu-
alized with probe i appear throughout development. As
noted above, the 3.3-kb male transcript appears less abun-
dant than the 3.1-kb mid-gli female transcript in 5- to 12-h
embryos, but at all later stages these transcripts are ex-
pressed at approximately equal levels. In contrast to these
results, middle-size transcripts of the gld type, visualized
with probe kl, occur uniquely in fertile adult females (Fig.
4C, arrow on right marked "3.1 fem.-gld"). The blots in
Figs. 4B and C together indicate that the middle transcripts
observed with general probe hl result exclusively from
gli-type RNA during preadult development and in adult
males.
Probe kl also anneals to the large RNAs at all stages of

development, as well as to the very large RNA in late

embryos (Fig. 4C). Additional Northern blots demonstrate
that the very large RNA, but not the large RNAs, contains
sequences as far distal as region k3 (data not shown).

5'-end analysis. As noted above, several Sxl cDNAs begin
at the same site, the A residue numbered + 1 in MS3 and
MS11, while none has been identified carrying sequences
from further upstream. That this + 1 position is the 5' end of
the late Sxl transcription unit was verified by primer exten-
sion and RNase protection.

Figure 5A shows the results of primer extensions. In late
embryo, adult male, and adult female RNAs a prominent
extension product was observed, corresponding to the +1 A
of the cDNAs (41 nt, asterisks on left). Some larger exten-
sion products were also detected in these lanes. However,
since the larger products were seen with RNA from male
flies deleted for the Sxl transcription unit (SxP'7B0 and
SxPI'"R2), they probably resulted from weak cross hybridiza-
tion of the primer to non-Sxl mRNAs (data not shown).
RNase protection experiments confirmed the 5'-end map-

ping. Synthetic MS11 control RNA yielded a protected
product consistent with the expected size of 53 nt (Fig. SB,
arrow marked "exon 1"). Protection products identical to
the control were observed with late embryonic and adult
female RNAs. Male RNA yielded similar results, and as

ACCCTTGATTCATTTTGTTTCTTTTGGTATTTCACAAACAACAACAACAAAACAGCAGGCTACGAAAAACAATCCAACCAACAACAA;7CA
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ACACTGCTTTGTTGTTGCCGAAGAAGGAAAGTCGCGCAGTGAATTTTTTTCTGCGCGCCTACAAGAACAGCTATAATAAGCACACACTTA
10 20 30 40 50 A 60 70 80 90

EXl Ex2
AAAAAAACCCCATAGGACTTAAGAGAGGAAAGCACAGTGAGCGTGCACACATGTAAAAAGAGAAAGAGAGCAACAGCAATTTTAGTACAA

100 110 120 130 140 150 160 170 180

CACAAGAAAGTTGAACAGAGGCAGAAGAGAAGTAACAGGAAAACAATAACAACGACAGCAGCAGGCCAGCTGAGAGCGCTGAGCGCCAAA
190 200 210 220 230 240 250 260 270

ACAATTGAAGAGATCGATTGAATCTCGATCATCGTTCTTAACCTCAAGTCAACTGCAACTCACCTCATCATCCTTTTCCTGTAAAACCGA
280 290 300 310 320 330 340 350 360

M Y G N N N P G S
AACTCACCTTCGATCGAGGGTGTAACTTTTGTTGATTCGAAAAACACACTCCCAACTCTCAGGATATGTACGGCAACAATAATCCGGGTA

370 380 390 400 410 420 430 440 450

N N N N G G Y P P Y G Y N N K S S G G R G F G M S H S L P S
GTAACAATAATAATGGTGGTTATCCCCCATATGGCTACAACAACAAGTCGAGTGGTGGGCGTGGATTTGGGATGTCCCATTCTCTGCCAT

460 470 480 490 500 A 510 520 530 540
Ex2 Ex4

G M D T E F S F P S S S S R R G Y N D F P G C G G S G G N G
CCGGAATGGATACAGAATTTTCATTTCCAAGTTCATCGTCGCGTCGTGGTTACAATGATTTCCCCGGCTGCGGCGGCAGCGGCGGAAATG

Ao 560 570 580 590 600 610 620 630
Ex4 Ex5
G S A N N L G G G N M C H L P (O M A (® N N S L N N L C G L S

GTGGGAGTGCCAACAATTTAGGGGGCGGCAACATGTGCCACCTGCCGTCGATGGCCGGCAACAACTCGCTGAATAATCTCTGCGGATTGT
640 650 660 670 680 690 700 710 720

L G S G G S D D L M N D P R A S N T N L I V N Y L P Q D M T
CGCTGGGCAGCGGTGGTAGTGATGATCTCATGAACGATCCTCGGGCAAGCAACACCAACCTGATTGTCAACTACTTGCCCCAGGACATGA

730 740 750 760 770 780 790 800 810

D R E L Y A L F R A I G P I N T C R I M R D Y K T G Y S F G
CCGATCGCGAGCTGTACGCCCTATTCAGAGCCATTGGACCCATCAACACGTGCAGAATCATGCGAGACTATAAGACTGGCTACAGTTTTG

820 830 840 850 860 870 880 A 890 90-0
Ex 5 Ex 6

Y A F V D F T S E M D S Q R A I K V L N G I T V R N K R L K
GTTATGCTTTCGTGGACTTCACATCGGAAATGGACTCGCAGCGTGCTATTAAAGTGCTGAATGGCATCACAGTGCGCAACAAGCGGCTTA

910 920 930 940 950 960 970 980 990

V S Y A R P G G E S I K D T N L Y V T N L P R T I T D D Q L
AGGTTTCCTATGCACGTCCCGGCGGAGAATCGATCAAGGACACCAATCTGTATGTGACCAATCTGCCGCGTACCATAACCGACGATCAGC
A 1000 1010 1020 1030 1040 1050 1060 1070 1080

