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ABSTRACT

The Drosophila sex determination gene Sex-lethal (SxI)
controls its own expression, and the expression of
downstream target genes such as  transformer , by
regulating pre-mRNA splicing and mRNA translation.
SxI codes an RNA-binding protein that consists of an
N-terminus of [1100 amino acids, two 90 amino acid
RRM domains, R1 and R2, and an 80 amino acid
C-terminus. In the studies reported here we have
examined the functional properties of the different SxI
protein domains in RNA binding and in protein:protein
interactions. The two RRM domains are responsible for
RNA binding. Specificity in the recognition of target
RNAs requires both RRM domains, and proteins which
consist of the single domains or duplicated domains
have anomalous RNA recognition properties. Moreover,

the length of the linker between domains can affect
RNA recognition properties. Our results indicate that the

two RRM domains mediate SxI:SxI protein interactions,
and that these interactions probably occur both in cis
and trans . We speculate that cis interactions between
R1 and R2 play a role in RNA recognition by the Sxl
protein, while trans interactions stabilize complex
formation on target RNAs that contain two or more
closely spaced binding sites. Finally, we show that the
interaction of Sxl with the snRNP protein Snf is
mediated by the R1 RRM domain.

INTRODUCTION

regulatory mechanisms that operate at the level of alternative
splicing and mRNA translatioi(,13-17). The determined state

in females is maintained bySxl autoregulatory feedback loop
(10,11,18,19). In this feedback loop, SxI proteins promote their
own expression by directing the splicing machinery to exclude
the male-specific third exon, L3, from the mat&d mRNAS,
joining exons L2 and L4. Sxl proteins activate ttasformer

(tra) - doublesexemale differentiation pathway by directing the
splicing machinery to skip the default $plice site of thdra
pre-mRNA, joining the first exon to the femalk splice site
(12,16,20,21). In the absence of SxlI proteins, the male determined
state is maintained by the default splicingSod pre-mRNAs,
while the default splicing ofra pre-mRNA results in male
differentiation. TheSxl gene also negatively regulates the
X-chromosome dosage compensation system by preventing the
expression of thmsl-2gene. However, the regulationro$l-2is

not at the level of splicing; instead it appears to be at the level of
translation {3,15,22-24).

Some progress has been made in elucidating3xtdirects the
splicing oftra andSxlpre-mRNAs. Studies dra have suggested
that a blockage mechanism is used to promote the female-specific
splice (14,16,17,25). In the currently favored model, SxI protein
binds target sites in the polypyrimidine tract at the defastilRe
site. This prevents the general splicing factor U2AF from binding
to the default polypyrimidine tract, and instead U2AF assembles
a splicing complex at the weaker, downstream female-specific
acceptor site45). The mechanism employed $xl autoregulation
is clearly distinct from that proposed foa (26,27). First, there
are multiplecis-acting elements for Sx| protein both upstream and
downstream of the male exon L3. Of these elements, those
located downstream seem to be most critical for male exon

In Drosophila melanogastethe initial choice of somatic sexual skipping. Second, theis-acting elements are located at a

identity is made early in development in response to the primagpnsiderable distance from the male exoarél 5 splice sites.
sex-determining signal, the X chromosome to autosome ratidence, if SxI protein prevents general splicing factors from
(1-6). The female developmental pathway is selected when thénding to the male exon splice sites, it must do so indirectly, and
X/A ratio is one (2X/2A), while the male pathway is selectechot by competing for overlapping binding site@§+28).

when the ratio is one halfl{3,7). The binary switch gene  Sxltranscripts are subject to a number of alternative splices that
Sex-lethal(Sx) is the target for the X/A signaling system; it is are not sex specific but may be tissue or stage spez¥ig0j.
turned on in chromosomally female cells, while it remains off iWWhile these alternatively spliced mRNAs produce Sxl proteins that
chromosomally male cellgh,8). Once the pathway has beenhave slightly different amino acid sequences, all of the proteins
selectedSxlplays a central role in subsequent sexual developmeotntain two copies of the 90 amino acid RNA recognition motif
by directing both determination and differentiatidib(3-12).  (RRM, also known as the RNA-binding domain or RBD), RRM1
Sxl controls these facets of development by post-transcriptionéiR1) and RRM2 (R2)1(1,31). As expected from this homology,
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bacterially expressed Sx| protein binds to RNA, and can regulai¢ATERIALS AND METHODS
splicingin vitro (14,25,31-34). The sequence specificity of the ) ,
Sx| protein has been determined. Putative target sites wer@nstruction of recombinant SxI subclones

initially identified by molecular genetic analysis of the sequencesnhe individual RRMs of Sxl (R1, R2), or both RRMs together
required for the alternative splicingtod (16) andSxI(26,27). A (R12), were amplified from cDNA clone MS31) using specific
sequence of eight contiguous uridine residues found inti@th ligonucleotide primers that included noanHi sites at each
andSxlwas suggested as the likely target for Sxl protein. Dire@nd for subcloning into pBluescript. The primers were designed
binding of SxI protein to RNAs containing this sequence wagych that any combination of these RRM fragments generated
subsequently observed, and the strength of binding was foundf§ingBantl and in the correct orientation would automatically
decrease when the number of contiguous U residues was reducgw retention of the Sxl open reading frame. This property of the
Conversely, synthetic poly-uridylate is a potent inhibitor ofsybclones simplified the construction of the duplicate’ RRM
binding to the specific target sitds. vitro selection (SELEX)  fysions. The PCR clones were all verified by sequencing.
experiments with RNA substrates have confirrBzid preference The R1, R2 and R12 fragments were excised from pB|uescript
for poly(U) runs 83,35). In both theSxlandtra pre-mRNAs the  ysingXba andSal, and cloned into pGEX-KG between these
Sxl protein binding sites are often arranged as pairs of closedjtes to generate GST fusion clones G-R1, G-R2 and G-R12 in the
spaced poly U runs. For example, the detealpolypyrimidine  correct reading frame. For the G-R1R1, G-R2R2, G-R1-R2 and
tract has a canonicalgun, plus a secondsGUUG tract just ~ G-R2-R1 clones, ligations were performed with various mixtures
upstream. The Sxl protein binds with high affinity to therth,  of the individual RRM fragments generatedBaH| cleavage
and with lower affinity to the 5GUUG sequence(). Moreover,  of the pBluescript clones, followed by recloning into pBluescript.
the binding of a SxI protein to this lower affinity site appears tdmong the many possible ligation products, the appropriate
be stabilized by contacts with protein bound to the high affinitglones were identified by diagnostic restriction digestions, but
site. Itis thought that similar protein:protein interactions stabilizgrientations of the inserts and junction sequences crucial to
Sxl protein binding to the paired sites in Bx¢pre-mRNAs 84).  maintain reading frames were all verified by sequencing. The
Genetic studies have implicated three other geneSxin combined RRM fragments were recloned in pGEX-KG between
splicing regulation:sans-fille (snf, (9,36,37), fl(2)d (38) and  Xba andSal as previously%1). G-RIAR1 and G-RAR2 were
virilizer (39). While little is known about the molecular nature of generated by single-stranded oligonucleotide-directed mutagenesis
either fi(2)d or virilizer, the snf gene has been cloned, and itin pBluescript using deletion oligos designed to remove specific
encodes a protein homologous to the vertebrate proteins U1A agstiuences in the linker regions between the duplicated RRMs.
U2B" (36,40). These two proteins are components, respectively,
of the vertebre_lte Ul e_md U2 SnRNPs. Mutatiormﬂiipan have_ Sequences of Sxl subclones
female-lethal interactions witBxI mutations, and this genetic
interaction appears to be due to a failure in properly establishiddie general structure of the GST-SxI fusion proteins is as follows
or maintaining the female specific splicing pattern X [all amino acids except those labeled (SXL RRMs) derive from
pre-mRNAs 0,41). A plausible hypothesis to explain this the pGEX-KG vector; (LVPRGS) constitutes the thrombin
interaction is thaBxlmay regulate the splicing of the male exoncleavage site, with cleavage between the R and G residues]:
L3 by modulating the activity of the U1 and/or U2 snRNP through (GST functional  gene)-(LVPRGS)-PGISGGGGGILELVDP-
contacts with the Snf protein. Support for this hypothesis hdS$XL RRMs)-DPPGCRNSISSLSIPSTRAQA.
come from the finding that SxI and Snf proteins physically The precise Sxl-encoded sequences are as follpwheet
interact bothin vitro andin vivo (28). residues are in large type, those for R2 are as presenteddiyal.ee
The aim of the present work is to understand why the Sx#2); those for R1 from a survey of alignments in the literature
protein has two similar but not identical RRM domains. We havéhere is some disagreement as to the predicted locafleshefet
focused our attention on two of the known activities of the Sx# in RRM1). In these sequences, vertical bars have been inserted
protein, the recognition of target RNAs and protein:proteirt the junctions of RR'MS or duplications. The DP or D residues
interactions. Besides examining the RNA binding activity of théetween parallel vertical bars are not encoded by SxI but are
individual RRM domains, R1 and R2, we have asked whetherfgsidual from thd&anHi| sites derived from the PCR primers.

