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ABSTRACT

The Drosophila snf gene encodes a protein with functional homology to the mammalian UIA and
U2B” snRNP proteins. Studies, based on the analysis of three viable alleles, have suggested a role for
snf in establishing the female-specific splicing pattern of the sex determination switch gene, Sex-lethal.
Here, we show that the non-sex-specific lethal null allele is required for female sex determination,
arguing against the formal possibility that the viable alleles disrupt a function unrelated to snf’s wild-
type function. Moreover, we find snf is required for normal cell growth and/or survival, as expected for
a protein involved in a cell-vital process such as RNA splicing. We also show that of the three viable
alleles only one, snf?, is a partial loss-of-function mutation. The other two viable alleles, snf’* and
snf*, encode antimorphic proteins. We find the antimorphic proteins are mislocalized and correlate
their mislocalization with their molecular lesions and mutant phenotypes. Finally, we provide genetic
evidence that the antimorphic alleles interfere with the autoregulatory splicing function of the Sex-
lethal protein. Based on these studies we suggest a model in which the snRNP protein, Snf, functions

with Sex-lethal to block recognition of the regulated male-specific exon.

N higher eukaryotes, primary RNA transcripts (pre-
mRNA) undergo a complex series of processing
events in the nucleus before they are transported to the
cytoplasm. In one of these processing events, known as
RNA splicing, the introns are removed and the exons
are ligated together (for review, see MANLEY 1993;
MOORE ¢t al. 1993). Selection and removal of introns
takes place within the spliceosome, a large complex that
includes both small nuclear ribonucleoprotein com-
plexes (snRNPs) and non-snRNP proteins. Assembly of
the spliceosome takes place in an ordered step-wise
fashion, and it is during the early steps of spliceosome
assembly that the identification of the intron/exon
boundaries takes place. The initial selection of the 5’
splice sites is accomplished by the stable association of
the Ul snRNP with the pre-mRNA. Similarly, the initial
selection of the 3’ splice site is accomplished through
a stable interaction of the U2 snRNP with the branch
site. While the base-pairing interactions between the
splice sites and the RNA component of the Ul and U2
snRNPs guide the snRNPs to the correct position on
the pre-mRNA, additional protein-protein interactions
are required for spliceosome assembly. For example,
the U2 auxiliary factor (U2AF) binds to the polypyri-
midine tract to facilitate the interaction of the U2
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snRNP with the branch site (ZAMORE and GREEN 1989).
Similarly, the SR protein, ASF/SF2, facilitates binding
of the Ul snRNP to the 5’ splice site (KOHTZ et al.
1994). Another SR protein, SC35, is thought to bridge
the interaction between the Ul and U2 snRNPs (Wu
and MANIATIS 1993). Interestingly, in vitro studies have
shown that a large excess of SR proteins can initiate
spliceosome complex formation without Ul snRNPs
(CRISPINO ¢t al. 1994; TARN and STEITZ 1994). The ab-
sence of Ul snRNPs, however, results in spliccosome
complex formation that is not as accurate, suggesting
that the role of the Ul snRNP is to guarantee that
spliceosome formation occurs at authentic 5’ splice sites
(TARN and STEITZ 1994).

Control of RNA splicing has proven to be a common
means of tissue-, stage- and sex- specific gene regula-
tion. Studies from a number of systems suggests that
alternative splicing is controlled by differentially ex-
pressed proteins that modify the ability of the spliceo-
some to assemble at specific splice sites (for review, see
HobcEs and BERNSTEIN 1994). In Drosophila, the sex-
specific splicing regulation of the binary switch gene
Sex-lethal (SxI) occurs via a negative regulatory mecha-
nism where the recognition of the regulated male-exon
is blocked in females (for review, see BAKER 1989; CLINE
1993; CRONMILLER and SaLz 1994). Sx/ expression is
limited to females because only the female-specific
mRNAs have a long open reading frame (ORF). The
malespecific mRNAs contain multiple stop codons
within the regulated male-exon (BELL ef al. 1988; Sam-
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UELS et al. 1991). Once established, the female-specific
expression of Sx/ is maintained throughout develop-
ment (SALZ et al. 1989). Establishment of Sx/ expression
in female embryos, however, takes place at the level of
transcription. During the first few hours of embryogen-
esis, somatic Sx!/ expression is initiated by transcrip-
tional activation of the internal female-specific pro-
moter (Pg.q,) in response to the appropriate dose (XX)
of Xlinked transcription factors (KEYES et al. 1992; Es-
TES et al. 1995). This initial burst of Sxl protein encoded
by the Pg,n-derived pre-mRNAs directs the splicing of
the non-sex-specific pre-mRNAs that are generated
from the constitutive promoter, Pp,. (BELL et al. 1991;
KEeYES et al. 1992). By participating in its own splicing
regulation, Sx! establishes an autoregulatory feedback
loop that results in the irreversible commitment to the
female sexual fate, including the vital process of X-chro-
mosome dosage compensation. Consequently, loss-of-
function mutations are lethal only to females and gain-
of-function mutations are lethal only to males.

In addition to its autoregulatory splicing function,
Sxl protein also directs the splicing pattern of at least
one other pre-mRNA, encoded by the transformer (tra)
gene (for review see BAKER 1989). Consistent with its
role as a splicing regulator, Sxl binds to polypyrimidine
sequences near the regulated splice sites on both the
Sxl pre-mRNA and the tra pre-mRNA (BELL et al. 1988;
SAMUELS et al. 1991; SAKAMOTO et al. 1992; SAKASHITA
and SARAMOTO 1994; WANG and BELL 1994; KANAAR ef
al. 1995). In each case, Sxl is thought to direct splice
site selection by blocking spliceosome assembly at the
regulated splice sites, however, the mechanism by which
Sxl blocks spliceosome assembly appears to be different
in each case. The best characterized mechanism is the
regulated splicing of the #ra pre-mRNA. Sxl directs the
female-specific splicing of the tra pre-mRNA by promot-
ing a shift in 3’ splice sites (SOSNOWSKI et al. 1989). In
this case, Sxl appears to function by directly competing
for the same binding site as a non-snRNP essential splic-
ing factor, U2AF, thus preventing recognition of the
regulated 3’ splice site (VALCARCEL et al. 1993).

Sxl directs the splicing of its own pre-mRNA by
blocking recognition of the male-specific exon. In vivo,
exon skipping is dependent on polypyrimidine se-
quences located downstream of the male exon 5’ splice
site, thus suggesting that the key to Sx/ autoregulation
is blockage of the male exon b’ splice site (SAKAMOTO
et al. 1992; HORABIN and ScHEDL 1993a,b). However,
because the critical sequences are located within the
intron several hundred base pairs away from the regu-
lated 5’ splice site, it is unlikely that SxI directly prevents
spliceosome assembly. Instead, it seems more plausible
that SxI’s ability to block spliceosome assembly at a dis-
tance requires interactions with other proteins.