Ex6 Ex7
D T I F G K Y G S I V Q K N I L R D K L T G R P R G V A F V

TGGACACGATCTTCGGCAAGTACGGTTCCATTGTGCAGAAGAACATCTTGCGTGACAAGCTCACAGGTCGTCCTCGTGGTGTGGCCTTTG
1090 1100 1110 1120 1130 1140 1150 1160 1170

R Y N K R E E A Q E A I S A L N N V I P E G G S Q P L S V R
TTCGGTACAACAAGCGTGAGGAGGCCCAGGAGGCCATTTCGGCGCTGAACAACGTAATACCCGAGGGCGGATCACAGCCGCTGTCCGTCC
A 1180 1190 1200 1210 1220 1230 1240 1250 1260

Ex 7 Ex 8
L A E E H G K A K A A H F M S Q M G V V P A N V P P P P P Q

GGTTGGCTGAGGAGCATGGCAAGGCGAAGGCGGCCCACTTTATGTCGCAGATGGGCGTGGTTCCAGCAAATGTACCACCGCCGCCACCAC
1270 1280 1290 1300 1310 1320 1330 1340 1350

P P A H M A A A F N M M H R D G A M E K L R S L F D A I C D
AACCGCCAGCACATATGGCCGCCGCATTCAACATGATGCACAGAGACGGAGCTATGGAAAAATTACGCTCATTATTCGATGCTATATGCG

1360 1370 1380 1390 A1400 1410 1420 1430 1440
Ex 8 Ex 9 ORF 2

A I F G L D S E N F A D L L D G L Y R R K Y H Y P Y L * L T
ATGCTATCTTTGGTCTCGATAGCGAAAACTTTGCCGATTTGCTTGACGGATTGTACCGTAGGAAGTACCATTATCCTTACTTATAATTGA

1450 1460A 1470 1480 1490 1500 1510 1520 1530
Ex 9 Ex 10

P Q Q Q Q Q L L Q H Q Q Q A L G F T S S S N N S I G N G N G
CACCGCAACAGCAGCAGCAACTACTACAACATCAGCAGCAGGCGTTGGGCTTCACCAGTAGCTCCAATAATAGTATTGGCAATGGTAATG

1540 1550 1560 1570 1580 1590 1600 1610 1620

FIG. 3. DNA sequence of cDNA MS11. The junctions of exons 1 to 10 (Ex 1 to Ex 10) are indicated by arrowheads. The position of the
3' terminus of related cDNA EF5a21 is marked; potential canonical and noncanonical polyadenylation signals are underlined (see Discussion).
The amino acid sequence of the presumptive translation product encoded by ORF1 is shown, with polymorphic amino acids circled. The two
RNP motifs are encoded between bp 735 and 995 and bp 996 and 1253. The hypothetical translation product of ORF2, encoded from bp 1527
to 2591, is also shown. Because mechanisms for utilization of ORF2 remain speculative (see Discussion), translation is shown from the
beginning of the ORF rather than from the first available methionine.

expected the 53-nt product was absent in RNA from Sxl- as that shown in Fig. SB (data not shown), although all three
deficient males (data not shown). donors show a 7 of 9 match to the consensus sequence (43).

In the cDNA analyses several different versions of the In addition to the anticipated 53-nt band, an unexpected
exonl-exon 2 splice were observed (cf. cFl and cMl), with band of about 250 nt was observed in late embryonic and
one of three different exon 1 donor sites joined to one of two adult female RNAs (Fig. SB, arrow marked "unspliced
exon 2 acceptor sites. However, no evidence of the other RNA"). This band corresponds in size to the product
exon 1-spliced forms was found in RNase protections such expected from an Sxl precursor transcript. On the basis of
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N D N N M L L Y H Q Q Y H Q Q Q T Q Q Q R L G N V A A H N I

1630 1640 1650 1660 1670 1680 1690 1700 1710

S P N G S N N N I N T S N T N N I N F N T I R Q N G V A A L
TAAGTCCAAATGGAAGCAATAATAACATTAACACGTCGAACACCAATAACATTAACTTCAATACAATACGTCAGAATGGAGTTGCTGCTC

1720 1730 1740 1750 1760 1770 1780 1790 1800

H Y L Q E Q L Q L Q Q P Q D Q Q S Q Q Q Q P L T M P S S P P
TTCACTATCTTCAGGAACAATTGCAATTGCAACAACCGCAGGATCAACAATCACAGCAACAGCAGCCATTGACTATGCCATCTTCGCCGC

1810 1820 1830 1840 1850 1860 1870 1880 1890

F Q Q Q S R Q S H H N G S S S T L G N Q L L A I S N N N S F
CGTTTCAACAACAATCACGCCAATCACACCACAATGGCAGCAGTAGCACTCTGGGCAATCAGTTGCTTGCCATAAGCAACAACAATAGCT

1900 1910 1920 1930 1940 1950 1960 1970 1980

N N N S N Q S N S F T G N Y S N G S A F T S N G A I S G S N
TCAATAATAATTCCAATCAATCCAATAGTTTTACTGGCAATTACAGCAACGGTAGCGCTTTTACCAGTAACGGTGCCATTAGCGGTAGCA

1990 2000 2010 2020 2030 2040 2050 2060 2070

F P N N P T S S G N F T N N S T N S N P T N S G H F A S N L
ACTTTCCCAACAATCCCACAAGCAGTGGGAACTTCACCAACAACTCAACAAACAGCAACCCCACAAACAGTGGACACTTTGCCAGTAATT

2080 2090 2100 2110 2120 2130 2140 2150 2160

A G S S N F T N H L S G S N N Y T N S N G N F T S N A A S S
TGGCTGGCAGCAGCAACTTTACCAACCATCTTTCTGGCAGCAACAATTACACCAACAGCAACGGAAATTTCACCAGTAATGCAGCTAGCA

2170 2180 2190 2200 2210 2220 2230 2240 2250

S N F S N N A A S S T N Y S K N C S S G V V G N S D P D S C
GTAGCAACTTCTCCAACAATGCAGCTAGCAGCACCAATTACAGCAAGAACTGCAGCAGCGGCGTCGTTGGAAACAGCGATCCCGACAGTT