is possible to reconstitute the RNA recognition properties of the_r1 5| GSGGSDDLMNDPRASNNLIVNY LPQDMTDRE-
‘wild type’ SxI protein by duplicating either R1 or R2. We have| ya| FRAIGPINTCRIM RDYKTGYSEGYAFVDE TSEMDSQ-
found that the affinity and specificity of proteins containingg ajkvi NGITVRNKRLKY SYARPGGE.

duplicated RRM domains is not equivalent to that of the wild type

protein. Analysis of protein:protein interactions shows that RG-R2.LKVSYARPGGESIKDTNLYVT NLPRTITDDQLDTIFG-
and R2 can interact with each other and with themselves. TakkiYGSIVQKNIL RDKLTGRPRG/AFVRY NKREEAQEAISA-
together with the unusual RNA binding activity of an SxlI proteil-NNVIPEGGSQPISVRLAEE.

in which the order of the R1 and R2 domains is reversed, OW R12 SLGSGGSDDLMNDPRASNELIVNY LPQDMTD-
results suggest thats interactions between R1 and R2 may b ELYA.LFRAIGPINTCRIM RDYKTGYSFEGYAFVDE TSE-

important in the high affinity binding and sequence selectivity o DSQRAIKVLNGITVRNKRLKY SYARPGGHSIKDTNLY-
the wild type Sxl protein. Additionally it appears thedns VTNLPRTITDDQLDTIEGKYGSVOKNIL RDKLTGRPRG-

interactions between two Sxl proteins bound to adjacent sites
target MRNAs may be mediated by contacts between the S%FVRY NKREEAQEAISALNNVIPEGGSQPEVRLAEE.

RRM domains, rather than the N-terminal domain. Finally, w&-R1R1. SLGSGGSDDLMNDPRASNNLIVNY LPQDMT-
show that interactions between Sxl and Snf are mediatddRELYALFRAIGPINTCRIM RDYKTGYSFGYAFVDF TSE-
primarily by the first Sxl RRM domain, R1. MDSQRAIKVLNGITVRNKRLKY SYARPGGHDP|SLGSG-



GSDDLMNDPRASNTNLIVNY LPQDMTDRELYALFRAIG-
PINTCRIM RDYKTGYSFGYAFVDF TSEMDSQRAIKVLN-
GITVRNKRLKYV SYARPGGE.

G-RIAR1.SLGSGGSDDLMNDPRASNMNLIVNY LPQDMTD-
RELYALF-RAIGPINTCRIM RDYKTGYSFGYAFVDF TSEM-
DSQRAIK-VLNGITVRNKRLKY SYARPGGHD|RASNTNLI-

VNY LPQDMTDRELYALFRAIGPINTCRIM RDYKTGYSFG-
YAFVDF TSEMDSQRAIKVLNGITVRNKRLKY SYARPGGE.

G-R2R2 LKVSYARPGGESIKDTNLYVT NLPRTITDDQLDTI-
FGKYG-SVQKNIL RDKLTGRPRG/AFVRY NKREEAQEAI-
SALNNVIPEGGSQPISVRLAEE|DPILKVSYARPGGESIKDT-
NLYVT NLPRTITDDQLDTIFGKYGSVQKNIL RDKLTGRP-
RGVAFVRY NKREEAQEAISALNNVIPEGGSQPISVRLAEE.

G-R2AR2. LKVSYARPGGESIKDTNLYVT NLPRTITDDQLD-
TIFGKYG-SVQKNIL RDKLTGRPRG/AFVRY NKREEAQE-
AISALNNVIPEGGSQPISVRLAEE|D|GGESIKDTNLYVT NL-
PRTITDDQLDTIFGKYGIVQKNIL RDKLTGRPRG/AFVR-
YNKREEAQEAISALNNVIPEGGSQPISVRLAEE.

G-R1-R2.SLGSGGSDDLMNDPRASNNLIVNY LPQDMTD-
RELYALFRAIGPINTCRIM RDYKTGYSFGYAFVDF TSEMD-
SQRAIKVLNGITVRNKRLKY SYARPGGHDP|LKVSYARPG-
GESIKDTNLYVT NLPRTITDDQLDTIFGKYGSVQKNIL R-
DKLTGRP-RG/AFVRY NKREEAQEAISALNNVIPEGGSQP-
LSVRLAEE.

G-R2-R1.LKVSYARPGGESIKDTNLYVT NLPRTITDDQLD-
TIFGKYGSVQKNIL RDKLTGRPRG/AFVRY NKREEAQE-
AISALNNVIPEGGSQPISVRLAEE|DP|ISLGSGGSDDLMND-
PRASNTNLIVNY LPQDMTDRELYALFRAIGPINTCRIM RD-
YKTGYSFGYAFVDF TSEMDSQRAIKVLNGITVRNKRLKYV-

SYARPGGE.

Nucleic Acids Research, 1998, Vol. 26, No. 12627

LB+amp medium, grown for several hours, induced with IPTG for
3 h, then harvested, washed and frozen as cell pellets «€.—70
Soluble protein extracts were prepared as previously des@ibjed (
GST fusion proteins were purified by binding of soluble cell extracts
to glutathione—Sepharose (Pharmacia) equilibrated in 50 mM
HEPES—-NaOH, pH 7.9, 0.1 mM EDTA, 0.5 mM DTT (HED)
plus 0.1 M NaCl. Binding was for 45 min to 1 h at room
temperature. Beads were washed three times batch-wise with 10 bed
vol of HED + 0.6 M NaCl + 0.1% NP-40, followed by three
washes with HED + 0.1 M NaCl + 0.1% NP-40, followed by three
washes with HED + 0.1 M NacCl. Fusion proteins were eluted
from the resin batch-wise with 0.1 M Tris—HCI, pH 7.9, 0.1 mM
EDTA, 0.5 mM DTT, 0.01 M NacCl, 10 mM glutathione (Sigma).
Experimentation indicated that after purification NP-40 was
generally not necessary to maintain protein solubility or stability.

Protein concentrations were determined by soluble Coomassie
blue binding (BioRad) and absorbance at 595 nM with a bovine
y-globulin standard. Although the dye binding assay performs
variably with different purified proteins, we considered this
method sufficient given that the various GST-SxI fusion proteins
were so similar in design. Proteins were stored frozen &G-70
with little apparent loss of activity over time.

Thrombin cleavage of GST fusion proteins

Typically, 20 mg aliquots of fusions were treated with thrombin
(Sigma) at a ratio of 10 U of protease per mg of protein, from
several hours to overnight at room temperature. No attempt was
made to inactivate the protease; however, cleavage products were
stored frozen at —P@ to minimize over-digestion.

