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A number of splicing factors contain extensive regions
that are rich in arginine and serine (RS domains).
These domains are thought to facilitate protein—protein
interactions that are critical in the regulation of
alternative splicing. Using a domain swap strategy, we
have tested the ability of RS domains from several
proteins to substitutein vivo for an essential RS domain
in the Drosophilasplicing regulator TRA-2. By several
criteria, RS domains were found to vary significantly
in their ability to support the splicing regulation func-
tions of TRA-2. The RS domain of dU2AP? functioned
efficiently, while that of the dSRp55 protein did not.
Moreover, we find similar differences in the ability
of RS domains to direct fusion proteins to discrete
subnuclear sites at which TRA-2 associates with
spermatocyte chromosomes. These results indicate
that RS domains are not all functionally equivalent
in vivo.
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Introduction
Alternative pre-mRNA splicing is an important regulatory

binding of the SR protein RBP1 as well as several other
SR proteins to specific regions of thdsx pre-mRNA
(Lynch and Maniatis, 1996). These complexes function to
recruit the U2AF protein and other components of the
general splicing machinery to the female-specific branch-
point/polypyrimidine-tract region of thelsx RNA (Zuo
and Maniatis, 1996). The local recruitment of these factors
favors use of the female-specifisx3’ splice site to form

an mRNA encoding the female-specifitsx protein. In
the absence of TRA or TRA-2, an alternativé splice
site is used by default, giving rise to mMRNA encoding the
male specifiadsxprotein (Nagoshet al., 1988; Ryner and
Baker, 1991).

Both SR proteins and a number of related splicing
regulators contain regions rich in arginine and serine (RS
domains) that are necessary for interactions between these
factors (Wu and Maniatis, 1993; Kohtet al, 1994).
However, it has remained unclear whether the RS domains
from individual proteins differ significantly in function or
whether they play a generic, non-specific rdie.vitro
studies have suggested that RS domains can be inter-
changed between splicing factors or replaced by artificially
synthesized RS rich sequences without substantial effects
on protein function (Valcarcaedt al., 1996; Chandleet al.,
1997b). While this suggests that RS domains play a
generic role, only a few studies have yet tested how RS
domain replacements affect protein functionvivo (Li
and Bingham, 1991; Caceres al., 1997).

The Drosophilasex determination system provides an
opportunity to study the contribution of RS domains to
the function of splicing regulatori vivo. Because the
interactions of TRA, TRA-2 and SR proteins are required
for formation of a functional splicing enhancer complex

mechanism that is W|de|y used among eukaryotic genesion dsx pre-mRNA, mutations affecting these interactions
but relatively little is known about the factors responsible are predicted to result in both a switch in ttiexsplicing

for tissue-specific regulation of splicing. Studies on several pattern and in dramatic changes in the sexual phenotypes
alternatively spliced pre-mRNAs have demonstrated that Of adult flies. Here we have used this system to examine

proteins from the SR superfamily of splicing factors play
important roles in controlling the recognition of specific

whether functional specificity is conferred by the essential
RS domain of the TRA-2 protein. TRA-2 is of particular

splice sites (Fu, 1995; Manley and Tacke, 1996). During interest because it functions as a specific regulataisi
splicing of constitutive introns, several SR proteins are splicing, has no effect on viability and is organized in a

known to facilitate both the initial recognition of splice

manner that closely resembles core SR proteins (Amrein

sites and the assembly of pre-spliceosomal complexeset al, 1988; Goralsket al, 1989). Moreover, in addition

(Ruskinet al., 1988; Kohtzet al., 1994; Staknis and Reed,
1994). In Drosophilg SR proteins are known to affect
alternative splicing when they form developmentally
specific splicing enhancer complexes with  TRANS-
FORMER (TRA) and TRANSFORMER-2 (TRA-2), two

to dsxpre-mRNA TRA-2 also affects alternative splicing
of several other specific pre-mRNAs. For instance, in the
nervous system TRA-2 is required for sex-specific splicing
of fruitless(fru) pre-mRNA (Itoet al., 1996; Ryneet al.,
1996; Heinrichset al, 1998), while in the male germline

regulatory proteins that are themselves closely relatedit affects sex-specific processing of pre-mRNAs from
to the SR proteins. These complexes form on splicing exuperantigHazelrigg and Tu, 1994jtt (Madiganet al.,
enhancers in pre-mRNAs from the sex determination gene1996) and thetra-2 gene itself (Mattox and Baker,

doublesexds® and direct its sex-specific processing (Tian
and Maniatis, 1993; Lynch and Maniatis, 1995).vitro
studies indicate that TRA and TRA-2 directly facilitate

© Oxford University Press

1991; Mattoxet al, 1996). This system thus offers the
opportunity to study the effects of RS domains on regula-
tion of multiple pre-mRNA targeti vivo.
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To assess the ability of RS domains from other proteins Epitope-tag fusions at the C-terminus, but not the
to replace the TRA-2 RS2 domain we have generated N-terminus of the TRA-2 proteins specifically
transgenic fly strains expressing fusion proteins. We find disrupt male germline functions
that while some RS domains are functionally interchange- To follow the expression of RS domain fusion proteins,
able, others confer only partial or target-specific function. we added sequences coding for foreign epitopes to them.
These data argue that RS domains found in different SR To identify an epitope tagging strategy that would allow
proteins are not all functionally equivalent to the TRA-2 detection of the expressed proteins while not affecting
RS2 domainin vivo. their functionin vivo, we initially tested epitopes fused at
both the N- and C-terminus of the full-length TRA-2
protein. In two of these, the FLAG epitope tag (9 aa) was
Results fused either at the C-terminus (C-FLAG) or just inside
In order to determine whether the RS domains from other the N-terminus (N-FLAG) of the TRAZ® isoform. In
RS proteins can substitute for the TRA-2 RS2 domain, the third construct theEscherichia colip-galactosidase
we first deleted RS2 [amino acids (aa) 193—264] to create Protein was fused to the C-terminus of TRA-2 (g&2).
TRA-2ARS2. The RS domains of thBrosophila TRA, It should be noted that the C-terminal epitope fusions
SRp55 (dSRp55), U2AT (dU2AFY) and human SC35 mark all three TRA-2 isoforms, while the N-terminal
proteins were then inserted in place of RS2 to generate epitope tag labels only the two major isoforms TR&#
the fusion genes TRA-2/TRA RS, TRA-2/dSRp55 RS, and TRA-Z?% omitting a minor isoform TRA-2'
TRA-2/dU2AF°RS and TRA-2/SC35 RS (Figure 1). In  (Figure 1).
addition, we also inserted the C-terminal part of the TRA-2  All three epitope fusion constructs were able to rescue
RS2 domain which has been shown to be more conservedsomatic sex determination functions when introduced into
betweenDrosophila melanogasteand Drosophila virilis tra-2 mutant flies as judged by several cuticular features
than other parts of the RS2 domain (Chandégral., that are sexually dimorphic in males and females
1997a), generating TRA-2/RS, All changes were made  (described in detail below). When germline functions were
in the context of the genomic sequences containing the examined, however, we found that only N-FLAG restored
nativetra-2 promoter, introns and flanking sequences. The male fertility to normal levels (Table I). The fact that both
constructs were inserted into the CaSpERosophila C-FLAG and ClacZfailed to function only in the germline
transformation vector and used to generate transgenic fliesdemonstrates that it is possible to inactivate the germline
by P-element mediated germline transformation of the function of the gene without inactivating somatic function.
tra-2 mutant strainv19BSY; tra-28/Cy0O. The transgenic  This difference is unlikely to be due to the presence of
lines were examined to determine the effects of the the untagged TRA® present in N-FLAG bearing flies
transgenes on sexual differentiation and RNA splicing since this isoform has previously been shown to be neither
patterns intra-2 mutant backgrounds. necessary nor sufficient for germline function (Mattox

