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ABSTRACT 
The Drosophila gene Sex-lethal (Sx l )  controls the processes of sex determination  and dosage compensa- 

tion. A Drosophila subobscura genomic fragment  containing all the  exons  and  the late and early promotors 
in  the Sxl gene of D.  melanogasterwas isolated. Early Sxl expression in D. subobscura seems to be  controlled 
at  the transcriptional level, possibly by the XA signal. In  the region  upstream of the early Sxl transcription 
initiation site are two conserved regions suggested to be involved in the early activation of Sxl. Late Sxl 
expression  in D. subobscura produces  four transcripts in  adult females and males. In males, the transcripts 
have an additional exon which contains three translational stop  codons so that a truncated, presumably 
nonfunctional Sxl protein is produced.  The Sxl pre-mFWA of D. subobscura lacks the poly-U sequence 
presented  at  the polypirimidine  tract of the 3' splice site of the male-specific exon  present  in D. melanogas- 
ter. Introns 2 and 3 contain the Sxl-binding poly-U stretches, whose localization in intron 2 varies but 
in intron 3 is conserved. The Sxl protein is fully conserved at  the  amino acid level in both species. 

I N Drosophila melanogaster, the  gene Sex-lethal  (Sxl) con- 
trols the processes of sex determination and dosage 

compensation (the products of the X-linked genes are 
present  in  equal  amounts  in females and males). This 
gene regulates the expression of two independent sets 
of genes  (LUCCHESI and SKRIPSKY 1981). One set is 
formed by the sex determination genes; mutations  in 
these genes affect sex determination while having no 
effect on dosage compensation (BAKER and WOLFNER 
1988; STEINMANN-ZWICKY et al. 1990). The  other set is 
formed by the male-specific lethalgenes (msl's);  mutations 
in these genes affect dosage compensation while having 
no effect on sex determination (BAKER et al. 1994). 

The  gene Sxl produces two temporally distinct sets of 
transcripts corresponding to the  function of the female- 
specific early and  the non-sex-specific late promoters, 
respectively (SALZ et al. 1989).  The early set is produced 
as a response to the XA signal which controls Sxlexpres- 
sion at  the  transcriptional level  (TORRES and SANCHEZ 
1991; KEYES et al. 1992).  Once  the state of  activity  of Sxl 
is determined,  an event that occurs at  the blastoderm 
stage, the XA signal is no longer  needed  and  the activity 
of Sxl remains fixed (SANCHEZ and NOTHIGER 1983; 
BACHILLER and SANCHEZ 1991). The identification of a 
set of genes involved in  the initial step of  Sxl activation 
indicates that  a  conventional  genetic system is the basis 
of  this signal (PARKHURST and ISH-HOROWICZ 1992; 
CLINE 1993; SANCHEZ et al. 1994). It has been shown in 
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D. melanogaster that  a  fragment of 1400 bp upstream of 
the early Sxl transcription initiation site contains all the 
cipacting elements responsible for  interaction with the 
XA signal  (ESTES et al. 1995). This region contains  E 
boxes that  are  the  binding sites for  the Scute-Daughter- 
less  (Sc-Da) heterodimers  that act as activators of  Sxl. 
It also contains one D box that acts  as a  binding site 
for  the  Dpn  protein (HOSHIJIMA et al. 1995), another 
element of the XA signal that acts  as a repressor of Sxl 
(YOUNGER-SHEPHERD et al. 1992). 

The late set of Sxl transcripts is formed by three male- 
specific and  three female-specific transcripts. These ap- 
pear slightly after blastoderm stage and persist through- 
out development. The male transcripts differ from the 
female by the inclusion of a male-specific exon  that 
places a stop codon  in  the  open  reading  frame. This 
gives  rise to truncated, presumably nonfunctional, pro- 
teins. In females, this exon is spliced out  and functional 
proteins  are  produced (BELL et al. 1988; BOPP et al. 
1991).  Therefore,  the  control of Sxl expression 
throughout  development occurs by sex-specific splicing 
of its transcript. The capacity  of Sxl to function as a 
stable switch is due to the positive autoregulatory func- 
tion of  its  own product  (CLINE 1984; BELL, et al. 1991). 
Three  functional  domains in the D. melanogasterSx1 pro- 
tein have been identified: two domains  that  interact 
with RNA (RNP domain) (BELL et al. 1988) plus a do- 
main which  is required  for its  own cooperativity (GN 
domain) (WANG and BELL 1994). The Sxl protein regu- 
lates its own RNA splicing by binding to poly-U stretches 
in  introns  2  and 3, adjacent to the male-specific exon L3 
( S W O T 0  et al. 1992; HORABIN and SCHEDL 1993b). 
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S o  far, early antl late S x I  regulation have been  studied 
in it7 r d m  and in nirm experimental systems ( S x m o - r o  
r /  nl. 1992: HOR.WIS and SCIIEIX 199311; M'..\sc; and 
BELI, 1994: Es-rw c/ d .  1995: HOSIIIJMA PI NI. 1995). A 
complemental? approach t o  the study of Sxl regitlation 
was untlcrtaken in this investigation, namely its inter- 
specific comparison.  This work reports  the  cloning and 
characterization of the  gene Sxl of I ) .  .s?t/m/,scwn and its 
compu-ison with the gene Sxl of I). mclrnogm/rr. These 
two species appear to have diverged -30 rnya (THKOCK- 
\IOKIX)S lOi .3) .  This evoltItionary period is sufficiently 
tlistmt for unconstrained  sequences to have diverged 
extensively. The comparative ;~11;dySis of the  gene S.d 
from both species should  therefore allow the identifica- 
tion of putative ri.wcting  elements by sequence conser- 
vation (which might participate i n  the regulation of 
this  genc,) a s  well a s  the identification of  Sxl protein 
ftmction;d domains. 

I\.I;\TERIXI.S XND METHODS 

Fly strains: Flies w r c  cultrlretl on stantlard food at 2.5" (D. 
nwl//nngm/~~j o r  18' ( I ) .  .slrl)ol).srw//). 

Construction of a genomic library from D. srtbobscztru: This 
was pc*rforn1etl according to  PIRROITA ( 1986). 

Cloning of the gene Sxl of D. srtbobscztra: Thc I ) .  .s~thnOscr/rrr 
gcnonlic I ibrm~ \\.;IS screened n-ith a full-length female S.xl 
cDNA of  I). n ~ ~ / n n n ~ / ~ . s / o '  (S..\sfr,l.l.s r/ / I / .  1 9 9 1  ).  Hvbridization 
conrlitions were: G O   for^ 18-20 hr, :,X SSC, I % SIX, 2%) 
powder milk and I O 0  mg/ml 01' s;tltnon sperm DNA. M'ashes 
werc rcpcxItcrl three timcs (20  min each) at ($3" i n  0 . 1  X SSC 
and 0 . 1  '%, SIX. Itlentification of  positive clones, plaqlle puri- 
fication. prcp;u;uion of  phage DNA, Southern blot analysis, 
identification ofcross-hyl,ridization fragments, subcloning of 
t h e  rcstriction fragmcnts into  the plasmid pBluescript KS 
and isolation of  plasmid DNA were perl'ormetl using the pro- 
tocols tlescrilml b y  MASI~YIIS p/ nl. (1982). 