RNA binding assays

The GST-SxI-NT construct was generated by resecting a

full-length pGEX-SxI plasmid at thgall site in Sxl and religating Radioactive RNA probes (200 nt long) were synthesized from
at theHindlll site of pGEX-KG, thereby removing the C-terminal linearized PIP4 derivative plasmids as described in detail in
2/3 of Sxl coding sequence. The resulting fusion protein contaigamuelset al (31). The PIP4 insert is a wholly synthetic
approximately the first 90 amino acids of SxI based on the MSskquence developed to assay general splicing activity. The
sequence, and stops 15 amino acids before the beginning of hgivatives employed in the current work differ only at their 3
SxI RRM1-containing fragment (33 amino acids before the actuakceptor sites; the specific sequences are as follows:

beginning of RRM1 based on the consensus sequence). SxI-WT CCCAUUUUUUUUCACAG
SxI-Mut CCCAUUCUCUCUCACAG
Construction of recombinant Snf subclones PIP4 CCCUUUUUUUUCCACAG
PIP4-U, CCCCUUUUUUUCCACAG

Fragments of the Snf coding region were amplified from cDNAPIP4-U;(5A) CCCAUUUUUUUCCACAG

D25 (40) using appropriate oligonucleotide primers includingTra-WT CCCUCUUUUUGUUGUUUUUUUUCUAG
restriction sites for cloning the PCR products directly intoTra-Mut CCCUCUUUUUGUUGUUCUCUCUCUAG
PGEX-KG. GST-Snf-NC contains the entire Snf protein coding The SxI-WT sequence corresponds tolhmelanogastesx|
region. The Snf coding region was split between Snf-N and Snf-@ale exon acceptor; the Tra-WT sequence corresponds to the
at the position of the single intron in the Snf gene. GST-Snf-l®.melanogaster traon-specific acceptor site.

contains the first 118 amino acids of Snf, including the entire Three oligonucleotides were also used for the RNA binding
RRM1. GST-Snf-C contains the last 98 amino acids of Snissays. The sequence of the oligos are 1: CAUAUUUUUUUUC-
including the entire RRM2. AC, 2: CAUAUCUCUUUUCAC, and 3: UAUUUUUUUUG-
AUUUUUUUUCA. Number 1, or ‘mono’, contains a single
canonical Sxl binding site. This canonical binding site is mutated
by the introduction of two C residues in oligo number 2. Finally,
oligo number 3, or ‘di’, has two contiguous canonical SxI binding
MBP-SxI protein, unfused SxI protein and unfused Snf proteigites. The oligos were Bnd labeled wit2P using radioactive
were purified as previously describe®,31,40). pGEX derivatives ATP and T4 polynucleotide kinase.

were grown in DHEB bacteria. For protein overexpression, fresh Gel mobility shift and UV cross-linking assays were performed
overnight cultures were diluted 1/100 into 250-500 ml ofssentially as previously describ&d)(

Expression and purification of recombinant Sxl and Snf
proteins
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sxi | N | ®_ [ R [ ¢ of the unfused SxI protein or the MBP-Sx| proteit)( The R12
protein with (Fig2A), and without the GST moiety (not shown),
GST | GST ] binds with high affinity to SxI-Wt RNA containing a canonicgl U

Sxl recognition sequence, but poorly to the SxI-Mut RNA. When

G-R12 | GST H r1 | r2 J] . L . .
assayed with a spectrum of binding site variants, the G-R12
G-R1 | GsT 1 r1 f protein showed steadily decreasing binding in the series SxI-Wt
S — T w7 > PIP4-U(5'A) > PIP4 > PIP4->> SxI-Mut (see Materials and
Methods for sequence), exactly the same order as for MBP-SxI
G-RI1ART | GsT [ 1 | =1 (data not shown; segl). Finally, like MBP-SxI, the G-R12
ore | 557 T = 7 protein forms two successive complexes on an RNA containing
the Tra-Wt default acceptor site; the first on the canonigal U
GReR2 | GsT il =2 § =2 J sequence, and the second on the weaker upstream binding site
G-R2aRe [ GST H r2 [ =2 J (not shown; se@1). However, the yield of the slower migrating
GR1-R2 | GST I L § ®rz [ (presumably) dimeric complex was reduced compared to MBP-SxI,
‘ suggesting that G-R12 may have lost some protein:protein
G-Re-R1 [ GsT il =2 H =1 J interaction capabilities. These results, as well as studies by others
GST-SxINT | GST [ s=in [ (32,45), indicate that the R12 protein retains most of the RNA
recognition properties of intact Sx.
G-Snf | GsT [ snfN | snfc [ We next examined the fusion proteins G-R1 and G-R2 which
G-SiN | asT T satn J) contain only a single RRM domain (Fi). While we did not
detect RNA:protein complexes with G-R1 or G-R2 in gel shift
G-SnfC [ GST ] snfc

assays, UV cross-linking experiments indicate that each domain
alone is capable of sequence specific interactions. In the
Figure 1. Schematic diagram of fusion proteins. Structures of the various experiment shown in F',gu@ the SxI Wt OllgO #1 was used as
GST-Sxl and GST-Snf fusion proteins are shown. The unfused Sxl and GSR prob_e for UV (_:ross-llnklng. Both G-R1 and G-RZ_ COL_“d be_
shown at the top are for comparison. Shaded and diagonally or horizontallcross-linked to oligo #1; however, based on the relative signal in
hatched boxes represent novel linker sequences between domains or at tfigis and other experiments, the binding activity of the individual
C-terminus. Thick vertical lines between duplicated SxI R1 or R2 domains in e _ _
G-R1AR1 and G-R2R2 represent shortened novel linker sequences. Only domams IS greatly re_duced_c_ompared to G-R12 (OI’ MBP SXl)'
G-R12 and G-Snf retain unmodified wild type linker sequences between the/Ve estimate the binding activity of the R1 tolti#60-1/80 that

RRM domains. The SxI N-terminal domain has amino acids 1-92; the R10f G-R12, while R2 i§11/100. Comparable results were obtained
protein has amino acids 107206 and the R2 protein has amino acids 203-294ith oligo #3 (which contains two canonical Sx| binding sites)
For all specific sequences see Materials and Methods. and with longer RNA probes.

Like G-R12, the single domains showed little or no cross-linking
to the Sxl Mut oligo (#2) suggesting that they are capable of
discriminating between different polypyrimidine sequences (data
not shown). On the other hand, the individual domains seem to be
Western blots were performed with anti-Sx antibodies as previoudi§ss specific than G-R12. This is suggested by experiments in
described %,28,31). Far western blots with biotinylated SxI or Which the binding of the individual RRMs to oligo #1 (SxI Wt),

Protein blotting assays

MBP-Sxl were performed as previously describig).( is competed with cold oligos #1 or #2 (SxI Mut) (F#4\) or
various homo and mixed sequences polymers (not shown).
Co-immunoprecipitation assays Binding of G-R1 and G-R2 to the Wt oligo could be competed not

only with cold Wt oligo but also with cold Mut oligo. In contrast,
In vitro co-immunoprecipitations were performed essentially afor G-R12, cold SxI Wt oligo is a much more efficient competitor
described previously?3,44). Chemical cross-linking of protein-A than the SxI Mut oligo.
Sepharose beads was performed as described in Harlow and Lane

44). - . .

(44 Binding activity of duplicated SxI RRMs

RESULTS The results described in the previous section indicate that the
RNA binding of the SxI RRM domains single RRM domains have RNA recognition properties that are

guantitatively and qualitatively different from those of G-R12.

We have previously shown that a full-length SxI protein, eitheAn obvious question is whether it is possible to generate a protein
alone or when fused to the maltose-binding protein (MBP-Sxlith the affinity and specificity of R12 by simply duplicating
is capable of high affinity sequence-specific RNA bindid).(  either the R1 or R2 domain. To answer this question, we generated
In order to learn more about the contributions of the different Sxthe fusion proteins G-R1R1 and G-R2R2 (Hig.An intrinsic
protein domains to RNA binding, we expressed and purified problem in designing these duplicates is setting the length (and
series of GST-Sxl fusion proteins (Fif)). We focused our nature) of the amino acid sequence that serves as the linker
attention primarily on the two RRMs of SxI, R1 and R2. between the tandem RRM domains. This is a potentially