A FLAG lacZ or FLAG

RS2
B FLAG lacZ or FLAG
N N
tRA2’ [ [RSIT IR
FLAG lacZ or FLAG
N N
TRA-22%0 Sl RRM
lacZ or FLAG
N

TRA2'™ l_RRM

Fig. 1. Structure of the fusion constructs. The organization oftthe2 genomic fragment used to generate transgenic flies is showh)irEkons

are indicated by open boxes. The autoregulated M1 intron is shown by a horizontal line, all other introns are indicated by blank regions between the
exons. The gray areas in exons 6 and 7 indicate the coding region for RS2. ATG start codons for the three different protein isoforms and the stop
codon used by all isoforms are shown. The M1 intron splits the ATG start codon for the $#As@form. For N-FLAG tagged proteins, sequences
coding for the FLAG epitope were inserted five amino acids downstream of the ATG for the 38 As@form. C-terminally tagged proteins were

fused tolacZ or to FLAG sequences immediately upstream of the stop codon. TRA-2 protein isoforms and location of epitope tags are &)own in (
The gray areas labeled RS1 and RS2 indicate RS domains. The black area labeled RRM indicates the RNA binding domain and the open box
labeled L indicates the linker region. Note that the N-terminal FLAG epitope labels the F®aml TRA-226 isoforms only, whereas the

C-terminal tags label all three protein isoforms. RS2 was deleted in TARRS2 In fusion proteins RS2 (aa 193-264) was precisely replaced by RS
domains of other proteins.
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et al, 1996). Althoughtra-2 transgenes with all three thetra-2 phenotype and are still male in appearance. In a
types of epitope tags conferred rescuasksplicing, the few lines we observed a very slight rotation of the
C-terminal FLAG epitopes could not be detected in otherwise male genitalia which is an indicator of inter-
immunostaining experiments. We therefore used both the sexuality. This suggests a small amount of residual function
N-FLAG and CiacZ fusions for the analysis of somatic in these lines. The full-length TRA-2 constructs that were
functions. In the germline we focused on N-FLAG fusion used as a positive control provided complete rescue in a

proteins for the analysis of male germline function. majority of the lines examined, resulting MX; tra-2
animals with wild-type female appearance. Among the
RS domains from other SR proteins can substitute RS fusion constructs tested, the most consistent strong
for the TRA-2 RS2 domain in somatic female rescue to fully differentiated females was observed with
sexual differentiation TRA-2/dU2AF? RS. Intermediate rescue producing

Chromosomally female (XX) individuals lacking TRA-2 mostly female-like intersexes was observed for both
function are sexually transformed in somatic tissues and TRA-2/TRA RS and TRA-2/SC35 RS, suggesting that
develop into adults that are identical in appearance to these RS domains function less well than RS2. Although
males (Watanabe, 1975). Our initial assay for the function the above results are qualitatively the same for constructs
of the different transgenes was to determine whether tagged with the FLAG epitopes and with thecZ trans-
they could rescue this somatic phenotype. Several visible gene, variable results were observed for TRA-2/dSRp55
cuticular features that are sexually dimorphic in males RS fusions which did not confer rescue in the FLAG-
and females were examined for each line. These includetagged constructs, but did give rise to somatically rescued
abdominal pigmentation, the number and position of sex flies as dacZ fusion gene. The cause for this discrepancy
comb bristles (a group of bristles on the basitarsus of is unknown, but it has previously been observed that
the first leg), the number of sixth sternite bristles and the lacZ fusions stabilize some proteins duririgyosophila
genitalia. For each fusion construct we generated a numberembryogenesis and it is possible that this is responsible
of independent transgenic lines to control for variations for the observed difference. Rescue similar to that of the
due to the insertion site of the transposon. The phenotypic full-length construct was observed with the TRA-2[RS
analysis for all lines oiXX; tra-2 flies with one dose of  transgene which contains only the C-terminal part of the
the transgene is summarized in Table Il. As expected, TRA-2 RS2 domain. A few lines (from otherwise rescuing
most TRA-ZARS transgenic lines do not show rescue of constructs) that did not rescue most likely reflect insertions
of the P-element into chromosomal positions where the
gene is not sufficiently expressed at the appropriate time

Table I. Comparison of phenotypic rescue using different TRA-2 in sexual development.

epitope fusions Two representative lines carrying each construct were

Epitope fusion  Rescue of sexual Rescue of Immunostaining -Chosen for dEta”ed- phenOtypIC- analys-ls' as summarized
differentiation male fertility in Tablt_a Il and Figure 2. Th_|s _cpnflrmed the above
observed observed conclusions and revealed that individual external charac-

