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Abstract 

Recent evidence suggests that SRm 160, the SR-related nuclear rnatrix protein of 160 kDa, and 

recently idmtified CO-activator ofsplicing, also fictions to couple splicing with 3'-end formation and 

nuclear export of transcripts. The N-terminal region of SRml60 contains the highly conserved 

"PWI-motif", sirnilar to that found at the N-terminus ofthe marnmalian U4N6 snKNP protein PRP3, 

as well as in other proteins related to splicing factors. We report here the results of studies into the 

function of the N-terminal region of SRm 1 60, inclucling the identification of an RNA-dependent 

interaction ôetween this region and a large subunit nbosomal protein, LI OA, and the resulting discovery 

and characterization of this region as a novel RNA-binding domain. The raults provide eMdence that 

the PWI motifcorresponds to a novel nucleic acid domain. These studies provide the foundation for 

M e r  understanding of the role of SIùn 160 and other PWI motifantaining proteins in p=-rnRNA 

processing. 
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Introduction 

Communication along the pre-mRNA processing patbway 

A primary rnessenger RNA transcript, or pre-mRNA, must undergo a number of processing steps 

be fore i t can be translated. These include 5' capping, splicing, cleavage, pol yadenylation, and 

export to the cytoplasm. Although numemus studies have analysed each of these processing steps 

independently, increasing evidence from in vivo and in vitro studies suggests they are highly 

coordinated with each other, and with transcription by RNA polymerase II (reviewed in Hirose and 

Manley, 2000). 

Transcription of pre-mRNA by RNA polymerase II has been s h o w  to affect a number of 

downstream pmcessing steps. Evidence suggests that splicing, as well as selection of 

polyadenylation sites is influenced by promoter sequences that drive transcription (Leroy et al., 

1 99 1 ; Cramer et al., 1997, 1999). In addition, tnuication of the repetitive, carboxyl-terminal 

domain (CTD) of RNA polymerase Ii significantly reduces the eficiency of 5' cap formation, 

splicing and 3' cleavage/polyadenylation in vivo, and other studies have provided hirther evidence 

for a direct role for the CTD in these processes (Yuryev et al.. 1996; McCracken et al., 1997a and 

1997b; Du and Warren, 1997; Hirose and Manley, 1998; Hirose, et al., 1999; Ho & Shuman, 

1999; Zeng & Berget, 2000; Fong & Bentley, 2001). Furthemore, at a late stage in the 

transcription cycle, recognition of the polyadenylation signal by cleavage factors is required for the 

1 



tamination of transcription (Birse et al., 1998; reviewed in Proudfoot, 2000). Thus, it is clear that 

hanscription and pre-mRNA processing are highl y integrated processes. 

Pre-mRNA ûanscripts begin their maturation with the addition of a 5'-7rnGpppG cap. Formation 

of a S'-cap binding complex (CBC) has been shown to influence both splicing and 3'-end 

processing in the absence of transcription (Lewis et al., 1996; Flaherty et al., 1997). An important 

huiction of the CBC is to facilitate the recognition of adjacent, downstream, 5'-splice sites, thereby 

promoting definition of capproximal exons (Izaurralde et al., 1994; Lewis et al., 1996). 

Removal of introns through splicing involves a step-wise association of transcripts with small nuclear 

ribonucleoprotein particles (Ul, U2, U4N6 and US snRNPs), as well as with numerous non- 

snRNP splicing factors, including SR (serine/arginine-repeat) farnily and SR-related proteins. 

Together, these factors fom the spliceosome, which executes catal ysis of the splicing reaction 

(reviewed in: Krarner, 1996; Red, 1997; Burge, 1999). Addition of the 3'-poly(A) tail, specified 

by a conserved AAUAAA polyadenylation signal and G- or GRI-rich sequence elements, is 

catalyzed by multi-subunit complexes in two steps: fint cleavage and then polyadenylation 

(reviewed in: Wahle & Kuhn, 1997; Barabino & Keller, 1999). 

A number of studies have provided evidence that interactions between splicing factors and 

components of the 3'-cleavagdpolyadenylation rnachinery hct ion  either to promote or to inhibit 

polyadenylation (Niwa et al., 1990; Niwa and Berget, 199 1; Lutz et al., 1996; Gunderson et al., 



3 

1997,1998; Bauren et al., 1998; Lou et al., 1998; Vagner et al., 2000a, 2000b). Studies have 

also shown that these interactions are important for the definition of terminal exons during splicing of 

pre-mRNAs. (Wassarman and Steitz, 1993; Nesic and Maquat, 1994; Lou et al., 1 998, 1 999). 

3'-end formation and splicing are also coupled to nuclear export. Specific sequence elements 

within different cellular and viral mRNA ûanscripts have been identified that stimulate both 3'-end 

processing and export (Liu & Mertz, 1995; Huang et al., 1999; Huang & Steitz, 2001), and studies 

have s h o w  that addition of a poly(A)-tail is important for efficient mRNA export (Huang & 

Carmichael, 19%). In more recent studies, it was observed that transport of speci fic mRNAs from 

the nucleus to the cytoplasm is promoted by prior splicing, since mRNAs identical in sequence but 

which have not been through splicing are exported less efficiently (Luo and Reed, 1999; Zhou et 

al., 2000, Rodrigues et al., 2001). 

Splicing influences translation and is important for the translation-dependent degradation of an 

mRNA through the nonsense-mediated decay (NMD) pathway. Studies have shown that 

metazoan mRNAs require an exon-exon junction >50 nucleotides (nt) downstream of their first in- 

frame termination codon to be targeted for NMD (reviewed in Li and Wilkinson, 1998; Matsumoto 

et al., 1998; Czaplinski et al., 1999; Hentze & Kulozik, 1999; Jacobson & Peltz, 2000; Maquat, 

2000). Moreover, the presence and location of introns within a pre-mRNA transcnpt cm &ect 

translation efficiency (Matsumoto et al., 1998). 



SR-f.mily and SR-related protelns are involved in the coordination of pro-mRNA 

processing even ts 

A number of proteins containing domains nch in altemating arginine and serine residues, also known 

as RS domains, and their interacting factors, are associated with more than one step in pre-mRNA 

processing (reviewed in Blencowe et al., 1999). These proteins belong either to the SR family of 

essential splicing factors, sharing a common domain structure consisting of an N-teminal RNA 

recognition motif (RRM) and a C-terminal RS domain, or they are known as SR-related proteins 

and have a distinct domain organization. 

Among the exarnples of SR-related proteins is the E2 protein of the epidennodysplasia 

verruciformis (EV)-associated human papillomavirus (HPV) which contains an RS hinge domain, 

and is show to interact with SR-family proteins involved in splicing. The EV-HPV E2 proteins 

binds to promoter sequences to regulate the transcription of viral genes, and appears to promote 

the splicing of pre-mRNAs trmscribed fiom these promoters (Lai et al., 1999). There is a class of 

SR-related proteins referred to as SCAFs (SR-like CJ"î-ssociated factors) which has been 

show to preferentially bind to the CTD of RNA polymerase II while it is associated with 

elongating transcription complexes (Yuryev et al., 1996; Bouquin et al.. 1997; Tanner et al., 1997; 

Patturajan et al., 1998). The SR-related protein PCG-1 fiuictions as a transcriptional coactivator 

of nuclear receptors, and is irnplicated in adaptive themogenesis in mice (Puigserver et al., 1998). 

Although the recently identified transcriptional coactivator p52 lacks an RS domain, it has been 



5 

show to interact with the SR-family protein ASF/SFZ, and with several transcription factors (Ge et 

al., 1998). 

The SR-related protein SRml60, originaliy dehed as a nuclear matrix component (Blencowe et 

al., 1994), participates in splicing, 3'-end fotmation, and export of mRNA to the cytoplasm 

(McCracken et al., unpublished). SRrnl60 foms a complex with SRm300 that activates splicing of 

some p r e - M A S  (Blencowe et al., 1998). In some cases, splicing of these pre-mRNAs is 

dependent on an exonic splicing enhancer (ESE: Eldridge et al., 1999; Blencowe et al., 2000). 

Evidence suggests that SRm 1 60 promotes ESE-dependent splicing of pre-mRNA banscripts by 

foming multiple interactions with factors bound directly to a pre-mRNA, including Ul snRNP 

bound to the 5' splice site and SR-family proteins bound to an ESE and U2 snRNP bound to the 

branch site (Figure I ; Eldridge et al., 1999; Li and Blencowe, 1 999). 

Studies have also show that S b 1 6 0  interacts with the 3'-processing machinery, and promotes 3'- 

end cleavage of transcripts in vitro and in vivo (McCracken et al., submitted). Moreover, 

SRml60 interacts with the mRNA export factors REF and TAP, promotes the association of these 

factors with mRNA transcnpts, and facilitates their export to the cytoplasm (Lambemon et al., in 

preparation). 

These studies provide evidence for an important role for SRm160 in the coupling of splicing to 

downstrearn mRNA processing events. 



Figure 1 

Mdel for the role of the SRm160/300 splicing co-activator complex in ESE function. Interactions involving the 
binding of h T d $  to the ESE and U 1 snRNP to the 5' splice site are required to recruit the SRm 160/300 complex to 
the pre-mRNA. Since neither of these interactions alone is sufficient for SRm 160/3ûû recruitment, it i s  proposed that 
interactions mediated by one or more SR-family proteins between SRm i 6O/?OO and U 1 sn RNP, and between SRm 160 
and the ESE, promote spliceosome formation and splicing. These interactions simultaneously promote the binding 
of U2 snRNP to the pre-mRNA, which also interacts with SRm I60/3OO. It has b e n  proposed that these interactions 
promote the pairing of specitic pairs of exons during the regulation of splice site selection. (Figure adapted h m  
Eldridge et al. (1999) with permission of B. Blencowe.) 



Mechanisms of cwrdlnation between pre-niRNA processing eveats 

The mechanisms that mediate communication between individual steps involved in gene expression 

are not well understood. It is widely accepted, however, that pre-mRNAs and their product 

rnRNAs exist in vivo as RNA-protein particles or ribonucleoproteins (RNPs: reviewed in Dreyfuss 

et al., 1993), that is, associated with RNA-binding proteins that stabilize, protect, package or 

transport RNA, mediate RNA interactions with other macromolecules andor act catalytically on 

RNA (cutting, unwinding, modifjmg, etc.). Based on the work cited above, it is likely that 

communication between pre-mRNA processing events is accompanied by changes in mRNP 

composition. Support for this hypothesis has come fiom recent work that has revealed the 

existence of splicing-dependent mRNP components that could be responsible for rnediating 

downstream effects of pre-mRNA splicing on mRNA metabolism (Luo and Reed, 1999; Kataoka 

et al., 2000; Le Hir et al., 2000; McGarvey et al., 2000; Rodrigues et al., 2001). 