The first fusion protein examined was G-R12 which containgnportant issue for two reasons. First, theoretical calculations
both SxI RRM domains but lacks the N- and C-terminal domaingredict that as the linker length decreases (assuming a flexible
(Fig. 1). Gel shift and UV cross-linking assays indicate that tha@on-interactive linker), the binding affinity of a multi-RRM
RNA recognition properties of G-R12 are quite similar to thoseélomain protein should increase, approaching the product of the
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Figure 2. Gel mobility shift assays with duplicated R1 and R2 fusions. Varying concentrations of fusion proteins were incubateRMts: SxI-WT and SxI-Mut,
and electrophoresed on native acrylamide gels as described in Materials and Methods. The unbound RNA species is iretatethagifht side of each panel.
Bound species are indicated either as ‘bound’ or as complex ‘C1’ or ‘C2’ as appropriate. All protein concentrationsmareyfiread concentrations in the binding
reactions.A) G-R12 at 170, 85, 42.5, 21.2, 10.6, 5.3, 2.6, 1.3, 0.66, 0.17 nM with SXIWT RNA; G-R12 at the same concentrations WRINSXI@LG-R1R1

at 100, 50, 25, 12.5, 6.2, 3.1, 1.6, 0.78, 0.39, 0.1 nM with SXIWT RNA; G-R1R1 at the same concentrations with SxIMZ)} GNAR1 at 100, 50, 25, 12.5,
6.2,3.1, 1.6, 0.78, 0.39, 0.1 nM with SXIWT RNA; GARIL at the same concentrations with SxIMut RN2). G-R2R2 at 170, 85, 42.5, 21.2, 10.6, 5.3, 2.6, 1.3,
0.66, 0.17 nM with SXIWT RNA; G-R2R2 at the same concentrations with SxIMut F)I&-R12 at 170, 42.5, 10.6, 2.6, 0.66, 0.17 nM with SXIWT RNA; G-R2R2
at 200, 83, 35, 14.5, 6.0, 2.5 nM with SXIWT RNA; GARZ2 at 200, 100, 50, 25, 12.5, 6.2 nM with SXIWT RNA.

binding affinities of the individual RRMs16). Conversely, the closer to that of native Sxl. The RNA binding properties of these
binding affinity should decrease as the linker length increaseduplicates are summarized here.

ultimately equalling only twice the affinity of the individual

domains. Second;is (and trans) protein:protein interactions G-R1R1 Unlike G-R1, the duplicated RRM1 fusion, G-R1R1,
between the homologous (or, in the case of R12, heterologodsymed complexes with wild type Sxl RNA that could be detected
RRM domains could play a critical role in the RNA recognitionusing the gel shift assay. However, the binding activity of the
capabilities of the duplicate fusion proteins (8€and below). G-R1R1 duplicate in both gel shift and UV cross-linking assays
Suchinteractions may be dependent upon the length and/or natisreeduced compared to the G-R12 fusion protein. In the gel shift
of the linker. The G-R1R1 linker is 25 amino acids, while theassay using wild type SxlI RNA, higher concentrations of input
G-R2R2is 21 amino acids (Materials and Methods). Both of thegeotein were required to detect levels of shifted complex
linkers are significantly longer than the native R12 Sxl linkeequivalent to that formed with G-R12 (compare Eywith A).
sequence which is only 9 amino acids. For these reasons meaddition, the G-R1R1 protein is unusual in that it forms both
generated a second set of duplicates, @FR1and G-RaR2, a primary complex and a second more slowly migrating complex
whose linker sequence (10 and 12 amino acids respectively)(resumably a dimer) on SxI-Wt RNA. In contrast, G-R12 does
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A G-R12 G-R1 G-R2 concentrations no primary complexes are detectedZB)gOn
MWEABC MWEABC MWt A B C the other hand, we do detect significant amounts of a more slowly
migrating secondary complex, presumably a G-R1R1 dimer.
® : Moreover, the yield of this secondary complex is nearly
sas ™ equivalent to that observed with the SxI-Wt RNA (R26).
- Similar results were obtained for the Tra-Wt and Tra-Mut RNAs
(not shown).
These findings suggest that the G-R1R1 protein is capable of
discriminating between canonical and non-canonical Sxl binding

G-R12 G-R2R2 G-R1AR1 sequences; however, it also appears that some typesnef
e e |*'UT| ot | oy protein:protein interaction (see also GARIL below) can
ACU : ACU uc ACU

stabilize inappropriate complexes with hon-canonical sequences.
Additional evidence that the G-R1R1 protein is less able to
discriminate between canonical and non-canonical sequences

r | o8
LT T ’ & .’.u b than G-R12 comes from experiments in which cross-linking to
. Sxl oligos is competed with poly U and UC and ACU random
co-polymers. While the cross linking of both proteins to Sxl
i oligos is strongly competed by poly U, the two proteins differ
substantially in their sensitivity to the UC and ACU co-polymers.
Figure 3. RNA binding and competition assays for fusion proteins containing the I the case of the G-R12 protein, the UC polymer is a moderate
single RRM domains, R1 and R2. In the experiment shown in this fig)réaé to weak competitor, while the ACU polymer is a very poor
Sxl fusion proteins G-R12, G-R1 and G-R2 were incubated with oligo #1 competitor (Fig3B). In contrast, the binding to G-R1R1 to the

(‘Mono’). This oligo is 15 nt in length and contains a single canonical Sx! protein gy | oligos is readily competed by both the UC and the ACU
binding site. RNA binding was detected by UV cross-linking the oligo to the |~ | dat t sh

protein. The samples were then analyzed by SDS—-PAGE. For G-R12, the initigf O-POlymer (data not shown).

input of protein in lane A is 30 nM, while it is 600 nM for G-R1 and G-R2. In

lanes B and C, the amount of input fusion protein is successively reduced 2-fold- s : :

Cold competitor RNA, oligo #1 (W) and oligo #2 (M) were added as dG-R]ARl._The_ reduction in the Iength of the linker separating the
indicated. Oligo #2 is 15 nt in length and contains a mutated Sx| protein bindindX1 domains in the G-RR1 protein has two effects on RNA
site in which two of the U residues were replaced by C residues (Materials an®inding. First, as predicted ), shortening the linker increases
Methods). Protein concentrations were the same as in lane A. Final concentratidine overall binding activity of the fusion protein in both gel shift
qu EaCh C‘c’j'd Compte.tt_itor wisi0 “M_-té?r)] D“p"dcate fUS‘OrI‘ F’mtems-lug Srose: @nd UV cross-linking assays. Second, it markedly stimulates the
inking and competition assays with the random co-polymers, po and po : . - .

ACU.The fusion Droteins G.R12, G.R2R2 and GR1 (at 003,007 and . formation of oligomeric protein:RNA complexes. Both of these
0.07 uM) were incubated with radioactively labeled oligo #1 either without €ffects are illustrated in the gel shift assay using SxI WT and SxI
(central lane for each fusion protein) or with increasing concentrations of theMut RNAs shown in Figur@C.

random co-polymers, poly UC (left arrow) or poly ACU (right arrow). G-R1AR1 complexes with SxlI Wt RNA can be detected at

Concentrations of the random co-polymers were 0.004, 0.01 and 0.02 mg/m : : : _
The binding of the fusion proteins to labeled oligo #1 was assayed by UV‘OWer protein concentrations than those required for the G-R1R1

cross-linking. Oligo #1 is 15 nt in length and contains a single canonical SxITUSIONS (compare FiQB and C). In ad(_jition, U_n"ke G-RIR1, the
protein binding site. G-R1AR1 duplicate is able to gel shift an oligo containing only

a single Sxl protein binding site (not shown). However, the

binding activity of G-RA\R1 is still reduced compared to G-R12
not usually form dimers with SxI Wt RNA (Fi@A) though  (>10-fold). The difference in the binding activity of GAR1
dimers are observed with substrates that have two closely spaeedl G-R12 in the UV cross-linking assay is smaller, only about
Sxl binding sites. 3-6-fold for both the single and double site oligos.

Differences between G-R1R1 and G-R12 are also evidentThe most remarkable property of the GARIL protein is its
using oligonucleotides containing either one or two SxI Wpropensity to generate a ladder of discrete shifted bands. As
binding sites. While G-R12 gel shifts the 15 nt oligo #1 (ondlustrated in Figur&C, at least six shifted products can be seen
binding site), G-R1R1 complexes with this oligo do not surviven the ladder formed with the SxI Wt RNA. Multiple bands are
gel electrophoresis. G-R1R1 does shift the 22 nt oligo #3 (tweven observed in gel shifts with the oligos containing one and two
binding sites); however, the binding activity of the duplicateSxl binding sites (not shown). As evident from a comparison of
fusion protein is substantially less (>50-fold) than that of G-R1the G-RNR1 gel shifts with the SxI WT and SxI Mut RNA
(not shown). Though the difference in binding activity of the twesubstrates (see FigC), the production of both monomeric and
proteins is not as pronounced in UV cross-linking assaysiultimeric complexes is only slightly sequence specific. The gel
(only(115-20-fold for the oligo #1 and3—10-fold for the oligo shift patterns with these two RNA substrates are remarkably
#3; not shown), G-R1R1 still binds less well to the shorter singlemilar and there is only a small decrease in shifted band intensity
binding site substrate. This apparent preference for largaith the mutant RNA. Similar results were obtained using
substrates containing two binding sites could mean thdira-WT and Tra-Mut RNA.