teristics follow the same general trend. For example, both

N-FLAG yes yes 4+ lines carrying TRA-2/dU2AP RS rescued all aspects of

C-FLAG yes no - cuticular differentiation examined, including abdominal

C-lacz yes no +++

pigmentation, number of sternite bristles, the number of

Table Il. Somatic sexual differentiation in transgenic lines

Number of lines with various sex phenotypes

Female (complete Female-like Male-like Male

Epitope RS domain Total lines rescue) intersexes Intersexes intersexes (no rescue)
C-FLAG none QARS) 16 0 0 0 2 14
C-FLAG TRA-2 RS2 16 6 3 0 0 7
C-FLAG TRA 14 0 6 5 1 2
C-FLAG SC35 31 8 9 5 4 5
C-FLAG dU2AF0 20 8 3 3 4 2
C-FLAG dSRp55 15 0 0 0 2 13
N-FLAG none ARS) 31 0 0 0 12 19
N-FLAG TRA-2 RS2 19 13 3 1 2 0
N-FLAG SC35 23 1 12 3 1 6
N-FLAG dU2AF° 20 10 2 4 2 2
N-FLAG dSRp55 (full length) 14 0 0 0 6 8
N-FLAG dSRp55 (fragment A) 17 0 0 0 11 6
N-FLAG dSRp55 (fragment B) 15 0 0 0 10 5
N-FLAG RSZ.am 15 9 1 2 0 3
lacz none ARS) 14 0 0 0 0 14
lacz TRA-2 RS2 10 4 3 0 0 3
lacz dU2AF0 9 4 2 0 3 0
lacz dSRp55 20 6 6 1 6 1
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Table Ill. Detailed phenotypic analysis of chromosomally fenmta¢e?2 individuals from representative transgenic lines

Epitope RS Domain Line Rescue of female  Average number Rescue of Sex combs Rescue of
abdominal of sixth sternite female genitalia female
pigmentation bristles fertility

No transgene ++++ 183+ 1.3 ++++ 43+ 05 yes

N-FLAG none QARS) 85.1 - 0 - 8.8+ 0.9 no

44.2 - 0 - 82+10 no

N-FLAG TRA-2 RS2 28.2 ++++ 189+ 1.1 ++++ 400 yes

43.2 ++++ 18.9+ 0.7 ++++ 40+0 yes
N-FLAG SC35 31.3 +++ 19.0+ 1.6 ++++ 4.6+ 0.5 yes
28.3 ++ 8.9+ 8.6 ++ 6.4+ 17 no
N-FLAG dSRp55 (full length) 26.1 - 0 - 85+ 0.5 no
24.1 - 0.2+ 0.6 - 83+1.1 no
N-FLAG dSRp55 (fragment A) 70.1 - 0 - 75+ 0.8 no
17.1 - 0 - 75+05 no
N-FLAG dSRp55 (fragment B) 73.1 - 0.1+ 0.3 - 6.9+ 0.6 no
65.1 - 14+19 - 80+ 1.1 no
N-FLAG dU2AF0 25.1 ++++ 186+ 1.1 ++++ 40=*0 yes
17.4 ++++ 185+ 1.1 ++++ 40+0 yes
N-FLAG RS2 17.7 ++++ 19.0+ 0.9 ++++ 400 yes
32.2 ++++ 186+ 1.5 ++++ 40+0 yes
C-FLAG TRA-2 RS2 15.1 ++++ 20.2*+ 1.6 ++++ 41+ 0.3 yes
45.1 ++++ 184+ 1.4 ++++ 49+ 0.7 yes
C-FLAG TRA 41.1 ++ 19.1+ 11 ++ 6.7+ 0.7 no
64.2 ++ 185+ 1.4 ++ 6.5+ 0.9 no
lacz none ARS) 17.3 - 0 - 9.1+ 0.3 no
60.1 - 0 - 8.8+ 0.6 no
lacz TRA-2 RS2 3.3 ++++ 195+ 15 ++++ 40=x 0.0 yes
lacZ dU2AF0 12.2 ++++ 199+ 1.4 ++++ 4.0+ 0.0 yes
16.1 ++++ 195+ 1.5 ++++ 4.0+ 0.0 yes
lacz dSRp55 7.1 ++++ 195+ 13 ++++ 39+0.3 yes
74.2 ++++ 15.0+ 1.8 +++ 48+ 04 no
controls
XX XY XX tra-2 ARS2  tra-2 RS2
> ¢ . i A
A \\ j B |~ C D E Il

N-FLAG C-lacZ
dU2AF SC35 tra dSRp55  dSRp55 RS2y
' G H | Jowa K 4

(s H 1

Fig. 2. Differentiation of sex combs in transgenic lines. Male sex combs and analogous female bristles from the basitarsus of the first leg are shown
in various control and transgenic fly strains. The genotype for all transgenic ligEX)jsm18w118 tra-28/tra-2B. The identity of the RS domains
replacing the TRA-2 RS2 domain is indicated. Unless otherwise indicated, fusion proteins in the lines shown were epitope tagged at the N-terminus
with FLAG.
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Fig. 3. Alternative splicing ofdsxpre-mRNAs in transgenic lines. RT-PCR was performed using primers specifically amplifying male- and female-
specificdsxmRNAs. The PCR products were visualized by Southern blot hybridization with primers that span the male- and female-specific splice

junctions. The genotype of control flies in lanes 1-3 is as indicated, the genotype for all transgenic linesrs-XHanes 4-25). The identity of
the RS domains replacing the TRA-2 RS2 domain is as indicated. Proteins were epitope tagged at the C-terminu${@ witlat the
N-terminus (N) with FLAG. The identity of individual transgenic lines assayed is indicated by their line number.

sex combs and the morphology of genitalia. Inter-

mediate rescue (as in the case of TRA-2/SC35 RS and

TRA-2/TRA RS) is evidenced by intermediate morpho-
logy of sex combs, number of sternite bristles, pigmenta-

tion and genital morphology. Together, the above results

indicate that RS domains from different SR proteins
substitute for TRA-2 RS2 to varying degrees.

TRA-2 RS domain substitutions can regulate dsx
and fru splicing

Female sex determination requires TRA-2-dependent

female specific splicing of thedsx pre-mRNA. The

observed somatic phenotypes should therefore be reflecte(g

in the ability of the transgenes to direct female specific
splicing of thedsx mMRNA. We used RT-PCR on RNA
from XX; tra-2 animals carrying one dose of the transgenes
to examine splicing of thedsxRNA (Figure 3). Each lane

corresponds to RNA from a representative independent

cantrols XX tra-2, Pltra-2 RS*)

TRA-2

C
W=

SC35 RS domain

N tag location
e

TRA-2

N N
+ ~|+ -

1)

282

dUZAF

+ XX; female

+ XY; male

+ XX; tra-2/Df{tra-2
+ XX;TRA-2ARS

3

I8
g
(2]
|

male — -

85.1 3.3 25.1  3LI line

ig. 4. Alternative splicing offru pre-mRNA in transgenic lines.

