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ABSTRACT

The SmN protein is highly homologous to the constitutively expressed small nuclear 
ribonucleoprotein particle (snRNP)-associated protein ISmB but is expressed in brain and heart 
only. SmN is demonstrated here to associate with snRNPs when expressed naturally or artificially 
and interestingly, the nature of this association is different to that exhibited by SmB. SnRNPs 
catalyse RNA splicing of the primary trancripts within the spliceosome to generate mRNAs 
encoding for proteins. The primary transcripts of some genes however, are processed differently 
according to the tissue or cell type to generate distinct mRNAs encoding for different proteins. 
The tissue specific expression of SmN suggests it plays an important RNA splicing role in the 
tissues expressing it, and hence is a putative regulator of alternative splicing.

The gene encoding SmN in humans, SNRPN has been mapped to the critical region for 
Prader Willi Syndrome (PWS) in which patients lack a functional paternally inherited copy of the 
maternally imprinted SNRPN gene. Murine models of PWS that lack expression of the mouse 
homologue (Snrpn) suffer early postnatal lethality. Data presented here confirms the absence of 
SmN expression at the protein level in all tissues tested demonstrating that the maternal imprint is 
not relaxed in these mice. Furthermore, SmB expression was observed to be elevated in the brains 
of such mice. This suggests that elevated SmB expression cannot compensate for important 
splicing roles normally performed by SmN in the tissues expressing it.

RNA from the brains of these mice was therefore used to study the proposed alternative 
sphcing role of SmN. Genes proposed to be good candidates for regulation by SmN on the basis 
that their pattern of splicing is different in tissues expressing SmN were analysed by RT-PCR 
amplification of endogenous transcripts. Analysis of c-src, NCAM the Oct-2j transcription factor, 
CGRP and the GS alpha and Go alpha subunits of GTP binding proteins argues against a general 
role of SmN in alternative splicing, but the fate of these mice suggests SmN has unique functions 
or properties not assigned to SmB.

This is consistent with a functional analysis by immunoprécipitation whereby SmN 
demonstrated different affinities for the U1 and U2 snRNPs, showing preferential association with 
the U2 snRNP at low levels of expression. In addition, ELISA screening using peptides 
corresponding to the regions of least sequence homology between SmN and SmB/B' revealed that 
a subset of Systemic Lupus Erythematosus (SLE) patients generate autoantibodies that can 
discriminate between and SmN and SmB/B' by binding an SmB/B'-specific epitope (SmB/B' 179- 
190). Therefore the differences in primary structure between SmN and SmB/B' are sufficient to 
alter both protein conformation and the nature of association with snRNPs, implying that SmN- 
containing snRNPs may be capable of processing RNA differently.



In view of these findings, further studies have been performed to determine whether a 
reported significant elevation in gene transcription of SNRPN in certain SLE patients was reflected 
at the protein level. Data presented in this study suggests a post-transcriptional control mechanism 
operates to counter this aberrant SNRPN transcription and that elevated SmN protein expression is 
not a common occurrence in SLE. This is consistent with both immunoprécipitation data and 
ELISA data in that SmN does not appear to be the antigen stimulating the immune system in SLE.
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1.1. RNA SPLICING-GENERAL

Comparisons of complementarity between viral DNA and cytoplasmic mRNAs expressed 

during adenovirus infection established the split gene structure whereby genes (coding units) were 

separated by intervening sequences (introns) which led to the discovery of RNA splicing (Berget et 

al.,1977; Chow et al., 1977). This led to the demonstration of intervening sequences in eukaryotic 

cellular genes. Thus globin genes were found to have two introns (Jeffreys andi Flavell 1977; 

Tilghman et al., 1978), and the immunoglobulin genes to have long and short introns (Tonegawa 

et al., 1978). Analysis of the intron boundries revealed the presence of conserved sequence motifs 

that were common to verterbrate, plant and yeast cells and hence evolutionarily conserved 

(Breathnach and Chambon, 1981; Padgett et al., 1986).