2260 2270 2280 2290 2300 2310 2320 2330 2340

S S K H T T N T N N H H T S P Q H D F S F N M S T T E Q E L
GTAGCAGCAAACACACCACCAACACTAATAATCACCACACTTCGCCGCAGCACGACTTCAGTTTTAATATGTCAACGACTGAACAAGAAC

2350 2360 2370 2380 2390 2400 2410 2420 2430

H Q Q T L K L Q Q L H L N N S F N N T T A A A T T S A A A S
TGCATCAGCAGACACTCAAGTTGCAGCAGCTGCATCTGAACAACAGCTTCAACAACACCACAGCAGCTGCAACAACTTCAGCGGCTGCAT

2440 2450 2460 2470 2480 2490 2500 2510 2520

T S T S T T A T A S S T N S A N V G F L W R T *

CAACTTCCACTTCAACAACGGCAACGGCATCATCCACAAACTCCGCAAATGTCGGATTTTTATGGCGTACATAACCAGAGAGTTGAGAAG
2530 2540 2550 2560 2570 2580 2590 2600 2610

CGTATGATGAAGGCAATCTTCAAATTAAAGATTATATATAAAAAGCTTATATATATAAAACTATGAATACCTTATATTGATCATCGTAGT
2620 2630 2640 2650 2660 2670 2680 2690 2700

ATCAGCATTCATCGAAACCATATACAACAACTGAAACTTTTATGTTCTCAAACCACAAGAATTAATTTACTACTTTTTTTTTTTTGTATG
2710 2720 2730 2740 2750 2760 2770 2780 2790

2800 2810 2820 2830 2840 2850 2860 2870 2880

TATATGTATACAAATCATAAATAATTATATATATATACATATATATATATATATATAAAGAATGAAAAATCGACGAAGATTTTTTTTTTG
2890 2900 2910 2920 2930 2940 2950 2960 2970

CTTAAACTTAGAGAAAAAACCTATGAGAAATACATTTTTTTGTCACATATTTATAACGTATAATCATAACGAAAACGACAAAA3TATTA
2980 2990 3000 3010 3020 3030 3040 3050 3060

3070 3080 3090 3100 3110 3120 3130 3140 3150

ACTGATTTTTTTGGCGCGAACTATGCCGCAACAATGTACACGGTCATCGTGTATGTTTATAGCTGAAGTTAATCCAGATATATGAATATA
3160 3170 3180 3190 3200 3210 3220 3230 3240

TATATTATTTTTTTTCATAATTTATAAATCCAATTTTTTTGTCTATATTATACGTAACGAAACGGCTAAAATGACTGGACATGCTCAAGT
3250 3260 3270 3280 3290 3300 3310 3320 3330

FIG. 3-Continued.

this interpretation, the results imply that a significant frac-
tion of the total protected RNA from this part of the gene
resides in the unspliced state. In addition to the 250-nt band,
small amounts of another unexpected product were ob-
served (arrow marked "readthrough RNA"). This product
was about 500 nt, approximately as expected for full protec-
tion of the probe, and must result from RNA beginning
further upstream and reading through region d2. Such RNA
could represent a minor alternative 5' end of Sxl, or else it
could represent run-on from the next transcription unit
upstream. The upstream transcription unit lies close to Sxl
(less than 1 kb upstream of position + 1) and is transcribed in
the same orientation (49a).

3'-end analysis. The 3' ends of the various Sxl transcripts
were mapped by Northern blotting and RNase protection.
Together these experiments identified four different 3' ends,
summarized schematically in Fig. 9. Two of these ends occur
throughout development, while the other two are stage or

tissue specific.
The large RNA 3' ends were mapped to a site correspond-

ing to bp 4116 of MS11 (Fig. 3). This was based on the size
of the major RNase protection product of probe k2 (Fig. 6A)
and the recovery of partial cDNA EF5a21 whose 3' end was

at this position. Some fully protected k2 probe can also seen
in Fig. 6A (arrow marked "readthrough RNA"), probably
because of the very large RNA noted above.

VOL. 11, 1991



3592 SAMUELS ET AL. MOL. CELL. BIOL.

TTTCAGGCTGTTTATTCATAACATATAAAACGAAAACATACAACTTAGCTAGCAGTATGCTTGAGTAGGCGAAGGAGAAAGAGAATCAGA
3340 3350 3360 3370 3380 3390 3400 3410 3420

CAAAATTACAATACAAACCCAATTTTTTTCATAGCTATAATGAATATGTTTTTTTTTTTTTAATAAGTATAAAAACTTTTCTTGAAATCC
3430 3440 3450 3460 3470 3480 3490 3500 3510

ATTTTTTTTTATTAGTTTAATTAACGAAACAACTTGAGCATGTAACAGCAAGAAAAACAAAAGTAACATTCAAAAAGCGACTAACAAAGA
3520 3530 3540 3550 3560 3570 3580 3590 3600

AACGTGATAAATAGCCCGTCAAAACGAAAATCAGAGGAAACCGAATGGGAAAGGTAAAAGAAAATAGAGACACAATCGAAAGTAACG
3610 3620 3630 3640 3650 3660 3670 3680 3690

AAAGAGAAACACGTCAAATCACAGGAGTGACTTGGTTTGATTGCCTAAAAAACGCATGGATAACGTTTTAACTTTTAATTTGCTTACCAC
3700 3710 3720 3730 3740 3750 3760 3770 3780

ACTTTTCGAAATTCTAAATTGGCCAGTCACTCCTTCTGCAGGCAAAAAATATTTTTTCGGTGTAGGTACATAAGTAAATGAAACAGAAAC
3790 3800 3810 3820 3830 3840 3850 3860 3870