An excellent candidate for a protein that interacts
with Sxl is encoded by the snf gene. snf was originally
characterized as positive regulator of SxI because in

females, several different viable snf mutations disrupt
Sxl autoregulation, resulting in the accumulation of Sx!
mRNAs spliced in the male instead of the female mode
(OLIVER et al. 1988, 1993; STEINMANN-ZWICKY 1988; SALZ
1992; ALBRECHT and SaLz 1993; BoPP et al. 1993). snf’s
function, however, is not limited to sex determination.
A complete loss of snf function results in lethality
(FLICKINGER and SaLz 1994).

snf encodes a 28-kD nuclear protein that has exten-
sive sequence similarity to two nearly identical verte-
brate RNA binding proteins, UIA and U2B" (FLick-
INGER and Sarz 1994). Snf, UlA and U2B” belong to a
large family of RNA binding proteins that contain RNA
recognition motifs (RRM; for review see, MATTAJ 1993;
BURD and Dreyruss 1994). In terms of size and struc-
ture, Snf is more similar to U2B" than to UlA. In agree-
ment with its extensive similarity to U2B", Snf is recog-
nized by a monoclonal antibody specific for the human
U2B" protein (FLICKINGER and SALZ 1994). In terms of
function, however, Snf is the functional equivalent of
both UlA and U2B". Like UlA, Snf binds Ul snRNA
and is incorporated into Ul snRNPs (HARPER ¢t al. 1992;
POLYCARPOU-SCHWARZ ¢t al. 1996), Like U2B”, Snf binds
U2 snRNA when bound to its partner the U2A’ protein
and is incorporated into U2 snRNPs (POLYCARPOU-
SCHWAR?Z et al. 1996). These results suggest that Snf is
the only UIA/U2B" protein in Drosophila, a hypothesis
supported by the finding that antibodies specific for
the human U1A protein fail to detect any other protein
in Drosophila extracts (POLYCARPOU-SCHWARZ et al.
1996).

Although U1A and U2B” are intensively studied as
models of RNA-protein interactions, their function
within the spliceosome is not known. In this paper we
investigate the role that the Drosophila homologue snf
plays in regulating pre-mRNA splicing by addressing
the question of how a group of viable snf mutations
specifically interferes with Sx! pre-mRNA splicing. In
the first part of the paper, we establish, through our
analysis of the snf null mutation (snf*’’), that a loss
of snf function interferes with sex determination. This
result argues against the formal possibility that the mu-
tant snf proteins encoded by the viable alleles have a
novel function unrelated to snf’s wild-type function.
These data also establish that the loss of snf function
results in cell growth and/or survival defects, a pheno-
type expected for a cellvital process such as RNA splic-
ing. In the second part of the paper, we establish, by
using genetic dosage studies, that only one of the extant
viable alleles (snf/*?) is a partial loss-of-function (hypo-
morph). The other two alleles (snf’*’ and snf**") en-
code antimorphic proteins that exhibit dominant-nega-
tive properties under certain genetic conditions. We
localize these antimorphic proteins and correlate their
mislocalization with their molecular lesions and mutant
phenotypes. Finally, we provide genetic evidence indi-
cating that both loss-offunction and antimorphic al-
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leles interfere with the autoregulatory function of the
wild-type Sxl protein. Together, these results point to
a model in which Sxl does not passively block spliceo-
some assembly, but instead recruits Snf, perhaps as a
component of an snRNP, to block spliceosome assem-
bly. This is the first suggestion that the role of UlA
and/or U2B" within the spliceosome is to interact with
differentially expressed non-snRNP proteins to modu-
late splice site choice.

MATERIALS AND METHODS

Fly stocks and culture conditions: All mutations and bal-
ancer chromosomes are either described in the text or in
LINDSLEY and ZimMM (1992). The FM7c-lacZ chromosome is a
standard FM7c balancer chromosome with a Pelement inser-
tion that contains a -galactosidase marker gene under con-
trol of the fushi tarazu promoter obtained from the Blooming-
ton Stock Center. The otu::Sx! transgene was generated and
generously provided to us by J. HAGAR and T. CLINE before
publication. It should be noted that snf is described in LIND-
SLEY and ZIMM (1992) as fs(1)A1621. Elsewhere in the litera-
ture, snf is referred to as sans-fille (for which snf is an acro-
nym), liz and f5(1)1621. Except where noted, all crosses were
carried out at room temperature, which ranged from 22 to
25°, on a standard cornmeal, yeast, molasses, agar medium.

Lethal phase analysis: The lethal phase of snf"*’’ was deter-
mined by counting animals at the different stages of develop-
ment according to standard procedures. In FLICKINGER and
SaLz (1994) we reported that snf””’’ was an embryonic lethal.
Consistent with these findings we found that in embryos col-
lected from snf/?'°/FM7-lacZ mothers, the snf?'° hemizygotes
(identified by the absence of f-galactosidase expression) are
morphologically normal but only developed until about stage
14 (data not shown). Surprisingly, we find that the lethal
phase varies with genetic background. Upon outcrossing the
snf”?!° chromosome to two different nonbalancer strains,
snf*'° embryos hatch and die as first instar larvae (our unpub-
lished observations and BEAT SUTER, personal communica-
tion). Whether the difference between late embryonic death
and early larval lethality is of developmental significance re-
mains to be determined.

Generation of somatic mosaics: A description of the meth-
ods and the stocks utilized to generate somatic clones can
be found in Xu and RUBIN (1993). Briefly, y w snf,
Plry*, hsp70:: neo,FRT118A/FM7 females were crossed to y*
snf* P[ry*; hsp70::neo; FRTI18A; MRKS, Plhsp70::fIpl/ nkd
males, and the resulting larvae were subjected to a 1 hr heat
shock in a 38° water bath during the first (24-48 hr), second
(48-72 hr) or crawling third (hand-picked) instar. The re-
sulting y w snf, P[ry*; hsp70: : neo;FRT18A/ snf ", P[ry"; hsp70::
neo,FRT]18A; MKRS,P[hsp70::flp]/+ females were collected
and screened for phenotypically yellow or white clones. Clones
in the eye were identified by screening for white patches un-
der a dissecting microscope. Clones in the wing and the fore-
leg were identified by screening mounted wings and forelegs
for yellow bristles under a compound microscope. To control
for variations in heat shock conditions as well as variations in
the timing of heat shock, all mutant clones were induced at
the same time as the control clones.