The importance of such sequences and the accuracy of RNA splicing in general is 

demonstrated by the fact that many human diseases are caused by mutations that affect RNA 

splicing. Thus for example, a simple AG to GG mutation in the 3' splice site of intron 1 of the 

cytochrome b5 gene has serious implications and results in pseudohermaphrodism and 

methemoglobinemia (Giordano et al., 1994). Furthermore, it is recognised that 15% of point 

mutations that cause genetic disease affect RNA splicing (Krawczak et al., 1992). The complex 

nature of RNA splicing suggests that mistakes occur during splicing. Indeed it has been suggested 

that a mechanism exists in the cell to destroy incorrectly spliced RNAs which contain open reading 

frames interrupted by translational termination signals as they enter the cytoplasm (Pulok and 

Anderson 1993).

Splicing therefore is an essential process whereby genes are made into functional mRNAs 

by the removal of introns. The mRNAs are subsequently transported to the cytoplasm and 

translated into the protein products. By differential use of exons, RNA splicing can also be used 

as means of post-transcriptional control of gene expression by generating alternative forms of the 

protein product in a process termed alternative splicing.

13



1.2. TYPES OF SPLICING

The splicing steps that occur in the three main cis -RNA splicing processes- group I, group 

II and spliceosomal splicing share common features (FIG. 1.1). The first step in each is a cleavage 

reaction at the 5' splice site, this being effected in group I self-splicing intron splicing by a 

transestérification reaction involving an intronic guanosine that displaces the 5' hydroxyl group on 

the 5' exon causing cleavage (Cech 1985). This self-splicing proceeds in the absence of proteins 

(Kruger et al., 1982) and occurs in maize and bean chloroplasts, the ciliated protozoan 

Tetrahymena and yeast mitochondria (Cech, 1986). Group I introns such as the rRNA intron 

omega in yeast mitochondria (Dujon, 1989) can behave as mobile genetic elements. The 

transposition of these introns is mediated by a DNA endonuclease encoded by an open reading 

frame in the intron (for review see Lambowitz and Belfort 1993). Alternatively, transposition may 

occur by reverse splicing that inserts introns containing an internal guide system (IGS) into other 

RNA molecules that are subsequently reverse transcribed and reinserted into the genome 

(Woodson and Cech 1989). Group I self-splicing introns are also present in viruses that infect the 

eukaryotic green algae Chlorella, which suggests a mechanism whereby such introns are 

horizontally transmitted between the protists and the eukaryotic algae (Yamada et al., 1994).

In group II self-splicing mitochondrial introns the, 2' OH at the adenosine branch site is 

activated to cleave at the 5' splice site which creates a circular lariat RNA structure similar to that 

produced by the spliceosome, the details of which are discussed later (Peebles et al.,1986; Van der 

Veen et al., 1986).

The second step in the three splicing mechanisms is cleavage at the 3' splice site which 

removes the intron and joins exons. Spliceosomal splicing is proposed to occur using two active 

catalytic sites and an SN2 nucleophilic displacement reaction that is analogous with group I self

splicing introns (Moore and Sharp 1993; McSwiggen and Cech 1989; Rajagopal et al., 1989). 

Furthermore, a two-metal-ion mechanism for RNA splicing common to group I, group II and 

spliceosomal splicing has been proposed in which the role of the RNA is to position the two 

catalytic metal ions and orientate the substrate using three specific binding sites (Steitz and Steitz,
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1993). Such similarities between chemistry and mechanisms, especially between group II introns 

and spliceosomal splicing suggests these three splicing systems are evolutionarily related (for 

review see Lamond, 1993).

A further pre-mRNA processing pathway termed splice-leader (SL) trans-s^Wdmg in which 

pre-mRNAs obtain the 5' exon from a small SL RNA occurs in the lower eukaryotes including 

nematodes and the trypanosomes. The SL RNA has features analogous with the snRNAs of the 

spliceosome and splice donor and acceptor sites used in trans-splicing conform to consensus cis- 

splicing sequences. Moreover, certain cw-spliceosomal components such as U2, U4 and U6 

snRNPs (see later) are required for trans-splicing in nematodes (Tschudi and Ullu, 1990; Hannon 

et al., 1991; for review see Steitz, 1992). The trans spliceosome is suggested to lack U l and 

perhaps U5 snRNPs and thus it is proposed that the U6 snRNP is responsible for interaction with 

the 5' splice site in trans-splicing (Yu et al., 1993). However, the SL RNA is not an obligatory 

component in the assembly of the trans-spliceosome and the catalytic activation of these 

spliceosomes may occur in the absence of an exogenous splice donor.
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SPLICEOSOMAL SPLICING