T-PCR was performed using primers that specifically amplify male-
and female-specifitu mMRNAs. PCR products were visualized by
Southern blot hybridization with sex specifit probes generated by
PCR using a second set of primers that amplify regions of the male
and femalefru exon. The genotypes of flies and the identity of the RS
domains replacing the TRA-2 RS2 domain are indicated. Proteins were

epitope tagged at the C-terminus wpkgal or at the N-terminus with

line. Figure 3, lanes 1 and 2, shows the RT-PCR productsFLAG. The identity of individual transgenic lines assayed is indicated

from control wild-type females and males, respectively.
As shown in Figure 3, lane XX; tra-2 mutant animals
produce predominantly the male specific splice form.
Figure 3, lanes 4 to 21, shows tlsx splicing patterns

in tra-2 mutant animals carrying the different transgenes.
TRA-2ARS lines produce predominantly male RNA
(Figure 3, lanes 7-9) and a smaller amount of tisx
female specific transcript, consistent with the relatively
small amount of female differentiation that occurs in these
flies. TRA-2/dU2AP° RS fusions (Figure 3, lanes 17—
19) and TRA-2/Rg,, (Figure 3, lanes 21-24) produce
exclusively the female specific splice form, indistinguish-
able from the control transgene with the native TRA-2

by their line number below the lanes. RT-PCR reactions were
performed in either the presence)(or absence (-) of reverse
transcriptase (RT).

(Figure 4).fru mRNA from XX; tra-2/Df(tra-2) mutant
animals undergoes male specific splicing that can be
reversed completely to female by full-length TRA-2 trans-
genes with an epitope tag either at the C-terminus (C) or
N-terminus (N). Transgenes lacking the RS2 domain failed
to rescuefru splicing. TRA-2/dU2AFO RS on the other
hand directed female-specific splicing, indistinguishable
from the full-length TRA-2 protein, whereas TRA-2/SC35
RS gave rise to both male- and female-specific splice

RS2 domain (Figure 3, lanes 4-6). Fusions that give products. These results parallel our findings dex
intermediate phenotypic rescue show both male- and splicing, showing that the RS2 domain of TRA-2 is

female-specifidsxtranscripts (TRA-2/SC35 RS, TRA-2/
TRA RS). Splicing in TRA-2/dSRp55 RS varied again

depending on the epitope used. In all the RS fusions, the

amount of female specifidsx splicing corresponds well

required forfru splicing in the nervous system and can be

functionally replaced by RS domains from other proteins.
In summary, while our results demonstrate that there

are differences in the extent of somatic rescue with various

with the phenotypic sexual development we observed; we RS substitutions, we find that in general the RS domains
find the expected direct correlation between the amount tested were able to at least partially substitute for RS2.

of female specifiadsx splicing and the rescue of female
morphology in the different transgenic lines.
Female-specific, alternative splicing of tHeu pre-

At least one RS domain (that from dU2&¥ substituted
fully for the TRA-2 RS2 domain.

MRNA in parts of the nervous system has been shown to The fusion proteins function differently in the male
be TRA-2 dependent. We therefore used a subset of thegermline
same lines to examine how deletion of the RS2 domain In addition to its role in somatic sex determination, TRA-2

and its replacement with other RS domains affedred
splicing. RNA was isolated fromXX; tra-2 animals

affects splicing of multiple targets in the male germline
and is required for male fertility. We therefore examined

carrying the transgenes and analyzed by RT-PCR the ability of various transgenes to rescue male fertility
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Table IV. Male fertility in transgenic lines

RS domain Number Rescue of male fertility
N-FLAG lines:

None ARS) 31 0/31
TRA-2 RS2 19 13/19
dU2AF® 20 10/20
SC35 23 2/23
dSRp55 (full length) 14 1/14
dSRp55 (fragment A) 18 0/18
dSRp55 (fragment B) 15 0/15
RSZ.arb 15 9/15
lacZ fusion lines:

none ARS) 14 0/14
TRA-2 RS2 10 0/10
dU2AF° 9 0/9
dSRp55 20 0/20

in tra-2 mutant males. Table IV summarizes the results
obtained for all transgenic N-FLAG lines, testing three to

Effects of RS domains on subnuclear localization

of TRA-2 in primary spermatocytes

In previous studies it has been shown tiabsophila
TRA-2 and other RS domain proteins localize in nuclear
speckles when expressed in COS-1 and other mammalian
cells. Our epitope-tagged versions of the TRA-2 protein
allowed us to observe the distribution of the protein in fly
cells and to examine the effect of changes in the RS
domain on the localization of the protein. In primary
spermatocytes, we found that the tagged TRA-2 proteins
were highly localized to specific sites within the nucleus.
These sites did not appear to be distributed randomly, but
rather appeared to be associated with chromosomes in a
pattern that changes dynamically as primary spermatocytes
mature and bulk transcription ceases (B.Dauwalder and
W.Mattox, in preparation). Figure 6A shows a schematic
of the organization of chromosomes in primary spermato-
cytes. The two major autosomes and the X-chromosome
are clearly distinguishable and situated close to the peri-
phery of the nucleus (Cenet al., 1994). Figure 6B and C

five males from each line. These results show that TRA-2/ shows the distribution of the wild-type TRA-2 protein in

dU2APYRS and TRA-2/RS,,frequently restored fertility

growth stage primary spermatocytes. The protein is highly

whereas TRA-2/SC35 RS and TRA-2/dSRp55 RS did so |ocalized at sites associated with chromosomes that appear

only in a few lines. Comparison of fertile lines from
various N-FLAG constructs indicated that they differed

to differ from the speckles seen in mammalian localization
studies. In contrast, TRAARS protein is confined to the