ATTATTTTGTTACTACAATATATGCGATGATCCTTTTTTGCAAAATTCTATCAATACTTTTATGAATATACTTTATAATCAAACAAAAA
3880 3890 3900 3910 3920 3930 3940 3950 3960

ATTGTGAAAAAATTTTAATTTGTTAAAAAACAGAAGAAAAAATCAGAATTTCAATTTTATTTTATTATTTTATTACCATGGCTTAAAACA
3970 3980 3990 4000 4010 4020 4030 4040 4050

X 3' EFSa21
AATCATACAAGGAAATAAGAAAAACCATTATTTAAGGAAACTTA&AA&CATTTTCGACACAAACCACACTACCCCTGAGTTTTCTTTTT

4060 4070 4080 4090 4100 4110 4120 4130 4140

TATTTAAACCTATGATTAAGATTAAAAAATATTTCGTTTTCCCCCAGTTTGTGTGACACATAAGTCAACGAATTAAGAGTAACAAACAAC
4150 4160 4170 4180 4190 4200 4210 4220 4230

AATTAGATTTAAGCGAAACATGCAGAAGGAAAAGTTAAGCTGCAGACACACAGTAAACACATACAGCTTGGTTGTGCTGAATACTAAATA
4240 4250 4260 4270 4280 4290 4300 4310 4320

TAACGATTCAAAAACATTAACAAATTAGATCCGACAGTGCGTACGTACGTAGCGAATGCAAACAATTGTACACAAAAGCGAAAGCGAATA
4330 4340 4350 4360 4370 4380 4390 4400 4410

TTTGAATCACTATGTAAGCGACATTCATTCTAAAGCCATCCAGTCGGGAAGGCGGCGTCGAACTCACTTAAATCGAATGCAAATAGTCTC
4420 4430 4440 4450 4460 4470 4480 4490 4500

AACCAAAGTAGCCTTAGTGAGTAAGCGGATATATACATAACGAATATCGGATTAATCGGAAGGAGAACTCATACAATGCATATGGCACCT
4510 4520 4530 4540 4550 4560 4570 4580 4590

TAGCATGCTGTGTCGATTGTCTCGTGTAACTAGATTAAGTCAATGCAAACCAAAAGTAAATATTAATTATTTTTTTTTTCTTGGATAGCG
4600 4610 4620 4630 4640 4650 4660 4670 4680

AAATGAGAAAATATTTTTTGTGACTATTTTTTGAGCATGTGACGTAAGGCAAATCATAAACGAACTTGATTTTTTTTTTAATAAGACAGT
4690 4700 4710 4720 4730 4740 4750 4760 4770

TTTTTTCTTGTAATTCTTTTTAGAACATTTTTTTCTTTACTCATAAGAAGCCAAGCTAATTTTGTTGTAATACCGAGACCGAAATGTAGG
4780 4790 4800 4810 4820 4830 4840 4850 4860

CGCAGCAACTGAATAGAATTTTTTTTTGGTAATTTTAATAACTAACGTTGTAGAACAAGGTAACCTCACAGAAAACCTAATCGCAAATAC
4870 4880 4890 4900 4910 4920 4930 4940 4950

ATTTAAAATGTTGTTCAATAATAACTTAAAGCATGAAAAGTGTTAAATAACGGAATATATATTATACATTTTTTTATATCGAAGTAAATG
4960 4970 4980 4990 5000 5010 5020 5030 5040

TGTCTAGAAGGTAAAATAATCTTTTTATAAAGAAAAAACAAAATACCAGAAATATGCATACAATTTTTTTTTCTAGCATAAGACAAAGC
5050 5060 5070 5080 5090 5100 5110 5120 5130

GTTTTTTATATAAACATATTATACAAGAAAACCAAAAAAAAAAAAAAA
5140 5150 5160 5170

FIG. 3-Continued.

RNase protections with probe i2 confirmed that the 3' end sterile females relative to that of fertile ones. Two bands
of MS3 coincides with the bona fide end of the 3.1-kb mid-gli having the predicted specificity can be seen in the figure.
female, 3.3-kb male, and 2.9-kb early embryonic transcripts Small 3' end 1 lies between the ends of MS13 and MS21 (Fig.
(data not shown). Similarly, experiments with probe kla 2), while small 3' end 2 lies slightly upstream of the end of
placed the 3' end of the 3.1-kb mid-gld female transcript at a MS13, at a site possibly corresponding to the end of cMl. As
position corresponding to bp 3100 of cDNA MS11 (data not with the mid-gld 3' end, no AATAAA sequences are ob-
shown). No canonical AATAAA occurs near the indicated served in this region. In accordance with the Northern blot
mid-gld 3' end. data, bands corresponding to the small female 3' ends were
To map the 3' end(s) of the 1.9-kb small female transcript, present to some extent in male and embryo RNAs.

RNase protections were performed with probe h2i (Fig. 6B). Confirmation of the complete exon structure of Sxl tran-
The ends could not be directly identified in protections with scripts. The structures of the internal exons of Sxl transcripts
female RNA, because of the presence of additional bands were all confirmed by RNase protection. Besides the occur-
resulting from mid-gli transcripts (MS3 control lane). Be- rence of the male-specific exon, several other alternative
cause the 1.9-kb RNA shows significant germ line depen- splices were noted upon comparison of the cDNAs, includ-
dence in adult females, protection products of this transcript ing the use of three different exon 1 splice donors as
were expected to show decreased abundance in RNA from described above (cf. MS3, MS24, and cF1), two exon 2
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acceptors (cf. MS3 and cM1), two exon 5 acceptors (cf. MS3
and MS11), the alternative use of exon 10 (cf. MS3 and
MS16), and the optional presence of exon 9 (cf. MS11 and
MS16). The possible sex, tissue, and stage specificities of
these heterogeneities were examined.