1.3. COMPONENTS OF THE SPLICEOSOME- THE SMALL NUCLEAR 

RIBONUCLEOPROTEINS

In spliceosomal splicing, pre-mRNA splicing and 3' end processing is performed by a 

number of small nuclear RNAs complexed with proteins in particles termed small nuclear 

ribonucleoprotein particles snRNPs (FIG. 1.2.-for reviews see Zieve and Sauterer 1990; Maniatis 

and Reed 1987). The snRNAs may be likened to the catalytic sites of a group II intron in pieces, 

whilst the proteins perform a number of proposed roles.

1.4. SMALL NUCLEAR RNAs

SnRNAs are uridine rich RNAs that are highly conserved between species. Thus snRNAs 

found in yeast are homologous in structure and function to the six abundant major mammalian 

snRNAs U1-U6 which are present within the snRNPs at 2x10 5-1x10 6 copies per cell (Riedel et 

al., 1986; Riedel et al., 1987; Reddy, 1986). Plant snRNAs also show high homology with 

snRNAs from higher animals and the existence of analogous protein components is demonstrated 

by immunoprécipitation of plant snRNPs with anti-Sm SLE sera (Tollervey and Mattaj 1987; Kiss 

et al., 1985/ 87/ 87b /88). The mammalian U l snRNA consists of either 164 nucleotides (nt.) 

(Ula) or 165 nt. (Ulb) whilst U2 snRNA consists of 188 nt. and each exhibits a distinct complex 

secondary structure of stem and loop structures. Whilst the structures of the snRNAs differ, all 

except U6 and nucleolar U3 contain a motif near the 3' end termed the Sm binding site which is a 

single-stranded uridine rich region (PuAUnGPu where n=2-6) flanked by two stem-loop 

structures (Liautard et a l, 1982).

Another common feature (except for U6) is the 5'-terminal trimethylguanosine (m3G) cap 

that is formed from the co-transcriptionally added m7G cap by hypermethylation in which the 

presence of the Sm core proteins on the Sm binding site is a pre-requisite (Mattaj, 1986). The 

m3G cap functions as an important signalling component for the export of newly synthesized U 

snRNA from the nucleus (Hamm and Mattaj., 1990 ; Terns et a l, 1993). The m3G cap is also
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part of a bipartite nuclear localisation signal (NLS) that is shared with a region in the Sm core that 

can bind a transport receptor independently of the m3G cap (Fischer and Luhrmann., 1990; 

Fischer et al., 1993; Hamm et al., 1990a). Recent in- vitro studies demonstrate that the cofactor 

s-adenosyl methionine and a non-snRNP cytosolic factor proposed to be an snRNA-(guanosine- 

N2)-methyltransferase are required for hypermethylation. The Sm core alone, without snRNP- 

specific proteins is sufficient to act as a binding site for this trans -active methyltransferase that 

may be commonly used by all U-snRNPs in hypermethylation. The inhibition of cap 

hypermethylation by the anti-Sm monoclonal Y12 and other experiments suggest that the core 

SmB and SmB' proteins may be involved in m3G cap formation. The Sm core is also proposed to 

provide the binding site for the NLS-recognising factor and other snRNA modification enzymes 

(Plessel et al., 1994; Fischer et al., 1993). The U6 snRNA however is unique in possessing a 

gamma-monomethylphosphate cap and no Sm binding site (Singh and Reddy, 1989) and the 

presence of an m3G cap on U3 snoRNA suggests Sm-core| independent methyl transferases exist.