In siht hybridization to polytene  chromosomes: The clr cu 
strain of I).  suOoh.rcrrm ( w i t h  ~ h c  stantlard S chromosome ar- 
rangement) and thc Cm/on-S strain of I). nwlrrnngns/o. were 
used to prepare sali\.;tn  gland polytene chromosomes. Female 
third-instat- latvac were chosen from rlncrowtled cultrtres 
raisctl at I'i". Conditions  for Ianx tlisscction and polytcnc 
chromosome squashcs \\rerc 21s rlcscribcd by b f O s I x x ) \ ! l ; R l '  r/ 
/ I / .  ( 1 9 8 i ) .  I ) .  .sd)o/~.sc~trcl DNA was labeled b y  nick-translation 
using ICi-biotin  tlL'TP (Rorhringer). Prehyl,ridization, hybrid- 
iziltion and rlctection conditions were as tlescribed by SI:.- 
(;.IRK.\ and A ( x ~ A I ) ~  ( lW3) .  The location of the probes was 
tlctcrminctl using the cytological map of[). s ~ t h n l ~ . s o t m  (KFSZE- 
M C I H .  and M~CI.I.I:.R 19.58) and thc cytological and  photo- 
graphic maps of I) .  n~r l rnnq~/s /~r  produced by LITI;.\W ( l 9 f 6 ) .  

In siht hybridization to embryos of D. srtbobscztra: This was 
prrli)rmetl IOIlouing the pmxt lur r  tlescribctl b y  T,\c'T% and 
Pt:I<11:1.1; (IIIH!)) w i t h  the modifications suggested b y  <X.IL\S r/ 
//I. (1991). The probe WIS I T M ~ ~ C C I  w i t h  tligosigcninc  (Boch- 
ringer) following the n1;~nufactrlrer's instructions. The stage 
of  the cmhnos \vas itlentifird ;mw-ding t o  <;;\\WOS-~RTIX;A 
;mtl HARII.SSI'I.IS ( 1985). 

Transcripts analysis: Poly-,.\' RNA preparation from adult 
males antl li.malc-s w a s  perfot-met1 following the  procedure 
described in the Pharmxia RNA ptrilication kit. Northern 
blots ofpoly-A- RNA were hybridi~rtl w i t h  tlilrcrent  genomic 
fragments, prrviorlsly subcloned i n  the plasmid pRlrlcscript 
KS ' . These  genomic fragments are shown in Figurc 1.  

FIGL'RK 1 .-The gene S x l  or I). . s~tbnbsc~tm. (A) Molecular 
map ofthe I). ,~~r/rr~,o~~n.s/o.Sxlgene and schematic  rcpresenta- 
tion indicating the splicing pattern of the early and late Sxl 
pre-mRNAs i n  females antl males, as well as the position of 
the exons  corresponding t o  the e d y  and late S.dRNA5 (SASI- 
L W S  P/ nl. 1991). E l  refers to the  exon E l  that is specific t o  
the early Sxl transcripts. L1, L2 and 1.3 rcfrr t o  the exons 1, 
2 antl 3, respectively. that are specific for the late Sx/ tran- 
scripts. 1,s is the malr-sprcific exon. ( R )  I\.Iolecr~lar map of  che 
full-length latr female SxlcDNA of  I). mc/nno,q//s/n. (SA\I~I<I .S  r/ 
nl. 1991 ), used for screening the I).  srthnl).sc?trrt gcnomic library, 
and schematic  representation of the exons. The black hori- 
zontal bars i n  A and B, numbered from 1 to 9, indicate the 
position of  the probes used for mapping  the positions of 
the homologous exons in I). .s1t60/1.~1/ru. Some of  these 1). 
nwlrnngm/n genomic  fragments  contain exons 9 and 10 or 
the germ  line specific RNA. These arc n o t  present i n  the 
cDNA probe and  correspond to the 3' end  ofthe transcription 
unit. Other I). mc/nnn,qm/a. fragments  contain  sequences of 
the late exon 1.1, as \ v d I  as seqnences downstream and up 
stream of this exon. I t  also contains  sequences upstream of 
the late promotor that  constitute thc .5' end of  the  transcrip 
tion unit. (C) Molecular map of  the gene Sxl of  I).  s~thnl).sc~tm 
and schematic  representation of  the  three overlapping recom- 
bin;unt phages X'!.SB, X<; and XSxl i isolated from the D. 
.s~cDo/~.sc~on genomic lihran.  The black horizontal bars indicate 
the position of the I ) .  scthol1.sc7trrr Sxl genomic fragments that 
hybridize w i t h  the I). m c / r ~ ~ n g n . s / ~ ~ ~ p r o h c s  oft\ and 1% numbered 
from 1 to  9. A. ,4?!nI; B. NnaHI: Bg, I3,qflI: C, Cld:  E, l+nRI, 
Ev, I.:CnR\'; H. I f i n d I I I ;  P, I M ;  Pv. I + n t I I ,  S, Snfl and X. Xhnl. 

RT-PCR analysis: To verify the existence o f  an arltlitional 
exon in the male Sxl transcripts of I). s ~ t O o l ) . s c ~ t m ,  I O  pg of 
total RNA from both  adult males and Females wcre reverse- 
tl-anscribed with A41\' Promcga. Amplifications were per- 
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formed by  PCR following the protocol of FROHMAN et al. 
(1988). The  primers were: 5' GAAAGAGGAAGAGCACGCAG 
3' and 5' TGTGCCTCCTCCCGTTTGTT 3'. Two amplifica- 
tion rounds were performed.  The conditions of the first 
round were: 95" for 3 min, 62" for 2 min, 72" for 40 min- 
one cycle;  95" for 45 sec, 62" for 2  min, 72" for 1.5 min-25 
cycles. Ten  percent of the amplified product was amplified 
again  in the second round of 15 cycles:  95" for 45 sec, 62" for 
2 min, 72" for 1.5  min  each cycle.  RT-PCR products were 
analyzed by electrophoresis  in 1.5% agarose,  blotted into ny- 
lon  membranes  and hybridized with the D. subobscura geno- 
mic fragment homologous to  the Sxl male-specific exon L3. 
The  membranes were boiled to eliminate the previous probe 
and  then hybridized with the D. subobscura genomic fragment 
homologous to  the D. rnelanogaster Sxl genomic fragment con- 
taining exons 5, 6, 7 and  part of 8,  common  to  both sexes. 

The RT-PCR amplified fragment from total RNA of adult 
females was cloned in the plasmid pBluescript KS+, in  the 
EcoRV site, and  sequenced following the procedure  men- 
tioned below. 