It has been observed that both SRml60, a CO-activator of splicing, and ASF/SF2, an SR-family 

splicing factor, remain bound preferentially to the ligated exun-product, but not to the intron- 

product of the splicing reaction, which associates with snRNPs (Blencowe et al., 1998,2000; 

Hanamura et al., 1998). Furthemore, antibodies against SRml60, and against RNPSI, a general 

splicing activator, specifically precipitate -As produced through splicing in vitro (Blencowe et 

al., 1998; Mayeda et al., 1999). 



Other proteins that may not participate in splicing have been found to associate specifically with 

spliced rnRNA. Antibodies against DEK, the acute myeloid leukemia-associated protein t hat 

associates with SRm 160 (McGarvey et al., 2000), and against Y 14, a novel hnRNP-like RNA- 

binding protein that shuttles in and out of the nucleus (Kataoka et al., 2000), preferentially 

precipitate mRNAs that have been spliced. Additionally, when in vitro splicing reactions were 

performeâ., the mRNA export factor REF (also called Aly) was found in spliced mRNP complexes, 

but not in analogous mRNP complexes containing unspliced rnRNA (Zhou et al., 2000; Rodngues 

et al., 2001). SRml60 and -8p, a core component of the spliceosome (Luo et al., 1999), cm 

also be cross-linked to mRNA in vitro in a splicing-dependent manner (Le Hir et al., 2000b). 

More ment work has shown that a complex containing S R .  160, DEK, RNPS 1, REF, and Y 14 

associates with spliced mRNAs at a conserved position 20-24 nt upstrearn of the exon-exon 

junction in a sequence-independent manner (Le Hir et al., 2000a). It has been postulated that 

RNPSI, REF, and Y14 are the most likely complex cornponents to interact directly with the 

spliced mRNA as they all contain RRM consensus sequences. 

Sequence analyses have led to the identification of a variety of conserved RNA-binding domains 

(Table 1 ; Burd & Dreyfuss, 1994b; Nagai, 1996; Siomi & Dreyfuss, 1997). The RRM, also 

refend to as the RBD or the RNP motif, found in many splicing-associated proteins (e.g., hnRNP 

Al, U2AF65, and the SR-family proteins), is one of the best-studied RNA-binding domains 

(Kenan et al., 199 1 ; Nagai et al., 1995). The RRM is composed of 90 to 1 00 conserved arnino 
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acids, present in one or more copies in nearly 300 proteins that bind pre-mRNA, mRNA, pre- 

ribosomal RNA (rRNA), or small nuclear RNAs (snRNA), in animal, plant, fungal, and bacterial 

cells. Other conserved RNA-binding domains include the the K homology (KH) motif, fint 

identifieâ in the human h n W  K protein (Siomi et al., 1993). M-motif protein family members 

include ribosomal S3 proteins nom widely divergent organisms, the yeast alternative splicing factor 

Merlp, and several human RNA-binding proteins. The RGG box, initially identified as an RNA- 

binding domain in hnRNP U, is a 20-25 arnino acid long RNA-binding motif typically found in 

combination with other types of RNA-binding domains (Kiledjian & Dreyfbss, 1992). The RGG 

box motif is defined by closely spaced arginine-glycine-glycine (RGG) repeats interspersed with 

other, ofien aromatic, arnino acids. Arnong the other well known RNA-binding motifs are the 

arginine-rich motif (ARM: Lazinski & Gaadzielska, 1989), the cold-shock domain (Graumann & 

Marahiel, 1998), the double-stranded RNA-binding domain (dsRBD: Fierro-Monti & Mathews 

MB, 2000), and the Zinc finger (Joho et al., 1990; Theunissen et al., 1992; Schwabe & Klug, 

1994). 

Many RNA-binding proteins and domains remain structurally uncharacterized and do not appear to 

fall into defined categories. While SRrnl60 does not contain any previously identified RNA- 

binding domains, it was found to cross-link to spliced mRNA at 20-24 nt upstream of the exon- 

exon junction in the studies described above, suggesting that it does bind directly to RNA. 



Table 1 

Consensus sequences for a) various nucleic acid binding domains and b) the PWI motif. One letter symbols indicate amino acid residues (upper case) or cl~sses 
(lower case) present in r 50% of proteins in which the motifs occur. Consensus sequence information was obtained using the Simple Modular Architecture Resqarch 
Tool at the European Molecular Biology Laboratory (Shultz et al., 1998; Ponting et al., 1999). O, alcohol; 1, aliphatic; x, any; a, aromatic; c, charged; h. hydrophobic; 
-, negative; p, polar; +, positive; s, small; u, tivy; t, tumlike. See Appendix A for amino acid graupings. 

Domain Consensus sequencc 
-- -- -- - - -  - - -- 

a) RNA recognition motif slaVuNLx,shsso-xccLcchFxl ,spaGslpslxclhpcptx,,sps+GauFVpFxpspcsAppAx,lcphsx~spplxxsG+px3lcVp 

KH motif sssshclplssx ,,spsGtlIG+sGx,psl+plpcpox,uscIplsstx,tpppslplpGsx,spslppAtctltptlp 

Cold-shoc k domain pGsV+hasxtKGFGFlps--ux5scD1FVHhSslp~,sh+sLpcGDcVpFcIpsx,ssc+hpAss1ptI 

dsRNA-binding domain P+otLpEhspppphx,pPsYcIbpsGPsHspx,pFsspVplsux,tphspGsGsxSKKpAcppAAcsALcpLp 

Zinc Finger hsCPxx+CssccAsaaplQTRSADEPhTIFY sCscxxCs+-tW+p 

Homeodomain s++pRosx,aospQlppLEcpFppspx, ,Y PoppcRpcLAppLsLox,,cpQVc1 WFxQNRRsKp++ppppp 

b) PWI motif ssKlpp-cl+PW lsK-t-VpE1LGhEDDoLV-F~luplcsptx9sssuKLpclsLTsFE-xcpA-cFVsKLWcLLIpcpps 



Recent work has identified a Iiighly conserved domain, the "PWI motif', located within the N- 

terminal region (amino acids 1-125) of SRml60 (Figure 2). This motif, which is 8 i amino acids 

long and is named after the highly conserved proline, tryptophan, and isoleucine (PWI) residues 

near its N-terminus, is present in al1 SRrnl60 homologs identified to date (Le. in human, mouse, 

Drosophila, Caenorha bditis elegans, and Ara bidopsis ihnliana), and has also been found at the 

N-terminus of the marnmalian U4N6 snRNP protein P p 3 ,  as well as in other proteins that are 

related to splicing factors (Blencowe and Ouzonis, 1999). Interestingly, in al1 cases, the PWI motif 

is always found at the C- or N-terminus of the proteins that contain it. 

My thesis research focused on investigating the role of the conserved N-terminal region of 

SRm 160. The identification of an RNA-dependent interaction between this domain of SRm 160 

and a large subunit ribosomal protein, LIOA, resulted in the discovery and characterization of the 

PWI motif as a novel RNA-binding domain. The results suggest that the PWI-motif-containing 

domain of SRm 160 interacts directly with RNA during one or more steps during the processing of 

pre-*A. 
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Figure 2 

The PWI motif in SRrn 160. a) Domain organization of full-length SRm 160. The N-terminal 125 amino acid residues 
consist of a highly conserved region which contains the recently identified "PWI motif'. The remaining C-terminal 
end of the protein contains two short domains rich in arginine-serine dipeptides (RS), two short polyserine domains 
(Ser), and a region rich in senne, arginine, and pmline residues (Ser/Arg/Pro-rich). Numbers indicate amino acid 
positions fiom the N-terminus of the protein. b) Multiple alignmen t OFPW-motifsequences adapted fiom BIencowe 
and Ouzonis (1 999). ldentical residues, which are present in at l e s t  six of the nine sequences, are boxed. Residues 
similar to the SRml60 sequence, which are present in >2 of the sequences, are shaded. Sequences mutated for 
EMSA experiments are indicated by bars at the top of the alignment. Sequence positions are indicated in the 
matgins. at, Arabidopsis thalinna; ce, Caenorhabditis elegans; hs Homo sapiens; mm, Mics musculus; pf, 
Plasmodium falciparum. (Figure adapted wi th permission of B. Blenco we.) 



Tbe N-terminus of SRml60 interacts witb L1OA: 

In order to investigate the d e  of the highly conserved N-terminal region of SRml60,I carried out, 

in collaboration with Emanuel Rosonha, the yeast-two hybrid screen of a HeLa ce11 cDNA library 

(a gift of D. Beach) with this domain as the "bait". The two-hybrid screening approach involves 

tram forming cells of Saccharomyces cerevisiae strain HF7c wi th a library constructed to 

constitutively express HeLa cDNA-encoded "prey" proteins, each fused to the GAL4 

transcriptional activation domain (a.a. 768-88 1). The HF7c cells are CO-transformed with pGBT9- 

SRm l60( 1 - 1 30), a plasmid which directs the synthesis of a transcriptionally inert derivative of the 

GAL4 DNA-binding domain (1-147) hsed to the N-terminal portion (arnino acids 1 to 130) of the 

SRm 160 protein. This region contains the most conserved residues of SRrn 160 and includes the 

PWI motif (as discussed in the Introduction). This last fusion protein is referred to as the "bait". 

The HF7c yeast contain an additional plasmid encoding two reporter genes: one is a sensitive 

GALIUAS-HIS3 gene, and allows growth in the absence of histidine; the other is a GALIUAS- 

lac2 gene, and directs the synthesis of p-galactosidase. The transcription of these reporter genes is 

stimulated when library-encoded "prey" protein interacts with the "bait". Using this approach we 

identifid an interaction between the N-terminus of SRml6O and a large subunit ribosomal protein 

named LlOA. 



We performed the selection of a pool of 1 .6x106 primary library transformants on selection plates 

lacking histidine. 558 colonies were observed on these plates suggesting HIS3 reporter gene 

expression and therefore an interaction between the bait and prey proteins. Of these, 186 were 

further analysed, and expression of P-galactosidase was observed by X-gal filter assay for 104 

colonies. Final selection of 8 1 colonies occurred d e r  gowth on selective plates containing high 

levels of 3-aminotriamle (3-AT), a competitive inhibitor of histidine synthesis. The ability to 

overcome inhibition of 3-AT on these plates indicated strong expression of the HIS3 reporter gene 

and thus a strong interaction. 