Less abundant snRNAs U7-14 are also present and also possess a 5' trimethylguanosine 

cap and the common Sm core proteins although the Sm binding sites in U7 and US snRNAs differ 

from consensus. The U7 Sm binding site has been demonstrated to be partly responsible for the 

low abundance of U7 snRNPs due to inefficient snRNP assembly (Grimm et al., 1993). The 

gene copy number of U7 and in addition U 11 snRNAs also contributes to this low abundance as 

both are single copy genes in human and mouse (Gruber et al., 1991; Phillips and Turner 1991; 

Suter-Crazzorola and Keller, 1991) whilst about 30 functional gene copies exist for U l in 

mammals (Lund and Dahlberg 1984). U7 functions in histone mRNA 3' end formation (Bimstiel 

and Schaufele, 1988). U ll  is present in the polyadenylation complex involved in 3' end 

processing. U8, like the more abundant U3 functions in ribosomal RNA processing (Baserga and 

Steitz 1993). The U3 and U8 species are more correctly termed small nucleolar RNAs (snoRNAs) 

as they are restricted to the nucleolus. The demonstration that the U14 snoRNA gene maps to an 

intron within the heat shock cognate protein 70 ( Liu and Maxwell ,1990) has revealed the 

presence of many more (U14-U20) intron-encoded snoRNAs that may function in rRNA
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processing (for review see Sollner-Webb 1993). The emergence of examples of intron-encoded 

genes argues for the retention of introns during evolution.

All snRNA and snoRNA genes are transcribed by RNA polymerase II except for the RNA 

polymerase III transcribed U6 gene (Kunkel et al., 1986). Transcription for polymerase II is 

mediated by a conserved proximal sequence element (PSE) which initiates transcription and acts in 

conjunction with a weak 3' box downstream of the gene to perform correct 3' end formation (Ach 

and Weiner, 1987; Hernandez and Lucito, 1988). A distal sequence element (DSE) also enhances 

the initiation of transcription.

1.5. PROTEINS ASSOCIATED WITH MAJOR snRNAs

SnRNAs interact extensively with proteins such that the final functional snRNP particle is 

comprised of approximately 80% protein. With the exception of the U6 snRNA and U3 snoRNA, 

snRNAs are complexed with a set of up to nine snRNP proteins which are termed the Sm core 

complex. This core consists of the 28kDa B, 29kDa B', the 16-18 kDa D 1-3 proteins, 13kDaE, 

12kDa F and 1 IkDa G proteins (FIG.1.2-for review see Luhrman et al., 1990). The B' protein is 

a primate-specific core component derived by alternative splicing of the universal B protein and is 

not present in murine tissues (van Dam et al., 1989; Rockeach et al., 1990). The proteins 

assemble on each snRNA molecule with a stoichiometry of two B proteins, and one each of E,F 

and G. In humans, one copy of each of B and B' are present in the core in tissues other than the 

brain and heart in which a tissue specific form of the B/B' proteins termed N is expressed 

(Schmauss et al., 1989; McAllister et al., 1988; Sharpe et al., 1989). Here the relationships 

between these highly homologous proteins within the snRNP particles and the subsequent 

implications are less clear.

The precise stoichiometry concerning the D protein remains unclear due to conflicting 

literature whereby Andersen et al., 1990 suggests two distinct D proteins exist (D and D' which 

are distinct gene products) of which two copies of each are present per snRNA whereas others 

(Luhrmann et al., 1990) describe three D proteins designated D 1-3. The D, E,F and G proteins
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protect the Sm binding site from RNAse digestion and these proteins rather than the B proteins 

remain bound at high ionic strengths. This taken together with the fact that particles containing 

only B may not be isolated, whereas particles containing D, E and F may be isolated without the B 

protein suggests D,E,F and G associate with the snRNA whilst B associates with snRNPs via 

protein-protein interactions (Liautard et al., 1982; Fisher et al., 1985a; Sauterer et al., 1990; 

Feeney et al., 1989). This is also implied by the lack of any form of RNA binding consensus 

sequence in SmB (for review of properties of RNA-binding proteins see Burd and Dreyfuss, 

1994b). Cross-linking experiments demonstrate protein-protein interaction of D and B with E and 

G proteins but not with each other (Harris et al., 1988 ). The F protein is proposed to interact 

directly with the Sm binding site (Woppmann et al., 1988) and the Sm binding sequence alone 

when present within single-stranded heterologous RNA is sufficient to initiate Sm core protein 

binding (Mattaj, 1986). In yeast, certain Sm site mutations are lethal or inhibit growth (Jones and 

Guthrie 1990). Such mutants demonstrate decreased snRNP stability and increased snRNA 

decay, suggesting the importance of the Sm site and hence the Sm proteins in confering snRNP 

stability and function. This stabilising function has also been proposed for U l (Hamm et al.,

1987) and U2 snRNPs (Mattaj and DeRobertis, 1985). More specifically, yeast mutants defective 

in the smdl null-allele that show deficiencies in splicing can be compensated for by the human D1 

protein (Rymond et al., 1993). This demonstrates that individual core snRNP polypeptides are 

essential for pre-mRNA splicing and that the functions of such proteins are conserved between 

species. As previously discussed, the Sm core proteins with particular reference to SmB/ B' and 

hence probably N are proposed to play a role in hypermethylation to form the m3G cap on the 

snRNA (Plessel et al., 1994).