Immunolocalization in whole mounts: Embryos and sali-
vary glands for antibody staining were collected and fixed
according to standard methods. Snf protein was detected with
mAb4G3 diluted 1:20 (HABETS ef al. 1989; FLICKINGER and
SaLz 1994). Detection was carried out either by staining with a
biotinylated goat anti-mouse secondary antibody (Chemicon)

diluted 1:5000 and visualized with the Vectastain ABC elite
horseradish peroxidase (HRP) signal system and DAB stain-
ing according to manufacturer’s instructions or with a Lissam-
ine-Rhodamine conjugated goat anti-mouse secondary anti-
body ( Jackson ImmunoResearch Laboratories) diluted 1:200.
B-galactosidase was detected by staining with a rabbit antibody
against f-galactosidase (Cappel) diluted 1:200 and detected
using an alkaline phosphatase conjugated goat anti-rabbit sec-
ondary antibody (BioRad) diluted 1:5000 and visualized using
McGadey’s reagent (BCIP and NBT). For simultaneous detec-
tion of both Snf and B-galactosidase, the primary antibodies
were applied together overnight at 4°, then the secondary
antibodies were applied together for 2 hr at room tempera-
ture. The color reactions for visualization were carried out
in the following order: (1) embryos were treated with the
Vectastain ABC elite HRP signal system, (2) stained with
McGadey’s reagent (BCIP and NBT) and (3) stained with
DAB. Whole mount salivary glands were viewed using epifluo-
rescence optics on a Zeiss Axiophot microscope and photo-
graphed under identical conditions. Embryos were viewed
using Nomarski optics on a Leitz Diaplan microscope.

Immunolocalization to polytene chromosomes: Salivary
glands from female larvae of the appropriate genotypes were
dissected in phosphate-buffered saline (PBS) and prepared
as described in ZINK and PARO (1989), except that the salivary
glands were first fixed for 10 sec in 3.7% formaldehyde, 1%
Triton X-100 in PBS and then fixed for 2 min in 3.7% formal-
dehyde, 50% acetic acid. The primary antibody, mAb4G3, was
used at a concentration of 1:20 and incubated overnight at
4° in a humidified chamber. Detection was carried out with a
Lissamine-Rhodamine conjugated goat anti-mouse secondary
antibody (Jackson ImmunoResearch Laboratories) diluted
1:200 and incubated for 2 hr at room temperature in a humid-
ified chamber. Counterstaining of the chromosomes was done
for several minutes with 0.5 mg/ml 4’ ,6-diamidino-2-phenylin-
dole. Slides were mounted in 50% glycerol/PBS and viewed
using epifluorescence optics on a Zeiss Axiophot microscope.

Sequencing of snf**": Sequencing of snf* and its parent
chromosome was carried out by direct cycle sequencing of
gel-purified PCR-amplified genomic DNA as described in
FLICKINGER and SALZ (1994).

RESULTS

Zygotic snf function is required for sexual differentia-
tion and a cell vital process during postembryonic devel-
opment: As the first step in defining snf’s function, we
asked whether zygotic function is necessary for normal
sexual differentiation by characterizing the sexual phe-
notype of the snf null mutation, snf?’’. snf”" is an
unambiguous null mutation because it contains a small
deletion of the entire ORF, starting in the 5" untrans-
lated region and extending into the adjacent nonvital
gene, deadhead (dhd) (FLICKINGER and SALZ 1994; SALz
et al. 1994). Because snf””'’ is a non-sex-specific lethal,
we examined the phenotype of a small group of mutant
cells in a genetic mosaic animal. Genetically marked
clones homozygous for the snf null were generated by
mitotic recombination, and those clones that fell within
the sexually dimorphic region of the female foreleg
were examined in detail (see MATERIALS AND METHODS).
Our analysis of somatic clones induced during the sec-
ond instar larval period supports a role for snf in sexual
differentiation. All the clones we observed contained
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TABLE 1
Sexual phenotype of somatic clones homozygous
for a snf null allele
Time of No. and sex of
clone No. forelegs scored clones recovered
induction for clones in the foreleg
First instar 250 0
Second instar 140 5/5 sexual
intermediates
Third instar 130 2/2 female

Frequency and sex of y snf’?'/y snf’*'’ clones in the sexually
dimorphic region of the foreleg generated in a wild-type back-
ground by the flp-mediated recombination system during the
first (24-48 hr), second (48-72 hr) or crawling third (hand-
picked) instar larvae (see MATERIALS AND METHODS for a de-
tailed description).

bristles with a sexual phenotype that was intermediate
between the expected male and female phenotype (Ta-
ble 1; Figure 1A).

Surprisingly, clones induced later in development,
during the third larval instar, failed to show any signs of
sexual transformation: the bristles were phenotypically
indistinguishable from normal female bristles (Figure
1B). Judging by the stability of the maternally provided
Snf protein described below, we believe that the female
sexual development of the clones induced late in larval
development can be attributed to perdurance of the
wild-type gene product through the few cell divisions
remaining before differentiation (GARCIA-BELLIDO and
MERRIAM 1971; RipoLL 1977).

When clones were induced during the first instar lar-
val period, we failed to recover any clones in the foreleg.
Clones induced early in development are expected to
be large, therefore the failure to recover clones may
suggest that large patches of mutant cells result in the
death of the organism. On the other hand, given the
central roles that Ul and U2 snRNPs play in RNA pro-
cessing, a defect in cell growth and/or cell survival
would not be unexpected. To determine if the loss of
snf function results in a cell growth and/or cell survival
defect, we scored the number and size of snf’*'’ clones
induced during the first, second and third instar larval
periods in two other regions of the adult cuticle for
which we had scorable markers: the eye, and the ante-
rior portion of the wing blade in the row of bristles
termed the “triple row.”” Surprisingly, we failed to ob-
serve any clones in the eye, irrespective of when in
development clonal induction took place (n > 500 for
each clonal induction time period).

In contrast to the situation in the eye, clones were
recovered in the wing. Mutant clones induced during
the first and second larval instars were rarely recovered
(Table 2). The few clones we did recover were much
smaller than control clones (Figure 2). Control clones
ranged in size from one to 20 bristles, whereas snf/*"’
clones only consisted of a single bristle. The recovery

null

FIGURE 1.—Sexual phenotype of snf"" clones in the female
foreleg. (A) Bristles within a y snf”*'’/y snf””"’ clone (indicated
by arrowhead) induced during the second instar larvae are
transformed into sexual intermediates: they are phenotypi-
cally neither male nor female. (B) A y snf*'/y snf”*'” clone
that contains only a single bristle (indicated by the arrow-
head) induced during the third instar larvae period fails to
show any signs of sexual transformation: the bristle is pheno-
typically female.

of mutant clones increased dramatically when induced
during the third larval instar. Although, again the mu-
tant clones were smaller than control clones. Control
clones ranged in size from one to 14 bristles, whereas
snf?'” clones contained only one or two bristles. Thus,
together these finding support the suggestion that snf is
required for a cell-vital process necessary for cell growth
and/or survival.

