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Control of doublesex Alternative Splicing b y  
transformer and transformer-2 in Drosophila 

Sex-specific alternative processing of doublesex (dsx) precursor messenger RNA 
(pre-mRNA) regulates somatic sexual differentiation in Drosuphila melanogaster. 
Cotransfection analyses in which the dsx gene and the female-specific transformer (tra) 
and transformer-2 (tra-2) complementary DNAs were expressed in Drosuphila Kc cells 
revealed that female-specific splicing of the dsx transcript was positively regulated by 
the products of the tra and tra-2 genes. Furthermore, analyses of mutant constructs of 
dsx showed that a portion of the female-specific exon sequence was required for 
regulation of dsx pre-messenger RNA splicing. 

S OMATIC SEXUAL DIFFERENTIATION I N  

Drosophila melanogaster is accom- 
plished by a hierarchy of regulatory 

genes that act in response to the number of 
X chromosomes relative to the number of 
sets of autosomes in a cell (the X:A ratio) 
(1). One of these regulatory genes, dsx, is 
required for terminal sexual differentiation 
in both male and female flies (2). Molecular 
analyses have shown that the dsx transcript 
undergoes sex-specific RNA processing 
(splicing and cleavage-polyadenylation reac- 
tions), which leads to the production of two 
distinct sex-specific polypeptides (Fig. 1A) 
(3). The male- and female-specific dsx prod- 
ucts regulate sexual differentiation by re- 
pressing the female- and male-specific termi- 
nal differentiation functions, respectively 
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(2). Genetic analyses have shown that the tra 
and tra-2 genes are required for regulation of 
sex-specific dsx expression (4). In males, tra 
produces a nonfunctional product, whereas 
the female-specific tra product is functional 
and is produced by alternative splicing of tra 
pre-mRNA (5, 6). The tra-2 product is also 
required for proper differentiation of male 
germ line cells (7). The predicted polypep- 
tide encoded by tra-2 (8) contains a domain 
of 90 amino acids that is also found in RNA 
binding proteins (9). In addition, the pre- 
dicted protein sequences encoded by tra-2 
(8) and tra (10) contain arginine- and serine- 
rich regions that are characteristic of pro- 
teins that participate in RNA processing (9). 
Although these findings suggest that the 
products of tra and tra-2 function in the 
regulation of alternative processing of dsx 
pre-mRNA, direct evidence has been lack- 
ing. 

To decipher the mechanism of alternative 
processing of dsx, we constructed a plasmid 
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(copia-dsx) that contained the portion of doc 
that extends from the third exon (found in 
both male- and female-specific tmxcripts) 
to the male-specific fifih exon, under the 
control of the aopia element long terminal 
repeat (LTR) (6); in this construct, a por- 
tion of the inwn between the female-spe- 
cific fourth exon and the male-specific fifth 
exon was deleted (1 I). When copia-dsx was 
transfected into Kc cells, the male-specific 
mRNA was generated almost exclusively 
(Fig. lB, lanes 1 and 5). To detennine 
whether the tra and tra-2 products affected 
doc pre-mRNA processing, we transfected 
copia-dsx with the female-specific tra cDNA 

(12), the tra-2 cDNA (8), or both, under the 
control of the DroJophifa heat shock protein 
70 gene (hrp70) promoter (6) (hsptra and 
hsptra-2, respectively). When copia-dsx 
was coaan~fected with either hsptra or 
hsptra-2, the male-specific doc mRNA was 
generated along with a considerable amount 
of female-specific mRNA (Fig. lB, lanes 2, 
3, 6, and 7). In contrast, only the female- 
specific doc mRNA was produced when 
copiadsx was cotransfected with both hsp 
tra and hsptra-2 (Fig. lB, lanes 4 and 8). 
Therefore, both the female-specific ha prod- 
uct and the tra-2 product are necessary for 
maximal production of female-speafic doc 

Fig. 1. Effect of and tra-2 cDNA prodm on 9 
the splicing pattcms of doc prc-mRNA in Kc cells. A A ...-_ 8' - -. 
(A) Sex-spdc processing of doc prc-mRNA. . . 
Boxes and the lines between boxes represent the 
exon and inaon sequences, respectively. In f d  
flies, the third exon is spliced to the fourth exon 