Each snRNP also possesses unique proteins in addition to the Sm core. Thus the U l 

snRNP is characterised by the presence of three specific proteins termed the TOkDa, 33kDa A, and 

22 kDa C proteins demonstrating a stoichiometry of two A and two C proteins per snRNP. The 

70 kDa protein possesses an RNA recognition motif (RRM- Query et al., 1989) which contains a 

nuclear localisation signal (NLS-Romac et al., 1994). Thus the 70kDa protein can be transported
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to the nucleus independantly of Ul snRNA and hence shows flexibility in its association with the 

U l snRNP (Feeney et al., 1989). The proposed role of this protein is discussed later. The human 

A protein has been demonstrated to bind a 47 nt. region in the 3' untranslated region of its own 

pre-mRNA. This causes inhibition of mammalian but not yeast poly (A) polymerase (PAP) by a 

specific interaction between the A protein and PAP that thus inhibits polyadenylation of its own 

pre-mRNA (Boelens et al., 1993; Gunderson et al., 1994). The yeast U lA  protein is not essential 

for the selection of most 5' splice sites (Liao et al., 1993), and splicing appears unaffected in yeast 

mutants that lack the UlA  gene (Liao et al., 1994). It has been suggested that the yeast U lA  

protein maintains the U l RNA in an active configuration. (Liao et al., 1994).

Two major proteins are unique to the U2 snRNP, these being designated the 28 kDa B" 

and the 30 kDa A' protein which bind to stem-loop IV of U2 snRNA (Habets et al., 1985). The 

third loop of the RRM of U2 B" is involved in interactions with the U2 A' protein which 

augments the affinity of RNA binding (Scherly et al., 1990; Bentley and Keene 1991). Recent data 

demonstrates that the 17S U2 particle which exists under splicing conditions contains up to nine 

additional U2-specific snRNP associated proteins (SAPs) proteins that are contained within an 

extra globular domain that gives the functional particle a bipartite appearance (Behrens et al., 

1993a). Certain of these proteins are proposed to comprise the essential SF3 a and SF3b splicing 

factors. Furthermore, six of such U2-specific SAPs have been described which cross-link to the 

3' end of the intron near the branch point in the pre-spliceosomal A complex (see later -Staknis and 

Reed 1994). Four of these SAPs are conserved between Saccharomyces cerevisiae and humans. 

These proteins also cross-link with the RNA in the spliceosomal B complex (see later) along with a 

200kDa U5 snRNP-specific protein which cross-links near the 5' splice site. A 100 kDa U5- 

snRNP-specific Intron Binding Protein (IBP) interactive with the 3' end of introns has also been 

described (Gerke and Steitz 1986; Tazi et al., 1986).

Two SAP's (SAP 60 and 90) have been recently identified as examples of U4-U6-specific 

proteins that are present in splicing complex C (see later), suggesting important roles of these 

proteins during splicing (Gozani et al., 1994). Further U4/U6 snRNP specific proteins (150,
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120, 80, 36 and 34 kDa) have been characterised using autoimmune sera from systemic sclerosis 

and Sjogrens syndrome (Okano and Medsger 1991; Fujii et al., 1982). Scleroderma sera have 

been used to identify a 65 kDa component of the U11-U12 snRNPs and a 140-kDa U l 1-specific 

protein (Gilliam and Steitz 1993).