in the frequency at which males were fertile whereas the nucleus but fails to localize subnuclearly (Figure 6D and E).
number of progeny was the same for all fertile males This suggests that RS2 is essential for subnuclear localiz-
(data not shown). A large number of unfertilized eggs ation. We therefore examined whether the RS domains
was observed in all vials with infertile males, indicating of other proteins were capable of restoring subnuclear
that the males had mated successfully. These resultsiocalization. When substituted for RS2, the dSRp55 RS
suggest that there are large differences in the ability of domain does not confer normal subnuclear localization,
various RS fusions to perform male germline functions. the protein is distributed homogeneously in the nucleus
One of the targets of the TRA-2 protein in the male and rarely did we observe a slight concentration around the
germline is thetra-2 pre-mRNA itself. As a part of chromosomes (Figure 6F and G). Similar results were
autoregulation, TRA-2 functions to repress splicing of the obtained when the @cZ version of TRA-2/dSRp55 was
M1 intron. Accordingly, the appearance of M1-containing tested (data not shown). In contrast to the above, the
tra-2 RNA is indicative of the presence of functional dU2AF® and SC35 RS domains (Figure 6H-K) as well
TRA-2 protein able to regulate M1 splicing. In order to as RScarb (Figure 6L and M) restored the wild-type
examine TRA-2 autoregulation in the transgenic lines RT— pattern of TRA-2 localization in all lines examined. We
PCR was performed on RNA fronXY; tra-2 mutant conclude from these experiments that RS domains can
males carrying the various transgenes (Figure 5). Sincediffer substantially in their ability to confer subnuclear
the endogenoudra-28 allele results from a nonsense localization.
mutation it still produces RNA. Our assay detects tran-  To examine whether the localization of the TRA-2 wild-
scripts from both the endogenous gene and the transgenetype and the TRA-2/dU2AE proteins is identical, we
Figure 5, lane 1, shows products from the two RNA forms generated flies simultaneously carrying both the N-FLAG
present in the wild type. Itra-2 mutants, the upper band TRA-2 transgene and the TRA-2/dU2XFB-gal fusion
representing RNA with the retained M1 intron is almost transgene, and performed double stainings on spermato-
completely missing. The very low residual amount derives cytes. Figure 6N and O shows such a double staining
from unregulated residual retained introntia-2 mRNA experiment on spermatocytes. The two proteins co-
precursors found in the soma. TRARS constructs were  localize, suggesting that the TRA-2/dU2RFpattern is
not capable of providing autoregulatory function (Figure 5, like that of the full-length TRA-2 protein. If the RS
lanes 13 and 15). Addition of the RS domain of dU2AF  domain of dU2AR? is itself sufficient to confer this
(Figure 5, lanes 17 and 19) restored splicing repression pattern we might expect that the dU2Rprotein localizes
in one of the two lines examined. The TRA-2/dSRp55 RS in a similar way. However, when we stained testes with
(Figure 5, lanes 25 and 27) trangene also partially restoredan antibody againgrosophiladU2AF° (kindly provided
splicing repression in at least one of the lines tested. by D.Rudner and D.Rio), we observed no subnuclear
TRA-2/SC35 RS (Figure 5, lanes 29 and 31) did not localization but rather homogeneous distribution in the
produce retained M1 intron significantly above background nucleus (Figure 6P and Q). This is clearly different from
in either line tested. Although there is clear line-to-line the localization we observe in TRA-2/dU2AFRS flies.
variation in autoregulatory function, these results are Thus, the dU2AF® RS domain when fused to the
roughly consistent with the effects of the transgenes on TRA-2ARS protein restores localization to the TRA-2-
male fertility and suggest that some but not all RS domain specific and not the dU2&f-specific pattern, suggesting
substitutions function in the male germline. that although a functional RS domain is necessary for
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Fig. 5. Alternative splicing of thera-2 M1 intron in the germline of transgenic males. RT-PCR was performed to amplify the M1 intron and
adjacent sequences and products were visualized by Southern blot analysis. PCR fragments originatiagRfRNAs with spliced or retained
(unspliced) M1 intron sequences are indicated. The identity of the RS domains replacing the TRA-2 RS2 domain are indicated. Wild-type (wt) and
tra-2 (mutant) controls are shown. Proteins were epitope tagged at the C-terminu3-gattor at the N-terminus with FLAG. The transgenic lines
assayed are indicated by their line number. RT-PCRs were performed either in the preseacalfsence (-) of reverse transcriptase (RT).

TRA-2 protein localization, it is not alone sufficient for
protein specific localization. This implies that other regions
of the protein must also be required.

The inability of dSRp55 fusions to substitute for

RS2 is not due simply to its length

It is possible that the differences in function observed
above for different RS domains are related to their length.
The RS domain of dU2AF functions well and is the

shortest of the foreign RS domains we have tested (31 aa,

compared with 69 aa in RS2), while that of dSRp55

functions poorly and is the largest of the domains tested
(135 aa). We therefore generated additional fusions tagged

with the N-terminal FLAG epitope to test whether shorter

Discussion

RS domains from other splicing factors differ in

their ability to functionally replace TRA-2 RS2

RS domains are found in a large number of splicing
factors and have been shown to be necessary for protein—
protein interactions that facilitate formation of both
spliceosomal and regulatory complexes (Wu and Maniatis,
1993; Amreinet al,, 1994; Kohtzet al,, 1994). While it

is probable that interactions between SR proteins are
ighly specificin vivo, the contributions of RS domains

to the functional specificity of individual SR proteins has
remained unclear. To address this issue we have examined
how replacement or deletion of an RS domain in the
splicing regulator TRA-2 affects its defined genetic func-

segments of dSRp55 were able to functionally substitute 2 i i X
for RS2. Two non-overlapping subregions of sizes like UONS in transgenic fly strains. _
the RS domains of dU2A® and RS2 itself were tested. There are two RS domains within the TRA-2 protein
One of these subregions (fragment A) encompasses thdlAmreinet al,, 1988; Goralsket al., 1989). RS1is Ioc_:ated
first 69 aa of the RS domain of dSRp55 (residues 198— Near the N-terminus and RS2 near the C-terminus. In
266) while the other subregion (fragment B) spans a 31 aaPrevious genetic studies we have shown that RS1 is
region downstream of fragment A (residues 268—298). As essential for functions carried out by TRA2 in the male
with other fusionS, a number of independent transgene germllne, but is less |mp0rtant for functions _|n Som_atlc
insertions were identified and tested for function in a tissues (Mattoxet al, 1996). In agreement with earlier
tra-2 mutant background. Somatic sexual phenotype studies (Amreinet al, 1994), we find that a deletion
(Tables Il and Ill), male fertility (Table 1V)dsxsplicing completely removing RS2 but not the upstream linker
(Figure 3, lanes 21-24) and subnuclear localization region almost completely abolishes TRA-2 somatic func-
(Figure 7) of both the fragment A and B protein fusions tions {dsx and fru splicing, and female sexual differ-
were similar to that observed with the original full-length entiation of cuticular structures) and eliminates all
TRA-2/dSRp55 fusion lines. These results demonstrate functions tested in the male germline (male fertility,
that RS regions of similar size deriving from SRp55 and autoregulation of TRA-2 splicing and subnuclear
other SR proteins differ in their ability to functionally localization of TRA-2).