G-R1R1:RNA complexes are stabilizedtbgns protein:protein The inability of the G-RARL1 fusion protein to discriminate
interactions. This possibility is supported by gel shifts using thbetween different RNA sequences is also evident in competition
SxI-Mut RNA. Although G-R12 binding is significantly reduced experiments. In the UV cross-linking experiment shown in
by mutations in the poly U run, this protein does form primaryigure3B, the binding of the G-R12 and G-B8R1 to the oligo
complexes with SxI-Mut RNA at high concentrations (2#)).  containing two SxI protein binding sites was competed with
However, this is not the case for G-R1R1; even at very higincreasing concentrations of either UC or ACU random co-
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polymers. The cross-linking of the G-R12 fusion is reduced by thdifference in RNA binding activity in the UV cross-linking assay
UC polymer only at the highest concentrations, while even at highith oligos containing either one or two SxI binding sites @).
concentrations the ACU polymer has little effect. A quiteMoreover, like G-R12, G-R1-R2 retained good sequence specificity,
different result is obtained for G-RR1; both the UC and ACU and was able to discriminate between SxI-Wt and SxI-Mut RNAs
co-polymers are quite efficient competitors, and there is @ig.5B). Thus, altering the linker sequences between R1 and R2
substantial drop in the yield of cross-linked Sxl oligo even at thim the RRM1-RRM2 protein had a much less profound effect on
lowest polymer concentrations. Hence while the reduced linkéis RNA recognition properties than was observed for the
length of the G-RAR1 protein facilitates cooperative binding to duplicated RRM proteins.

RNA substrates, a consequence of this enhanced cooperativity is

a substantial reduction in recognition specificity. Reversing the order of the RRM domains gives a protein

G-R2R2 Of the four duplicate RRM domain fusion proteins, theWIth unusual RNA binding properties
G-R2R2 fusion most closely resembles G-R12. The G-R2R@&/ also generated a novel fusion protein, G-R2-R1, in which we
fusion protein has relatively strong RNA binding activity in gelreversed the order of the two RRMs. In gel shift assays using the
shift assays with the SxI-Wt RNA probe (F2), with PIP4and  Sx| Wt probe, the G-R2-R1 fusion protein showed only very
Tra RNA and with the oligos (not shown). However, it is cleakveak binding to SxI-Wt RNA, much less than either G-R12 or
from side-by-side comparison that the binding of G-R2R2 tG-R1-R2. As can be seen in Figw€, virtually no primary
these different substrates is still weaker than that of the intagdmplex is formed even at quite high protein input. On the other
G-R12 fusion (>15-fold). The differences in binding activity hand, we do observe a fairly prominent band corresponding to the
estimated from the UV cross-linking assay are slightly smallesecondary complex. This unusual behavior is also evident in UV
[b-fold for the two oligo substrates. cross-linking assays. As shown in FigdiB the G-R2-R1 fusion

The G-R2R2 protein also exhibits sequence specificity in thgrotein shows substantially less cross-linking to oligo #1 which
gel shift assay, and, as shown in Figtidebinding to the SxI-Mut  contains a single binding site than either G-R12 or G-R1-R2. A
RNA probe is clearly weaker than to the SxI-Wt probe. Howeveguite different result is obtained when the oligo containing two
the specificity of this protein for the SxI Wt probe is notSxl binding sites (#3) is used as a probe. As can be seen in the
equivalent to G-R12 (compare FigD with A). Competition  second part of FigurdD, the RNA binding activity of the
experiments also indicate that G-R2R2 protein discriminates-R2-R1 protein is essentially equivalent to G-R12 (or G-R1-R2)
rather poorly between canonical Sxl protein binding sites anghen there are two SxI binding sites. One plausible hypothesis to
other RNA sequences. Like both of the RRM1 duplicates, thexplain the unusual behavior of G-R2-R1 is tigprotein:protein
binding of G-R2R2 to Sxl oligos is readily competed by both ofnteractions between R1 and R2 increase the affinity and/or
the non-specific random polymers, UC and ACU (BEj). specificity of SxI protein. Theseis R1:R2 interactions cannot

. . , , .. occur when a single G-R2-R1 protein moiety is bound to RNA;
G-R2AR2.While shortening the linker length in the R1 duplicat ey 4
had the expected effect of increasing binding affinis),(this enowever, when there are two G-R2-R1 proteins bound to closely

was not the case for the R2 duplicate, @R2. As illustrated in spaced sites on an RNransR1:R2 protein:protein interactions

Figure2E, we found that G-R¥R2 showed substantially weaker can occur which reproduce the normal Rlddnteractions.
RNA binding activity than G-R2R2. Similar results were - . .
obtained in UV cross-linking assays. With the oligo containing £X! Protein:protein interactions

single Sxl site the RNA binding activity of the GAR2 protein  The results described above (see 8l564,45) indicate that the

in the cross-linking assay is as much as 25-50-fold less than thg{ding of SxI protein to RNA can be stabilized by protein:protein
of G-R12 (not shown). This level of activity is only about twiceinteractions. Two types of protein:protein interactions are suggested.
that of the single R2 fusion protein, and suggests that thee first aretrans interactions between the RRM domains of
reduction in the length of the linker sequence between the Wooteins bound to nearby sites. The seconctiariateractions
RRM domains may interfere with the ability of the two R2petween two RRM domains within the same protein. Since these

domains to simultaneously bind RNA. interactions were detected in the presence of target RNAs, it is not
clear whether they are dependent upon RNA binding or can occur
Linker effects on combined RRM1 and RRM2 in the absence of exogenous RNA. To investigate this question we

] . ) ) ~used biotinylated Sx| protein (either unfused or MBP-SxI) to
Since changes in the length of the linker region separating thgobe western blots containing full length SxI and various GST
RRM domains altered the RNA binding properties of theuysjon proteins.
duplicate fusion proteins, we decided to examine the effect ofwe found that full length (unfused) SxI protein labels both
spacing on the G-R12 protein. For this purpose we generateqigused Sxl and MBP-Sx| but not GST (Fig) or MBP (data
fusion protein, G-R1-R2, in which the length of the linkernot shown). Similar results were obtained when the MBP-Sx

sequence between the two domains is increased compared to fhafon protein was used as a probe. These findings indicate that
in G-R12 (see Materials and Methods for construction, and detaﬂq‘;e SxI:Sxl interactions can occur in the absence of added

of the structure). Except for the extra amino acids between the téRogenous RNA.
domains, G-R1-R2 is identical to the initial G-R12 fusion.

In spite of the increased spacing between R1 and R2, G-R1-
bound RNA strongly (Fig4A). In side-by-side comparisons
using the Sxl Wt probe, the binding activity of G-R1-R2 in the gePrevious studies by Wang and Bélk) suggested that theans
shift assay using the SxI-WT RNA probe was only slightlySxl:SxI protein interactions observed in RNA binding experiments
weaker than that of G-R12 (FigA). There was also little are mediated by the N-terminal domain. Although a comparision of

Iﬁ%\pping the Sxl interaction domains
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the RNA binding properties of the G-R12 protein with full length
SxlI (MBP-SxI or unfused Sxl) also suggested that the N-terminal
domain may enhance cooperatiirans interactions (data not
shown), the contributions of the N-terminus appeared to be relatively
minor. In contrast, our analysis of the RNA binding properties of
proteins containing duplicated or reversed RRM domains indicates
that RNA dependertitans (andcis) protein:protein interactions are
likely to be mediated by the SxI RRM domains themselves. To
further explore the role of the different SxI protein domains in
protein:protein interactions, we probed western blots of GST
fused to different SxI domains with either the full length (unfused)
Sxl protein (Fig5A) or the MBP-SxI protein (not shown).

Unlike either the unfused Sxl protein or the MBP-SxI protein,
the SxI N-terminus fusion protein, GST-NT, is not labeled by the
biotinylated SxlI protein probe (FigA). Although this is a
negative result, it would suggest that the N-terminus is probably
not responsible for the Sxl protein:protein interactions we detected
in western blots. This suggestion is supported by experiments in
which we used biotinylated GST-NT to probe western blots: the SxI
N-terminus did not label any of the Sxl proteins (not shown).