Therefore the snRNP specific proteins described above appear to play a critical role in 

snRNA-pre-mRNA interactions during splicing.
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FIG. 1.2.) STRUCTURE OF THE HUMAN U l snRNP 
(ZIEYE AND SAUTERER 1990)
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1.6. snRNP ASSEMBLY

Assembly of snRNPs occurs in the cytoplasm where snRNAs exported from the nucleus 

associate with core proteins and snRNP specific proteins. The Sm core can bind a transport 

receptor and thus be transported to the nucleus independently of the m3G cap signal (Fischer et al., 

1993). However, the association of Sm proteins with the U l RNA in the cytoplasm suggests they 

may also function to transport partially assembled snRNPs to the nucleus (Feeney et al., 1989). 

Indeed, the cytoplasmic association of Sm core to the snRNAs would seem necessary in order to 

hypermethyl ate the m7G cap to the m3 G cap (Plessel et al., 1994; Mattaj, 1986). U4 and U5 

snRNPs unlike the U l and U2 snRNPs may enter the nucleus as ApppG-capped particles although 

this occurs at a slower rate suggesting the requirement of the snRNPs for nuclear transport using 

the m3G cap varies and that it may only act to enhance the rate of nuclear localisation (Fischer et 

al., 1991).

The common core proteins are stored in excess in the cytoplasm compared to the snRNAs 

(Zeller et al., 1983; Zieve and Sauterer 1990). An RNA-free 6S complex composed of core 

proteins D1 (and D2, D3) and E,F and G initiates the assembly of the snRNP by binding to the Sm 

binding site on the snRNA (Fischer et ah, 1985; Sauterer et ah, 1990). The G protein has been 

demonstrated to cross-link specifically to the Sm-site of isolated snRNP particles (Heinrichs and 

Luhrmann 1992). The F protein has also been proposed to interact with this site (Wopmann et ah,

1988). The B protein is the last to assemble to the Sm core in the form of a dimer (Feeney et ah, 

1990).

The U 1 specific 70 kDa and A proteins are not essential for nuclear import of U l snRNP 

particles (Hamm et ah, 1990a), this being conferred by the bipartite Sm/ m3G NLS. Thus the U l- 

A protein and 70 kDa protein both contain nuclear localisation signals. These are located between 

the two RRMs in the A protein (Kambach and Mattaj, 1992) and within the RRM and also within 

the arginine-serine-rich region in the 70 kDa protein (Romac et al., 1994). In addition, the U l- 

specific C protein has been demonstrated to migrate to the nucleus independently where it
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associates with preassembled Ul-snRNPs (Jantsch and Gall 1992). The presence of the 70kDa 

protein in the snRNP is proposed to be a pre-requisite for the incorporation of the C protein 

(Hamm et ah, 1990b).

Maturation of snRNPs is completed in the nucleus where specific proteins associate and 

proteins are proposed to exchange between snRNAs and nuclear pools of unassembled proteins 

(Feeney and Zieve 1990; Kambach and Mattaj 1992). Here the U1 snRNA precursor UP is 

reduced by a few nucleotides in length (Yang et al., 1992) and the U2 snRNA precursor U2' is 

reduced by 11 nucleotides (Ares et al., 1985).

1.7. THE SPLICEOSOME CYCLE

The process of RNA splicing involves a complex sequential cycle of RNA/protein 

interactions which ultimately yields a functional mRNA (FIG. 1.3.-for reviews see Zieve and 

Sauterer 1990; Lamm and Lamond 1993; Sharp 1994). The basic cycle involves recognition of the 

pre-mRNA and assembly of the spliceosome on the intron. The intron is catalytically excised by 

the spliceosome, joining the exons on the mRNA. The spliceosome components used are 

subsequently disassembled from the spliceosome and recycled for the next round of splicing.

Recognition of the RNA is ultimately dependant on conserved sequence motifs within the 

RNA. At the 5' splice site junction is the AG:GUAAGU sequence in which GU motifs are 

invariant. The CAG:G motif at the 3' splice junction (AG being invariant) and the branch point 

PyNPyPu(A)Py located 30 nucleotides upstream of the 3' splice site are also critical (PY= 

pyrimidine, Pu= purine, N= any nucleotide, (A)=Adenosine branch point which the 5' end of the 

intron ligates to via a 5' to 2' linkage; ). In yeast the branch point sequence UACUA(A)C is 

absolutely conserved (FIG. 1.2). Mutating these essential motifs generally inactivates splicing in 

yeast and activates cryptic splice sites in mammals. Mammalian systems require a further sequence 

in the form of a polypyrimidine stretch between the branch point and the 3' splice site.