The maternally provided Snf protein is detectable
throughout embryogenesis: Although snfis likely to en-
code a general splicing factor, we have found that male
embryos hemizygous for the null allele complete embry-
onic development without any gross developmental ab-
normalities (see MATERIALS AND METHODS). Because we
have previously shown that Snf protein is provided to
the embryo by the mother (FLICKINGER and SALzZ 1994),
it is possible that the unexpected normal development
of these snf null embryos is attributable to maternally
provided protein lasting through embryogenesis. To ex-
amine this possibility directly, we collected embryos
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TABLE 2

snf™" clones are recovered less frequently
than control clones

Clone frequency
(no. of clones/no. of wings scored)

Third instar

1.26 (88/70)
1.94 (128/66)

First instar Second instar

snflz'" 0.008 (2/247)
Control” 0.025 (6/236)

<0.01 (0/100)
0.18 (18/98)

Comparison of the size and frequency of y snf?'’/y snf/?"
and y control clones in the wing generated in a wild-type
background by the flp-mediated recombination system during
the first (24-48hr), second (48-72 hr) or crawling third
(hand-picked) instar larvae (see MATERIALS AND METHODS for
a detailed description).

“Mutant clones were identified by screening mounted
wings for yellow bristles in the anterior portion of the wing
blade termed the triple row under a compound microscope.

’ Two sets of controls were run for each experiment. In the
first set, snf" clones were induced, and in the second set
snf? clones were induced. No differences in clone size or
frequency were noted between the two control lines, therefore
only the data from the snf/*? controls are presented here.
While snf/*? is mutant for snf, it remains homozygous viable;
thus as a derivative of the same parent chromosome as snf/*"’,
it provides the best “‘wild-type’’ control possible.

from snsz"’/FM7-lacZ mothers and stained them with
antibodies against Snf and [-galactosidase. In this col-
lection, the snf’*'” hemizygous male embryos were iden-
tified by the absence of [-galactosidase expression. As
expected for a maternally provided protein, we found
that snf”’’ embryos stained with antibodies against Snf
early in embryogenesis. Interestingly, we also found that
the maternally provided Snf protein continued to be
detectable at near normal levels throughout em-
bryogenesis (data not shown).

Gene dosage studies: Although snf encodes a vital
gene, there is a class of viable alleles that have a pro-
nounced effect on Sx/ regulation. Of the three extant
viable snf alleles only one, snf'®?’, has a phenotype as

2nd Instar

a homozygote. snf'**' homozygous females are sterile
because Sx/ is not expressed in the germline (OLIVER
et al. 1988, 1993; STEINMANN-ZWICKY 1988; SALz 1992;
Bopp et al. 1993). The other two alleles, snf"*?and snf**",
are fertile as homozygotes; their only described pheno-
type is a female-lethal synergistic interaction with loss-
of-function Sx/ mutations (SALz 1992; FLICKINGER and
SaLz 1994). In all cases, snf exhibits a strong maternal
effect with respect to this female-lethal synergistic inter-
action.

Here we present a series of gene dosage studies to
determine the nature of the snf mutations. In these
studies we compare the strength of the maternal-effect
female-lethal synergistic interaction phenotypes of ani-
mals with different doses of mutant and wild-type snf
alleles. As illustrated in Table 3, we have used two differ-
ent assays to compare the strengths of the lethal syner-
gistic interactions between snf and Sxl In test no. 1,
the viability of snf, +/+, Sxl daughters is compared to
control animals from the same cross. This weak interac-
tion between Sx/ and snf provides a sensitive assay in
which to compare the relative strengths of different
mutant allele combinations. In some cases, however,
this interaction proved to be too weak, therefore we
have also included the results from a second stronger
assay (test no. 2). In test no. 2 the lethal synergistic
interaction was strengthened by the addition of sis-a, a
mutation at another sex determination locus and the
viability of snf, +/+, Sxi, sis-a females is compared to
control animals (SALz 1992). Together these assays pro-
vide a reliable measure of snf gene activity. Because the
strength of these lethal synergistic interactions can be
modified by different genetic backgrounds (data not
shown), we have carefully controlled for genetic back-
ground and we have limited our comparisons to crosses
with similar genetic backgrounds. It should be noted
that, like snf’**’ homozygous females, many of the mu-
tant combinations described here result in female steril-
ity due to their inability to express Sx/ in the germline.

3rd Instar

1st Instar
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FIGURE 2.— snf™" clones are smaller than control clones in the wing. Comparison of the number of bristles in a y snf/*’/y
snf?!” clone (B) to that found in control clones (M) induced either during the first, second or third instar larval period (see

legend under Table 2 and MATERIALS AND METHODS for details).
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TABLE 3
snf gene dosage studies

Test no. 1% lethal synergism
with Sx{ (% viability)

Relevant maternal genotype*

Test no. 2 lethal synergism
with Sx/, sis-a (% viability)

+/FM7 ND* 100 (201)*/
Group A snfP%/ FM7 ND 49 (567)%
snf 1%/ FM7 ND 0.5 (575)*
snf "/ FM7 ND 20 (202)%%
snf*?/FM7 ND 100 (380)%/
Group B snff2/ snflA? 84 (125) 10 (149)
snffi2/ snff?0 5 (1168) 0.3 (1168)
Group C snf 1%/ snf 1% <0.8 (151) ND
snf 121/ snf?10 3 (760) <0.1 (848)
Group D snf </ snf 4 (584) <0.5 (196)8
snftH/ snf/?1? 3 (1378) 0.06 (1608)
Group E snf 197/ snfit2 25 (826) 0.8 (904)
snf 7/ snf#? 38 (446) 6 (510)
snf </ snf 6% 0.9 (703) 0.5 (597)

Viability is assessed by comparing the number of snf, +/+, Sxi, sis-a or snf, +/+, Sxl females recovered to
the number of reference males recovered from the same cross (expected). Number of expected animals shown
in parentheses. If all the experimental animals are fully viable, we expect to recover the same number of males
and females (100% viability). Due to the sensitivity of these assays, we find that there are small differences in
the strength of the interactions due to differences in genetic background (data not shown), therefore in the
assays presented here we have controlled for genetic background as much as possible by limiting our compari-
sons to crosses with similar genetic backgrounds designated groups A-E.