Protections with a probe from region f3 confirmed the
structure of exon 2. As seen in Fig. 7A, protection products
corresponding to both splice acceptors were detected in
roughly equal proportions in all natural RNA samples. In
this experiment the exon 2 protection products from 2- to 4-h
embryos must have derived from late-type transcripts
present in that RNA preparation. The early transcripts in 2-
to 4-h embryos lack both exons 1 and 2, substituting a

different 5' exon (30a).
The structure of exon 4 was confirmed by RNase protec-

tion with probe g3a, although the determination revealed a

significant artifact of the technique. As seen in Fig. 7B, the
46-nt exon band defined by the MS11 control was present in
early and late embryos and adult females. In adult male RNA
a slightly smaller band, indicated in the figure with an open

dot, was observed instead. A reconstruction experiment
with synthetic plus-strand RNA derived from a male cDNA
showed that this smaller band was the normal product of
male RNA containing the 46-nt exon 4 (data not shown). The
size difference of the products protected by female versus

male RNA probably resulted from the different exons imme-
diately upstream of exon 4 in the two sexes.

Besides the products expected for fully processed exon 4,
two additional unexpected bands were observed. The first
was about 150 nt (arrow marked "unspliced RNA"), a size
consistent with protection by unspliced RNA containing
intron sequences on both sides of exon 4. The second band
was about 130 nt (arrow marked "partially spliced RNA").
This size is consistent with protection of exon 4 plus
upstream intron sequences and is the expected result for an

RNA having made the exon 4-exon 5 downstream splice but
no upstream splice into exon 4. The reciprocal partial-splice
product, that having made the upstream splice to exon 4 but
not the downstream splice, was not observed.
Exons 5, 6, and 7 are all encoded in region hl. RNase

protections with hl antisense riboprobe demonstrated the
presence of all three exons in poly(A)+ RNA at all stages
(Fig. 7C). The use of two acceptor sites for exon 5, situated
24 bp apart, was noted at all developmental stages examined
and was confirmed not to be sex specific.
The different versions of exon 8, typified by cDNAs MS3

and MS11, were verified by RNase protections with probes
h2, h2i, and i2 (data not shown). Protections with probe jl
verified the presence of the small 66-nt exon 9 in embryos
and adults (data not shown). The relative proportion of
RNAs including exon 9 in vivo could not be determined from
the protection data. No sex or stage specificity was noted in
the use of exons 8 and 9.
The structure of exon 10 was confirmed by RNase protec-

tions with probes j2 and j2a (data not shown) together with
probes kl and k2 (see above) and was shown to be invariant
in the two sexes. These experiments confirmed that the only
difference between cDNA MS11 and the bona fide large
female transcript is the greater length of the 3' nontranslated
region in the cDNA. It was particularly noteworthy that no
additional splice acceptor sites for exon 10 were detected at
any developmental stage. Such sites, if they occurred down-
stream of the first UAA stop codon (at bp 1524 relative to the
MS11 sequence), could allow the generation of a longer Sxl
alternate protein fusing the RNP-ORF to some part of ORF2.

In vitro translation of cDNAs and UAA suppression. The

predicted coding potential ofcDNAs was tested by program-
ming reticulocyte lysates with capped mRNA synthesized in
vitro. In each case the cDNA-derived mRNA yielded a
prominent translation product of the expected size, 38 kDa
for MS3 and MS16 and 40 kDa for MS11 (Fig. 8, left panel).
Surprisingly, in these in vitro translation experiments a band
of about 70 kDa was frequently observed in addition to the
expected 38- to 40-kDa products. This was particularly
intriguing since the 70-kDa size was consistent with
readthrough of the ochre termination codon in MS11 and
MS16 to produce an ORF1-ORF2 fusion protein. However,
a band of the same size was occasionally observed in
translations of MS3, in which no possible readthrough pro-
tein of that size was possible. Therefore, we suspected that
some fraction of the translated Sxl proteins formed stable
aggregates under these electrophoresis conditions. This hy-
pothesis was tested by translations of MS11 in which the
template for synthetic mRNA synthesis was truncated at
various internal sites in ORF2. If the 70-kDa band derived
from translational readthrough into ORF2, then such trun-
cations in ORF2 should result in a decrease in the size of this
translation product. However, ORFi aggregates should be
unaffected by different sites of truncation downstream of the
ORFi termination codon.

In Fig. 8, left panel, the 70-kDa band is clearly detectable
in the lanes corresponding to MS16 and MS11 linearized at
the 3' ends of the cDNA inserts. The slightly smaller size of
this product from MS16 compared with that of MS11 is
consistent with the smaller size of the monomeric polypep-
tide band due to the absence of exon 9. As seen in the next
three lanes, truncation of MS11 at bp 2156, 2245, or 2053 had
no effect on the mobility of the 70-kDa band, although ochre
readthrough products of 63, 66, or 59 kDa, respectively,
would be expected. These results clearly imply that this
70-kDa band is not an ORF1-ORF2 fusion polypeptide but
contains only the ORFl-encoded polypeptide in an aggre-
gated form (possibly homodimeric on the basis of its size).

In contrast to these data, when a yeast TyrUAA suppressor
tRNA (9, 31) was included in the in vitro translations,
readthrough products were observed for MS16 and MS11
(Fig. 8, right panel). This was especially evident for the three
truncations of MS11 in ORF2, in which translation products
migrating as 60, 62, and 58 kDa were observed, close to the
sizes predicted from the amino acid sequence. In these lanes
the 70-kDa band was also present, suggesting that the
partitioning between monomeric and aggregated forms of
ORF1 was unaffected by the relatively small amount of
translational readthrough. With MS16 and MS11 truncated
at their 3' ends, the full-length ORF1-ORF2 fusion polypep-
tides were produced in the presence of the suppressor
tRNA. In these cases, however, the readthrough products
comigrated with the presumptive monomer aggregate 70-
kDa bands, causing an increase in intensity of these bands.
Thus, readthrough of the ORFi ochre codon in MS11 and
MS16 can occur in reticulocyte lysates, but only when
exogenous TyrUAA or SerUAA (data not shown) tRNAs are
added.