Similar patterns were observed from restriction analysis of HeLa cDNA library plasmids analysed 

fiom these colonies, suggesting a common prey sequence. Sequence analpis of 13 of these 

plasmids revealed a single conserved open reading Frame (ORF) flanked by different untranslateci 

sequences, suggesting a gene present in multiples copies in the genome. The sequence was used to 

search sequence databases, and LIOA, a large subunit nbosomal protein was identified. An online 

search of the human genome using the BLAST-Like Alignment Tool (BLAT; Kent, unpublished) at 

the Human Genome Project at the University of California, Santa Cruz, reveals at les t  1 1 genes 

with more than 80% sequence identity dong the entire coding sequence of LlOA, confirming that 

different transcripts encode this protein. 
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A GST-fusion with tbe N-terminus of SRrnl6O interacts with LIOA in an RNA-dependent 

manner: 

ln order to venfy the interaction with LIOA, 1 carried out a f f i t y  chromatography of HeLa cell 

nuclear extract (NE) using a Fusion between the Glutathione-S-Transferase (GST) protein and the 

Ktenninal region of SRml60. initialiy, a number of constructs of various length were cloned 

before a consûuct was chosen based on levels of soluble protein present in bacterial cell lysates 

(data not show). The highest levels of expression in this system were observed using a construct 

containing the N-terminal 147 amino acid residues of SRm 160 (Figure 3 and Figure 4, lane 4 ; A. 

Edwards, personal communication). Purified GST-fusion proteins analysed by SDS- 

polyacrylamide gel electrophoresis and stained with Coomassie Blue appeared primarily as single 

bands (Figure 4). In some cases, in vivo proteolysis yields a secondary band corresponding to the 

GST-moiety alone. The GST-fusion protein referred to as GST:SRml60Nwt, was pre-bound to 

glutathione sepharose beads and used to pefionn affinity chromatography of NE, both in the 

presence and absence of ribonuclease. Conbol experiments were carrieci out with colurnns to 

which GST protein or a GST-fusion with the N-terminal region of SRm300, referred to as 

GST:SRm300( 1 - 159) was pre-bound. SRm300 is an S R .  160-associated protein, however, the 

N-terminal regions of these proteins are unrelated in sequence (Blencowe et al., 1 998, 2000). 

Bound and unbound protein Fractions were assayed for the presence of Ll OA protein by western 

blotting using both a polypeptide-rais4 polyclonal antibody for the Ll OA protein (anti-Csal9, a 



Figure 3 

Diagrammatic representation of  GST-fusion protein construc& used in affinity chrornatography experiments and 
electtomobility shifi assays. Numbers indicate amino acid positions fiom N-terminus o f  proteins fused to the 
GST protein. Amino acid residues substituted in mutation studies are indicated for the GST:SRm 160N fusion 
protein. 
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gi A of M. Keterelos), as well as by a polyclonal antibody raised against Ssm 1 p, the S. cerevisiae 

homolog (anti-Ssml p; a gift of F. Lacroute). A band migrating at -30 kDa, sometimes as a 

doublet, was recognized in NE by both antibodies (Figure 5a, lanes 1 and 5, and Figure Sb, lanes 1 

and 5). Similar results were obtained using both antibodies; those presented in Figure 5 represent 

the highest quality results obtained fiom a single set of experiments. 

The column to which the GST:SRml6ONwt fusion protein was pre-bound resulted in a slight 

enrichment for the Ll  OA protein relative to the control columns (Figure 5a, compare lane 3 with 

lanes 2 & 4). However, it is important to note that the observed enrichment of L1 OA in the bound 

fraction fiom the chromatography using the column did not occur when NE was treated with 

ribonuclease (Figure Sa, compare lanes 6,7, and 8). 

The inverse observation was made h m  the western blot analysis of unbound material fiom these 

affitnity chromatography experiments (Figure 5b). That is, depletion of LlOA was observed after 

afXnity chromatography of NE with column-bond GST:SRrn l60Nwt fusion protein, but not by the 

control GST-hision proteins (Figure Sb, compare lane 3 witb lanes 2 and 4). This depletion was 

also sensitive to ribonuclease treatment (Figure Sb, compare lanes 6, 7, and 8). Analysis of 

unbound protein fiactions From these experiments by SDS polyacryiamide gel electrophoresis 

(PAGE) and Coomassie staining confhed that general protein levels were not reduced afler 

afinity chromatograph y (data not show). 



Column - GST GST: GST:SRrn - GST GST: GST:SRrn- 
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Unbound 
material 
(liirti-Ssin l p) 

Unbound 
material 
(ünti-SI:?) 

Figure 5 

Affinity chromatography experiments. Affinity chromatography of untreated NE (lanes 1-4) and RNase-treated NE (lanes 5-8) was carried out over columns 
containing Glutathione Sepharose 4B resin pre-bound with bacterially expressed and purified GST protein (lanes 2 and 6), GST:SRml60Nwi fusion protein (tanes 
3 and 7), or GST:SRm300( 1-1 59) fusion protein as a control (lanes 4 and 8). a) Equivalent amounis of loaded material (lanes 1 and 5), and of bound material fiom 
affinity chromatography using each of the columns was assayed for the presence of LlOA protein by western blot analysis using the anti-Csal9 antibody. Western 
blot analysis of bound material using the anti-Ssmlp antibody yielded sirnilar results (not shown). b) Equivalent amounts of loaded material (lanes 1 and 5), and 
of unbound material tiom afhity chromatography using each af the columns was assayed for the presence of LlOA protein by westem blot analysis using the wti- 
Ssmlp antibody. Western blot analysis of unbound material using the anti-Csal9 antibody yielded similar results (not shown). c) Fractions analysed in b) were 
assayed for the presence of ASFlSF2 by westem blot analysis using the anti-SF2 antibody. 
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The above results suggest an association between L 1 OA and the column-bound GST:SRm l6ONwt 

fusion protein. Given the sensitivity of this association to ribonuclease, 1 hypothesized that binding 

to RNA by both proteins could account for the observed results of the amnity chromatography. 

RNA binding has been obsened for the Escherichia coli homolog of L 1 OA (Branlant et al., 

198 1), but has not been tested for in homologs of SRrn 160. To test this hypothesis, unbound 

material from the affinity chromatography experiments was subjected to western blot analysis using 

a monoclonal antibody to SFZIASF (gifl of A. Krainer). SF2/ASF is an SR-fmily protein which is 

known to generally bind with low sequence specificity to RNA (Tacke & Manley, 1995). 

Ribonuclease-sensitive depletion of SFZIASF is also observed by the colurnn-bound 

GST:SRml6ONwt fusion protein (Figure 5c, compare lane 3 with lanes 2 and 4; compare lanes 6, 

7, and 8). suggesting that RNA could be mediating associations between the N-teminus of 

SRml60 and many RNA-binding proteins, including SF2/ASF and LIOA. However, it would be 

necessary to assay for nbonuclease-sensitive depletion of other RNA binding proteins to test the 

genenlity of this effect. 

The N-terminus of SRml60 binds to RNA: 

I next investigated whether the N-terminal domain of SRm 160 binds to RNA using the gel 

electromobility shift assay (EMSA). This assay allows for quantitative analysis of RNA binding 

activity by a protein of interest, and cm be conveniently performed using relatively low 

concentrations of protein. The nonspecific nature of RNA binding suggested by the previous 
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experiments left the choice of target RNA to those which were easily available. Initial expenments 

were perfonned with two radio-labelled RNA probes: a 47 nucleotide RNA transcnbed fiom the 

multiple cloning site of the pBluescnpt KS' plasmid, referred to as T7-BomHI, and a mutant of the 

54 nucleotide Escherichia coli Nut site RNA, referred to as ANut (a gift of T.-F. Mah), which has 

previously been used in unrelated studies (Mogridge et al., 1995). These probes were gel purified 

and analysed by denahiring polyacrylamide gel electrophoresis and autoradiography; probes used 

represent single-length transcripts. 

Radio-labelled T7-BarnHi and ANut RNA probes were pre-incubated with purified GST protein 

or with a range of concentrations of the GST:SRml60Nwt fusion protein and the binding reactions 

were analysed by electrophoresis on a non-denaturing polyacrylamide gel. Exposure of the dried 

gel to X-ray film revealed that the presence of increasing concentrations of the GST:SRrnl6ONwt 

fusion protein, but not GST alone, decreased the mobility of an increasing proportion of both of the 

RNA probes (Figure 6, compare lanes 1 & 9 with lanes 3-8 & lanes 1 1-16 respectively). The 

appearance of unbound RNA probe as a short series of bands near the bottom of the gel can be 

attributed to variations in secondary structure or possibly degraded RNA. RNA whose mobility 

was reduceâ in the presence of the GST:SRml60Nwt hision protein was observed as a series of 

diffise bands between the unbound RNA and a position near the top of the gel. The occurrence of 

multiple bands in this range could be due to instability andor multimerization of the RNA-protein 

complexes. 



Protein GST - GST: 160Nwt GST - GST: 16ONwt 

Bound 
1 

probe l 

Free : 
Probe 

Figure 6 

RNA EMSA of different ssRNA probes with the fusion of GST with the N-terminal region of SRm160. Constant amounts (-1.4 finoles) of either the T7-BamM (lanes 
1-8) or the NutA (lanes 9-16) radio-labelled RNA probes were incubated with 10pM purified GST protein (lanes 1 and 9), with no added protein (lanes 2 and 10). 
or with increasing amounts (0.1, 0.5, 1, 3, 5 and 7pM) of the purified GST:SRml60Nwt fusion protein (lanes 3-8 and 1 1-16) and analysed by electrophoresig and 
autoradiagraphy using a 4% w/v nondenaturing polyacrylamide gel. 
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A subpopulation of the ANut probe appeared as a single band with reduced mobility independently of 

the amount of added protein (Figure 6, lanes 9- 1 6). As radio-labelled probe were gel-puri fied, thi s 

band could represent either a subpopulation of RNA which adopts a secondary structure suc h as that 

proposeci by Mogridge et al. (1995). or degradation specific to the ANut probe resulting from 

ribonuclease contamination of protein preparations. 

The dissociation constant for RNA binding by GST:SRm 160Nwt assayed in these experiments was 

estimated to be on the order of 1 ObM. It must be noted however, that this estimate is based on 

observations ofbinding under the non-equilibri c o t i o  of e EMS. Further studies would be 

quired to more accurately measure the affinity ofRNA binding. The results presented in Figure 6 

support the hypothesis that the GST:SRm 16ONwt fusion protein can bind with relatively low affinity 

to different RNA sequences. 