*The genotypes of the relevant chromosomes are as follows: snf”” is y w snf/?%; snf/*? is y w snf*%; snf*™
is w snf**; snf"*"is w snf'**; snf* is w dhd"™ (the parent chromosome for both snf?"° and snf*4? ; see FLICKINGER
and SALz 1994 for details). Both snf*Z and snf”?'’ are also mutant for the nonvital gene deadhead (dhd), a
thioredoxin homologue (FLICKINGER and SaLZ 1994; SALZ et al. 1994). To cover the female-sterile phenotype
associated with the loss-of-function dhd mutation, snf*?/snf*? and snf"?/ s%fzm females carry a copy of the
Plw*, dhd’] transgene. To bypass snf’s female sterile phenotype, snf*?/snf/*%, snf'*!/ snf'%%, snf'®*!/ snf/*'",
snf ¥/ snf'°, snf "7/ snf"*? and snf'**/ snf*™ females carry a copy of the P [w', otu::SxI*] transgene (see text

for details).
*In test no. 1, Sxlis y cm Sxi”™.
“In test no. 2 Sx! sis-a is cm SxI”, ct sis-a.
¢ND, not determined.
‘Data from FLICKINGER and SALZ (1994) Table 1.

/Viability values in the group A crosses are based on the number of FM7c halancer males recovered. However,
the number of expected males has been adjusted to reflect the fact that the FM7c balancer males are 40% as

viable as nonbalancer males.
£ Data from Sarz (1992) Table 2.

To overcome this sterility, we have taken advantage of
an otu::Sxl" transgene kindly provided by JEFF HAGAR
and ToM CLINE (personal communication). In this pro-
moter-gene fusion construct, the female-specific Sxi
c¢DNA (cF1) is expressed under control of the germline-
specific otu promoter. We find that this otw::Sxl™*
transgene suppresses snf’s female-sterile phenotype but
not its female lethal-synergistic interaction phenotype.
The key results are summarized below.

snf is dosage sensitive: Whereas control animals do not
display a lethal interaction with Sx/, we find that the
null allele (snf/?'%) does display a weak dominant female
lethal-synergistic interaction (Table 3, test no. 2, group
A). Only 49% of the expected snf]210,+ /+, Sxl, sis-a
females from snf’*'’/+ mothers are recovered. This dos-
age-sensitive phenotype indicates that the level of Snf
protein is critical in a sensitized genetic background.

snf™2 is a hypomorph: snf’*? is a small deletion that
has the potential to encode a protein that is missing
its C-terminal end (FLICKINGER and SALz 1994). Be-
cause our Snf-specific antibody does not detect the
snf?*? mutant protein, we have been unable to confirm
the size of this protein (FLICKINGER and SALz 1994).
The fact that homozygous animals are viable and fer-
tile clearly demonstrates that this mutant allele pro-
duces a product that can accomplish most of its func-
tions when in two copies. Nevertheless, we find that
homozygous snf/?/snf/’ females display an interac-
tion phenotype. Furthermore, snf**? is classified as a
loss-of-function mutation because we find that the in-
teraction phenotype of snf™*?/null hemizygous females
is stronger than homozygous females (Table 3, test no.
1 and test no. 2, group B). Whether the loss-of-function
phenotype is due to the absence of a functional do-
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FIGURE 3.—Schematic of the Snf protein and location of the mutations in the viable snf alleles. (A) A schematic diagram of
the 28-kD Snf protein. [, the location of the two RRM motifs. The EMS-induced mutation, snf'*”’, is located within the N-
terminal RRM and the EMS-induced snf** mutation is located in the central region of the protein. Both of these mutations
encode full length proteins that have dominant-negative (antimorphic) properties. snf**?is a small deletion that has the potential
to encode a protein that is missing its C-terminal end, including the conserved C terminal RRM motif (RRM-2). Because our
Snf-specific antibody does not detect the Snf!*? mutant protein, we have been unable to determine whether the partial loss of
function associated with snf"*? is due to absence of a functional domain or whether the truncated Snf"** protein and/or RNA
is less stable than the wild type. The null allele, snf”*'’, is not shown as it deletes the entire gene starting in the 5’ untranslated
region. (B) A comparison of the sequences of Snf with the human UlA and U2B” proteins. Snf, UIA and U2B" contain two
high,) conserved RRM motifs, marked in bold, separated by a central region that is less well conserved. The locations of the
snf'%! and snf*" missense mutations are indicated. The breakpoint of the snf/*? deletion mutation is within the only intron of
the gene. A, the intron/exon boundary. The secondary structure of the UIA N-terminal RRM (RRM-1), both by itself and
bound to its RNA target sequence, is known and illustrated above the sequence (HOWE et al. 1994; OUBRIDGE el al. 1994). RRM-
1 folds in a characteristic SafBaf3 pattern in which the RNA interacts with the four-stranded f sheet. In addition, the C-terminal
extension of RRM-1 contains a third a helix centered around residue 95 that is also required to position the RNA correctly.
(Note, however that the extent of the a3 helix remains to be determined.)

main of the protein or whether the truncated gene
product is less stable than the wild-type product re-
mains to be determined.

snf "% is an antimorph: snf'**" is a missense mutation
that encodes a full length protein (FLICKINGER and SALZ
1994). As illustrated in Table 3 (test no. 2, group A),
snf'%?" displays a stronger dominant lethal-synergistic
interaction than the null allele (0.5 vs. 49%), indicating
that this mutant protein has antimorphic function. Con-
sistent with this classification, we find that the snf’*
interaction phenotype is not enhanced when hemizy-

gous. The interaction phenotype of snf'**' /null hemizy-
gous females is similar to the phenotype of snf'**'/
snf'?" homozygous females (Table 3, test no. 1, group
C). snf'?' /snf"**" homozygous and snf'*' /null hemizy-
gous females rarely produce any daughters. Since snf
is dosage-sensitive, the strength of the snf'**' /nuil inter-
action phenotype reflects the combined effects of both
the loss-of-function and antimorphic gain-of-function
phenotypes.

snf™ is an antimorph: Like snf'**', snf**"'is a missense
mutation that encodes a full length protein (FLICK-
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INGER and SALZ 1994; this report). As illustrated in Ta-
ble 3 (test no. 2, group A), snf**” displays a stronger
dominant lethal interaction than the null allele (20 vs.
49%), suggesting that this mutant protein has antimor-
phic function. Furthermore, as is the case for snf'**’, we
find that interaction phenotype is not enhanced when
hemizygous. The interaction phenotype of snf*/null
hemizygous females is as strong as snf**"/snf*** homozy-
gous females (4 vs. 3%, Table 3, test no. 1, group C).
As mentioned above, the strength of the snf*"/null in-
teraction reflects the combined effects of both the loss-
of-function and antimorphic phenotypes.