DISCUSSION

Structure of the late female Sxl transcripts. We have
analyzed the transcription map of Sxl at high resolution using
a combination of cDNA analysis, Northern blotting, primer
extension, and RNase protection. In this way, the exon
structures of the previously described late Sxl transcripts
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FIG. 4. Developmental Northern blot analysis of Sxl. Poly(A)+ RNAs from the indicated stages were used at 2.5 jig per lane (A) or 10 1Lg
per lane (B and C). Hybridization probes were derived from the Sxl genomic subclones shown in Fig. 1: probe hl (A), probe i (B), and probe
kl (C). The Sxl transcripts visualized in panels B and C were aligned with the various size classes defined in panel A by hybridizing strips
from a single gel loaded with adult female RNA with each of the probes (data not shown). Sizes are marked in kilobases.

(51), four female and three male, have been deduced. These
structures are presented schematically in Fig. 9.
The four female-specific transcripts fall into two structural

classes, depending on the choice of 3' exon. The first class
includes the 4.1-kb large and the 3.1-kb female gld tran-
scripts. These two RNAs terminate with exon 10 and are
expected to have the same coding potential, typified by
cDNA MS11. Exon 9 is present in some fraction of these
transcripts. Comparison of RNAs from fertile and sterile
females strongly suggests that the large and mid-gld female
transcripts differ only in their 3' ends, which lie about 1 kb
apart. This is sufficient to account for the relative sizes of
these RNAs as seen on Northern blots. There are, however,
some caveats to this conclusion. Although germ line-depen-
dent internal exons were not observed in the RNase protec-
tions of Fig. 7, the entire Sxl gene has not been systemati-
cally scanned for such exons. Moreover, no cDNAs
representing the mid-gld transcript have been isolated. Thus,
the mid-gld structure shown in Fig. 9 must be considered
tentative.
The second female transcript class is composed of the

3.1-kb female mid-gli and the 1.9-kb small RNAs, which
differ from RNAs of the first group by terminating in exon 8.
cDNA MS3 typifies the second group in coding potential. As
in the case of the large versus mid-gld transcripts, the 1-kb
size difference between the mid-gli and small RNAs appears

to result from a truncation of the 3' exon. Conceivably, the
choice of exon 8 or exon 10 as the 3' terminal exon could be
made mechanistically at the level of either splicing or poly-
adenylation.
The two transcripts whose high levels in adult females

depend on the presence of a functional germ line (the 3.1-kb
female mid-gld and the 1.9-kb small transcripts) use polyad-
enylation sites internal to those of the germ line-independent
transcripts. The germ line-dependent 3' ends were mapped
to regions kla and h2i, respectively; no canonical AATAAA
sequences (49) occur anywhere near their predicted posi-
tions. Instead, the related sequences AATATA and AT
TAAA occur near these sites, as indicated in Fig. 2 (bp 1831,
1908, and 1932) and Fig. 3 (bp 3052). Variations in the
AATAAA signal are relatively rare but well documented in
eukaryotes (39, 63). An intriguing possibility now arises that
such a variant is involved in tissue-specific polyadenylation
in the female germ line. Use of such an alternative polyade-
nylation signal seems not to be strictly confined to the female
germ line, however, since small Sxl RNAs are also seen in
adult males and at early stages of embryogenesis.
Another Sxl transcript apparently produced by variant

polyadenylation is the very large RNA. We believe it is
similar to the large RNAs, but with a longer 3' nontranslated
region. Its 3' end lies either in genomic region k3 or slightly

VOL. 11, 1991

C)
C;

7--

-2 :I)
71. :r.

1.

-q
zi

I I ;1-4 .!. 7.'



3596 SAMUELS ET AL.

-Nl

I~ N -z
IN _-
N 7~

_ A

Uncligesuld

-re ad throu-i R{N-
404

309 :.

*4W@..*.* 58
2412- - 1111i 1ieI '1d RN-;\

T 6

67-

0

S

FIG. 5. 5'-end analysis of Sxl. (A) Primer extension. Primer extensions were performed as described in Materials and Methods, with an

end-labeled oligonucleotide complementary to Sxl exon 1 sequences. The oligonucleotide was annealed to poly(A)+ RNA from 12- to 24-h
embryos, adult males (two different preparations), or adult females (two preparations). In the lane marked "clone d2," the oligonucleotide
was annealed to sense strand synthetic RNA transcribed from Sxl subclone d2 containing exon 1 plus surrounding genomic sequences. In
separate extension reactions with d2 RNA, dideoxynucleotides were included to generate the sequencing ladder used to align the in vivo RNA
extension products. Asterisks indicate a product corresponding to the +1 A of the cDNAs. (B) RNase protection. A uniformly labeled d2
antisense RNA probe was mock hybridized or hybridized to 10 ,ug of 12- to 24-h embryonic mRNA or 15 ,ug of adult female mRNA.
Nonhybridized RNA was removed by digestion with RNases at 1/1Ox (see Materials and Methods). In the positive control lane (MS11), the
d2 antisense probe was annealed to nonradioactive synthetic plus-strand RNA transcribed from cDNA MS11.

downstream, and it is probably this RNA which gave rise to
cDNA clones of the MS11 and MS16 types. Although most
abundant in late embryos, the very large RNA was faintly
detectable in adults and appeared to be the same size in both
sexes (data not shown). Possibly the expected 200-nt size
difference was below the limit of Northern blot resolution in
this RNA size range.