However, as binding of the radio-labelled RNA probes was observed in the presence of relatively 

high concentrations of protein (up to 7uM), it was necessary to confirm that RNA binding activity 

was attributable to the GST-fusion protein rather than to contaminating material from the protein 

preparations. To address this question 1 performed electromobility supershi fi experiments. 

Addition of increasing amounts of an affinity-purified rabbit polyclonal antibody against the GST- 

moiety of the GST:SRrn160Nwt fusion (a gin of S. McCracken), which was present at a constant 

amount, m e r  reduced the mobility of an increasing population of the RNA-GST:SRm 160Nwt 

complexes (Figure 7, compare lanes 9 to 12). These results support the hypothesis that the 
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Figure 7 

RNA Electrornobility Supershift Assay using the N-terminal region of SRm 160. Constant amounts (-1.4 fmoles) of 
the radio-labelied T7-BamM RNA probe were incubated in the absence of protein (lanes 1-4,) with 10pM of purified 
GST protein (lanes 5-8,)and with 5pM ofthe purified GST:SRm I60Nwt fusion protein (lanes9-12). Affinity-puri fied 
anti-GST antibody was added to reactions in increasing amounts: 0- 1 pL to lanes 2,6, and 10; OSpL to lanes 3,7, and 
1 1 ; and 1 pL to lanes 4,8, and 12. PBS was added to reactions to control for buffer effects: 1 BL to lanes 1,5, and 9; 
0.9pL to lanes 2.6, and 10; 0.5pL to lanes 3, 7, and 11. Binding reactions wete analysed by electrophoresis and 
autoradiography using a 6% wlv nondenaturing polyacrylamide gel. 



-- -- - 

25 

GST:SRml6ONwt fusion protein is responsible for the observed RNA binding. It is interesting to 

note that the presence of increasing amounts of antibody M e r  decreases the mobility of the RNA- 

protein complexes. Multivalent binding of the antibody to the GST-moiety may account for this 

observation. It can also be noted that the distribution of RNA-protein complexes, in the absence of 

antiii~dy, is different in this Figure than at the same concentration of fusion protein (5pM) used in 

earlier experiments (compare Figure 6, lane 7 with Figure 7, lane 9). This is likely due to a 

difference in the concentration of polyacrylamide in gels used to analyse the respective binding 

reactions. 

It was necessary to determine whether the observed RNA binding activity was intnnsic to the N- 

texminal region of SRrnl60, and that this activity was not an artifact of the fusion of this domain with 

GST. To investigate this question 1 prepared a protein hgment representing the N-terminal 147 

a.a. of SRml60, by cleaving the GST portion h m  the GST:SRm 160Nwt fusion protein using 

thrombin. This protein, rSRm l60Nwt (Figure 8, lane 3), was used in EMSA experiments with the 

TFBamM probe. It was observed that while rSRml60Nwt does bind to RNA, it does so with a 

much lower affnity than the corresponding GST-hision (Figure 9, compare lane 3-4 with lanes 5- 

8). RNA-protein complexes appear as two bands with reduced mobility, implying that two 

rSRm l6ONwt proteins bind to each RNA probe. RNA-protein complexes involving 

rSRml6ONwt also appear to be more discrete than those involving the GST-fusion protein. This 

observation supports the hypothesis that multimerization of RNA-protein complexes is being 

pmmoted by the GST-moieties involved (Parker et al., 1990; Ji et al., 1992; Mani et al., 19%). 



Protein GST GST:SRm 160N rSRm 160NW 
wt 

Figure 8 

Recombinant proteins used in electromobility shift assays. A GST fusion with the N-terminal 147 amino acid 
tesidues of SRrn 160 was cloned and both the original GST protein (lane 1 ), and the fusion (GST:SRm l6ONwt; lane 
2) were expressed in BL2 1 cells. The recombinant proteins were aftinity purified using glutathione sepharose beads. 
A peptide representing the N-terminal region of SRm160 (rSRml6ONwt; lane3) was obtained by cleaving colurnn- 
bound GST:SRm l60Nwt with Thmmbin Protease. Approximately 0.75ug of each protein was electrophoresed on 
a 15% wlv polyacrylamide gel and stained with Coomassie Blue. 
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Figure 9 

RNA EMSA with the N-terminal region of SRml60 as either a fusion with GST or on its own. Constant amounts 
(- 1.4 holes) of the radio-labelled T7-BamM RNA probe were incubated in the absence of protein (lane 1 ), in the 
pmence of I OpM puri fied GST (lane 2), with 2 or SpM of the purified GST:SRm 16ONwt fusion protein (lanes 3 4 ) ,  
and with increasing amounts (4, 8, 12 and 16pM) of the purified rSRm l6ON protein (lanes 5-8) and analysed by 
electrophoresis and autoradiography on a 6% wlv nondenaturing polyacrylamide gel. 
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Further, these observations also suggest that the presence of the GST-moiety stabilizes RNA 

binding by the N-teminal region of SRrnl60, possibly through its ability to multimerize. 

FulClength SRml60 binds to RNA and this activity is strongly dependent on the presence 

of tbe conserved N-tetminal domrin: 

In order to investigate the physiological relevance of the RNA binding activity observed for the N- 

terminus of SRml60, it was important to determine whether full-length SRml60 also binds to 

RNA, and whether this activity requires the N-terminal domain of this protein. To this end, cDNAs 

encoding Full-length SRm 160, and a ûuncation of SRm 160 lacking N-terminal residues 1 to 1 54, 

were cloned and expressed using the baculovims expression system. These proteins, referred to as 

bSRm 160 and bSRm 1 6OAN, were purified to homogeneity (Figure 1 O), and used in EMSA 

expenments with radio-labelled T7-BarnHi probe. Presence of increasing concentrations of full- 

length bSRm160 reduced the mobility of an increasing population of the RNA probe, whereas 

equivalent concentrations of the bSRml6OAN protein decreased the mobility of a minor amount of 

the probe (Figure 1 1, compare 4-8 with lanes 9-13). Taken together with the results described 

above, these observations suggest that, in the context of the Ml-length Sb160 protein, the N- 

terminal region of the protein is responsible for the majority of the RNA-binding activity observed. 

The low level of binding of RNA in the absence of the N-terminal region may be attributable to its 



Protein bSRm 160 bSRm 16OAN 

Figure 10 

Recombinant baculovinis expressed full-length and truncated SRm 160. Full-length SRm 160 (bSRm 160; lane I ) or 
a ûuncation lacking the N-terminal region (bSRm l60AN; Iane 2), both of which contain six N-terminal hisitidine 
residues, were expressed in insect celfs using a baculovinis vector, and purified to homogeneity. Approximately 
1ug o f  each protein was electrophoresed on a 12.5% w/v polyacrylamide gel and stained with Coomassie Blue. 





31 

RS domain, which is believed to contribute to RNA-binding activity in other proteins, such as the 

L.2AF subunits (Rudner et al., 1998; Zorio & Blumenthal, 1999). 

There appears to be a smaller population of RNA-protein complexes of reduced mobility in the 

presence of GST:SRml60Nwt in this experiment than at the same concentration used in earlier 

experiments (compare Figure 6, lane 8 with Figure 1 1, lane 2). It is possible that increased salt 

levels account for this observation. Proteins expressed using baculovirus were resuspended in a 

high salt buffer; these were balanceci between binding reactions to control for buffer effects. 

However, a certain degree of variability in the arnount of probe shifted was aiso regularly observed 

under the lower salt binding conditions for radio-labelled RNA probes prepared on different 

occasions. 

The bSRrnl6O protein appears to bind the RNA probe with a slightly higher amnity than the 

GST:SRm l6ONwt fusion protein (Figure 1 1, compare lane 2 with lane 6). The increased affinity 

observed for bSRrnl6O may be attributable to a stabilizing effect afforded to the N-terminal dornain 

by the remaining portion of the pmtein. In addition, the RNA-protein complexes of reduced 

mobility observed in the presence of bSRm 160 appear to be more discrete when compared to the 

GST:SRml6ONwt bands. Multimerization of the GST-fusion protein could explain differences in 

retardation properties between these two proteins . 

Evidence that the PWI domain is a oovel RNA-binding motif: 



In order to investigate the role of this motif in the RNA binding activity of SRm 1 60,I undertook the 

cloning and expression of a number of mutants of the GST:SRml6ONwt fusion protein. As an 

initial control 1 tested a deletion of the GST-fusion with the N-terminal region of SRm 160 protein, 

representing amino acid residues 99 to 147, also referred to as GST:SRm l60(99- 147) (Figure 3, 

Iane 3). The majonty of the PWI motif is absent from this fusion protein. This protein does not 

exhibit RNA binding activity in EMSA experiments (Figure 12, compare lanes 3-6 with lanes 7- 

12). 

1 next tested mutant-derivatives of the GST:SRml6ONwt protein in which PWI-motif residues are 

substituted with alanines. Since no other studies, of which we are aware, have analysed mutations 

in the PWI motif, residues were targeted for substitution based on sequence conservation 

information obtained using the Simple Modular Architecture Research Tool (SMART) at the 

European Molecular Biology Laboratory (Table I b). Two such mutants, the EUGtoAIAA mutant 

and the LWtoAl mutant , were expressed and purified in sufficient amounts to cany out EMSA 

experiments. The EILGtoAlAA mutant (Figure 3, lane 5) and the LWtoAz mutant (Figure 3, lane 

6) appear to bind to the RNA probe with similar and slightly reduced affinity respectively compared 

to the wild-type fusion protein (Figure 13, compare lanes 3-6 with lanes 8-1 1; and Figure 14, 

compare lanes 3-8 with lanes 9-14). It is important to note however, that for both mutant proteins, 

GST:SRm 160N(EILGtoAIAA) and GST:SRm 1 60N(LWtoA2), the distribution of RNA-protein 

complexes is significantly different than for the wild-type fusion protein. It is possible that the 
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Figure 12 

RNA EMSA using the fusion of GST with a mincation mutant of the N-terminal regions of SRm160. Constant 
amounts (-1.4 pmoles) of the T7-Barn radiolabeled dsRNA probe were incubated in the presence of 10pM GST 
protein (lane I ,) in absence of protein (lane 2,) and with increasing amounts of eithet the puri tied GST: 160Nwt fusion 
protein (lanes 3-6; 1,3,5, and 7pM) or the GST: 160N(99-147) fusion protein (lanes 7-1 2; 1,3,5,7,9, and 1 1 PM) and 
analysed by electrophoresis and autoradiography using a 4% wlv nondenaturing polyacrylamide gel. 
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Figure 13 

RNA EMSA using the fusion of GST with a PWI motif mutant of the N-terminai regions of SRrn160. Constant 
amounts (-1.4 fmoles) of the radio-IabelIed V-BamM dsRNA probe were incubated in the presence of 6.3pM GST 
protein (lane 1 and 7), in the absence of protein (lane 2) and with increasing amounts of either the purified 
GST:SRm l6ONwt fiision protein (lanes 3-6; 0.6, 1.9,3.l, and 4.4 PM) or the GST:SRm 1 GON(E1LGtoAIAA) fusion 
protein (lanes 8- 1 1 ; 0.6,1.3, 1.9, and 2.5 PM) and analysed by electrophoresis and autoradiography using a 4% w/v 
nondenaturing polyacrylamide gel. 
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Figure 14 

EMSA using the fusion of GST with a PWI motif mutant of the N-terminal regions of SRml60. Constant amounts (-1.4 holes) of the radio-labelled T7-B- 
&RNA probe were incubated in the absence of protein (lane 1) and with increasing amounts (O. 1,0.5,1,3,5, and 7pM) of either the purified GST:SRm l6ONwt filsion 
protein (lanes 2-7) or the GST:SRml60N(LWtoA2) fusion protein (Ianes 8-1 3) and analyscd by electrophoresis and autondiography using a 4% w/v nondenaturing 
polyacrylamide gel. 