Interallelic complementation: The classification of the
snf'%?" and snf**" alleles as antimorphs is based on the
observation that in dominant-lethal synergistic interac-
tion assays both alleles have a more severe phenotype
than the null. Surprisingly, when the snf**” and snf"**
alleles were tested in combination with the weak loss-
of-function allele snf/’, this was not the case. Whereas
snf*?/null hemizygous females produced only 5% of
the expected daughters (Table 3, test no. 1, group B),
the trans-heterozygote females snf**/snf'%' and snf/?/
snf" produced many more daughters (25 and 38%,
respectively, Table 3, test no. 1, group E). These data
indicate that snf™’ partially complements the antimor-
phic alleles. In contrast, we find that snf**” and snf’**
do not complement each other. snf*”/snf'**! females
rarely produce daughters (0.9%, Table 3, test no. 1,
group E).

Molecular characterization of snf**: To determine
the lesion associated with the EMS induced mutation,
snf**", we amplified and sequenced the genomic DNA
from the mutant chromosome and its parent chromo-
some. As illustrated in Figure 3, we found that the snf’ eSH
allele contains a single missense mutation that causes
the substitution of a proline for a conserved threonine
(To7). This point mutation falls within the highly con-
served central domain of the protein, just outside of
the N-terminal RRM (RRM-1).

Localization of the mutant Snf'®*' and Snf**" pro-
teins: Previous studies have shown that the size and the
amount of Snf'**' and Snf **"' mutant protein detectable
by Western blots does not differ from wild type (FLICK-
INGER and Sarz 1994). Consequently, it is unlikely that
the mutant effect of snf’**' and snf*” is due to the
amount of mutant protein produced. To further investi-
gate how Snf'®®' and Snf** might interfere with the
establishment of S$x/ autoregulation, we examined the
protein distribution of Snf®® and Snf'®®! in whole
mount salivary glands from homozygous female third
instar larvae. Consistent with their homozygous viable

phenotype, we find that the Snf **" and Snf'®®' mutant
proteins, like the wild-type Snf™ protein, are nuclear
(Figure 4). Unlike the Snf protein, however, the Snf'®'
and the Snf“® proteins do not appear to be strictly
nuclear; staining is also visible in the cytoplasm (¢f. cyto-
plasm in Figure 4A with that of Figure 4, B and C).

Although some of the Snf **' and Snf'®*' mutant pro-
tein is mislocalized to the cytoplasm, staining is clearly
visible within the nucleus. Are the mutant proteins cor-
rectly localized within the nucleus? The Snf™ protein,
like that of other splicing factors, is associated with poly-
tene chromosomes because pre-mRNAs remain closely
aligned with the site of transcription as they are spliced
(see Figure 4D; BEYER and OSHEIM 1988; AMERO et al.
1992). Given the viable phenotypes of both snf’**’ and
snf we were not surprised to find that, like Snf*,
Snf'®*' and Snf**" are correctly localized to polytene
chromosomes (Figure 4, E and F).

In males, the viable alleles suppress ectopic Sx! activa-
tion: The strongest of the viable alleles, snf'**’ is a tem-
perature-sensitive suppressor of the male-specific lethal
phenotype associated with the constitutive allele of Sxi,
SxI™ (STEINMANN-ZWICKY 1988; SaLz 1992). Recent
studies have shown that Sx/™ is a transposon-induced
constitutive Sx/ allele whose behavior is dependent on
the inappropriate expression of the wild-type protein
(BERNSTEIN et al. 1995). This suggests that snf'*?’ may
be interfering with the autoregulatory RNA-binding
function of wild-type Sxl protein. On the other hand,
these same studies suggested that the pre-mRNA gener-
ated from this transposon insertion allele differs from
the wild-type pre-mRNA in its response to splicing-auto-
regulation (BERNSTEIN et al. 1995). If this is the case,
then the observed Sxi"'-snf'®*’ genetic interaction
might be allele-specific with respect to the transposon
containing pre-mRNA encoded by SxI .

To distinguish between these possibilities, we as-
sayed whether snf’®’! could suppress the male-spe-
cific lethality associated with the inappropriate ex-
pression of wild-type Sxl protein. To express the
female-specific protein in the male, we took advan-
tage of transgenic lines that express the product of
a late Sx/ ¢cDNA (cF1) under control of a heat shock
promoter (BELL et al. 1991). Because Sx! splicing is
autoregulatory, the low levels of Sxl protein provided
by the transgene initiate the female-specific splicing
loop by splicing the Sx! pre-mRNAs from the endoge-
nous SxI* allele in the female mode (BELL et al.
1991). As illustrated in Table 4, even under nonheat
shock conditions, only 2% of the expected snf”;
hsp70::SxlcF1/+ transgenic males were recovered. In

FIGURE 4.—Subcellular localization of wild-type and mutant Snf proteins in whole mount salivary glands and to polytene
chromosomes. Staining with the Snfspecific antibody reveals that (A and D) Snf* is nuclear in a salivary gland from a wild-type
third instar larva and is associated with polytene chromosomes. (B and E) The Snf'®! protein is detectable in both the cytoplasm
and the nucleus in snf'** /snf'%*! salivary glands and is associated with polytene chromosomes (C and F) The Snf*®™ protein is
detectable in both the cytoplasm and the nucleus in snf*"/snf** salivary glands and is associated with polytene chromosomes.
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TABLE 4

Ectopic Sx! activation by the inappropriate expression of
the Sxl protein is suppressed by snf mutations

No. of
reference
Relative males (no

viability (%)° transgene)*
Cross’ snf* snf*; hsp70::Sxl/ + snf* +/+
A snf* 1.8 (2) 109
A snf ' 75 (148) 199
B snf< 67 (71) 106
C snfit? 15 (15) 100

All crosses were carried out at 22°.

“Relative viability is assessed by comparing the number
(shown in parentheses) of experimental males recovered to
the number of reference males recovered from the same
cross. If the experimental males were fully viable, we would
expect to recover the same number of experimental and refer-
ence males.

*The full genotype of the mothers in each cross are as
follows: (A) y cho snf'**'/FM7; TM3 P[w", hsp70::SxlcFI] #19/
+. (B) w snf*"'/FM7; TM3, Plw", hsp70::SxIcF11#19/+. (C) y
w snf"?/ FM7; TM3 Plw",hsp70::SxlcFI11#19/+. The transgene
P[W* hsp70::SxlcF1]#19 is located on the TM3 balancer chro-
mosome carrying the Ser dominant marker, therefore Ser is
indicative of the presence or absence of the transgene. In
cross A the FM7 male progeny are utilized as the Snf* control
flies.

contrast, 75% of the expected snf'%’; hsp70::SxlcF1/
+ transgenic males were recovered. These results
demonstrate that snf’**' blocks the function of the
wild-type Sxl protein.