In this study the fine structures of the late Sxl transcripts
were compared in late embryos and in adults, with the result
that no differences were observed at the 5' end or in internal
splice junctions. Midembryonic, larval, and pupal stages
were not examined in the same detail, but Sxl RNAs from
these stages show the same sizes and hybridization patterns
on Northern blots as the late embryonic and adult tran-
scripts. We therefore conclude that the structures of the
predominant Sxl late transcripts remain essentially constant

throughout the life cycle, although the occurrence of addi-
tional minor transcripts cannot be ruled out.
The late male transcripts and the extent of sex-specific

splicing. As was predicted from earlier experiments, the late
male RNAs closely resemble the late female RNAs in fine
structure. Bell et al. previously showed that all of the male
transcript size classes include exon 3 in a sex-specific
fashion (7). There were other splicing differences between
the male and female cDNAs described by Bell et al., which
are shown here not to be sex, tissue, or stage specific.
Indeed, one of the most significant simplifying results in the
present study is that no other exclusively sex-specific splic-
ing event is observed besides that involving the translation-
terminating exon 3. The absence in males of an equivalent to
the mid-gld female transcript as discussed above probably
reflects tissue rather than sex specificity per se.

A
RTCa1e
m I

(": TA GT
z

B

(I

GIT

'I-

CT
G

c,

a '

4.

4.
4.w
4..4.

4..-._

4.

4.
*

4. 4

.4.4

.-

4,,4

0
_ t:

_0

*b a

_D
lapw..' _

- 5' en-d

MOL. CELL. BIOL.

0: - (,N()I-l I



MULTIPLE PRODUCTS OF THE Sxl GENE 3597

A :- . e.

I -C.)

-,
1-

- -~.01 -4 = Z

603 - *

B

1353 -

C:) *.z
C. - P.s- E

< ; ,r -N _i
Z;" >:'-. -z rJC) rzi Ml~.4 1-1 -C -C E

-undigested probe

_readthrough RNA

1078- .w

872 - _

We -middle

.,1 -small 3' end #1

- _ - srsmall 3' end #2

603- -

310- *

-3' end (4 kb RNA's)

281- _

271- S

FIG. 6. 3'-end analysis of Sxl. RNase protections with antisense RNA probes from the indicated Sxl genomic subclones were carried out
as described in Materials and Methods. (A) Probe k2 hybridized to RNA from 2- to 4-h embryos (2.5 pLg), 12- to 24-h embryos (2.5 ,ug), adult
males (10 ,ug), adult females (2.5 jj.g), or sterile adult females (2.5 ig). RNases were used at 1/10x. (B) Probe h2i hybridized to RNA from
2- to 4-h embryos (2.5 ,ug), 12- to 24-h embryos (2.5 p.g), adult males (20 ,ug), adult females (5 ,ug), or sterile adult females (15 ,ug) or to MS21,
MS13, or MS3 synthetic RNA. RNases were used at 1/90x. Open dots in the adult female lane indicate small 3' ends 1 and 2. Sizes are
indicated on the left in base pairs.

It was previously noted that the late male transcripts
appear somewhat later during embryonic development than
the late female transcripts (51). This observation was con-
firmed in the present study. The different rates of appearance
of the late transcripts in the two sexes could reflect a
transcriptional bias for the late promoter when it is first
activated at about 5 h or else differential stability of the male
and female transcripts. Analysis of relative transcription
rates in males versus females is further complicated by the
differences in gene dosage in the two sexes. Changes in the
ratios of the large and middle transcripts within each sex
were also noted; these may reflect modifications of the
general RNA processing machinery during development and
in females may indicate differential requirements for the
various Sxl protein products (see below).
The 5' end of Sxl. One major 5' end was mapped by primer

extension and RNase protection. Although the mapping has
a resolution of plus or minus approximately 1 nt, the known
preference ofRNA polymerase II for initiation at adenosine
(5) supports the hypothesis that transcription of Sxl actually
begins at the + 1 A residue as shown in Fig. 5 rather than at
one of the adjacent C's. However, the possibility of several
neighboring initiation sites cannot be excluded.
On the basis of the ability of Sxl 5' partial deletions to

complement certain mutant alleles, Salz et al. postulated that

internal transcription start sites might be used for the early
RNAs as well as for the adult female germ line-dependent
RNAs (51). Such additional sites would lie several kilobases
downstream of the late RNA 5' end mapped in the present
study. This hypothesis appears to be correct for the early
transcripts (30b). In contrast, no differences have been
observed between fertile and sterile adult female RNAs that
could be due to the use of different 5' ends. Moreover, the
size differences between the various germ line-dependent
and germ line-independent Sxl transcripts can be explained
entirely by the different sites of polyadenylation. There is no
inherent contradiction between the genetic and molecular
data; since the complementing 5' partial deletions cannot
support germ line development by themselves, some tran-
script(s) which have the standard 5' end must be essential for
female germ line development. Possibly a different 5' end is
used for the additional Sxl transcript(s) that is expressed
during a particular developmental stage in the female germ
line. Such transcripts might have escaped detection in this
study as a consequence of their low concentration and/or
their limited period of synthesis.
Coding potential of Sxl late transcripts. The alternative

processing events described in this study allow for the
generation of multiple Sxl polypeptides in female flies.
Altogether, six different forms of Sxl-encoded protein are
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possible, assuming that all combinations of these processing
variants arise. Because exons were mapped individually, it
remains unknown whether in fact all combinations do arise
in vivo. However, three of the six possible forms occur in
female cDNAs cFl, MS3, and MS11. Moreover, multiple
forms of Sxl protein have been observed on Western immu-
noblots offemale Drosophila extracts. Some of these species
comigrate with in vitro translation products and show dis-
tinct tissue specificity (11).
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FIG. 8. Translation of synthetic Sxl mRNAs and effects of adding suppressor tRNA. Capped synthetic sense strand mRNAs were
generated from Sxl cDNAs and translated in reticulocyte lysates as described in Materials and Methods. In lanes marked MS3, MS16, and
MS11, the cDNAs were linearized at the 3' ends of the inserts to create the transcription templates. In lanes marked MS11(2156), MS11(2245),
and MS11(2053), cDNA MS11 was truncated within ORF2 at the indicated positions to create the transcription templates. In the left panel,
only tRNAs endogenous to the reticulocyte lysate were present; in the right panel, partially purified yeast ochre suppressor tRNATYr was
included in the translations.