W 
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EILGtoAIAA mutation increases binding of RNA by the fusion protein, however, due to the 

complex nature of the electromobility shift patterns, M e r  investigation would be required to 

confirm this. It can be infecred Rom these observations that substitution of conserved PWI-motif 

residues affects either the stability of the RNA-protein complexes, or the structure of the RNA- 

protein complexes formed. Several other substitution mutants were cloned and expressed using 

bacterial expression systems. While expression levels were comparable to the mutant-denvatives 

described above, 1 was not able to puri@ significant amounts for anaiysis due either to proteolysis of 

the proteins during purification, or to insolubility of the recombinant proteins. I t  is widely accepted 

that the three-dimensional structure piays a significant role in protein fùnction, solubility (Schein, 

1993), and susceptibility to proteolytic degradation (Enfors, 1 Wî), therefore these observations 

suggest that the conserved PWI-motif residues are important for proper folding of the N-terminal 

domain of SRm 160. 

Finally, I cloned and purified a GST-fusion of the N-terminal94 amino acid residues of the human 

Prp3 protein, a U4N6 snRNP-associated splicing factor (Figure 3, lane 2). A PWI motif has been 

identified within this region of -3. in contrast, the yeast Rp3 does not contain a PWI motif. 

Results of EMSA experiments perfonned with the GST:Prp3(1-94) fusion protein reveal RNA 

binding characteristics similar to those of the GST:SRml6ONwt fusion protein (Figure 15, compare 

lanes 2-7 with lanes 8- 13). Since the N-teminal regions of SRrn 160 and of hPrp3 show no 

similarity outside of PWI-motif residues, this result supports a role for the PWI motif in RNA 
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RNA EMSA using the fusion of GST with the N-terminal regions of SRml60 and hPrp3. Constant amounts (-1.4 finoles) of the radio-labelled T7-BamM ssRNA 
probe were incubated in the absence of added protein (lane 1) and with increasing amounts (O. 1,0.5, 1,3,5 and 7pM) of either the purified GST:SRml6ONwt fusion 
protein (lanes 2-7) or the GST:Prp3(1-94) fusion protein (lanes 8-13) and analysed by electrophoresis and autoradiography using a 4% wlv nondena~ring 
polyacrylamide gel. 
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binding. Furthemore, the PWI motif represents 67 of the 94 Prp3 residues tbsed to GST, again 

providing evidence that it is primarily rewnsible for RNA binding activity. 

The N-terminus of SRml60 binds al1 species of nucleic acids: 

To fûrther characterize the nucleic acid-binding properties of the PWI-containing N-terminal region 

of SRm 1 6 4 1  assayed the binding of GST:SRm 16ONwt to single-stranded (ss) and double- 

stranded (&) RNA and DNA using the electromobility shi fi assay. 

Ln order to generate dsRNA , an RNA strand complementary to the original T7-BarnHi ssRNA 

probe was transcribed in vitro and the two strands were hybndized. The GST:SRml6ONwt 

fbsion protein appears to bind both the ssRNA and dsRNA probes with similar afinity (Figure 16, 

compare lanes 3-8 with lanes 1 1 - 16). 

To obtain the ssDNA probe, a DNA strand of analogous sequence to the T7-BamM RNA probe 

was obtained by chernical synthesis and radio-labelled in vitro. The GST:SRm l6ONwt fusion 

protein appears to bind the ssDNA probe with a slightly lower a n i t y  than the ssRNA probe 

(Figure 1 7, compare lanes 3-8 with lanes 1 1 - 16). 

Double-stranded DNA was prepared by hybridizing a synthetic oligonucleotide complementary to 

the ssDNA probe shown in Figure 17. The GST:SRm 160Nwt fusion protein appears to bind both 



39 
---. 

the ssRNA and dsDNA probes with similar f i n i  ty (Figure 1 8, compare lanes 3-8 with lanes 1 1 - 

1 6). 

These results demonstrate that the GST-fusion pmtein containing the N-terminal domain of 

SRml60 binds to all species of nucleic acid, and supporis the eariier results indicating that RNA 

binding by SRml60 measured in the current assay is sequence-independent. 
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EMSA of single-stranded RNA (ssRNA) and double-stranded RNA (dsRNA) probes with the fusion of GST with the N-terminal region of SRm160. Constant amounts 
(-1.4 holes) of the radio-labelled T7-BamHI ssRNA probe (lanes 1-7) or dsRNA probe (lanes 8-14) were incubaied wiih 10pM purified GST protein (lanes 1 and 
8) or with increasing amounts (0.1.0.5, i , 3 .  5 and 7pM) of the purified GST:SRml60Nwt fusion protein (lanes 2-7 and 8-14) and analysed by electrophoresis and 
autoradiopphy using a 4% w/v nondenaturing polyacrylamide gel. 
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EMSA using single-stranded RNA (ssRNA) and DNA (ssDNA) probes with the fusion of GST with the N-terminal region of SRm160. Constant amaunts (-1.4 fineles) 
of radio-labelled T7-BamHI ssRNA probe (lanes 1-8) or ssDNA probe (lanes 9-16) were incubated with IOpM purified GST protein (lanes I and 9). with no added 
protein (lanes 2 and 10). or with increasing amounts (0.1.0.5, 1,3,5 and 7pM) of the puriried GST:SRml60Nwt fusion protein (lanes 3-8 and 11 -16) and analysed 
by electrophoresis and autoradiography using a 4% wlv nondenaturing polyacrylamide gel. 
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Figure 18 

EMSA experiment using single-stranded RNA (ssRNA) and double-stranded DNA (dsDNA) probes and the fusion of GST with the N-terminal region of SRmL60. 
Constant amounts (-1.4 fmoles) of radio-labelled T7-BamM ssRNA probe (lanes 1-8) or dsDNA probe (lanes 9-16) were incubated with 10pM purified GST protein 
(lanes 1 and 9). with no added protein (lanes 2 and 1 O), or with increasing amounts (0.1, O.S. 1,3,5 and 7pM) of the purified GSTSRm l60Nwt fusion protein (Janes 
3-8 and 1 1-1 6) and analysed by electrophoresis and autoradiography using a 4% w/v nondenaturing polyacrylamide gel. 



Discussion 

I report here the results of studies into the function of the conserved N-terminal region oFSRrnl60, 

including the identification of an RNA-dependent interaction between this region of SRrn 160 and a 

large subunit ribosomal protein, LI OA, and the resulting discovery and characterization of this 

region as a novel RNA-binding domain (RBD). The results provide evidence that the PWI motif 

located wiülia this domain is responsible for its RNA binding activity. The possible roles for the 

RBD domain 1 have identified in SRml60 are discussed below. 

Possible roles for the RNA binding activity of SRml60 

The nwleic acid binding characteristics obseived here For SRml60 are similar to those observed 

For a number of nucleic acid binding domains. in these studies, 1 have shown that SRm 160 will 

bind to a variety of single-stranded RNA sequences, with an estimated dissociation constant on the 

order of 10-6M. SRml60 will also bind with similar affinities to both single-stranded and double- 

stranded DNA and RNA. 

It is well known that typical RNA-binding proteins also bind DNA. Well characterized exarnples 

are the Al heterogeneous nbonucleoprotein (hnRNP Al: Riva et al., 1986; Ding et al., 1999), 

hnRNP K (Matunis et al., 1992; Takimoto et al., 1993), and other hnRNP proteins (McKay & 

Cooke, 1 992), nucleolin ( S a  et al., 1986; Lapeyre et al., 1987), and histone H 1 (Il yin et al., 
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1971). Other nucleic acid binding domains shown to bind to both RNA and DNA include the zinc 

hger  (Joho et al., 1 990; Theunissen et al., 1992; Schwabe & Klug, 1994) and the homeodomain 

(Dubnau & Struhl, 1996). 

A large number of studies have been carrieci out to investigate the nucleic acid binding properties of 

hnRNP A 1. in one part icular study, SELEX (systematic evolution of ligands by ex ponenti al 

enrichment) fiom pools of random oligonucleotides identified a high-affhity consensus hnRNP A 1 

binding site, the sequence of which resembles the consensus sequence for vertebrate 5'- and 3'- 

splice sites (Burd & Dreyfùss, 1994). The high aEfuuty of hnRNP A l  for the 20-nucleotide 

oligomer "winner" sequence identified by SELEX was c o n h e d  using a cornpetition fluorescence 

assay (Abdul-Manan et al., 1996). However, these studies also demonstrated that. under 

equilibrium conditions, hnRNP Al cannot specifically recognize a &globin 3'-splice site 

oligonucleotide, which a UV cross-linking study had suggested represented a hiph-affinity hnRNP 

A l  target (Buvoli et al., 1990). Further studies using the sarne fluorescence assay were performed 

to quanti@ the equilibriurn binding affiinity of hnRNP Al for several other potential high-affinity 

target sequences (Abdul-Manan & Williams, 1996). With the exception of the SELEX "wimer" 

sequence, al1 20-nucleotide oligomen exarnined bound hnRNP Al within a narrow, approximately 

10-fold range of affinities. Further experiments with homoslipmers suggested that this range 

reflects nucleotide base composition rather than sequence specificity. These data suggest that 

hnRNP Al will bind indiscriminately to al1 available pre-mRNA sequences. It must be noted, 

however, that subsequent studies have identified a high-aflinity hnRNP Al binding site, similar to 
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the SELEX "wïnner" sequence, through which hnRNP A 1 can modulate splice si te selection 

(Chabot et al., 1997; Blanchette & Chabot, 1999). 