To extend these observations, we examined whether
this suppressor phenotype was unique to snf'*”’. or
whether the other two viable alleles could also suppress
the male lethality associated with ectopic expression of
SxI cDNA cF1. The data presented in Table 4 (crosses
B and C) indicate that antimorphic mutation snf™ is
a strong suppressor (67% of the expected snf*";
hsp70::8xlcF1/+ transgenic males were recovered) and
the loss-of-function mutation snf*?is a weak suppressor
(16% of the expected snf™’, hsp70::SxlcFI/+ trans-
genic males were recovered).

DISCUSSION

The Snf protein has sequence and functional homol-
ogy to both UIA and U2B", and appears to be the only
U1A/U2B"like proteins in Drosophila (FLICKINGER and
SaLz 1994; POLYCARPOU-SCHWARZ ¢t al. 1996). Although
these proteins have been extensively studied, their func-
tion within the spliceosome is not known. The analysis
of the existing snf mutations, presented here, demon-
strate that the Snf protein cooperates with the female-
specific Sx1 protein to block utilization of the male-
specific exon of the Sxl pre-mRNA. These data provide
the first suggestion that the role of UlA and/or U2B”

is to interact with differentially expressed proteins to
modulate splice site choice.

snf is required for a cell-vital process, consistent with
a role in general pre-mRNA splicing: Our phenotypic
analysis of the lethal null allele suggests that in Dro-
sophila, Snfis an essential component of the RNA splic-
ing machinery. By using genetic mosaics, we establish
that snf is necessary for normal cell growth and/or cell
survival during postembryonic development. This type
of cell-vital function is consistent with a role in pre-
mRNA splicing. The localization pattern of the Snf pro-
tein is also consistent with a role as a general splicing
factor: Snf is nuclear and in salivary glands it is associ-
ated with nascent transcripts on polytene chromo-
somes. Snf is present in all cell types, at all stages of
development and is maternally provided such that it is
present in the embryo as zygotic transcription begins.
We have also found that the protein supplied by the
mother is stable, lasting through embryogenesis. Unfor-
tunately, it is the stability of the maternally provided
protein that prevents us from a direct analysis of snf’s
role in RNA processing because there is no point at
which we can find live embryos with no Snf protein.
The alternative method of eliminating maternal Snf
protein in embryos, by generating snf™" germline
clones, is not possible because snf is required for female
germline development.

snf’s role in regulating SxI pre-mRNA splicing in the
embryo: snf’s role as a regulator of Sx/ pre-mRNA
splicing is based on the analysis of a group of viable
alleles. Our phenotypic analysis of the lethal null allele
strongly argues that snf is required for female sexual
differentiation and, more importantly, argues against
the formal possibility that the viable alleles disrupt a
function unrelated to snf’s wild-type function. In ge-
netic mosaics, homozygous mutant clones generated
during the second instar larval period show abnormal
differentiation with respect to the expected sexually di-
morphic characteristics in the adult foreleg. Interest-
ingly, these clones developed as sexual intermediates,
suggesting that Sx! protein function has been reduced
but not eliminated. A similar intersexual phenotype is
observed in the foreleg region of females homozygous
for Sx!?°”’, a mutation that reduces but does not elimi-
nate SxI function (MARSHALL and WHITTLE 1978; CLINE
1984). In contrast, clones homozygous for a SxI null
allele are phenotypically male (SALz et al. 1987). The
similarity in sexual phenotype with Sx/*’” suggests that
the intersexual phenotype of the snf clones is due to a
reduction of protein encoding Sx/ pre-mRNA splicing
products. Since snf is also required for a cell-vital func-
tion, it is likely that the amount of Snf protein required
to allow the cell to survive is also sufficient to allow
some female-specific splicing to occur and hence femi-
nization.

snf’s role in activating Sx/ in the embryo is readily
apparent in a sensitized genetic background where the
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dosage of SxI" is reduced. Thus in the embryo, the snf
mutations only prevent the establishment of Sx/ expres-
sion under genetic conditions where Sxl protein levels
are limiting. In contrast, when Sxl protein is not lim-
iting, the snf mutations have no detectable effect on
the establishment of Sx! expression. All the snf alleles
display a strong maternal effect under these genetic
conditions, consistent with our observation that a large
amount of Snf protein is provided to the embryo by
the mother and is stable throughout embryogenesis.
Moreover, we find that the amount of Snf protein pro-
vided by the mother is critical under these sensitized
genetic conditions, as demonstrated by the finding that
the null allele, snf’zw, exhibits a dominant maternal-
effect lethal synergistic interaction phenotype. Dosage-
sensitive phenotypes are entirely consistent with bio-
chemical studies that have shown that the relative levels
of splicing factors influence splice site selection (Ep-
ERON ¢f al. 1993; KOHTZ et al. 1994; STAKINS and REED
1994; RoMAcC and KEENE 1995).

snf*?! and snf**" encode proteins that interfere with
Sxl splicing autoregulation: Two of the viable alleles,
snf'%*! and snf**”, display a more severe dominant syner-
gistic interaction phenotype than the lethal null allele.
This exaggerated mutant phenotype indicates that the
mutant proteins actively interfere with Sx/ splicing regu-
lation. Consistent with this, we find that snf'*’’ and
snf*®" are strong suppressors of the male-specific lethal
phenotype elicited by the inappropriate expression of
the wild-type Sxl protein. The mechanism by which the
mutant Snf'®®" and Snf**" proteins interfere with Sxi
splicing remains to be determined. However by analogy
with the information gathered from the human UlA
protein, it is likely that the two mutant Snf proteins
have reduced RNA binding activities and are therefore
not efficiently incorporated into snRNPs.

The snf'*”’ mutation is associated with a missense
mutation that causes the substitution of a histidine for
an arginine (Ry) residue in the amino terminal RNA
binding domain (FLICKINGER and SALz 1994). In vitro
structure/function studies with vertebrate UlA have es-
tablished that this arginine is essential for its RNA bind-
ing activity (NAGAI et al. 1990; JESSEN et al. 1991). Fur-
thermore, recent structural data have shown that the
arginine located at this position not only contacts the
Ul snRNA, but also forms intramolecular hydrogen
bonds with neighboring amino acids within the N-termi-
nal RRM domain (HOWE et al. 1994; OUBRIDGE et al.
1994). One can imagine that the arginine to histidine
change present in snf’%”’ will disrupt these intramolecu-
lar hydrogen bonds and thereby reduce its binding for
its target RNA. Similarly, snf*” encodes a full length
protein that contains a threonine to proline change in
a highly conserved basic region just outside of the N-
terminal RRM. Although this basic region is not within
the region of the protein shown to be necessary and
sufficient for in vitro RNA binding, it is still within a

region that contacts the RNA (NAGAI et al. 1990; JESSEN
et al. 1991; HOWE ¢t al. 1994). Consequently, it is likely
that the substitution of a proline for a conserved threo-
nine interferes with its RNA binding activity in vivo.