DNA sequencing: pBluescript K S +  clones with small geno- 
mic subfragments were directly sequenced from both sides 
using the universal primers of the vector polylinker. Those 
pBluescript clones with larger  genomic  subfragments were 
sequenced  after  obtaining a set of nested  deletions  according 
to  (HENIKOFF  1984).  Sequencing was carried out by the di- 
deoxynucleotide method (SANGER et al. 1977) using modified 
T7 polymerase from  Pharmacia and 10 pCi of  "S-dATP  as a 
labeling  precursor.  Electrophoresis was performed with a 
LKB-Pharmacia Macrophor  chamber using 6% acrylamide 
and 7.5 M urea, following the manufacturer's  instructions. 
Other fragments were sequenced using an automatic 377 
DNA sequencer (Applied Biosystem). The nucleotide se- 
quence of the D. rnelanogaster genomic  region spanning  from 
665 bp upstream of exon 2 to  just downstream of exon 4 was 
determined by the dideoxysequencing method using Seque- 
nase version 2.0 (U.S. Biochemicals). For this purpose, several 
lambda  dash  phage clones were isolated from  a D. rnelanogaster 
genomic library. In all cases, the complete  sequences of both 
strands of the  cloned subfragments were determined.  The 
sequence  corresponding to the region spanning  from  -4 kb 
upstream of exon 2 to exon 7 of the Sxl gene of D. melanogaster 
has  been  deposited with the database DDBJ (accession no. 
D84425). The  sequence of the  corresponding region, as  well 
as the  sequence of the female Sxl cDNA,  of D. subobscura 
have been deposited with the database EMBL (accession no. 
X98370 and X98371) 

Comparison of DNA sequences: Comparison of the DNA 
sequences of D. melanogaster and D. subobscura was performed 
using version 1.3 of the Ifasta program (PEARSON and LIPMAN 
1988). 

RESULTS 

Isolation and molecular  organization of the gene Sd 
of D. subobscura: A  genomic library of D. subobscura in 
XEMBL4  was synthesized (see MATERIALS AND METH- 
ODS) and screened with a full-length female Sxl cDNA 
of D. rnelanogaster, Three overlapping positive phages 
were isolated (XSxl 7, XC and X2.7B) that  together  en- 
compassed 26 kb of genomic DNA (Figure 1C). 

The Sxl protein  contains two RNA-binding domains 
(RNPs). It is possible, then,  that  the  three isolated 
phages did not contain  sequences of the Sxl homolo- 
gous gene  but  rather  sequences of another  gene that 
codes for  a  protein which  also contains this RNP motif. 

To provide supporting evidence that  the isolated 
phages correspond to the Sxl homologous gene of D. 
subobscura, in situ hybridization of the  three clones to 
salivary gland polytene chromosomes of D. melanogaster 
was performed.  The  three clones exclusively hybridized 
in cytogenetic band 6F where the  gene Sxl of D. rnelano- 
gaster maps (data  not  shown).  These results indicate 
that  the isolated phages contained  sequences  corre- 
sponding to the Sxl homologous  gene of D. subobscura. 
In  situ hybridization of the  three phages to salivary 
gland polytene chromosomes of D. subobscura was also 
performed.  These phages hybridized in cytogenetic 
band 10B  of chromosome A (data  not  shown), which 
is homologous to the  Xchromosome of D. melanogaster. 

In  order  to compare  the organization between the 
gene Sxl of D. melanogaster and its homologue in D. 
subobscura, a set of Southern blots were performed with 
subclones from the  three  genomic phages XSxl 7, XC 
and X2.7B. As probes,  nine  different fragments of the 
gene Sxl of D. melanogaster were used, which together 
contained  the  complete transcription unit of the D. 
melanogaster Sxl gene (Figure 1, A and B). All  of the D. 
melanogaster probes hybridized with the 26kb fragment 
of D. subobscura (Figure 1C). These results indicate that 
the whole transcription  unit of the  gene Sxlof D. melano- 
gaster was contained within  this 26 Kb fragment;  the 
relative order of exons-introns being  maintained.  Thus, 
it is suggested that  the whole transcription unit of the 
gene Sxl of D. subobscura was cloned. 

Early expression of the  gene Sxl of D. subobscura: To 
determine if the early regulation of Sxl in D. subobscura 
is like that in D. melanogaster, we probed embryos with 
a D. subobscura 0.2-kb genomic fragment  that is homolo- 
gous to exon E l  of the early Sxl transcripts of D. melano- 
gaster. The only embryos that hybridized to this probe 
were at  the syncytial blastoderm and cellular blastoderm 
stages (Figure 2). Hybridization to embryos at develop- 
mental stages preceding  the syncytial blastoderm stage 
indicate  the  presence of maternal Sxl transcripts. 
Among 150 blastoderm embryos, 76 hybridized and 74 
did  not.  These results indicate that early Sxl expression 
in D. subobscuru takes place at the same developmental 
stages as in D. melanogaster and suggest that this  early 
expression is regulated  at  the transcriptional level by 
the E A  signal. Embryos that showed positive  hybridiza- 
tion would be females, where the XA  signal  activates 
Sxl, and embryos showing no hybridization would be 
males. Moreover, as in D. melanogaster, no hybridization 
was observed in  the pole cells, the precursors of the 
germ  line. 

The early Sxl transcripts of D. melanogaster contain the 
exon El, which is not  present in the late Sxl transcripts 
(see Figure 1A). We have sequenced and compared the 
exon El  of D. mlanogaster and D. subobscura. This exon 
shows a high degree of homology at both DNA (75%) 
and protein (80%) levels. This homology extends also 
to the 5'  UTR region (74.5% of homology), which con- 
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FIGURI.: L-Early expression of the gene Sxl of D. s~rbobsc- 
~rrcr. In . d z c  hybridization  to D. .subo6.tc21r17 embryos at different 
developmental  stages. The probe used was a 0.2-kb genomic 
fragment of this  species that contains the homologue to the 
early-specific  exon E l  of D. rn~lmn7logrzslm (A-D) and (F) Exam- 
ples  shown  of embryos at blastoderm or syncytial blastoderm 
stages that either hybridize (females) or do not hybridize 
(males) with the probe, plus embryos at postblatoderm stage 
that never  hybridize. (E) Magnification is shown  of the poste- 
rior region of an embryo at blastoderm  stage that hybridizes 
but whose pole  cells (marked with an arrow) do not show 
hybridization. 

tains a sequence  stretch (AAGTCCAAC'TT) that shows 
a high degree  of homology with a sequence  (AAGTG 
CAAGTT) found in the 5' UTR of the D. mlanogmtm 
heat-shock genes  (HOLMGREN d 01.1981). The sequence 
just 5' of  the translation  initiation codon is not conserved 
in both species: CATT for D. mkn.ognstPr and AATG 
for D. subol~scurn. In both cases, the  sequence shows low 
homology with the consensus  sequence A/CAAA/C 
which is thought to be  optimal  for efficient  translation 
initiation in D. melnnognstm (CAVENER 1987). The protein 
domain  encoded by this exon  contains two more  amino 
acids in D. .subol).srurcl than it does in D. mInn,ogm/Pr. The 
sequence of the 5' splice site of this exon in D. mlnnogas- 
/PT and in D. subobsrurn is  AG GTATGT, which matches 
well with the consensus  sequence AG GTRAGT. In  both 
species, the highly conserved G  residue at position +5 
in the  intron is consenred. 