-- 

(indicated by solid line) and the female polyade- - 
nylation site (Af) is uud. In male flies, the third P f P m 
exon is spliced to the f3kh aton (indicated by 
dashed line) and the male polyadcnylation site 
(Am)iuud.TvoqpesofRNAp*be~in  B f ;: ::! - + - + tray . - 
the ribonuclease (RNase) protanon assay are . ----" - - + +  
shown below (Pf and Pm). (B) Cotramfkion 
analyses ofcopia-dsx with hsptra and hsptra-2 in - - I3 
Kc cells. A doc gcnomic fragment that contains - 

0 - 0  I 
the third exon to the 6fth exon (11) was fused 
downsac~n of the copia LTR (6). The M e -  
specific tra CDNA (5) and the tra-2 cDNA (8) 1 
were individually tbed m the promom of the a 
hsp70 gene (6). A copia-dsx plasmid was trans- r 
fected into Kc 4 s  without or with the tra-2 - - 
cDNA or the fanak-specific ma CDNA as shown. , 
RNA products were atlllyzcd by RNase protec- 
tion (6) with Pf (lanes 1 to 4) or Pm (lanes 5 to 8) M 5 6 7 8  

as the probes. The sauaurrs of the RNA molecules arc illumated at the nght. M, Hpa I1 dlgcst ofpBR 
used as a source of molecular size markers. The RNA band d e s i i  4f KepRSCntS the M c s p e c i 6 c  
splicing prPdua ofdoc pre-mRNA. 

dtz 19: 

(A) Scherr 
chimeric 

WAs used - 

latic 
pre- * 
I in 
NA 

a portion 
~rth exon w 
fth exon bc 
fourth exor 
I .,- 

- - 
asx 35m I R  c - m - - U 

0 - 
I - 
0 

m =- -  
kg. r .  rosinve w a n o n  or ax  fe- - rn 
male-specific splicing. - 
representations of two 
mRNAs and probe I 
RNase protection. The dm pre-mK M : 
contains the region of dsx from the third exon to the fourth exon, followed by of the first 
inaon and the second exon offiz (15); the polyadenvlation signal of the dur f o ~  as deleted. 
The dsx35m pre-mRNA contains the region of dsx from the third exon to the fi ~t lacks the 
3' half of the third intron, including the female-specific acceptor region, and the 1(16) .  (B) 
Expression of dm and dsx35m pre-mRNAs in the absence or presence of the femae-spec~nc rra cDXA 
and rra-2 cDNA in Kc cells as shown. The dtz (lanes 1 to 4) and dsx35m (lanes 5 and 6) pre-mRNAs 
were expressed under the control of the copia LTR. RNA products were analyzed by RNase protection 
with the Pf (lanes 1 and 2), Pz (lanes 3 and 4), and P35m (lanes 5 and 6) probes shown in (A). M, Hpa 
I1 digest of pBR. In the case of dm pre-mRNA, the RNA band designated 4f represents the 
female-specific splicing product. The RNA band E2 represents the product of splicing between exons 
3 and E2. In the case of dsx35m pre-mRNA, the RNA band 5m represents the product of splicing 
between exons 3 and 5m. 

mRNA. This finding is consistent with re- 
sults obtained with mutant flies (4). Because 
we could not detect any doc RNAs in Kc 
cells not transfected with copia-dsx (13), the 
amount of endogenous doc mRNAs seems 
to be very low in these cells. However, the 
fact that the small amount of endogenous 
doc mRNA present in Kc cells is of th; 
female type (3) implies that the female- 
specific tra product and the tra-2 product are 
produced endogenously in these cells, which 
could explain why a small amount of female- 
specific doc mRNA was detected when co- 
pia-dsx alone was transfected into Kc cells 
and why cotransfxtion of copia-dsx with 
either hsp-tra or hsp-tra-2 resulted in sub- 
maximal production of female-specific doc 
mRNA (Fig. lB, lanes 1 to 3). 