In vivo support for the suggestion that the mutant
Snf'®' and Snf*®" proteins have a lowered binding af-
finity for their target RNAs is provided by the mislocal-
ization of the mutant proteins. We find that in contrast
to the wild-type protein, which is strictly nuclear, the
Snf'%' and Snf **" mutant proteins are located in both
the cytoplasm and the nucleus. Studies examining the
intracellular distribution of the vertebrate UlA protein
have shown that UIA will shuttle back and forth be-
tween the cytoplasm and the nucleus unless actively
retained by binding its target RNA (KAMBACH and MAT-
TAJ 1992). By analogy, the presence of cytoplasmic pro-
tein suggests that there is a significant amount of mu-
tant protein that does not bind to its target snRNA.

How might the free mutant protein interfere with
Sx{ splicing regulation? One possibility is that the free
mutant Snf protein in the nucleus binds another splic-
ing factor rendering it nonfunctional. An excellent can-
didate for a protein that interacts with Snf is Sxl because
direct Snf*/Sxl " protein-protein interactions have
been detected in vitro (G. DESHPANDE, M. SAMUELS and
P. SCHEDL, personal communication). This suggests a
model in which the free mutant Snf protein directly
interferes with SxI’s function by capturing it and pre-
venting it from blocking recognition of the regulated
male exon. Critical to our model is the prediction that
the mutant Snf proteins retain the ability to interact
with the wild-type Sxl protein. Indeed, DESHPANDE, SAM-
UELS and SCHEDL (personal communication) have
shown a Snf'®*'/Sxl * protein-protein interaction com-
parable to the Snf*/Sxl " interaction.

Antagonistic functions for snRNPs in splice site selec-
tion—a model: Together, our analysis of the existing
snf mutations demonstrates that Snf cooperates with
Sxl to block utilization of the male-specific exon of the
Sxl pre-mRNA and suggests a model in which the Sxl
protein blocks spliceosome assembly by forming a non-
productive snRNP/Sx1 complex. This hypothesis is sup-
ported by the finding that the SxI and Snf proteins are
found together in RNA-protein aggregates (SAMUELS el
al. 1994). This model implies that Snf-containing
snRNPs can have antagonistic roles in splicing. On the
one hand, the primary function of Ul and U2 snRNPs is
to promote spliceosome assembly. On the other hand,
when complexed with Sxl the Snf-containing snRNPs
block splice site utilization. Thus the availability of SxI
to the Snf-containing snRNP dictates whether it func-
tions to promote or block splice site usage.

Whether snf’s role in splice site regulation is part of
its Ul snRNP function and/or its U2 snRNP function
is not known. However, because the critical step in Sx!
autoregulation is blockage of the male-specific 5’ splice
site (HORABIN and SCHEDL 1993a,b), we propose that
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SXL PROTEIN

PRE-SPLICEOSOME COMPLEX

NON-PRODUCTIVE RNP COMPLEX

FIGURE 5.—snf’s role in Sx! splicing autoregulation: the
Sx1-U1 snRNP interaction model. In females, the male-specific
exon (exon 3) is excluded from the processed Sx/ mRNA.
The critical step in exon skipping is blockage of the male-
specific 5 splice site by the Sx] female-specific RNA binding
protein (black oval) that is bound to poly (U) sites within the
intron (see text for details and references). In this model we
propose that Sxl blocks recognition of this 5’ splice site by
forming a nonproductive (inactive) complex with the Ul
snRNP via its interaction with Snf. At unregulated 5’ splice
sites, the Ul snRNP is free to form a prespliceosome complex
with other splicing factors (indicated by the striped oval).
Interestingly, this regulated male 5’ splice site has a perfect
match (AG/GTAAGT) for base pairing to Ul snRNA, whereas
the competing 5’ splice site of exon 2 has a mismatch at the
highly conserved +5 residue (AG/GTAAAT) (MOUNT et al.
1992; HoraBIN and ScHEDL 1993a,b). As in other systems,
regulation of splice site selection may depend on differences
in the relative strengths of splice sites.

Sxl complexes with the Ul snRNP via its interaction
with Snf to block spliceosome assembly. In our SxI-U1
snRNP interaction model, illustrated in Figure 5, we
propose that the Sxl protein binds to its target se-
quences on the Sx/ pre-mRNA and blocks recognition
of the regulated 5’ splice site by forming a nonproduc-
tive (inactive) complex with the Ul snRNP by inter-
acting with the Snf protein. At unregulated 5’ splice
sites, the Ul snRNP is free to form a prespliceosome
complex with other splicing factors. Interestingly, re-
cent studies in both Saccharomyces cerevisiae and human
cells have failed to find a function for UlA in spliceo-
some complex formation (LIAO e al. 1993; JAMISON et
al. 1995). U1 snRNPs that are missing their UlA protein
component can still recognize and initiate spliccosome
formation at 5’ splice sites. These results raise the possi-
bility that snf’s function within the Ul snRNP is re-
quired only for modification of splice site selection.
Does Snf function with Sxl to regulate fra preemRNA
splicing? In addition to its autoregulatory function, the
Sxl protein also regulates the 3" splice site selection of
the tra pre-mRNA (SOSNOWSKI et al. 1989). Is snf also
required for tra pre-mRNA splicing regulation? Since
snf is necessary for SxI autoregulation and Sx! regulates
lra, genetic interaction assays do not allow us to distin-
guish between a direct interference with tra pre-mRNA
splicing and an indirect effect caused by reducing the
amount of available Sxl protein. Nonetheless, given that

Snfis an snRNP protein, it is tempting to speculate that
Snf is utilized by Sxl to regulate tra pre-mRNA splicing
by blocking 3’ splice site usage. In vitro studies have
suggested that Sxl competes with the U2AF protein for
a stable association with the pre-mRNA (VALCARCEL et
al. 1993). Since U2AF is normally present in the early
prespliceosomal complexes with Ul snRNP (BENNETT
et al. 1992; STAKINS and REED 1994), Sxl could actively
block spliceosome assembly by replacing U2AF in this
complex through an interaction with Snf.
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