Sequencing of the  genomic  region  located  upstream 
of the  early Sxl transcription  initiation site. A compara- 
tive  analysis of D. melanogaster and D. subobscura: A 
region of 1600 bp upstream of the early Sxl transcrip 
tion  initiation  site was sequenced  in D. suhohscura and 
compared with the  corresponding  region of D. mlano- 

gaster (HOSHIIIMA e/ 01. 1995; DDBJ accession no. 
D50435). Two conserved  regions were found.  Their lo-  
cation are shown in Figure 3. Region 1, which is -700 
bp upstream of the  start site,  contains  three E boxes in 
D. mlnnogastmand four E boxes in I). subobsrurtr. Region 
2 which encompasses -300 bp  sequence  near  the tran- 
scription  start site  contains one E box and  the D  box, 
whose locations are conserved. In addition,  the two re- 
gions  contain  other conserved  sequences,  surrounding 
the E and D  boxes.  Upstream of these two consenred 
regions, there were four E boxes in D. subol)sczrrn 
(- 1000 to -1150 bp region)  that  are  not  present in 
the  corresponding region  of D. mPlnnogas/Pr. 

Late  expression of the  gene Sxl of D. subobscurn: To 
determine if the late  regulation of Sxl is like that in D. 
rn~lmogmtm, we probed embryos with a D. suhoI~.~rurn 1.2- 
kb  genomic  fragment.  This  fragment  contains  the homtr 
logues to exons 5-8 of D. m/nnogas/Pr that  are  common 
to  the early and late Sxl transcripts. In this case, hybridiza- 
tion was observed in all of the embryos, independent 
of their  developmental stages (data  not  shown). These 
results indicate  that in I). szrbobsrurn the late Sxl transcrip 
tion,  common to both sexes, begins slightly later  after 
the blastoderm stage, as in D. m~lnnogns/pr. 

The Sxl gene of D. mlnnognstPr basically produces 
three transcripts  in adult females (4.2, 3.3 and 1.9 kb) 
and  three transcripts in adult males (4.4, 3.6 and 2.0 
kb).  There is another transcript of 3.3 kb that is ex- 
pressed in the female  germ  line (BELL. PI a/. 1988; SALZ 
d nl. 1989).  In order to  characterize the transcripts  from 
the  gene Sxl of D. subobscurn, Northern blots from both 
male and female  adults  were  performed and subse- 
quently  hybridized with D. subol~srurn genomic frag- 
ments  containing  sequences  homologous to exon L2 
of D. mdanognstPr. Four  transcripts of 5.3, 4.1, 3.5 and 
2.7 kb were detected  in  adult females and  four tran- 
scripts  of 5.5, 4.3, 3.7 and 2.9 kb were detected in adult 
males  (Figure 4A). Therefore,  the Sxl transcripts of D. 
subobscurn are larger  than  those  of D. mdanogmtpr. It is 
not known whether any of these  transcripts  correspond 
to  the  germ  line specific RNA of D. mPlnnogmtPr. The 
different size of these  transcripts  in  both sexes parallels 
the situation  in D. mlnnogastm, suggesting the presence 
of  an  additional  exon in the male  transcripts.  This possi- 
bility was investigated by using RT-PCR to amplie 
cDNAs spanning  the region  between  exons L2 and 8. 
The amplified cDNAs from  males and females hybrid- 
ized to  the D. suhohscurn 1.2-kb fragment  that  contains 
sequences  present  in  both  sexes  (Figure  4B). However, 
the  male  product was larger  than  the female and, unlike 
the  female, it hybridized  to the D. subol)scwn 1.8-kb 
probe  (Figure  4C), which contains  sequences  homolo- 
gous  to  the male-specific exon  L3 of D. rndnnogaytpr. 
These results indicate  that  the Sxl transcripts of the 
males contained  an  additional  exon  and  that  the Sxl 
pre-mRNA follows a different  splicing  pattern in fe- 
males and males. Therefore,  in D. suhobscura the late 
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FIGURE X-Comparative analysis  of the region upstream of the early Sxl promotor of D. melnnogmtm and its homologous 
region in D. su6o6s,srum. Schematic representation of the upstream region showing the two regions (cross-hatched) for which 
extensive sequence similarity between both species was found, as well as the locations of E and D boxes. 

Sxl expression is controlled  at the splicing level of its described in SAMUELS et al. (1991). The exon-intron 
primary transcript; male transcripts containing  an  exon structure  and  the two splicing acceptor sites of exon 5 
which is absent in female transcripts. are conserved (data  not  shown). At the  nucleotide level, 

To test the specificity of the Sxl protein in D. subobsc- the average degree of homology of the  coding region 
urn, we performed inmunoblot. of proteins from imagi- is  very high, 86.1% in 1077 bp; 92.2% for the  coding 
nal discs and brains of both male and female larvae region of exon L2 (77 bp), 89.1% for  exon 4 (46 bp), 
with a monoclonal  antibody  that recognizes an  epitope 83.8% for  exon 5 (372 bp), 92.6% for  exon 6  (108 bp), 
encoded by sequences downstream of the male-specific 88.4% for  exon 7  (181 bp)  and 83.3% for  the  coding 
exon. In D. mlanogmtm, this antibody  detects two Sxl region of exon 8 (293 bp). 
proteins of 36 and 38 kD in females but  not in males The sequence GGAT just 5' of the AUG translation 
(BOPP et al. 1991). Two proteins of similar size were initiation codon in exon L2 is conserved in  both species 
also detected in D. subobscura females but  not in males and differs from the sequence  found in early exon E l  
(Figure 4D). These results would agree with the pres- (see  above). The same GGAT sequence has been  found 
ence of translation  stop  codons in the male specific just upstream of the translation start  codon in exon L2 
exon L3, so  that in males a truncated Sxl protein would of D. vin'lis (BOPP et al. 1996). As in the case  of exon El, 
be  manufactured. this sequence shows a poor match with the consensus 

The RT-PCR product of adult females containing  the sequence (A/CAAA/C) thought  to  be optimal for effi- 
translated  region of the D. subobscura Sxl gene was se- cient translation in D. melanogaster (CAVENER 1987). The 
quenced, as well as the  genomic  fragments  containing comparison of the predicted  amino acid sequences of 
the  exons, and compared with the  sequence  corre- both Sxl proteins shows a very high degree of homology, 
sponding to the female cDNA  of D. mlanogaster that is 91.3% for 358 amino acids (Figure 5). 
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FIGURE 4.-Late expression of the  gene Sxl of D. su606s,scurn. (A) Northern blot of  poly-A'  RNA from adult females (lane 1 )  
and males (lane 2) .  The  probe used was the D. su6obscurn genomic  fragment  containing  exon L2. (B) RT-PCR  of  poly-A'  RNA 
of adult females and males. The  probe used was the D. su606scura 1.2-kb genomic  fragment  that  contains the exons 5-7 and 
part of exon 8 that  are common  to  both sexes. The RT-PCR product had 1.3 kb in males and 1.0 kb in females. (C) RT-PCR 
of poly-A'  RNA of adult females and males. The  probe used was the D. su6obscurn 1.8kb genomic  fragment  that  contains the 
male-specific exon L3. (D) Analysis  of the Sxl protein in D. su6obscurn. Immunoblots  containing equivalent amounts of protein 
extracts from imaginal discs and brains of D. suDobs,scurn male and female larvae were probed with a monospecific antibody against 
the female-specific portion of the Sxl protein (BOPP et nl. 1991). The arrows indicate the two bands  corresponding  to the 36- 
and 38kD Sxl proteins. 
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1 MYGNNNPGSNNNNGGYPPYGYNNKSSGGRGFGMSHSLPSGM(SRYAFSPQ)D ................................................. ................................................. 
1 MYGNNNPGSNNNNGGYPPYGYN-KSSGGRGFGMSHSLPSGM(SRYAFSPQ)D 