The increase in fanale-specific doc mRNA 
seen after u~xpression of doc with tra and 
ha-2 could occur by several different mech- 
anisms: (i) activation of the female-specific 
acceptor site immediately upstream of the 
fourth exon; (ii) activation of the cleavage- 
polyadenylation reaction at the site immedi- 
ately downstream of the female exon; (iii) 
inhibition of the male-specific acceptor site 
immediately upstream of the male-specific 
fifth exon; or (iv) a combination of these 
mechanisms. These possible mechanisms 
were previously discu&d by Nagoshi and 
Baker (14), who also suggested that activa- 
tion of the female-specific acceptor site was 
the most plausibk mechanism. To deter- 
mine which of the above mechanisms is 
operative, we constructed two chimeric plas- 
rnids (Fig. 2A): copia-dtz (15) contains the 
region of doc that extends from the common 
third exon to the female-sdc  fourth 
exon, followed by part of the htron and the 
second exon of ficshitarazu yiz); copia- 
dsx35m (16) contains the region of doc that 
extends from the common third exon to the 
male-specific fifih exon, but lacks the entire 
female-specific exon and portions of its ad- 
jacent introns. 

When copiada was trandected into Kc 
cells, we observed almost exclusively the 
product of splicing between the doc com- 
mon exon and the* exon, with a s m d  
amount of the female-spaclfic product of 
splicing between the third common exon 
and the female-specific fourth exon (Fig. 2B, 
lanes 1 and 3). In contrast, when copiadtz 
was cotransfected with both hsptra and 
hsptra-2, the female-specific splicing prod- 
uct was generated, and the splicing product 
that contains the* exon decreased con- 
comitantly (Fig. 2B, lanes 2 and 4). Because 
copiadtz does not contain either the poly- 
adenylation site (Fig. 1, Af) immediately 
downstream of the female-specific exon or 
the male-specific acceptor site, we could 
exdude the possibilities that the f d e -  
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spec& splicing product is generated by 
activation of the deavagc-polyadenylation 
reaction or by inhibition of the male-specific 
acceptor site. Our results ace compatible 
only with the runaining possibility, that the 
female-specific acccptor site immediately u p  
strmmofthefburtharonisactivahd.Thc 
d obtained with copiadsx35m also sup 
port this notion. In this case, the product of 
splicingbctwctnthecommonandthemalc 
spe.dcexonswasobservedintheabscnaor 
presence of hsptra and hsptra-2 (Fig. 2B, 
lanes 5 and 6). Thus, we conclude that the 
inamse in f&pc%c doc mRNA srm 
after caqmsion of fknale-specific tra and 
tm-2 products d t s  h m  activation of the 
hale-specific acceptor site. 
The d t s  with copiadtz (Fig. 2B) indi- 

cate that most of the infbrmation b r  the 
regulation of dw alternative splicing lies 
within the region that spans from the third 
common exon up to and including the k- 
male-specific exon. These results ace consis- 
tent with analyses of mutations that d i s ~ p t  
doc alternative splicing (14). The f;anale- 
specific n o n  contains six copies of a tan- 
danly inte~~pecsed 13-x1t&mide (nt) se- 
qutnct, W / A ) V / A ) ~ ~ C A  (3, 
14). To aramine whether the rrpetitive 13-nt 

sapen& art ccsp&ibk for regulation of 
doc splicing, we anatyzed dcktion and imec- 
tion mutants ofcopia-dsx (17) by aman&- 
tion (Fig. 3). When three copies of the 13-nt 
s q m c e  were deleted (R1.5.6), high &- 
aency femak-specific splicing was st i l l  o b  
served in the plsc~lcc of tra and tra-2. How- 
ever, m v a l  of the rrmaining 13-nt 
sequnrcs (R5.6, R6, R1, RO) caused a 
proportional reduction in the amount of 
female-specific splicing product and an in- 
crease in the amount of the male-srxcific 

the sequence of which matches morc closely 
the consensus sequence for Dromphila splice 
acceptor sites (3), is almost exclusively used 
in male flies. To examine the importance of 
the plypyrimidine stretch in the female 
acaptor sequence, we introduced substitu- 
do& into GPia-dtz that inarasad the length 
of the plypyrimidine stretch. When one of 
the mutant plasmids, copia&(Pyl8), in 
which five nudeotide substitutions give risc 
to 18 consecutive pyrimidines (19), was 
t c a d m c d  into Kc cells, female-specific 

splicing product. Introduction ofthil3-nt 
sequences in the sense orientation (SR) 
into the mutant that had all the 13-nt 

splicing ocxlvrrd e5aently i m s d v e  of 
the presence of the tra or tra-2 products, 
whereas splicing occumd only in the pm- 
ena of the tra and tra-2 products widi 
copia-dtz (Fig. 4). The same d t  was 
obtained with copiadtz(Pyl3) (Fig. 4A) 
and with derivatives ofcopiadtz(Pyl8) and 
copia-dtz(Pyl3) plasmids in which the 13- 
nt s e q u m  in the funale exon had been 
deleted (20).  The results with these muta- 
tions suggcst that the female-specific a c a p  
tor site has a suboptimal polypycimidine 
stretch, which could explain why the femak- 
specific acceptor site is not used in male flies. 

repeats deleted (RO) mtored female-spe- 
ci6c splicing, whereas introduction in the 
antisense orientation (ASR) did not. These 

\ ,  

results indicate that the 13-nt sequences are 
responsible for activation of female-specific 
splicing. 