It is believed that RNP motif proteins such as hnRNP Al and other major h n W  proteins, for 

which there is an excess in vivo of the protein over the nurnber of high-afinity binding sites, will 

bind other RNA sequences with lower affinity (Kd = 1 O-' to 1 O4 M) and with less regard to 

sequence specificity (Burd and Dreyfuss, 1994). The likely hct ions of this type of binding are to 

prevent the formation of highersrder RNA structures that might otherwise interfere with RNA- 

processing reactions (Goguel et al., 1993) and to facilitate interactions with trans-acting factors, 

such as complementary RNAs and proteins, through protein-protein interactions and chaperone 

activi ty (Portman and Dreyfuss, 1 994; Wu and Maniatis 1 993). Furthemore, lower-afini ty 

binding may also serve to limit the diffusion of proteins and RNA, thereby accelerating binding to 

higher-afinity sites (Dreyfuss et al., 1993). 

Data presented in this study suggest that the PWI motif is a novel RNA-binding motif. GST-fusions 

of the Kteminal regions of both SRm160, and of hurnan Prp3 (Lauber et al., 1996; Horowitz et 

al., 1997; Wang et al., 1997; Neubauer et al., 1998), which bear no relation to each other outside 

of the conserved PWI-motif residues, both bind to RNA, and both display relatively low sequence 

specificity. Binding expenments with GST-fusion mutants in which highly conserved PWI-motif 

residues of SRm 160 are replaced with alanine residues suggest that these conserved residues are 

involved in RNA binding. Further stuâies however, are required to confimi that the PWI motif is a 
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novel RNA-binding motif. For exarnple, stnicnuai studies currently undeway will help determine 

whether the PWI-motif residues are directly involved in RNA binding or play a more indirect role. 

Such studies would be complemented by a more extensive mutational analysis as well as deletion 

experiments to determine the minimal portion of the N-terminal region of SRml60 required for 

RNA binding. 

Non-specific, relatively low-afinity RNA binding was observed for SRrn 160 in these studies, 

suggesting that it might be involved in roles such as those described above. Tt is possible that 

certain PWI motif residues are conserved to promote such low affinity binding by SRml60. 

Further studies to determine relative affinities of PWI motif mutants for various species of nucleic 

acid could provide evidence to support this hypothesis. It is however also possible that a high 

f i n i t .  and specificity target sequence exists that is physiologically relevant. The SELEX protocol 

could allow the identification of such a high-affinity target binding sequence for SRrn 160 from pools 

of random sequence RNA (Tuerk and Gold, 1990). 

A role for the RBD of SRrnl60 in splicing 

It is possible that the PWI motif within the N-terminal region of SRml60 has RNA binding activity 

that tùnctions in splicing. The PWI motif has been found at the Kteminus of marnmalian Prp3, a 

U4N6 snRNP-associated splicing factor, as well as in other proteins related to splicing factors in 

various species (Blencowe and Ouzonis, 1999), supporting the view that it functions in splicing. 
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Further, discovery of a novel RNA-bhding motif at the N-teminus of SRm 160 reveals that its 

overall domain structure is analogous to that of members of the SR family of splicing factors. SR- 

family proteins share a common domain structure consisting of one or two N-terminal RNA 

recognition motifs and a C-terminal domain nch in altemating arginine and senne residues, also 

known as an RS domain (Fu, 1995; Manley and Tacke, 19%; Valcarcel and Green, 1996). 

SRml60 also contains an extended RS domain at its carboxyl-terminal end (Figure 2: Blencowe et 

al., 1998) 

Individual members of the SR family activate splicing in cytoplasmic S 1 O0 extracts which, apart 

fiom the SR proteins, contain sufficient concentrations of al1 factors required for splicing (Krainer et 

al., 1990a; Zahler et ai., 1992). They promote the preferential use of intron-proximal splice sites in 

the presence of ciscompeting splice sites (Ge and Manley, 1990; Krainer et al., 1990b; Fu et al., 

1992; Caceres et al., 1994; Wang and Manley, 1 995). They also promote recognition of proximal 

splice sites in pre-mRNAs by binding to specific sequences called exonic splicing enhancers (ESEs) 

(Lavigueur et al., 1993; Sun et al., 1993; Dirksen et al., 1994; Tanaka et al., 1994; Wang and 

Manley, 1995). While SRml60 cannot activate splicing in S 100 extract in the absence of added 

SR-family proteins, it is a CO-activator of constitutive splicing of specific pre-mRNAs, and is 

required for the ESE-dependent splicing of several pre-mRNAs (Blencowe et al., 1998; Eldridge et 

al., 1999). 
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A number of studies undertaken over the last few years have attempted to elucidate the RNA 

binding specificities of individual SR-family proteins (Tacke & Manley, 1995; Shi et al., 1997; 

Tacke et al., 1997; Liu et al., 1998; Tacke et al., 1998; Cavaloc et al., 1999; Schaal & Maniatis, 

1999; Liu et al., 2000). It was concluded from these experiments that SR proteins recognize a 

wide array of RNA sequences. Although SR proteins do display distinct RNA binding specificities, 

they recognize somewhat degenerate consensus sequences. In several cases, sequences identi fied 

as binding sites, and which function as ESEs for one SR protein, can be bound by other SR 

proteins (Tacke & Manley, L 995; Liu et al., 1998; Tacke et al., 19%). These overlapping and 

promiscuous RNA binding speci ficities may account for redundancies in SR-family protein function. 

While preliminary evidence suggests that RNA binding mediated by the N-terminal region of 

SRml60 is not required for splicing CO-activation, it cannot be niled out that SRm 160 binds to 

certain pre-mRNA sequences to activate splicing of specific pre-rnRNAs in a manner analogous to 

SR-family proteins. SELEX expenments might identify specific or degenerate target sequences that 

function as enhancer-type sequences when bound by SRml6O. 

A rote for the N-terminal domain of SRml60 in the coordination of splicing witb 

downstream processing events 

As discussed in the Introduction, increasing evidence suggests coordination between various 

processes involved in gene expression. While numemus studies have provideci evidence of 
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coordination between splicing and downstrearn mRNA processing events, it is not clear how 

communication is achieved between the individual steps involved in gene expression. 

Recent evidence has suggested a role for SRml60 in the coupling of splicing to downstrearn 

mRNA pmcessing events. SRml60 interacts with the 3'-processing machinery, and promotes 3'- 

end cleavage of trmscnpts in vitro and in vivo (McCracken et al., submitted). SRrnl60 also 

interacts with the mRNA export factors REF and TAP, promotes the association of these factors 

with rnRNA transcripts, and facilitates export of these transcripts to the cytoplasm (Larnbermon et 

al., in preparation). 

Furthetmore, studies have identified SRm 160 as one of a number of splicing-dependent mRNP 

components. It has been observed that antibodies against SRrnl60, against the general splicing 

activator RNPS 1 (Blencowe et al., 1998; Mayeda et al., 1999), against the acute myeloid 

leukemia-associated protein DEK (McGarvey et al., 2 0 ) ,  and against the hnRNP-like RNA- 

binding protein Y 14 (Kataoka et al., 2000) al1 preferentially precipitate mRNAs that have been 

through splicing. The mRNA export factor REF was also found in mRNP complexes containing 

rnRNA spliced in vitro, but not in analogous unspliced mRNP complexes (Zhou et al., 2000). 

SRm 160 has been found to cross-link to mRNA in vitro, in a splicing-dependent manner (Le Hir 

et al., 2000b). Moreover, ment work has revealed that several proteins, including SRm 160, 

DEK, RNPS 1, REF, and Y 14, are deposited ont0 spliced mRNA at a conserved position 20-24 
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nt upstream of the exon-exon junction in a sequence-independent manner (Le Hir et al., 2000a). 

The evidence suggests that several splicing-dependent mRNP components, including SRm 160, are 

likely responsible for mediating one or more of the downstrearn effects of pre-mRNA splicing on 

mRNA processing (Luo and Reed, 1999; Lykke-Andersen, 200 1 ; Rodrigues et al., 200 1). 

Thus the RNA binding activity of SRml60 reported here supports previous evidence that it 

interacts directly with mRNA as part of a splicing-dependent mRNP complex. The lack of 

sequence conservation 20-24 nt upstream of the exon-exon junction is consistent with the relatively 

low affinity and sequence-independent binding of RNA by SRm 160 obse~red in these studies; it is 

likely that SRm 160 requires the participation of other factors to bind to this conserved position. As 

such SRm 160 could provide a platfom on which export proteins and other factors interact to 

perfomi splicing-dependent hinctions. It is also possible that multiple weak protein-protein 

interactions between factors such as those in the post-splicing complex and other domains of 

SRm 160 could cooperate to promote stable interactions between the PWI-motif and RNA. 

Cross-linking and immunoprecipitation experiments such as those performed by Le Hir et al. 

(2000a) could be repeated using SRml60-depleted nuclear extract supplemented with 

recombinant, FLAG-tagged PWI-motif of SRm 160 mutants expressed using baculovims. Such 

expenments could be used to detemine whether PWI-motif residues are involved in the splicing- 

dependence binding of SRm 160 binding to mRNA. 



A fuictional role for the RNA-dependent interaction between tbe N-terminal domain of 

SRml60 and ribosomal protein LlOA 

Identification by yeast two-hybrid screen, and confirmation by afTinity chromatography of an RNA- 

dependent interaction between the N-terminal region of SRm 160 and Ll OA led to the 

characterization of RNA binding activity by SRml60. in these studies, non-specific RNA binding 

was observed for SRm160, suggesting that the interaction observed between SRml60 and L 1 OA is 

bridged by random RNA sequences, and thus that the interaction is itself non-specific. 

However, M e r  consideration of the evidence suggests that the interaction may be specific. LlOA 

proteins e x p r e d  h m  hgments of a number of different cDNAs were repeatedly identified as 

factors interacting with the N-terminal region of SRrn 160 after stringent screening procedures. 

Furthemore, the interaction was confirmed and found to be RNA-dependent by affinity 

chromatography, under conditions si gni ficantl y di fferent from those of the yeast two-hybrid system. 