51 TEFSFPSSSSRRGYNDFPGCGGSG-G-NGGSANNLGGGNMCHLPPMASNN 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

42 TEFSFPSSSSRRGYNEFPGGGGIGIGANGGSANNLGG-NMCNLLPMTSNN 

99 SLNNLCGLSLGSGGSDDLMN--DPRASNTNLIVNYLPQDMTDRELYALFR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
91 SLSNLCGLSLGSGGSDDHMMMHDQRSSNTNLIVNYLPQDMTDRELYALFR 

RNPl 
147 AIGPINTCRIMRDYKTGYSFGYAFVDFTSEMDSORAIWLNGITVRNKRL 

.................................................. .................................................. 
141 AIGPINTCRIMRDYKTGYSFGYAFVDFTSEMDSORAIWLNGITVRNKRL 

197 KVSYARPGGESIKDTNLWTNLPRTITDDOLDTIFGKYGSIVQKNILRDK .................................................. .................................................. 
191 KVSYARPGGESIKDTNLYVTNLPRTITDDOLDTIFGKYGSIVQKNILRDK 

RNP2 
247 LTGRPRGVAFVRYNKREEAOEAISALNNVIPEGGSOPLSVRLAEEHGKAK 

................................................. ................................................. 
241 LTGRPRGVAFVRYNKREEAOEAISALNNVIPEGGSOPLSVRLAOEHGKAK 

297 AAHFMSOMGWPANVPPPPPOPPAHMAAAFNMMHRGRSIKSQQRFQNSHP 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

291 AAHFMSOIGVPSANAPPPPPPPP-HMAFN-NMVHRGRSIKSQQRFQKTHP 

347 YFDAKKFI 354 . . . . . . .  . . . . . . .  
339 YFDAQKFI 354 
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FIGURE 5.-Comparative analysis of the predicted Sxl protein  sequence of D. melanogaster and D. subobscura. The  additional 
aminoacids  when the most  proximal  acceptor splicing site of exon 5 is  used  are  shown  in parenthesis.  The two regions that 
encode the RNP 1 and RNP 2 domains  are  underlined.  The GN domain  would  correspond at least to the 38 first amino acids 
at the amino  terminal  end (WANG and BELL 1994). 

Sequencing of the Sxl genomic  region  that is involved 
in  the  alternative  splicing of Sxl pre-mRNA. A compara- 
tive  analysis of D. melunogaster and D. subobscura: In 
the splicing of D. rnelanogaster late Sxl transcripts, the 
late exon L1 joins to exon L2, so that  the early specific 
exon El functions as an  intron. Moreover, the late Sxl 
transcripts show an alternate splicing pattern in both 
sexes: in females, exon L2 is joined to exon 4, so that 
exon L3 functions as an  intron, whereas this exon L3 
is incorporated  in male transcripts (SALZ et al. 1989; 
SAMUELS et al. 1991; KEXES et al. 1992) (see Figure 1A). 
In order  to identify cis-acting elements  that might be 
involved in controlling  the alternative Sxl pre-mRNA 
splicing, we sequenced  the D. subobscura and D. rnelanc- 
gaster genomic  region between early exon El  and exon 
L2, as  well  as the male-specific exon L3 and their adja- 
cent  introns 2 and 3. It was not possible to make a 
perfect  alignment between the  sequences of both spe- 
cies because of the  different size and the  degree of 
divergence among these regions. For these reasons, 
only the comparative analysis  of intron regions for 
which a  certain  degree of conservation was found is 
presented. The poly-T stretches in introns 2 and 3 were 

also compared.  These poly-T sequences correspond to 
the poly-U stretches of the RNA that  are  the targets for 
the binding of the Sxl protein (SAKAMOTO et al. 1992; 
HORAEHN and SCHEDL 1993a,b). 

The gene Sxl of D. uirilis has been  cloned (BOPP et 
al. 1996). This gene shows  sex-specific splicing, since 
the male Sxl transcripts contain an additional  exon, 
L3. Only the  complete  sequence of  this exon and the 
sequences of the regulated splice sites,  as  well  as their 
comparative analysis  with the  corresponding regions of 
the  gene Sxl of D. melanogaster, have been  reported 
(BOPP et al. 1996). For this reason, the comparative 
analysis  of the  gene Sxl of D. subobscura and D. uirilis is 
restricted to these regions. 

Cornparatiue analysis of the region  between  early speci$c 
exon E l  and exon L2: No poly-T stretches were found 
and  the degree of homology was  very  low. 

Comparatiue analysis of late intron 2: This  intron is 
larger in D. subobscura than in D. rnelanogaster, and its 
size  varies depending  on which of the two exon L3 3' 
splice  sites are used in the two species. In  the  latter 
species the size  is 2909 or 2927 bp if the first or the 
second 3' splice sites,  respectively, are used. The size 
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FIGURE 6.-Compara- 
tive  analysis  of late introns 
L2 and L3 of D. melanogar- 
ter and  their  homologues 
in D. subobscura. (A) Sche- 
matic representation of the 
intron 2 showing  the  eight 
regions (crosshatched)  for 
which  extensive  sequence 
similarity  between  both 
species was found, as well 
as the  location of the  poly- 
T sequences.  The  numbers 
refer  to  the  number  of T 
present in each  sequence. 
(B) Nucleotide  sequence 
of the  poly-T  stretches  and 
their flanking  bases. (C) 
Schematic  representation 
of the  intron 3 showing 
the four  regions  (cross- 
hatched)  for  which exten- 
sive  sequence  similarity 
between  both  species was 
found, as well as the  loca- 
tion of the  poly-T  se- 
quences.  The  numbers  re- 
fer to  the  number  of T 
present in each  sequence. 
(D) Nucleotide  sequence 
of the poly-T  stretches  and 
their  flanking  bases. 