replace RS2. This suggests that it is the specific sequences For somatic functions of TRA-2, the RS domains from
of these RS regions, rather than their size, that are several other SR proteins were able to at least partly
responsible for the differences in function. replace RS2. This strongly indicates that, at least for some
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Fig. 6. Subnuclear distribution of fusion proteins in primary spermatocy#esA(schematic of a primary spermatocyte nucleus, showing the three
chromosome bivalents. (B—M) N-FLAG tagged proteins are detected with anti FLAG antibody (red), chromosomes are stained with Hoechst 33258
(blue). B andC) Wild-type TRA-2; © andE) TRA-2ARS; F andG) TRA-2/dSRp55 RS;H andl) TRA-2/dU2AFC RS; (J andK) TRA-2/SC35

RS; L andM) TRA-2 RS.., (N andO) Double staining of flies carrying both N-FLAG-TRA-2 [red, (N)] and TRA-2/dUZR#acZ [green,

detected with antB-gal antibody, (O)]. P andQ) Localization of endogenous dU2A¥ detected with anti-dU2A¥ antibody (red), chromosomes

are stained with Hoechst. All transgenes are in a wild-type genetic background. The magnification in all panels isx68pt for (N) and (O),
where it is 40(X.
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s PIERY il8q T - BB R SR SE TRA2 RS2 237-251
RDRYRN DR TRA2 RS2 217-232
E

S RERIBY R H HESY SR K P dU2AF RS 25-40

Fig. 8. Amino acid region of similarity in the RS domains of TRA-2
and dU2APY. Alignment is shown comparing sequences from the
redundant segments of the TRA-2 RS2 domain and from d32AF
RS. Amino acid identities are shaded black, gray boxes indicate
conservative substitutions.

capability of carrying out functions similar to those of
TRA-2 RS2.

At this point the specific features of various RS domains
giving rise to functional differences and similarities are
difficult to define in terms of primary sequence. Size of
the RS domain alone does not seem to be a critical factor
since RS domains of identical size were observed to
differ significantly in function (i.e. dU2AF and dSRp55
fragment B). Because all the RS domains tested have
arrays of repeating RS dipeptides, we believe it is most
likely that functional specificity arises from sequences
interdigitated between these arrays. One clue to the identity

o of these sequences comes from the observation that

FLAG DNA el_ements sufficient to cqnfer functionality are duplicated

within the RS2 domain itself. We have shown here that
Fig. 7. Subnuclear distribution of fusions between TRA-2 and the Con-served C_termmal 26 aa Of- this domal-n are able
subsegments of the dSRp55 RS domain. Immunostaining of TRA-2 to fu_nct|0nally substitute for th.e entire RS2 region. It_has
with anti-FLAG antibody A, C andE) and DNA with Hoechst 33258 Previously been shown (Amreiet al, 1994) that protein
(B, D andF) is shown. The cells in (A) and (B) are from N-FLAG- produced from a transgene in which this same region is
TRA-2 males, (C) and (D) from N-FLAG TRA-2/Fragment A, and (E)  deleted is almost fully functional. Thus, at least two
and (F) from N-FLAG TRA-2/Fragment B. functionally redundant sequences exist within RS2 that

are each sufficient to perform its essential functions. One
functions, the RS2 domain performs a generic role that of these sequences is located between amino acids 193
can be fulfilled by other Arg—Ser rich sequences. However, and 235, and the other between amino acids 238 and 264.
it is important to note that RS domains were not equivalent Comparison of these regions for repeated sequences that
in their ability to replace RS2. Variations were observed might correspond to such a functional motif revealed a
in somatic tissues, and more pronounced differences in12-13 aa region of similarity (Figure 8). Interestingly, the
function were found in the male germline where TRA-2 dU2AF° RS domain contains a sequence that is also
is required for the completion of normal spermatogenesis similar to part of this repeat while the dSRp55 RS domain
and male fertility. For instance, we found that fusion genes does not contain similar sequences. Thus, there is a
carrying the SC35 and dSRp55 RS domains functioned correlation between the presence of this loosely-defined
poorly in the germline as reflected by the fact that mutant sequence and the functionality of fusion proteins that have
males carrying these transgenes were mostly sterile. Inbeen tested.
contrast, substitution of the dU2AFRS domain for RS2,
resulted in a protein that functioned normally by all criteria Somatic and germline functions of TRA-2 can be
examined. These results suggest that the TRA-2 RS2separated genetically
domain and the dU2A® RS domain share at least one The requirement for a specific RS domain in TRA-2
functional capability that the SC35 and dSRp55 RS appears to be more dramatic in the male germline than in
domains lack. the somatic tissues. This suggests that the functions of

Studies on the RS domain of the human U2AF large RS2 may differ in these two cell types. The SR proteins,
subunit (U2AF9) have suggested that the specific arrange- or other factors, that interact with TRA-2 in the male
ment of positively charged residues within it is responsible germline are not known but several pieces of evidence
for its ability to facilitate base pairing between U2 snRNA suggest that the way TRA-2 functions in the germline
and the branchpoint when U2AF is bound to the nearby differs from that which has been described in the regulation
polypyrimidine tract (Leeet al, 1993; Valcarcelet al, of dsxandfru splicing in the soma. Not only do the target
1996). The TRA-2 RS2 domain has yet to be tested for pre-mRNAs affected by TRA-2 differ in these cells, but
an RNA annealing activity, but has been shown to facilitate in addition it is known that the TRA protein, an important
protein—protein interactions with SR proteins that assemble cofactor of TRA-2 in the soma, is not expressed in males
into thedsxsplicing enhancer complex (Wu and Maniatis, (McKeownet al.,, 1987). Thus, TRA-2 must act in a TRA-
1993; Amreinret al,, 1994). Although it has been suggested independent manner in the male germline. Here we have
that the RS domain of the U2AF large subunit is function- found that fusion of additional protein sequences to the
ally distinct from that of other SR proteins (Valcarcel C-terminus of TRA-2 (without deletion of RS2), causes a
et al, 1996), our findings indicate that, within the context strong disruption of germline function but has little, if
of the TRA-2 protein, the U2A® RS domain has the any, effect on function of the protein in the soma.

6057



B.Dauwalder and W.Mattox

This demonstrates that the TRA-2 germline and somatic strains carrying the TRA-2/SC35 transgene the fusion
functions can be separated from each other geneticallyprotein localized normally, but failed to rescue male
and further suggests that the mechanisms by which thisfertility in mutants. This latter result suggests that localiz-
factor affects RNA processing differs in these two tissue ation is not the only germline function affected by the

types. RS domain.