Preliminary immunofluorescence studies have also revealed that a subset of L 1 OA CO-localizes with 

SRm 160 in nuclear speckles when a FLAG-SRml60 fûsion is transfected and over-expressed (E. 

Rosonina, personal communication). 

Little is known about the cellular functions of ribosomal protein LIOA. However, it was classified 

as a large subunit ribosomal protein based on sequence homology with the S. cerevisiae protein 

Ssm lp, and with the E. coli ribosomal pmtein L1 (Petitjean et al., 1995; Olvera & Wool, 1996). 
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To date, ribosomal proteins homologous to L1 have been identified in other eubacteria and in 

archaebacteria belonging to branches as divergent as those containing extreme halophiles and 

methanogens (Liao & Demis, 19%). They have also been identified in amitochondriate protists 

and in eukaryotes, including yeast, nematode, rat, and human (Petitjean et al., 1995; Olvera & 

Wool, 1996; Wu & Hashimoto, 1999; Mitrovich & Anderson, 2000). Evolutionary conservation 

of LlOA suggests that it plays an important role in either the structure or fùnction of the ribosome. 

As E. cofi ribosomal protein L1 has been shown to bind to various RNAs with a similar proposed 

secondary structures (Branlant, et al.. 198 l), it may be infmed that eukaryotic Ll OA also exhibits 

specific RNA binding activity. It is therefore possible that the interaction observed between LlOA 

and the RNA-binding domain of SRm 160 depends on a specific RNA sequence or structure that 

stabilizes what is otherwise a weak protein-protein interaction. It is interesting to note that a 

number of interactions between proteins involved in splicing and ribosomal proteins have been 

identified in a large-scale yeast two-hybrid screen for interactions between S. cerevisiae proteins 

(Uetz et al., 2000), though these have not been M e r  studied. It is possible that the interaction 

between SRml60 and Ll  OA hct ions to help mediate the influence of splicing on translation or 

translation-related events. 

NMD, or nonsense-mediated decay, is the activation of degradation of a rnRNA as a consequence 

of the presence of a prematwe termination codon (reviewed in: Li & Wilkinson, 1998; Matsumoto, 

1998; Czaplinski et al., 1999; Hentze & Kulozik, 1999; Jacobson & Peltz, 2000; Maquat, 2000). 
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Sub-cellular fractionation studies in mammalian cells have revealed that rnRNAs with premature 

tennination codons, or nonsense transcnpts, are degraded to the same extent in the nucleus as in 

the cytoplasm. Furthemore, inhibitors of translation have been show to stabilize such nonsense 

transcnpts. The sensitivity of NMD to inhibitors of translation, whether nuclear or cytoplasmic, has 

led to the hypothesis that nucleus-associated NMD reflects assessrnent of the translational reading 

frame by cytoplasmic ribosomes during export ofnuclear mRNA to the cytoplasm, or in the nucleus 

pnor to export, by a mechanism somehow related to cytoplasmic translation. hterestingly, recent 

evidence suggests that translation can occur within the nucleus (Ibarra et al., 2001). It is 

reasonable to hypothesize that, as a ribosomal protein, LlOA may play a role in NMD. 

NMD in metazoan cells has also been shown to require the presence of an exon-exon junction 

more than 50 nt downstrearn of the first in-frame tennination codon in order to degrade a nonsense 

hanscript. Dependence on a specified distance between the temination codon and a downstrearn 

exon-exon junction can be explained by the a splicing-dependent alteration to mRNP that elicits 

NMD through interactions with components of the translation tennination complex (Lykke- 

Andersen, 2001). It has been proposed that the splicing-dependent protein complex, which 

includes SRrnl60, bound 20-24 nt upstream o f  exon-exon junctions, hlfills this purpose. It is 

interesting to speculate that an interaction between LlOA and SRrn160 bound to mRNA as part of 

splicing-dependent mRNP complex, as discussed above, could play a role in the coordination of 

splicing with NMD or another translation-related process. 



It is also interesting to note that expression of the gene encoding the E. coli homolog LI is down- 

regulated in the presence of its own protein product (Baughman & Nomura, 1984; Cole & 

Nomura; Sor & Nomura, 1987). Evidence suggests that this auto-regulation is conserved in S. 

cerevisiae - levels of rnRNA transcribed fiam one of two genes encoding the homolog Ssml are 

down-regulated in the presence of Ssml protein (Petitjean et al., 1995). More recently, it was 

observed that levels of one of two nahually occurring alternatively spliced LlOA mRNAs in C. 

elegans are down-regulated through a NMD-mediated process (Mi trovic h & Anderson, 2000). It 

is interesting to speculate that LlOA is involved in this pmcess and therefore that these observations 

suggest a NMD-mediated auto-regulatory system. Double-stranded RNA interference studies 

could be undertaken to inhibit expression of LlOA or SRml60 and to detemine whether they are 

required for NMD. 

Conclusions 

In this study I report investigations into the d e  of the N-terminal region of SRml60, the 

identification of an RNA-dependent interaction between this domain and a large subunit ribosomal 

protein, L1 OA, and the resulting discovery and characterization of the PWI motif as a novel RNA- 

binding motif. These results suggest that SRm 160 interacts directly with mRNA as part of the 

recently identified splicingdependent protein complex deposited by the spliceosorne, and suggests 

that RNA binding by SRm 160 through the domain 1 have identified might function in the 

coordination of splicing with one or more downstream mRNA processing events. 



Materials and Methods: 
-A--- - .- 

Plasmid contmcts used in these experiments were subjected to analysis by automated sequencing 

by the York University Core Facility Sequencing Senice (Toronto) to venfy accuracy of cloning 

pmcedures. Oligodeoxynucleotides were chemically synthesized by ACGT Coip. (Toronto). 

Yeast Two-hybrid Screen: 

Construction of the yeast two-hybrid bait plasmid, pGBT9-SRm 160(1- 1 30), was performed using 

a DNA fiagrnent coding for amino acid residues 1 - 130 of SRm 160 that obtained by PCR 

amplification using SRml6Owt-pcDNA3-FLAG (gin of G. Bauren) as a ternplate. 

Oligoâeoxynucleotide prirners were designed to obtain a PCR product with an EcoRI restriction 

site at the S'-end, and a termination codon and BarnHi site at the 3'-end (see Table 2 for PCR 

primer sequences). The PCR fkagrnent was introduced into the multiple cloning site (MCS) of the 

pGBT9 vector using standard cloning techniques. 

Yeast strain HF7c (Feilotter et al., 1994) were transfomed as described in MATCHMAKER 

GALA Two-Hybrid User Manual (Clontech) with plasmid pGBT9-SRm l6O(l- 130). Yeast were 

subsequently transformed with a HeLa ce11 cDNA library (a gift of D. Beach). Transformants were 

selected on His' plates for 3-4 days at 30 O C  with the addition of 2SmM 3 -aminotriazole (3-AT). 

The amount of 3-AT in these plates was determined to be more than sufficient to inhibit leaky 

5s 



Table 2 

Plasmids used for PCR amplification used in the cloning of plasmids. 

I 
pGEX2T-SRm300(1- I 59) CGCGGATCCATGTACAACGGGATCGG CGCGAAl-rCAl-rCTCGGGCACGAC 

Plasmid Construct 

pGBT9-SRm 160( 1 - 130) 

pGEX2T-SRm l 6q  1 - 147) 

Fomard Primer 

CGCGAATrCATGGACGCGGGATTTrTCCGC 

CGCGGATCCATGGACGCGGG 

pGEX2T-SRml60N(EILGtoAIAA,) 

pGEX2T-SRml60N(L WtoAJ 

Reverst Primer 

CGCGGATCClTAtTCTTCTTTCTTCAGTTCT T 

CGCGAArrCATTGCrrrrTCATAGATGCC ' 

GTAACGGCAATCGCTGCGTTTGAAGATGATG 

ATGGGAGAAGCGGCACCCCTGCTGC 

TCTTTTTGTTATCCAAGG 

TTGAATGGAAAAAATGCTCGAGAATTT 



expression of the Hm3 reporter gene induced by the bait alone. A subset of colonies positive for 

HIS3 expression were then assayed for fLgalactosidase activity by colony-lift filter assay, 

perfonned as described in the Y east Protocols Handbook (Clontech). Clones that ex hi bi ted strong 

HE3 expression were then selected for their ability to overcorne inhibition by 25mM 3-AT. 

Library plasmids were rescued fiom remaining colonies, CO-transfomed into HF7c with plasmid 

pGBT9-SRm l6O(l- 130), and reassayed to con firm interactions. 

Restriction analysis was carried out on library plasmids, and those with unique restriction patterns 

were subjected to automatic sequencing by the York University Core Facility Sequencing Service 

(Toronto). Sequence information was then analysed online using the BLAST search program at the 

National Center for Biotechnology Information (Altshul et al., 1990). 

Expression of Recombinant GST-fusion proteins: 

Construction of expression plasmid pGEXZT-SR. 160(lD147) was perfonned with a DNA 

fiagment coding for amino acid residues L - 147 of SRm 160 obtained by PCR amplification using 

SRrn l6ûwt-pcDNA3 -FLAG as a template. himers were designed to obtain a PCR product with 

a BamHI restriction site at the S'-end, and a termination codon and EcoRI site at the 3'-end. This 

PCR Fragment was inîroduced into the MCS ofthe pGEX2T vector using standard cloning 

techniques. Construction of pGEX2T-SRm300(1-159), and pGEX2T-Prp3(1-94) were carried 

out using the sarne approach. pGEX2T-SRm J 60N(EILGtoAIAA) and pGEX2T- 
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--- - SRm l6ON(LWfoA J were PCR amplifid using pGEX2T-SRm l6O(I - 1 47) as a temptate, w ith 

primers containing the desired sequences modifications. pGEX2T-SRm l6O(99- 147) was obtained 

by removing a BamHI-XhoI restriction fiagrnent h m  the pGEX2T-SRm 16O(l- 147) plasmid. 

Single-stranded DNA overhangs were filled in before ligation by treating the DNA for 30 min. at 

37°C with AMV Reverse Transcriptase in O.ImM Ç1NTPs. lûmM Tns-HCI pH 7.9, 1OmM 

MgCl,, 5ûmM NaCI, and 1 mM dithiothreitol @TT). 