D) 
D.melanogaster 

A A-GATTTTTTTAAAGT 

C) A-CAAAA 
B] A T T T m m A T i T T l T C G G T G  

Dsubobscura 

m C C A A C l T m T l T C A A G T  
C A m T m C I I C G G T G  
D] ATllTTrATAGT 
E) C m G T A C T  

in the first species varies from 3559 to 3575 bp if the 
first or second 3' splice sites, respectively, are  used. 
Within the  intron  there  are  eight conserved regions 
which are  distributed in the same relative order in  the 
two species (Figure 6A). Some of these regions contain 
poly-T stretches,  corresponding to the poly-Us of the 
RNA to which the Sxl protein binds. They are  scattered 
along  the  intron and their locations vary between D. 
melanogaster and D. subobscura (Figure 6A). The size  is 
similar but  the flanking bases  vary within and between 
the two species (Figure 6B). In D. virilis, poly-T stretches 
in intron 2 have also been  found (BOPP et al. 1996). In 
D. melanogaster there is a T8 stretch  in  the polypyrimid- 
ine tract of the male exon L3 3' splice site. In D. subobsc- 
ura, this T8 stretch is modified: three  T residues are 

replaced by three C residues. This TR stretch is also 
modified in D. uirilis: two T residues are  replaced by 
two C residues (BOPP et al. 1996). 

Comparative analysis of the male specajic exon L3: The 
male exon of D. subobscura has three instead of  two 
translation stop  codons and these stop  codons  are lo- 
cated at  different positions than  in D. melanogaster (Fig- 
ure 7). The degree of homology between the male exon 
in  the two species is  low, agreeing with the fact that 
this exon  functions as an  intron  in females and  that 
its presence in male transcripts produces  a  truncated 
protein due to the translation stop  codons.  There  are 
only two conserved regions, one in the  middle and an- 
other  at  the 3' end of this exon  that  extends  into  the 
beginning of intron 3. We also compared  the male exon 



1660 L. 0. F. Penalva et al. 

exon 2 
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FIGURE 7.-Comparative analysis of the regulated splice sites between D. melanogastm, D. subobscura and D. virilis. 

of D. subobscura with that of D. virilis (BOPP et al. 1996). 
Aside from the homology at  the 3' splice  sites and  the 
presence of stop  codons,  the only other conserved se- 
quence is at  the 3' end of this exon L3,  which is also 
present in D. melanogaster. In the  three species, there is 
a translation start  codon (AUG) 32 nucleotides up- 
stream of the  exon L3-exon 4 splice junction. In D. 
virilis, this AUG initiates an  open  reading  frame  that 
extends  into  the downstream exons common to both 
sexes and codes for  a Sxl protein of 35 kD in males 
(BOPP et al. 1996). However, in D. subobscura and D. 
melanogaster, there is no  open reading  frame after this 
AUG and males would  only be expected to produce  the 
truncated  protein  initiating  from  the AUG in exon L2. 

Comparative analysis of late intron 3: Intron  3 is bigger 
in D. subobscura than in D. melanogaster (1108 us. 919 
bp)  and contains  four conserved regions (Figure 6C). 
The 5' and 3' splice sites and  the adjacent sequences 
(regions 1 and 4 of Figure 6C) are conserved. The con- 
served sequence  at the beginning of region 1 forms 
part of the conserved sequence (81% of homology in 
58 bp)  that starts at  the 3' end of exon L3 and extends 
to the  beginning of intron 3, therefore  including  the 
5' splice site of the male specific exon L3. The  other 
two conserved sequences  (regions 2 and 3) are located 
approximately in  the middle of the  intron  and also 
contain poly-T stretches. Their location within the in- 
tron is conserved (Figure 6C) and  the flanking bases 
vary both within and between the species (Figure 6D). 
The  intron  3 of D. virilis also has poly-T stretches (BOPP 
et al. 1996). 

Comparative  analysis of the regulated splice  sites 
between D. melanogaster, D. subobscura and D. vir i -  

lis: Figure 7 shows the  comparative analysis of the 
regulated splice  sites  between D. melanogaster, D. su- 
bobscura and D. virilis. The 5' splice  site of exon L2 
is fully conserved  in  the  three species (AG  GTAAAT) 
and differs from  the  consensus  sequence (AG 
GTRAGT) (MOUNT et al. 1992) in  that  the highly 
conserved  G  residue  at  position +5 in  the  intron is 
replaced by an A  residue  in  the  three species.  This 
contrasts with the 5' splice  site of the  exon E l ,  which 
has  a  G  residue at position +5 in both D. melanogaster 
and D. subobscura (in D. virilis the  sequence of this 
exon has not  been  reported).  The 5' splice  site of 
the male-specific exon L3 is fully conserved  in the 
three species (CT GTAAGT) and differs  from the 
consensus 5' splice  site sequence  in  that  the AG resi- 
dues  are  replaced by the CT residues. The two 3' 
splice  sites of the male-specific exon L3 are  con- 
served in the  three species: the first 3' splice  site is 
fully conserved  and  the  second  one differs  only  in 
that  the  residue  at  position -4 upstream of AG  is a 
T  in D. melanogaster and D. virilis and a C in D. subobsc- 
ura. There is also a  minor  variation in the  distance 
between  the AG residues of the two 3' splice  sites: 
17 bases in D. virilis, 14 bases in D. subobscura and 
16 bases in D. melanogaster. The distance  between  the 
polypirimidine  tract of the 3' splice  site of exon 4 
and  the AG residue of this  splice  site is approxi- 
mately the  same in the  three  species,  though  longer 
than  the  normal  distance. 

DISCUSSION 

Organization of the gene sxl of D. subobscura: In D. 
subobscura, four late Sxl transcripts  have been identified 
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in adult flies  of both sexes. The Sxl transcripts of  this 
species are larger than those of D. melanogaster although 
the Sxl protein is  of similar  size in both species. These 
results indicate that the difference in the size  of the Sxl 
transcripts is due to the larger size  of the nontranslated 
regons in D. subobscuru. Further, the  gene Sxl of D. subobsc- 
uru shows alternative  splicing in females and males: the 
male  transcripts  differ from the female  transcripts by an 
additional exon that contains three translation stop c e  
dons. Males therefore produce a truncated Sxl protein. 
This contrasts  with the situation found in D. uirilis where 
Sxl protein is produced in males, although their Sxl tran- 
scripts contain an additional exon L3 with  translation stop 
codons. In the males  of  this  species, an  open reading 
frame exists  downstream  to the last stop codon that codes 
for a Sxl protein that is smaller than the Sxl protein of 
females. The function of  this protein remains  unknown 
(BOPP et ul. 1996). In D. pseudoobscuru, which  belongs to 
the obscura group as D. subobscuru, no Sxl protein has 
been found in males (BOPP et ul. 1996). 