The different predicted Sxl polypeptides potentially yield a
considerable range in physical properties. As shown in Fig.
9, they range in size from 344 amino acids (37,393 Da) to 374
amino acids (40,743 Da). Furthermore, the predicted pls
span almost a full pH unit, from 9.96 to 10.88. These
properties could readily be envisioned to modulate the
biological specificity of Sxl proteins. On the other hand,
none of the coding differences occurs within the two 90-
amino-acid RNP motifs which have been postulated to
constitute RNA-binding sites. Hence, if the differences alter
RNA-binding specificity in vivo, the effects may involve
long-range tertiary folding effects, sites of modification, or
subunit interactions (whether homotypic or heterotypic).
As mentioned in the introduction, Sxl has three distin-

guishable functions in female somatic tissue. These include
Sxl autoregulation, regulation of sexual differentiation via
tra, and regulation of dosage compensation. It was specu-
lated that the different forms of Sxl protein might be special-
ized for these different activities. It now appears that such
specialization cannot be absolute, since a single Sxl cDNA
encoding one particular form of the RNP ORF has been
shown to possess all three somatic functions to some extent
(6b). The differential distribution of Sxl polypeptides in

various tissues could indicate more subtle functional differ-
ences among the proteins. In addition, the role of Sxl in the
female germ line, where it may have a different set of targets
than in somatic tissue, remains to be elucidated.
ORF2 and translation readthrough. A remarkable feature

of Sxl is the presence of a second long ORF in one class of
transcripts. This ORF2 occurs in exon 10 of the large and
mid-gld female RNAs, in the same frame as ORFi and
separated from it by a single UAA stop codon. If used in
fusion with ORF1, ORF2 would contribute to synthesis of a
major variant form of Sxl gene product, one which might
have significantly different biological and biochemical prop-
erties from the ORFi forms described above. Situations in
which separate ORFs are combined in a regulated fashion
are found in a number of biologically interesting systems
(60). These systems suggest several ways in which the
protein-coding potential of ORF2 could be used. First,
translation might continue through the UAA termination
codon ending ORF1, directly into ORF2. Numerous exam-
ples of such stop codon readthrough are known (15, 21, 24,
35, 64). Although readthrough of Sxl ORF1-2 was not
observed in vitro except in the presence of exogenous
suppressor tRNAs, regulated readthrough in D. melanogas-

-
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FIG. 9. Organization of the late Sxl transcription unit. The deduced structures of the late Sxl transcripts, those synthesized from
midembryogenesis through adulthood, are shown, together with relevant genomic subclones. Not all exons are drawn to scale. In the
female-specific transcripts, solid lines depict various forms of the major ORF containing the two RNP motifs, with translation start and stop
signals as indicated. ORF2, encoded in exon 10, is shown by stippled boxes. Sizes in amino acids (aa) of polypeptides potentially encoded
by each size class of female-specific transcript are given on the right, assuming that all possible combinations of RNA processing variants
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of the female RNP-ORFs are shown in vertical hatch marks. Uncertainties in the structure of the 3.1-kb mid-gld female transcript are
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ter could conceivably take place in a particular tissue or at a
particular stage of development with factors not present in
the heterologous translation system. Another possibility is
that alternative splicing could generate a message fusing
ORFi directly to ORF2, bypassing the stop codon com-
pletely. However, RNase protections with probe j2a did not
detect such a splice at any stage of embryonic, larval, or
adult development.
ORF2 might conceivably be read as an independent trans-

lation unit, either by reinitiation of translation at a methio-
nine codon following termination at the UAA stop codon or
by true internal initiation by ribosomes bypassing ORF1.
There are several examples of translation reinitiation in
eukaryotic systems, in which the first ORF may be quite
short (26, 27, 34) or very long (47, 61). As a final alternative,
Sxl ORF2 might be encoded independently by another
transcription unit beginning either in exon 10 itself or slightly
upstream. This seems unlikely, since Northern blot data
provide no evidence for such an RNA. In addition, deletions
of Sxl which encompass ORF2 are wholly male viable (50);
hence, ORF2 cannot be part of an independent essential
gene. Conceivably, an independently translated ORF2 prod-
uct might play a role in Sxl expression or function in females.
Amino acid polymorphism in Sxl. In comparing the various

cDNAs with each other and with genomic Sxl sequences,
nonconservative amino acid variants at two nearby positions
in exon 5 were discovered (Fig. 2 and 3). No other amino
acid variants were observed at any positions in ORF1. The
fact that three of the four possible combinations of these two
variants occur in a small sample of cDNAs derived from
several independent libraries suggests that these represent
long-established polymorphisms. The possible functional
significance of these polymorphisms remains to be deter-
mined.

Early Sxl transcripts. As discussed above, Sxl expresses a
set of transcripts uniquely early (2 to 4 h) during embryo-
genesis (51). Although the present study does not focus on
these early transcripts, we can conclude that these early
RNAs do not contain differently spliced forms of those
exons which are shared with the late RNAs and that the
large, middle, and small early RNAs probably do correspond
in exons 4 to 10 to the large, mid-gli, and small late female
RNA species. These exons include the bulk of protein-
coding potential, including the two RNP motifs.

Unspliced Sxl RNA. An unexpected result of the RNase
protection experiments was the observation of appreciable
amounts of apparently unspliced Sxl RNA with some
probes. One interpretation of these data is that splicing of
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some regions of Sxl is relatively glow, allowing the accumu-
lation of processing intermediates to high levels. This is
especially intriguing with respect to exon 4, since splicing of
this exon constitutes a part of the critical regulatory mech-
anism of Sxl expression (7, 51). The results presented in Fig.
7 suggest that the sex-specific upstream splice of exon 2 or 3
into exon 4 is slower than the constitutive downstream exon
4-exon 5 splice. Possibly an inverse correlation exists for Sxl
between the efficiency of intervening sequence excision and
accessibility of a particular splice to biological regulation.
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