Expression of GST-Fusion proteins was achieved h m  pGEX2T-based expression constnicts in 

Escherichia coli strain BL2 1. Bacterial cell lysates were prepared by innoculating 1 L 2xYT 

medium with Ampicillin h m  a fresh confluent LB/Amp plate of transformed E. coli (BU 1). Cells 

were grown with vigorous shaking at 37°C to 0Dm=0.6-0.8, and expression of recombinant 

proteins was induced with 0.1 -0.5m.M isopropyl- 1 -thio-b-D-galactopyranoside for an additional 1 - 

2 houn. Cells were washed once with cold PBS and resuspended in -30mL in lysis buffer (20 

mM Hepes pH 7.5, 1OOu.M EDTA, lOmM b-Mercaptoethanol, 1 M NaCI, lug/mL Aprotinin, 

ImM Benzamidine, IOmglmL Leupeptin, and 1 OOuM PMSF), and stored overnight at -70°C. 

Cells were thawed at 37"C, and the bacterial ce11 Iysates cleared by sonication and centrifugation at 

15000g for 15 min. 

M e r  batch binding of bacterial cell lysates to 1-2 mL Glutathione Sepharose 48  (Amersham 

Pharmacia Biotech), recombinant proteins were &nity purified using Poly-Prep Chromatography 

Columns (Bio-Rad), essentially as described in GST Gene Fusion (Amersharn Pharmacia Biotech). 
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-- After etution, proteins for use in affinitychromatographyexperiments w e ~  dtalyzed against 24500 

volumes of buffer D (20mM Hepes pH 7.5, lOOuM EDTA, 1 rnM DTT, 20% v/v Glycerol and 

100mM NaCl) over 24 hours at 4OC. 

Proteins for use in EMSA experiments were bound to glutathione sepharose, resin was packed into 

a disposable column, and washed with five subsequent colurnn-volumes of  buffer D (NaCl: lM, 

2M, 1 M, 2x0.1 M). Resin was incubated for 10 minutes at 37OC in 50mM Tris-HCI (pH 7.4), 

lOmM MgS04, and 2mM ATP, to disrupt unwanted protein associations, and the column was 

washed with two additional volumes of buffer D (1 00rnM NaCI). Purified column-bound protein 

was either eluted as described in GST Gene Fusion (Arnersharn Pharmacia Biotech). or cleaved to 

remove the GST-moiety with Thrombin Protease (Amersham Pharrnacia Biotech) as described by 

the manufacturer. Cleavage was perforrned for 16-20 houn at room temperature in 2OrnM Hepes 

pH 7.5, lOOmM NaCl, 20% v/v Glycerol, and 7mM CaCI,. Fusion proteins were dialyzed against 

24500 volumes of ACB (1W Tris-HCI pH 7.5, 1 OmM Hepes pH 7.5,10% vlv Glycerol, ImM 

DTT, and 1 OOmM NaCI) over 24 hours at 4°C. 

Al1 purified proteins were analyseci by SDS-polyacry1amide gel electrophoresis (PAGE) and 

staining with Coomassie Blue. 

SDS-PACE and Western Blot Analysis: 



--- SDSPAGE and western b b  analyses wcrc perfomidessmtidly as desxibeâ by Harlow and 

Lane (1988). Primary antibodies used for western blot analysis include anti-Csal9 (150; a giA of 

M. Katerolos), anti-Ssmlp (1 :3000; a &A of F. Lacroute), anti-ASF/SF2 (1 : t 000; a gift of A. 

Krainer). immunoblots were developed using a secondary antibody conjugated to HRP and 

cherniluminescence detection (NEN Life Science Products), as per the manufacturer's instructions. 

AMnity Cbromatograpby: 

Glutathione Sepharose 4B m i n  was pre-blocked for 1 h o u  at 4EC in bactenal ce11 lysate 

prepared h m  untransfomed E. coli (BL2l) cells as described above (see Expression of 

Recombinant GST-fusion Proteins). Blocked resin was washed three times in 10 volumes cold 

PBS, and pelleted each time by centrifugation. Resin was washed once in Buffer D, resuspended in 

an equal volume of Buffer D (100mM NaCl), and stored at 4OC. Unless otherwise stateci, al1 

manipulations were carried out on ice. 

Ruified GST or GST-fusion protein was irnrnobilized on Olutathione Sepharose 4B (Amersham 

Pharmacia Biotech; -1ûûug of proteidpl of resin) by batch binding for 2 hours at 4°C in Buffer D 

(100mM NaCI). Treatment of HeLa ceIl nuclear extracts (NE) with ribonuclease was carriecl out 

for 20 min. ai 30°C. Conductivity of ribonuclease-treated and untreated NE was equilibrated with 

Buffer D (ûmM NaCI). Blocked resin was pipetted into microfùge tubes in 25pL aiiquots, and 

lOOpL NE and 300pL Buffer D (100rnM NaCI) was added to each reaction. Binding teactions 
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- - A  were incubated at 4°C for 2 homs with gentle rocking. Resia was packed onto micro-cohmns, 

and the flow-through containing unbound material was collected. Columns were washed with 10 

volumes B a e r  D (1 00mM NaCI) and bound material was subsequently eluted with lOOpL high salt 

Buffer D (1 M NaCl). 

Bound and unbound protein fractions were separated by SDS-PAGE and analysed by western blot 

analysis. 

Nuclear Extracts: 

HeLa nuclear extracts (NE) were prepared essentially as descnbed by Dignarn et al. (1 983). 

Electromobility Shift Assay: 

Electromobility shift assay (EMSA) reactions were typically c h e d  out in 10pL volumes of 

1 xACB, 0.1% v/v Triton X-100, and ZmM MgCi,. Pu"fied protein was incubated with -1.4 

holes  (-3000cpm) radio-labelled probe for 10 minutes at room temperature, followed by 15 

minutes on ice. Reactions were loaded ont0 a non-denaturing polyacrylarnide gel (44% w/v 

polyacrylarnide, 0.25xTBE, 10% v/v Glycerol, with current applied at 4°C for a 30 min. prior to 

loading), separated by electrophoresis at 150V for three hours at 4"C, and analysed by 

autoradiography. Dissociation constants for RNA binding were estimated based on the 
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concentration of proiein at which the electromobility of approximately half of the radio-labelled 

probe is reduced. 

For supershi ft experiments, anti-GST antibody (a gin of S. McCracken) was added to binding 

reactions prior to incubation at room temperature. 

Preparation of Radio-labelled Probes: 

To prepare single-rtranded RNA (ssRNA) probes, in vitro transcriptions were camed out with T7 

Polyrnerase and probes gel purified essentially as described in Mogridge et al. (1995). NutA 

probes were transcribed kom pNutA26C (gitt of T.-F. Mah) linearized with Sail. and T7-BamM 

probes fiom pBluescript(KS-) linearized with BomHI. Transcription reactions were carried out in 

0.5nM each of GTP, CTP, and UTP, 0.08mM ATP, and 0.33pmoYpL a3'P-ATP, for 2 hours at 

37°C. 

To prepare double-stranded RNA probes (dsRNA), an unlabelled RNA hgment complementary 

to the T7-BanzHI probe was transcribed in vitro. In vitro transcription reactions were carried out 

as described above in 0.5mM ATP, in the absence of U"P-ATP. Radio-labelled Ti-BamM 

ssRNA probe was annealed to the complcmentary unlabelled RNA fragment and treated with 

ribonuclease as descnbed in McCracken et al. 1997a. Double-strmded RNA species remaining 

after treatment were ammonium sulfate precipitated to remove f?ee nucleotides. 
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To prepare radio-labelled single-stranded DNA probes (ssDNA), a chemically synthesized 

oligodeoxynucleotide analogous to the T7-BamHI ssRNA probe was radio-labelled in vitro with 

polynucleotide kinase (PM).  The reaction was carried out in a 1 OpL volume containing 1 x PNK 

Buffer, 0.66pmoles oligodeoxynucleotide, 3.33pmoles y12P-~TP, 1 pL giycogen, and 1 pL PNK, 

for 30 min at 37°C. To prepare radio-labelled double-stranded DNA (dsDNA) probe, labelled 

ssDNA probe was hybridized to a complementary chemically synthesized oligodeox ynucleotide, by 

heating to 95°C for 1 min., placing in -1L H 2 0  at 75 O C ,  and allowing to cool to room 

temperature. The hybridization reaction was then treated with Mung Bean Nuclease as descnbed 

by the manufacturer to digest any remaining SSDNA. The resulting dsDNA species were 

ammonium sulfate precipitated to remove free nucleotides. 

Gel purified probes were analysed by scintillation counting and estimated yields were calculated. 

The size and uniformity of al1 radio-labelled probes was verified by separation on polyacrylarnide 

gels and autoradiography. Double-stranded species were also compared to single-stranded 

species by non-denaturing polyacrylarnide gel electrophoresis. 

Expression and Purification of Recombinant Proteins in Baculovirus: 

Cloning and expression of the full-length SRm 160 (bSRm 1 60) using the baculovirus expression 

system was described in Blencowe et al. (2000). To express a peptide representing amino acid 

residues 155-820, a DNA fiagment coding for this portion of SRml60 was isolated by gel 
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purification of an EcoRI-BarnHi restriction ûagment of plasmid SRrn l6OANI -pcDNA3-FLAG 

(@fi of G. Bauren), and was cloned into the MCS of pFastBac HT vector using standard cloning 

techniques. Recombinant virus was produced fiom the resulting pFasBacHT:SRml6OAN using the 

BAC-to-BAC baculovirus system as described by the manufacturer (Gibco BRL - invitrogen Life 

Technologies). Expression and purification of bSRm 160AN was performed essentially as 

described in Blencowe et al. (2000). Proteins were resuspended in 20mM Tris pH 7.6, 1M KCI, 

5% V/V Glycerol. 

Bioin formatics 

Consensus sequence information for various protein domains was obtained using the Simple 

Modular Architecture Research Tool (SMART; Shultz et al., 1 998; Ponting et al., 1999) at the 

European Molecular Biology Laboratory (http://smart.embl-heidelberg.de/). Clones shown to 

interact with the N-terminal region of SRm160 by yeast two-hybrid screen were identified using the 

Basic Local Alignment Search Tool (BLAST; Altshul et al., 1990) at the National Center for 

Biotechnology Information (http://www.ncbi.nlm.nih.gov/b1ast/). BLAST-Like Alignment Tool 

(BLAT; Kent, unpublished) at the Human Genome Project at the University of California, Santa 

Cruz (http://genome.ucsc.edu/) was used to search the human genome for ORFs with similarity to 

that of the Ll OA protein identified by yeast two-hybnd screen. 
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Below is the grouping of arnino acids to classes as well as the class abbreviations used in Table 1 .  

Class Key Amino acid residues (oneletter syntbols) 

alcohol O S,T 

negative . - D,E 

polar P C,D,E,H,K,N,Q,R,S,T 

positive + Km 