A quite different result is obtained for the RRM domains. As
can be seen in Figued, all of the GST fusions containing the
RRM domains are labeled with the SxI probe. Additionally, the
signal observed for the R2 fusions (either the single: G-R2 or the
duplicate: G-R2R2) is stronger than that observed for the RRM1
fusions (single: G-R1 and duplicate: G-R1R1). Though the
difference in signal between the two RRM domains is small, it is
consistently observed in the far western experiments.

To provide additional evidence that the individual RRM
domains are capable of protein:protein interactions we probed
western blots containing different Sxl proteins with either G-R1
or G-R2. In the example shown in Fig&i®, we probed a blot
containing increasing concentrations of G-R1 and G-R2 with
labelled G-R2 protein. This experiment shows that G-R2
recognizes itself and G-R1 but does not label GST. Similar results
are obtained when G-R1 is used as the probe. These findings
indicate that the two RRM domains are capable of both
homotypic and heterotypic interactions.

Protein:protein interactions detected by immunoprecipitation

The results described in the previous section map the SxI:Sxl
interaction domains to the two RRM domains, R1 and R2. To
confirm this finding we asked whether the two RRM domains can

Figure 4. Gel mobility shift and UV cross-linking assays with novel combined
R1 and R2 fusions. Gel mobility shift assays in (A)—(C) were performed as
described in Figure 2A( G-R12 at 260, 130, 65, 32.5, 16.2, 8.1, 4.1, 2.0, 1.0,
0.25 nM with SXIWT RNA; G-R1-R2 at 300, 150, 75, 37.5, 18.8,9.4,4.7, 2.3,
1.2, 0.3 nM with SXIWT RNA.B) G-R1R2 at 300, 75, 18.8,9.4,4.7,2.3, 1.2,
0.3 nM with SXIWT RNA; G-R1-R2 at the same concentrations with SxIMut
RNA. (C) G-R12 as in (A) with SXIWT RNA; G-R2-R1 at 300, 150, 75, 37.5,
18.8, 9.4, 4.7, 2.3, 1.2, 0.3 nM with SXIWT RNA)(shows the UV cross
linking of the three SxI fusion proteins, G-R12, G-R1-R2 and G-R2-R1, to oligo
#1: ‘Mono’ (Materials and Methods) and oligo #3: ‘Di’. Oligo #1 (Mono) is 15 nt
in length and contains a single canonical Sxl protein binding site while oligo #3
(Di) is 22 ntin length and contains two contiguous SxI protein binding sites. As
indicated by the arrows for each fusion protein, the highest protein concentration
is in the reaction mix loaded in the left-most lane. The input fusion protein is
then diluted 2-fold in each successive lane. The amount of input G-R12
beginning with the first lane of the series is 75, 37.5, 18.7, 9.4, 4.5 nM, while
for G-R1-R2 and G-R2-R1 the input protein is 120, 60, 30, 15, 7.5 nM.
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protein does bind to beads containing the GST-Sxl fusion G-R12
(Fig. 5C). As was observed in the far western experiments, the
interaction capabilities of the two RRM domains in this binding

assay are not entirely equivalent. In general, the amount of SxI
protein bound by G-R1 is somewhat less than that bound by G-R2

(see Fig5C). Similar differences are evident for the duplicate
RRM fusion proteins (compare the R1 duplicate G-R1R1with the
R2 duplicate G-R2R2). We also asked whether the interactions
between Sxl proteins could be stimulated by the addition of
exogenous RNA; however, no effects were observed (not shown).
The yield of SxlI protein in the immunoprecipitates was also
R2 unaffected by the addition of RNase (not shown).

Protein:protein interactions between Sxl and Snf

. —— One of the genes thought to play a key roleSi splicing

regulation issnf The first snf mutation identified was the
anti-morphic female sterile alleld,621 snfl621 females are
sterile because their germ cells exp&d# the male rather than
the female moded(37,41). This germline defect appears to be
due to a failure to properly activate and/or maintain $ké
autoregulatory feedback loop, and the sterilitgrft21females
can be completely rescued by gain-of-functfexi mutations
which constitutively splicesx| transcripts in the female mode
(41). Defects inSxlautoregulation are also evident in the soma.
In contrast to wild type, the somasuiflé2lfemales has small but
readily detectable amounts of male spli€dmRNA (41). In
addition, snfl621 shows synergistic female-lethal interactions
with loss-of-functiorSximutations §,36,41). As in the germ line,
these lethal interactions appear to be due to a failure Bxthe

_ o o _ _ autoregulatory feedback loop in early embryos.
Figure 5. Sx| protein interacts with itself vitro. (A) Detection of SxI-SxI

interactions by far western blots. Various Sx| fusion proteins were expresse! Thesnfgene encodes a prOtein which consists of two CIOSEIy
and purified as described in the Materials and Methods. These fusion protein%pa‘cecI RRM domains. The_ Snf RRM domains show eXte_ntc"Ve
were run on SDS-PAGE and transferred onto nitrocellulose. Biotinylated,hOmMology to the RRM domains of two related vertebrate splicing
unfused SxI fusion protein was used to probe western blots of purified,factors, U1A and U2B(36,40). U1A is a component of the Ul
recombinant Sxl sub-fragments. Binding of biotinylated Sxl was visualized by snRNP, while U2Bis a component of the U2 snRNP. Snf appears
chemiluminescence. Samples as loaded from left to right: GST-NT (Sxl . ; ; ;
N-terminus fused to GST), MBP-Sx, unfused Sxi, GST alone, G-R1, 6-r1r1, 10 P€ the fly equivalent of these two vertebrate proteins and is
G-R2, G-R2R2 and G-R1BY Individual RRMs can interact with each other in found in both the U1 and the U2 snRNE§40). Studies on the
far western analysis. Increasing concentrations of G-R1 and G-R2 were run oRRNA binding properties of the vertebrate U1A and UgBbteins
SDS-PAGE and transferred onto nitrocellulose. Biotinylated, G-R2 fusion proteinindicate that the N-terminal RRM domain of these proteins is
was then used to probe the western blots. Binding was visualized by chemi esponsible for recognition of the cognate snRNAs while the
luminescence. Note that no binding is observed in the lane containing the GS t inal RRM d . 20). This al t' be t
protein control.€) Detection of SxI-Sxl interactions by immunoprecipitation. For " ermina omain IS no O) 1S a_so seems lo be frue
in vitro imunoprecipitations, different purified GST Sxl fusion proteins were for the D:melan()gaSteSnf protein (unpublished data). ]
preincubated with GST antibody beads for 2 h at room temperature. The loaded In addition to the anti-morphit621allele otheisnf mutations
beads were then incubated in the presence of equal quantitites of biotinylategye been recovere®fd). One of thesesnfPA2 deletes the
Sxl for 2 h at room temperature. The beads were washed with immunoprecipitatiops _ ; ; Ce ;
buffer and eluted by boiling them in SDS—PAGE sample buffer. Samples wereE: terminal RRM qomam' Remarkably’ fl|e§ hemlzgyogs or
run on gels and transferred onto nitrocellulose. The binding of biotinylated SxNOMOzygous for thIS hypomorphic allele are viable and fertile. By
was visualized by chemiluminescence. The samples in the lanes from left t€ontrast, a deletionsnP210 that removes both the N- and
right were obtained from GST beads loaded with: GST alone, G-R1, G-R2C-terminal RRM domains is lethal. Like the antimorpj;m
G-RIR1, GT-R2R2, G-R12, G-R1, G-R2 and G-R12. allele,snfL621 hothsnPA2andsnP219how synergistic female-lethal
interactions withSxl mutations; however, these interactions are
less severe than those observedififh21(36). ThesnPA7snP210
co-immunoprecipitate biotinylated SxI protein. For this purposéjeteroallelic combination alsexhibits defects in oogenesis
equal quantities of the different GST-SxI fusion proteins whersimilar to those found ianfl621females.
bound to Sepharose beads by covalently coupled anti-GSTIn previous work, we have shown that SxI and Snf are part of a
antibody. Each preparation of beads was then incubated witirge immunoprecipitable complexvivo, and can interact directly
biotinylated SxI protein. After collecting and extensively washingvith each othein vitro. (28). Since the experiments of Flickinger
the beads, the bound biotinylated Sx| protein was released byd Salz 6) suggest that the N-terminal RRM domainsof is
boiling and analyzed by gel electrophoresis and blotting. essential for both viability arfaxl autoregulation, we would expect
As can be seen in FiguB€, Sxl protein does not bind to the that this domain mediates not only Snf-snRNA interactions but also
control beads containing unfused GST protein. In contrast, S8nf-Sxl interactions. On the other hand, though deletions of the

C GST RI R RIRI RZREI RI2 Rl Rl RI2
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C-terminalsnfRRM domain are viable, they are not completely wild A SNF SNF  SNF
type with respect tBxlautoregulation. This raises the possibility that N+C C N
the C-terminal domain might also participate in Snf-Sxl interactions. "

To investigate these questions, we isolated GST fusion proteins i

containing either the N- or the C-terminal Snf RRM protein
domains, and as a positive control, the full length Snf protein. These
Snf proteins were then tested for interactions with SxI using either
a far western or co-immunoprecipitation assay.