It has been suggcstcd that the fanak- 
specific acceptor sequence of dw is subopti- 
mal for splicing-because the polypyrimi- 
dine stmtch, one of the essential splicing 
signals (18), is intarup& by purine mi-  
dues-and that this suboptimal signal is 
important b r  regulation of doc splicing (3, 
14). The male-specific acceptor site of doc, 

Fig.3.Rcgdamyelanem 
of doc frmae-spacific splic- 
ing. (A) Six repam of a 
13-nt saqucace, TCCrI 
A)(T/A)cAATcAAcA, am 
prrsent in the female-spuif- 
ic fourth a m  of dw (3), as 
shown in the top line (dm). 
Murant WnsmUts were a- 
p d  with the fanale-sp 
dfic tra cDNA and the tra-2 
cDNA in Kc cells. The 
sfilcnurs of the wild-typc 
(WT) and mutant con- 
structs arc shown (17). 
Some or all ofthe six repeats 

C t t  

W 

R 1 . 5 . ~  - - - - -  -15) ++. 
R5.6 3 - - - - - - - -  - ++ 
R s  3 - - - - - - - - - -  15) + 
R1 

Ra 

SF 

ASR 2 
were dcktcd (R1-56, ~5.5.6, 
R6, R1, RO). A PCR@oly- WT mcnse chain reaction) frag- - -- - - 
mcnt(17)thatcontaiasthe - + - + - + - + t r a  
six xtpas was insated into 

- * '  . 

theROwnst~ctinthewc- - 4  ~ [ V V I )  

reu (SR) or the opposite - - - 0 m ( b h l a n t )  
(ASR) orientation. Num- E 
bcccd pentagons, 13-nt se- 2 
quenccs; dashed lines, dciet- z 
ed regions; havhedanvws, r 

E 
PCRfragmcntsthat-tain '"""" h 
thcsixrepeats. The relative - 
aciency of --- M 1 2 3 4 5 
splicing was calculated as 

M 91011 1213141516 

the ratio of the amount of femalcspa3ic product to that ofthc third common non and cxprrssed as 
a percentage ofthe valuc for the wild-type wmauct: 100 to 85% (+ + +), 85 to 65% (+ +), 65 to 30% 
(+), and 0% (-). (B) Tansficdon lnalyses with some ofthe consaua~ described in (A). Each plasmid 
shown at the top of the lancs was tradcmd with (+) or without (-) hsptra and hsptra-2. RNA 
products were vlatyzcd with Pf (lanes 1 to 8) or Pm (lanes 9 to 16) probcs as desaibcd in Fig. 1. The 
structum of the RNA molecules am illusrated at the nght. The length of protened hgmcm 
wmspondq  to pcc-mRNA and the female-spacific splicing product am different between the 
wild-typc and mutant plasmids. M, Hpa I1 d i p  of pBr. 

10 ASR 36 RO ASF --- 
+ - + - t  

I C L I I * I W P  

5 . 4 .  E f f i  of base substitutions in the fanak- 
speafic acceptor region on doc prc-mRNA splic- 
ing. (A) Nudeotide scqua~cs of the fcmak- 
spedfic acceptor region of the wild-typc and 
mutant wpiada  plasmids. Small and capital let- 
tm rrprcscnt ndcotide sequa~s of the inmn 
and the fblknving fourth aon, rcspativcly. Mu- 
tant wpiadtz plasmids, copia-dm(Py18) and co- 
piadtz(Py13), contain five purine-to-pyrimidine 
substitutions; thesc substitutions produced 18 
and 13 wnsccurive pyrimidines, mpectively. (8) 
Tt-mskdon of wpiadu(Pyl8) in Kc cells. Co- 
pia-dtz(Pyl8) and wpiadtz were orprrssed with- 
out or with the tra-2 cDNA or the fkde-specific 
tra cDNA as shown. RNA products obtained with 
the mutant plasmid were analyzed by RNase 
pmtcction with FT(Py18) as the probe, which 
wnaponds to the da(Py18) sequence. whercas 
RNA products with the WT construct were ana- 
lyzed with the sum Pf probe as in Fig. l. M, Hpa 
II digest of pBR. 