The exon El of the early Sxl transcripts  contains the 
translation  initiation  site and the leader sequence. The 
comparative  analysis  of  this exon in the two species  revealed 
high  homology  in the 5' UTR, suggesting that this  region 
might play an important role  in the translation of  early Sxl 
transcripts.  This  conserved  sequence  contains a stretch that 
is homologous  to the sequence found in the 5' UTR  of 
heat-shock mRNAs (HOLMGREN et ul. 1981). The D. melane 
gaster heat-shock  genes hsp22 and hp70 are examples of 
where the 5' UTR of the mRNAs are involved in regulation 
of translation. Under conditions of  heat-shock, the transla- 
tion of  all  mRNAs  is suppressed  except  for the heatshock 
protein mRNAs,  which are translated at a higher rate. How- 
ever,  when the 5' UTR of these  latter  transcripts is deleted, 
their translation is prevented at high temperatures though 
not at 25" (KLEMENZ et ul. 1985; MACGARRY and LINDQUIST 
1985; HULTMARK et ul. 1986). In the case  of the early Sxl 
transcripts,  it is suggested  that the 5' UTR might  be  in- 
volved in their efficient  translation. Therefore, in  females, 
the production of a certain amount of  early Sxl protein 
can  be  assured  since  this protein is needed in  all  cells for 
early  dosage compensation. It is  also needed for establish- 
ing the positive autoregulation of Sxl through its  involve- 
ment in  femalespecific  splicing of the first Sxl pre-mRNA 
fi-om the late  constitutive promotor. 

Control of the  early Sxl expression:  a  comparison of 
D. melumguster and D. subobscum: The study  of  early Sxl 
expression in D. subobscuru shows that Sxl is initially  ex- 
pressed at the same developmental stage as in D. mehno- 
gasterand that this  early  expression  seems to be controlled 
at the transcriptional level  by the XA  signal  in  females. 
In D. melanogasto- it  has been shown that a fragment of 
1400 bp upstream of the early Sxl transcription initiation 
site contains all the ckacting elements required for  the 
control of  early Sxl expression by the XA  signal  (ESTES et 
ul. 1995). The study  of the effect of different deletions 
within  this fragment on early Sxl expression  has  revealed 

the existence of two regions  (-200  to  -400 bp, and -800 
to  -1400 bp) required for Sxl activation; the deletion of 
one region  having a lesser  effect than the deletion of both 
regons (ESTES et ul. 1995). No deletion of the first 200 
bp was analyzed. These two regions coincide with the 
conserved sequences (-1 to -372 bp  and -759 to  -946 bp) 
found in the interspecific  comparative  analysis. This 
agrees with the key role of these two regions  in the activa- 
tion of the early Sxl promotor. These regions contain E 
boxes,  which are the binding sites for the Sc-Da hetere 
dimers that act as activators  of Sxl transcription. The re- 
gion adjacent to the transcription  initiation  site  also  con- 
tains the single D box,  which is the binding site for the 
Dpn protein (an element of the XA signal) that acts as 
a repressor of Sxl transcription. In addition to the E and 
D boxes, the two regions contain other sequences that 
show a high degree of conservation, though they do  no 
present homology  with other known  sequences  involved 
in transcriptional control (Sequence Data  Banks  were 
searched). These conserved sequences might be the bind- 
ing sites for other factors  involved  in the early  activation 
of Sxl; for example, the Sis-a protein and/or other factors 
(SANCHEZ et ul. 1994). Another possibility  is that the con- 
served sequences are the binding sites for autosomal prod- 
ucts (denominator elements of the XA signal) that would 
suppress Sxl activation by preventing the binding of the 
Sc-Da complexes to the E boxes. 

In D. subobscuru, there are four E boxes  within the 
-1000  to  -1150 bp regon that are  not present in D. 
melanogusto-. In addition, this  region is not conserved in 
the two species. The involvement of these E boxes  in the 
early  activation  of Sxl remains  unknown.  However, the 
fact that these E sequences are present suggests the possi- 
bility that they  have a function. In this context, the five 
E boxes of D. melanoguster, compared with the nine E 
boxes  of D. subobscuru, might suggest the early Sxl prome 
tor in this latter species  to  be  weaker, and therefore re- 
quire a greater quantity of activators and E boxes  to  reach 
a similar level  of  activation. An alternative, though not 
mutually  exclusive explanation, is that the XA signal in 
D. subobscuru has a lower  affinity for the ckacting elements 
that control the early Sxl promotor. A higher number of 
these elements would then be required to ensure a similar 
level  of Sxl activation  in both species. 

&acting  elements  involved in the  splicing  regulation 
of Sxl pre-mRNA  a  comparison of D. melanogaster and 
D. subobscura: Splicing control of early Sxl pre-mRNA: It is 
not known  how splicing of the early Sxl pre-mRNA is 
controlled,  though it is recognized that  the Sxl protein 
does not take part  in this process. It has been suggested 
that splicing of early Sxl pre-mRNA represents  the de- 
fault splice, so that  the intrinsic structure of this  early 
transcript  determines its splicing pattern  (HORABIN and 
SCHEDL 1996). The comparative analysis  of D. melunogus- 
ter and D. subobscuru revealed that  the 5'  splice site of 
exon El is fully conserved in both species and shows 
greater homology with the consensus sequence  than do 
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the 5‘ splice site of exons L2 and L3. Thus,  a possibility 
is that  the 5’ splice site of exon El  is stronger  than  the 
5’ splice site  of exons L2 and L3 for  their  union to 
exon 4. In  addition,  the  exon El  has a  cap  structure 
which  favors  this exon’s participation in  the splicing 
process (IZAURRAULDE et al. 1994; KATAOKA et al. 1994). 

Splicing control of lute Sxl pre-mRNA: The Sxl protein par- 
ticipates  in the control of femalespecific splicing of late 
Sxl  pre-mRNA. The action of this protein occurs through 
its binding to the poly-U sequences located in introns 2 
and 3. In vitro analyses  have  shown that the relative  posi- 
tion of these poly-U’s  within the introns (WANG and BELL 
1994), and their flanking bases influence the binding of 
the Sxl protein (SAKASHITA and SAKAMOTO 1994; SAMUELS 
et al. 1994; SINGH et al. 1995). In both species, the bases 
that flank the poly-U stretches show  variation. This contra- 
dicts the central role of these flanking bases for Sxl bind- 
ing in vivo. The D. mlunogaster Sxl  pre-mRNA contains a 
poly-U stretch in the 3‘ splice  site of the male-specific exon 
(SAKAMOTO et al. 1992; HORABIN and SCHEDL 1993b). This 
poly-U sequence, however, is absent in the Sxl  pre-mRNA 
of D. subobscuru and D. virilis (BOPP et al. 1996). This  would 
support the idea that this sequence plays no central role 
in the control of splicing of Sxl pre-mRNA (SAKAMOTO et 
al. 1992; HORABIN and SCHEDL 1993a,b). This contrasts 
with the situation encountered in the D. melunogaster tra 
pre-mRNA  splicing.  This RNA has  this poly-U stretch in 
the 3‘ splice  site  of the non-sex-specific exon. This stretch 
seems  to constitute the unique cisacting element that 
plays a central role  in  splicing control of the tra pre- 
mRNA, since  its alteration affects the sex-specific  splicing 
of  this RNA (SOSNOWSKI et al. 1989; INOUE et al. 1990; 
V A L C ~ C E L  et al. 1993). In  fact,  this is the only target 
where the Sxl protein binds, preventing the binding of 
the general splicing  factor U2AF,  which  results  in the 
female-specific  splicing  of  this tra RNA (VALCARCEL et al. 
1993). Therefore, the splicing  mechanisms of the tra and 
Sxl RNAs seem to be different (VAL-CEL et al. 1993). 