In the experiment presented in Figu@&, Sx| protein was
bound to Sepharose beads by covalently coupled SxI antibody. gl
Aliquots of the Sxl:Sepharose beads were incubated with equal i
guantities of the three different GST-Snf fusion proteins. Any
bound GST-Snf fusion protein was then visualized by western
blotting using anti-GST antibody. As expected from previous B
studies 28), the GST-full length Snf protein but not GST alone
(not shown) is co-immunoprecipitated by SxI protein. Also
detected in the SxI immunoprecipitates are the N- and the
C-terminal Snf fusion proteins. Usually the yield of the C-terminal -
Snf fusion protein is somewhat less than the N-terminal fusion —
protein; however the difference is small. Similar results were
obtained when western blots of the three GST-Snf fusion proteins
were probed with biotinylated SxI protein (data not shown).

SxI-Snf interaction is mediated primarily by the Sxl RRM1
domain GST RI R2 RIRI R3R2 RI2

We next asked which domains of the Sxl protein are responsible
for the SxI:Snf protein interactions. For this purpose, partiallyrigure 6. (A) Snf subdomains interact with Sxi. Purified SxI protein was
purified full length Snf protein was bound to Sepharose beads hyotinylated as described in Materials and Methods. Sepharose beads containing
covalently cross-linked Snf antibody. After incubating the covalently coupled SxlI antibody were incubated with SxI protein. The Sx|
different GST-SxI fusion proteins with the Snf beads, the leantibody beads were then incubated with equal quantities of the different
- . - - . ' GST-Snf fusions. The beads from each incubation mixture were collected,
pI’OtQIn aS$0C|ateq with the Snf bea‘?'s was visualized by WeSte\';\Qshed and eluted by boiling in the presence of SDS-PAGE sample buffer.
blotting using antibody directed against GST. The results of thiSamples were run on SDS-PAGE gels, transferred to nitrocellulose and
experiment are presented in Figbi Like full length SxI (not  detected by probing the western blots with anti-GST antibody. Samples as
shown; see 28) the GST fusion protein containing the two SxI RRNpaded f:jo_m {ﬁﬂ tﬁ ;'ght_ Glsgglf\‘/lf P‘C} GST'tSr_‘f ? GS;'StEbe- LWO bagdf e
: ; ; L served in the N-terminal usion protein lane. Both bands are detecte
domains, G-R12, can be deteCted. in the Snf. |mmunoprec_:|p|tates.i Coomassie stained gels. The lower band appears to correspond to a
contrast, the unfused GST protein control is not found in the Srifoteolytic breakdown producB) RRM R1 of Sxl recognises Snf. Partially
immunoprecipitates. Of the GST-SxI fusion proteins tested, onlyurified Snf protein was bound to Sepharose beads containing covalently
those conta_ining the first RRM domain, R1, are immunoprecipita_tedoupled Snf antibody . The Snf Sepharose beads were incubated with different
by Snf. As can be seen in Figl@@ both G-R1 and G-R1R1 are Sxl sub-fragment GST fusions in the presence of immunoprecipitation buffer.
f d in the Snfi . .t’ t hile G-R2 and G-R2R -The beads were washed, boiled with sample buffer and subsequently run on
ound in the snt Immunoprecipitates, wniie ,an A 2SDS—PAGE. The gels were transferred and blots probed with anti-GST
are not. We also tested whether the SxI N-terminus is able tgntibody. Samples as loaded from left to right: GST alone, GST-R1, GST-R2,
interact with Snf; however, no interactions were observed (dat&ST-R1R1, GST-R2R2, GST-R12.
not shown). The specificity for the R1 RRM domain evidentin the

Snf co-immunoprecipitation experiments was also observed in

far western experiments when we probed blots of Snf protein witirgets for the protein contain multiple poly U runs. Of the four
different biotinylated GST-SxI fusion proteins. Only SxI fusiongy| protein domains, RNA binding is mediated by the two internal
proteins containing the R1 domain labeled Snf protein (data n@bmains RRM domains, R1 and R2. These domains are

shown). homologous in sequence and structure to similar domains found
in a large family of RNA binding proteind1,14,32,42,46,48).
DISCUSSION The function of the SxI N-terminal and C-terminal domains is not

known, though there have been reports that the N-terminus may play

Critical to properly executing its different regulatory functions,some role in the cooperative binding of the protein to RBIA. (

the Sxl protein must be able to recognize and bind with high The presence of two RRM domains in Sxl is not unusual; many
affinity to appropriate target RNAs. Previous studies have showproteins in this family contain two or more RRM domaif@) (

that the preferred SxI binding site corresponds to a stretch of eigkdr several of these proteins, the functional properties of the
or more contiguous U residues/(31,46). Moreover, the protein individual RRMs have been analyzed. To a first approximation,
exhibits a modest cooperativity in its interactions with RNA wherthese multi-RRM proteins can be divided into two classes. One
the substrate contains two closely spaced binding §ife34f.  class is represented by the snRNP proteins, U1A," @28 Snf