~ With respect to the specificity of RS domain function,
RS2 is required for discrete subnuclear localization it is interesting to note that the N-terminal RS1 region is
of TRA-2 in primary spermatocytes an invariant feature of the TRA-2 fusion proteins visualized

When Drosophila splicing factors are expressed in here. Because deletion of RS2 results in diffuse nuclear
mammalian cells, they behave much like native mam- localization in these strains, RS1is not by itself sufficient to
malian splicing factors, localizing to discrete nuclear direct TRA-2 to the subnuclear sites. Instead RS1 appears

speckles associated with interchromatin granules in a'©_Pe necessary for nuclear/cytoplasmic localization of
pattern identical to that of many mammalian splicing JRA-2 in primary spermatocytes (B.Dauwalder and
factors (Li and Bingham, 1991; Hedlest al, 1995). In W.Mattox, unpublished material) and contains within it
the case of th@rosophilé\spliciﬁg regulator,suppressor sequences that are similar to a nuclear localization signal
of white apricot (SWAP) it was demonstrated that '(01EA BIRE TRECPIRER CHETieR B (P09
f:ﬂ'éaé'g%;?nsiﬁeéﬁp'?hi?foﬁﬁy%g?sp?:geeggin;#%ogsubnuclear localization of TRA-2, RS2 alone is not likely

; oo . to be sufficient. The RS domain of dU2AFsupports
domain from the TRA protein (Li and Bingham, 1991). g, clear localization of TRA-2 to appropriate sites when
Thus RS domains have been implicated in the subnuclear

Y . - substituted for RS2, but does not direct similar localization
localization ofDrosophilasplicing factors when they are \ithin the context of the dU2AT protein itself which is
expressed in mammalian cells. N distributed diffusely in the nucleus. We suggest that
Studies on the nuclear distribution of splicing factors sequences in the TRA-2 protein that are outside the RS2

in Drosophilacells, however, have not in general revealed domain must also play a necessary role in determining
distribution patterns like that of the nuclear speckles seenthe subnuclear localization pattern.

in mammalian cells (Bopget al, 1991; Kraus and Lis,

1994; Yannoni and White, 1997). In the polytene nuclei RS domains and functional specificity of SR

of larval salivary gland cells, severBirosophilasplicing proteins

factors have been shown to localize at discrete chromo- The results presented here suggest that the TRA-2 RS2
somal sites where they appear to be associated withdomain performs specific functions that are replaced by

nascent pre-mRNAs (Bopet al, 1991; Champliret al., only a subset of the RS domains tested. Functional
1991; Ameroet al, 1992; Zuet al, 1996; M.E.McGuffin ~ Specificity as observed in RS2 may not be a universal
and W.Mattox, unpublished results). characteristic of RS domains in other SR proteins. In

In the course of these studies we have examined theSuUpport of this, several RS domains that have been
distribution of TRA-2 within the nuclei of growth stage SuPjected to similar analysis both vivo and in vitro,

rimary spermatocytes and found that it appears to be&PPeared to function generically in that they could be
I%calizgd FiJn associyation with partially conggnsed pre- functionally substituted by either artificially generated RS

meiotic chromosomes. Although the precise nature of rich sequences or the RS domains of other splicing factors

these localized sites has yet to be established, we believdChandleret al, 1997b). In contrast, it has recently been

; 2 demonstrated that the RS domains of several mammalian
that they are likely to correspond to the association of the g oin< differ in their ability to target the protein to
TRA'Z. protein W'.th a'subset of nascent pre-mRNAs that the nucleus and to nuclear speckles and it has been
are being transcnbed in these cells. Locallzat!on OfTRA.'Z suggested that the determinants for localization differ
to these sites depends upon RS2. A deletion removing

. X . X o L between proteins with two or only one RRM (Caceres
this domain results in protein that is diffusely distributed o 4 1997). The observation that some RS domains

in the nuclei of spermatocytes. Given that RS2 has perform specific functions might explain the fact that
been implicated in both protein—protein and RNA-protein these regions in some cases exhibit striking evolutionary
interactions (Amreinet al, 1994), it seems likely that  conservation. For example, the RS domain of human SC35
TRA-2 protein missing this region cannot assemble into js 989 identical to that of chicken SC35 (Fu and Maniatis,
specific complexes that normally form at localized sites. 1992: Vellardet al., 1992). Likewise, the RS domains of
RS domains from other proteins varied in their ability human and raTRA-2f are 100% identical (Matsuet al.,

to restore appropriate subnuclear localization to the fusion 1995; Dauwaldeet al., 1996). The conserved sequences
proteins. Again the most notable difference observed wasin these domains include not only the arrays of RS
between the RS domains of dU2&Fand dSRp55. The  dipeptides, but also other amino acid residues that are
dU2APY RS domain conferred localization like that of interspersed throughout the RS domain. These observa-
the full-length TRAZ2 protein, while protein with sequences tions are consistent with our results on TRA-2 RS2 and
from the dSRp55 RS domain was distributed in a diffuse further support the idea that the RS domains of some
pattern with only traces of localization in a subset of cells. proteins perform specific functioms vivo that differ from
These results indicate that the ability of TRA-2 to associate those of other SR proteins.
with specific sites depends on sequences in the RS2
domain. The ability of individual fusion proteins to localize Materials and methods
was well correlated with male fertility, and thus it is G . .

. . - . . . eneration of fusion constructs
possible that the inability of fusions proteins to function pygtein fusion constructs were generated in the context of a 3.9 kb
is a consequence of their failure to localize. However, in EcoRI genomic fragment containing the enttra-2 transcribed region
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and all of the flanking sequences necessary for its expression (Goralskiprimers described by Rynest al. (1996). Male/common region and

et al, 1989). For C-terminal FLAG epitope tags, a plasmid, pTBRS,

female-specific region hybridization probes were PCR amplified, using

missing the RS2 domain, was first generated by oligonucleotide directed the same sex specific primers used for RT-PCR, in combination with a
mutagenesis. This replaced sequences from amino acid 193 to C-terminusdownstream sex-specific primer. The downstream primers used were:

with sequences coding for the FLAG epitope (GACTACAAGGACG-
ATGACGATAAGGGC) and a TAA stopcodon, flanked BanmHI| and
Xbd sites. The RS domains of various SR proteins were then PCR-
amplified and inserted eBanH| or BarrHI-Bglll restriction fragments
immediately upstream of the FLAG sequences in pTRR3. The wild-
type control (pTRA2 C-FLAG) was made by oligonucleotide directed
mutagenesis (Zoller and Smith, 1987) to introducBarH| site, the
FLAG epitope, a stop codon and atbd site in place of the natural
stop codon. For all C-FLAG constructs the fragment from th&&oRl
site to the newly createbd site was then introduced into pCASPA
(Mattox et al, 1990) which contains théra-2 poly(A) signal and
downstream flanking sequences. C-termiaa¥ fusion constructs were
generated by introduction of the saiecRI-Xbd fragments (see above)
into pCaZPA (Mattoxet al., 1990).