The comparison of D. mlunogaster and D. subobscura has 
identified two conserved sequences, one  at the 3‘ end of 
intron 2 just upstream of the 3’ splice  site  of exon L3 and 
another at the 3’ end of  this exon extending into the 
beginning of intron 3 and including the 5’ splice  site  of 
this exon L3. These sequences are also  conserved  in D. 
virilis (BOPP et al. 1996). These  conserved  sequences do 
not correspond to poly-U stretches that are the binding 
sites of the Sxl protein. It is suggested, then, that these 
sequences could be the binding targets for other factor(s) 
known to  be required in  splicing control of  Sxlpre-mRNA. 
In  this respect, three genes have been identified whose 
functions are required for proper female-specific Sxl RNA 
splicing:$(2)d (GRANALHNO et al. 1990-1992), snf (OLIVER 
et al. 1988, 1993; STEIMANN-ZWICKY 1988; SM.Z 1992; AL 
BKECHT and SALZ 1993; BOPP et ul. 1993; FLICKINCER and 
SALZ 1994) and vir (HILFIKER and NOTHIGER 1991; HIL 
FIKER et nl. 1995). Mutations  in  these genes cause Sxl pre- 
mRNA  to  follow the male  instead of the female-specific 

splicing pattern in  female  flies. The gene snf has been 
cloned and its product characterized (FLICKINGER and 
SALZ 1994). The Snf protein shows  homology  with the 
U1A snRNP  of mammals.  This protein, which  is a compc- 
nent of the spliceosome, functions at an early point in 
the splicing  process through its binding to the 5’ splice 
site. It has been proposed that the Snf protein might be 
involved  in the recognition of the 5’ splice  site of exon 
L3 (FLICKINGER and SALZ 1994). The cisacting element 
of this recognition might be the conserved sequence men- 
tioned above,  where the Snf protein would bind. How- 
ever,  this sequence could also  be the binding site of other 
factor(s) with  which  Snf  would interact. 

Results reported here  and those previously reported 
(SAKAMOTO et al. 1992; HORABIN and SCHEDL 199313; 
FLICKINGER  and SM~Z 1994; WANG and BELL 1994) 
would agree with the hypothesis of exon definition 
(ROBBERSON et al. 1990). This hypothesis states that  the 
exon is the initial unit of spliceosome assembly: commu- 
nication between recognition factors for the 3’ splice 
site and recognition factors for the 5‘ splice  site  of the 
exon  functions to concertedly recognize both  ends of 
the  exon  during early  assembly  of the spliceosome. Fol- 
lowing  this hypothesis, the elimination of the male-spe- 
cific exon L3 from late Sxl pre-mRNA  would require 
that  the  function of the 3‘ and 5’ splice  sites of this 
exon be blocked. This blockage might be carried out 
by factors that  bind to the conserved sequences (which 
are  different from the poly-U stretches that  bind  the 
Sxl protein) located upstream and contiguous to the 3‘ 
splice site and to the conserved sequence  that includes 
the 5’ splice site. The binding of these factors might 
require  the  binding of the Sxl protein to the poly-U 
sequences in introns 2 and 3. In addition,  the coopera- 
tivity between the Sxl proteins  bound to introns 2 and 
3 might be required for looping out the DNA region 
containing  the male-specific exon L3. This brings into 
proximity exons L2 and 4, which will be joined. 

Elimination of the early exon E l  from lute Sxl pre- 
mRNA: The comparison of U. melanogaster and U. subob- 
scura shows that  the  genomic region between the early 
exon E l  and exon L2 contains  no conserved sequences 
and lacks the Sxl-binding poly-U stretches. This suggests 
that  the Sxl protein does not directly participate in the 
elimination of early exon El  from the late Sxl pre- 
mRNA. This elimination might be explained by the fact 
that early exon El  lacks a 3’ splice site and potentially 
cannot be joined to late exon L1. However,  it  still con- 
tains a 5’ splice  site that could appear to compete with 
the 5’ splice site of late exon L1 for  joining exon L2, 
though this is something  that does not  appear to hap- 
pen. A possibility is that  the  strength of  this 5’ splice 
site is partly lost because the  cap  structure is no longer 
associated with this early exon El. Alternatively, though 
not necessarily  exclusive, the  function of this 5’ splice 
site may be prevented by some factor(s) . 

The Sxl protein: a comparison of D. mehogaster and D. 



Comparative Analysis of Sxl 1663 

subobsclma: Both RNP and GN domains are fully conserved 
in the Sxl proteins of both species.  This  agrees with the 
functional  role of these  domains.  Moreover, the Sxl protein 
is  also  highly  conserved  outside  these  domains.  These other 
conserved  regions  might represent new domains of the Sxl 
protein required for its interaction with other proteins that 
take part in the splicing  process.  Alternatively,  these  con- 
served  regions may not be new functional  domains but 
structural  domains whose  conservation  is required to  allow 
the active conformation of the RNF' and GN domains re- 
sponsible for all  interactions  carried out by the Sxl protein. 

The homologous Sxl gene of Chrysomya m $ f i s  has been 
cloned (MCJLLER-HOLIIXAMP 1995). In  this  species, SxZ is 
transcribed  in both sexes  from the blastoderm  stage 
throughout development and its  pre-mRNA  shows no sex 
differential  splicing. Therefore, both males and females 
have the Sxl protein. This  questions the role of Sxl in  sex 
determination in  this  species. The homology  between the 
Sxl proteins of D. mlanogmterand Ch. m$f& is restricted 
to the RNP domains (90% of homology)  whereas the rest 
of the protein shows variation (18% of homology).  In D. 
melanogmter, D. subobscura and Ch. ruJifacia exon 5 has two 
3'  splice  sites. The use  of the second  splice  site  eliminates 
the same eight amino acids  from the Sxl protein in these 
three species, so that  these amino acids  can  behave as 
introns for certain Sxl proteins. The possibility  of using 
different  splice  sites determines the production of distinct 
Sxl proteins with minor differences.  These  could  be  specific 
of certain  cell  types (BOPP et al. 1991; SAMUELS et al. 1991). 
The fact that the eight amino acids  of exon 5 are conserved 
suggests  that  these amino acids  may be important for the 
function of the Sxl protein that incorporates them. 

The high degree of conservation  of the Sxl protein of 
D. mlanogmter and D. subobscura contrasts with the high 
degree of variatim of the Tra protein of D. hydei and D. 
uirilis. These  proteins have an homology of  31 and 36%, 
respectively,  when compared to the Tra protein of D. mla- 
nogmter (O'NEIL and BELOTE 1992). However,  in  spite of 
this low degree of conservation, the Tra protein from D. 
uiri1i.s confers the tra function  when introduced into D. 
mlunogaster. This  can  be  explained by the fact that the 
functional  domains of the Tra protein are made of  small 
stretches of arginine-serine amino acids,  which are con- 
served  in the Tra proteins of these  species. 
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