. tra, tra-2 

a (Mutant) - 
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Our results show that the presence of the 
female-specific tra and the tra-2 products 
promote female-specific splicing of dsx pre- 
mRNA and that the 13-nt sequences in the 
female exon and the female-specific acceptor 
sequence participate in regulation of dsx 
expression. The tra and tra-2 products may 
interact directly with the 13-nt sequences in 
the female-specific exon, and such interac- 
tions may allow the suboptimal female-spe- 
cific polypyrimidine stretch to be recognized 
as a splicing signal, thus resulting in en- 
hancement of the use of the female-specific 
acceptor site. 
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Solution Structure of FKBP, a Rotamase Enzyme and 
Receptor for FK506 and Rapamycin 

Immunopldins, when complexed to immunosuppressive ligands, appear to inhibit 
signal transduction pathways that result in exocytosis and transcription. The solution 
structure of one of these, the human FK506 and rapamycin binding protein (FKBP), 
has been determined by nuclear magnetic resonance (NMR). FKBP has a previously 
unobserved antiparallel @-sheet folding topology that results in a novel loop crossing 
and produces a large cavity lined by a conserved array of aromatic residues; this cavity 
serves as the rotamase active site and drug-binding pocket. There are other significant 
structural features (such as a protruding positively charged loop and an apparently 
flexible loop) that may be involved in the biological activity of FKBP. 

F KBP IS A SOLUBLE, Ck"l.OSOIdC RE- 

ceptor (1, 2) for the immunosuppres- 
sants FK506 and rapamycin (3). Both 

FKBP and cyclophilin (4-6), which is a 
receptor for the immunosuppressant cyclo- 
sporin A (CsA), catalyze the interconversion 
of cis- and trans-rotamers of the peptidyl- 
prolyl amide bond of peptide and protein 
substrates. These rotamases are inhibited by 
their respective immunosuppressive ligands. 
Mechanistic studies suggest that a complex of 
immunophilin (immunosuppressant binding 
protein) and ligand interferes with the intracel- 
lular transport of proteins involved in signal 
transduction pathways associated with both 
exocytosis (7) and transcription (3, 8). 

In this report we present the solution 
structure of human FKBP obtained by nu- 
clear Overhauser effect (NOEkestrained 

chains in the core of the protein form a 
large, deep pocket that includes the rota- 
mase active site and the drug-binding site. 
The structure of the binding site appears to 
be highly conserved in related FK506- and 
rapamycin-binding proteins. 

Sequence-specific assignments of 92% of 
the observable 'H resonances in FKBP have 
been made by use of a combination of 
homonuclear and heteronuclear two-dimen- 
sional NMR techniques as reported earlier 
(10). Structural restraints for the dynamics 
simulations were obtained through empiri- 
cal calibration of cross-peak magnitudes in 
nuclear Overhauser effect spectroscopy 
(NOESY) spectra recorded with mixing times 

molecular dynamics (rMD) simulations (9). 
The NMR structures satisfjing the NOE 
and empirical energy function restraints 
have backbone root-mean-square deviations 
(RMSDs) from the refined average structure 
in the range of 0.80 to 1.4 A for the 6 
strands, 0.19 to 0.40 A for the a helix, and 
1.02 A to 1.72 A for all residues except 83 
to 90 (see below). Many side chains, partic- 
ularly aromatics, are well defined. FKBP has 
a novel folding topology in that two loops 
that connect the strands of an antiparallel 6 
sheet cross one another. ~vdroDhbbic side , L 

Fig. 1. a-Carbon ribbon drawing of human 
Deoamen t  of Chemistrv. Harvard Universitv. cam- FKBP; the five-stranded P sheet, helix, and , , 
briage, MA 02138. . ' connecting loops are indicated, as well as the 

COOI-I- and NH,-termini and certain residues of 
*To whom correspondence should be addressed. interest. 

SCIENCE, VOI,. 252 