This cooperativity is likely to be relevant to the selection of th€36,40,49-54). Only the N-terminal RRM domain of these
correct RNA species as many of the knawrvivo regulatory  proteins is required for specific binding to cognate snRNAs
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(51,52). The C-terminal RRM is not involved in the recognitionfusion protein. However, unlike G-R12, the binding of both
of SnRNAs, and, at least in the case of U1A, it appears to bind®R2R2 and G-R1R1 to RNAs containing Sxl binding sites can
a completely different RNASE). The second class of RRM be competed not only by the specific competitor poly U, but also
proteins is represented by the general splicing factor U2AF whidby two non-specific competitors, poly UC and poly ACU.
contains three RRM domain§657) and by poly A binding In the case of G-R1R1, the efficacy of the non-specific
protein, PABP, which contains four RRM domairis3,$9).  competitors may be due at least in part to the tendency of this
Unlike the snRNP proteins, recognition of substrate RNAs bgrotein to form (what are presumably) dimeric complexes even
U2AF and PABP is not accomplished by a single RRM domairon substrates that lack a canonical Sx| protein binding site. The
For U2AF, maximal binding requires all three domains, thougformation of these non-specific dimeric complexes appears to be
the individual RRMs appear to exhibit some limited specificityfacilitated by interactions between G-R1R1 proteins bound to
for RNAs containing a polypyrimidine tradi@. In the case of adjacent sites on the RNA. That suthns interactions are
PABP, RNA binding activity can only be reconstituted byimportant in stabilizing protein:RNA complexes is supported by
combining two or more RRM domain3f). the finding that the G-R1R1 protein is unable to gel shift a short
Our results and previous repordd @5) indicate that Sxl falls  oligo containing a single SxI binding site, but can gel shift an oligo
into the second class of RRM proteins. Like the individual RRMontaining two contiguous Sx| binding sites.
domains of U2AF and PABP, the two RRM domains of Sxl, R1 The detrimental effects &fansprotein:protein interactions on
and R2, show greatly reduced RNA binding activity on their owrRNA binding specificity are even more evident for GARI.
Although the individual SxI RRMs do not form protein:RNA When this duplicate binds to an RNA molecule it assembles into
complexes that are stable under our gel electrophoresis conditioasnultimeric protein array. The formation of this array does not
UV cross-linking experiments indicate that they bind RNA. Bottseem to require a specific RNA sequence for nucleation, and
are[1100-fold less active than the G-R12 protein which containarrays are assembled with nearly equal efficiency on RNA
the normal combination of RRM domains. In addition, althouglsubstrates that have or do not have canonical SxI binding sites. It
each domain exhibits preferential binding to substrates containiiig curious that the reduced linker length in GAR1 seems to
the wild type |$ site, competition experiments reveal that bothenhance rather than supprésss protein:protein interactions.
have a reduced ability to discriminate between canonical arf@ne would have expected that a longer linker would impose
non-canonical RNA sequences. fewer constraints on the spatial relationship between the two R1
Although these findings argue that two RRM domains ardomains ircis and hence be more permissivetfansinteractions.
required for specific, high affinity binding, it is not clear why SxlPerhaps, the shorter linker in GARL locks the two R1 domains
has two different domains, especially since the RNA recognitiomto a configuration that promotéans interactions.
properties of R1 and R2 evident in the UV cross-linking assay Unlike the R1 duplicates, neither of the R2 duplicates exhibits a
seem nearly indistinguishable. One possibility is that the amirtendency to form non-specific dimeric or multimeric protein:RNA
acid sequence differences between the two RRM domains arecoimplexes. This is somewhat surprising since our assays for
no functional significance. Alternatively, the two RRM domainsprotein:protein interactions in the absence of RNA suggested that
may have acquired specialized functions. To address this questiR2 may play a more important role than R1. One possibility is that
we generated a series of fusion proteins containing duplicated RRihen the R2 duplicates bind to RNA the configuration of the
domains separated by linkers of different lengths. RRM domains is not especially favorable for the establishment of
To a first approximation, duplication of the RRM domainscontacts with adjacent fusion proteins. Another possibility is that the
reconstitutes much of the RNA affinity exhibited by the fusiorR1 domain differs from R2 in that it undergoes a conformational
protein, G-R12, containing both RRM domains. For three of thehange upon RNA binding that substantially enhances its
four duplicate fusion proteins (G-R1R1, GAR1 and G-R2R2), potential for protein:protein interactions. Although RNA did not
the RNA binding activity as assayed by both gel shift and U\deem to be required for protein:protein interactions in either our
cross-linking approaches that of G-R12. The fourth duplicatémmunoprecipitation or far western assays, Sakashita and
G-R2AR2, which has a shorter linker than its sister G-R2R2, is aBakamoto 45) have described RNA-dependent interactions
exception; the binding activity of this duplicate is not muchbetween Sxl fusion proteins. Finally, if (as argued below) the SxI
greater than the single R2 RRM. We presume that because of RRM domains are in some type of parallel (or head-to-tail), rather
shortened linker length, steric ‘clashes’ in the @R2 duplicate  than an anti-parallel (or a head-to-head/tail-to-tail) configuration,
interfere with the simultaneous binding of the two R2 domains tthe ladder of complexes observed for G-R1R1 would imply that
the RNA substrate. the R1 domain has (at least) two surfaces that can participate in
While our results indicate that duplication of the RRM domain$x| protein:protein interactions. It is possible that R2 has only one
can substantially increase RNA binding activity, the RNAinteraction surface.
recognition properties of the duplicate fusion proteins are clearly Why are the RNA recognition properties of the duplicated
anomalous. Moreover, analysis of the duplicates reveals sorR&Ms not equivalent to those of the proteins containing both RRM
differences between R1 and R2 that were not evident in tliwmains? Two factors are probably important. First, the individual
experiments with the single domain proteins. Although all four oRRM domains have somewhat different activities in RNA binding
the duplicates recognize and (to varying extents) favor thend protein:protein interactions. Second, the two domains appear
canonical Sxl protein binding sequence, they do not appear tw function in concert in a manner that cannot be reproduced by
discriminate between this sequence and other sequences as pdteins that consist of duplicated domains. One plausible
as the wild type protein. Based on gel shift assays with RNAspeculation is that RNA regnition depends not only upon the
containing SxI-WT and SxI-Mut binding sites it would appearintrinsic specificity of each RRM domain, but also upon a specificity
that the substrate specificity of G-R2R2 is closest to that dhat is imposed or generated big protein:protein interactions
G-R12, and this duplicate would be followed by the G-R1Rbetween the two domains. For exampdés protein:protein
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interactions might align the RNA binding surface of the R1 an&xl RRMs bind to a contiguous stretch of uridine residues,

R2 domains in a manner which would maximize specific contacfgesumably maintaining the sanie,®' orientation as the RNA

with the string of uridine residues that define the canonicdéaves one domain and enters the domain. For these reasons, we

binding sequence. This alignment of the two RRMs would at theuspect that the two SxI RRM domains are most likely to pack

same time disfavor tight binding to RNA sequences that do ntigether in a parallel (or head-to-tail) fashion.

closely conform to the canonical sequence. Further specificity A number of studies have suggested that the SxI protein binds

might be achieved if the R1 domain undergoes a conformationaboperatively to RNAs containing two closely spaced target sites.

change when it binds to RNA which facilitates interactiorgsin It has been reported that the N-terminal domain of the SxI protein

with the R2 domain. The proteins containing duplicated RRMis responsible for these cooperative interactiBds5@). However,

would differ from R12 in that theis interactions between in our assays for Sxl protein:protein interactions, the SxI

homologous domains would either not maximize specific corN-terminus had no detectable activity. Instead, our experiments

tacts with poly U (G-R2R2) or would generate a configuration oihdicate that interactions between different Sxl proteins are most

RRM domains which is overly permissive (G-R1R1). likely mediated by the RRM domains. The simplest model is that
A number of observations are consistent with the ideaithat the R1 domain of one Sxl protein contacts the R2 domain of the

interactions between R1 and R2 might enhance recognition aadjacent protein. Since the Sxl protein appears to form dimers, but

binding to canonical target sequences. First, the R1 and R®t multimeric arrays, this would imply that the configuration of

domains are capable of heterologous (as well as homologodgg R1 and R2 domains inis normally precludestrans

protein:protein interactions. Second, changing the linker lengihteractions in both directions along the RNA. Given the

between R1 and R2 in the R1R2 protein did not have a majpropensity of the R1 duplicates to form dimers or multimers, it

effect on either affinity or specificity, while it altered the RNA also possible thatans interactions are normally mediated by

binding properties of the duplicate fusion proteins. Although ouftomologous R1:R1 contacts. (If both proteins bind in the same

sample size is only two in each case, this would suggest that thie- 3' orientation, homologous contacts would likely require the

surfaces of R1 and R2 that normally face one another in the gRrmation of a loop.)

protein may be designed to pack together. Third, when the ordeAlthough recognition of appropriate target sequences is

of the RRM domains is reversed, the resulting protein, G-R2-Rgertainly essential, there are good reasons to believe that RNA

binds poorly to RNAs containing a single Sxl binding site, buinding is not in itself sufficient to account for the regulatory

binds almost as well as G-R12 to RNAs containing two Sxiunctions of the SxI proteini(,31,34,61). In order to carry out

protein binding sites. The most plausible interpretation of thithese functions, the SxI protein must be able to interact with

unusual behavior is that when there is only a single Sxl bindirgPmponents of the splicing and translational machinery

site, the normatis interactions between R1 and R2 that stabilizé9,13,15,28). One protein that interacts directly with Sxl is Snf,

the RNA:protein complex cannot occur. In contrast, when ther@ component of the fly U1 and U2 snRNPs. Our results indicate

are two Sxl b|nd|ng sitedrans interactions between the R1 that this speCIallzed function is mediated by the SxI| R1 RRM

domain of one fusion protein and the R2 domain of the oth&lomain. It will be interesting to determine if specialization is the

recapitulate at least partially this interactions which normally fule in RRM mediated interactions between Sx| and other cellular

ensure the tight binding of R12 to appropriate target RNAs.  Proteins. This would provide another reason why Sxl| has two
Specific interactions between two contiguous RRM domains (ﬁiRM domains that are similar but not precisely identical in amino

the sort suggested here for SxI have been observed in crystafiid sequence.

graphic tudies on the hnRNP Al proteid460). Each of the

RRM domains in the Al protein are folded in structures thaACKNOWLEDGEMENTS
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