N-terminal FLAG fusion constructs were generated similarly but the
FLAG epitope was introduced 5 aa downstream from the start codon o
the TRAZ2® isoform. The TRA-ARS and the RS fusion proteins were

created in analogous fashion to the C-FLAG constructs except that no
epitope tag sequences were added at the C-terminal fusion point and the

entire region 3 of the natural stop codon site was retained (as opposed
to the more limited 3UTR sequences present in pCaSPA). The entire

mutagenized 3.9 kb fragment was then introduced into the pCaSPeR P-
element transformation vector. The RS domains and protein fusion sites

in all constructs were confirmed by DNA sequencing.

RS domains were amplified from cDNAs coding for dSRp55, SC35
and TRA. The dU2AP? RS domain was amplifed frorosophilaCS
genomic DNA. The regions amplified were from amino acids 198-333,

198-266 and 268-298 in dSRp55, 117-206 in SC35, 19-119 in TRA

and 10-41 in dU2AP. The primers used were:

tra RS-1: CCGGGATCCAGGTCTCGATCCCGGCGAGA,

tra RS-2: GGAAGATCTTCGTTCACTGCTGCGACTTC;
dSRp55 RS-1: CCGGGATCCAGCGGACGTGGACGCTCCCG;
dSRp55 RS-2: GGAAGATCTCGAGGCCGAACGGGAGCGTG;
dSRp55 RS-3: GGAAGATCTGGACTTGGACACGTCACGCG;
dSRp55 RS-4: CCGGGATCCTCAAAGTCCCACTCCCGCAC;
SC35 RS-1: CCGGGATCCCGCCGGAGCCGCAGCCCTAG;
SC35 RS-2: CGCGGATCCCGATCGCGACCTGGATTTGG;
dU2AFY RS-1: CCGGGATCCCGCGAGAGACGCCGACATCG;
dU2AFY RS-2: GGAAGATCTCGGCTTGCGCCTCGAGTTCC;
tra-2 RScarb-1: CCGGGATCCAGTCGCAACCGTTACACTCG;
tra-2 RScarb-2: GGAAGATCTATAGCGCGATGAAGTTCGAC.

Generation of transgenic fly lines and crosses

Transgenic flies were obtained by P-element mediated germline trans-

formation of wi1§BSY; tra-28/CyO embryos. Thetra-28 allele is a
nonsense muation in exon 5 (Mattex al, 1991). Transformants were
identified by increased eye pigmentation conferred by e gene
which was included in the P transposon. All phenotypic and molecular

fru female antisense:’8CGCGCCAGTTGGTGGGGATTTG-3andfru
male antisense: '8556GGGATGCGGGCGGAAGCGGA-3 The PCR
fragments were labeled with?P following the protocol of Mertz and
Rashtchian (1994).

Immunohistochemistry

Flies were dissected in Testis Dissection Buffer (TDB) [0.183 M KCI,
47 mM NacCl, 10 mM Tris—HCI pH 6.8; (Bonaccorsit al., 1988)].
Testes were placed on a microscope slide in a drop of TDB and covered
with a silanized coverslip. They were then gently squashed until cells
started flowing out of the testes. The slides were placed onto a Kimwipe
with the coverslip side down and superfluous liquid allowed to drain.
Slides were then dropped into liquid nitrogen. Fixation was done
according to Pisanet al. (1993). Slides were washed three times in

f phosphate-buffered saline (PBS) for 15 min, in PBX (PBS0.2%

Triton X-100) for 15 min and blocked in 1% bovine serum albumin
(BSA) in PBX (BBX) for 20 min. Primary antibody was added in PBX

+ 2% normal goat serum, the slide covered with a coverslip and
incubated at 4°C overnight in a humid chamber. The slides were washed
three times in PBX for 15 min, incubated with the secondary antibody
(in PBX + 10% normal goat serum) i h atroom temperature (RT)
and washed three times in PBX. For double staining, the slides were
again blocked for 20 min in BBX before application of the second
primary antibody. DNA was stained with bis-Benzimide (Hoechst No.
33258, 0.5ug/ml in PBX). The slides were then rinsed i 1PBS and
mounted in Aqua poly/mount (Polysciences) and viewed using a Zeiss
Axiophot Microscope.

Antibodies M2-anti-FLAG (Kodak) was used at dilutions ranging from
1:400 to 1:800 and detected with TR- or FITC-coupled goat anti-mouse
1gG at 1:200 or 1:100 dilution (Jackson Laboratories). Affinity-purified
anti-dU2AFP° was a gift from D.Rudner and D.Rio, and was used at
1:500 dilution and detected with TR-coupled goat anti-mouse 1gG at
1:200 dilution (Jackson Laboratories). Rabbit ghtyal (Cappel) was
used at 1:500 to 1:700 and detected by TR- or FITC-coupled goat anti-
rabbit 1gG (Jackson Laboratories) at 1:500 dilution. All antibodies
(except for anti dU2AR%) were pre-absorbed agairStosophila w8
embryos before use.
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respective transposons.

For the fru RT-PCR experiments the transposons were introduced
into the strainv!'1§BSY; Bl-tra-2/CyQ Flies were then crossed 11§
BSY; Df(2R) trix/CyO(Mattox et al,, 1991) flies and th&a-2 heteroallelic
transgenic progeny identified by the absenceCygD and presence of
thew™ marker.

Male fertility was tested by culturing a single male with thre&18
virgins. Control crosses with wild-type males or mutdrd-2 males
were set up simultaneously. All fertile males produced adult progeny.

RNA isolation and low cycle RT-PCR
Drosophila RNA was isolated andisx RT-PCR was performed as
described (Dauwaldeet al, 1996). RT-PCR to detect splicing of the
M1 intron fromtra-2 was carried out in essentially the same way except
that cDNA was produced using an oligo dT(12-18 nt) primer and PCR
amplifications were carried out with 1 mM MgQWith an annealing
step of 60°C. Amplification primers derived frortra-2 exon 3
(5'-CTCAGCCGATTCAGCTGGTGCTCTTG-3 and the exon 5/6 junc-
tion (5- CGCTGTGT/TTGTGCGTCAATCA-3. Amplified fragments
were electrophoresed, blotted and detected witiPalabeled fragment
extending from exon 3 to exon 4.

RT-PCR orfru RNA was carried out using random primers for cONA
synthesis and amplifications were done with 1.5 mM Mg@ing the
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