The initial spliceosome complex, termed the commitment complex (CC) is formed when 

the U1 snRNP recognises the 5' splice site and sequences around the branch site and 3' splice site
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are recognised (Séraphin and Rosbash 1991; Michaud and Reed 1991; Jamison and Garcio-Blanco

1992). This is proposed to be achieved through complementarity between the U1 snRNA and the 

5' splice site as base pairing between the two can be restored by introducing mutations in U1 

snRNA that are compensatory to those in mutant 5' splice sites (Steitz J.A. 1992; Zhuang and 

Weiner, 1986; Séraphin et al., 1988; Siliciano and Guthrie, 1988).

The commitment complex was first identified in the yeast system (Legrain et al., 1988; Séraphin 

and Rosbash 1989) and is so termed as it is committed to form into a complete spliceosome.

The pyrimidine tract near the branch site and 3' splice site is functionally important in 

mammalian splicing as it is recognised by the U2AF protein (Ruskin et al., 1988). The binding of 

U2AF here allows the binding of the U2 snRNP to the pre-mRNA in the form of a stable complex 

called the A complex. Recent investigations suggest that the U 1 snRNP 70K polypeptide and 

U2AF interact to form a bridge across the intron. This is strongly implied by the demonstration 

that ASF/SF2 and SC35 specifically interact with both the U1 snRNP 70K protein and with the 35 

kDa subunit of the U2AF splicing factor U2AF35 (Wu and Maniatis 1993). As the U2AF35- 

U2AF65 heterodimer binds to the 3' splice site via U2AF65 (for review see Green 1991) and the 

5' and 3' splice sites are functionally associated during spliceosome assembly (Michaud and Reed

1993), this suggests an important role for the SR proteins in the interaction of 5' and 3' splice 

sites.

The U1 snRNP 70K polypeptide is highly phosphorylated in vivo and has been 

demonstrated to undergo phosphorylation at serine residues within the RS domain by a snRNP- 

associated kinase (Woppmann et al., 1990, 1993). As this phosphorylation inhibits mRNA 

splicing (Tazi et al., 1993) this suggests that the UlsnRNP 7OK polypeptide plays a crucial role 

during the splicing reaction. Thus the state of phosphorylation of this polypeptide and in addition 

the SR proteins which are also phosphorylated by this kinase (Woppmann et al., 1993) may 

determine the nature of protein-protein interactions that occur and hence the nature of splicing.

The B1 spliceosome complex is formed as the 25 S U4-U6-U5 snRNP complex binds to 

the A complex in an ATP-dependent reaction. Here U4 plays a crucial role in formation of this
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25s particle and in subsequent snRNP interactions to form the 50S five snRNP complex which 

performs RNA splicing (Kornarska and Sharp, 1987). The U4 snRNA is then proposed to 

dissociate from the U6 snRNA and the U1 snRNA dissociates from the 5' splice site to form the 

B2 complex. It is proposed that U 1 snRNP and U2AF65 become destabilized at this stage and six 

U2 snRNP-specific proteins bind the pre-mRNA in the vicinity of the 3' splice site surrounding 

the branchpoint. (Staknis and Reed 1994). A novel set of 14 SAPs (two of which are U4-U6- 

specific) together with the essential splicing factor PSF has been observed to stably bind the 3' 

splice site during splicing complex C, suggesting that PSF and a number of SAPs replace U2AF65 

in this complex (Gozani et al., 1994). Indeed, the disruption of base pairing between U1 and the 

5' splice site is a pre-requisite for spliceosomal assembly by the interaction of U2-U4-U5-U6 

snRNP complex with the 5' splice site (Konforti et al., 1993). The dissociation of U4 snRNA 

from U6 snRNA allows the U2 and U6 snRNP to interact by complementarity (Datta and Weiner 

1991; Wu and Manley 1991; Madhani and Guthrie 1992; McPheeters and Abelson 1992). Another 

distinct region of U6 snRNA is proposed to interact with the conserved GU dinucleotide of the 5' 

splice site (Sawa and Abelson 1992; Wasserman and Steitz 1992; Sontheimer and Steitz 1993). 

U6 and U2 are extensively conserved which suggests these snRNAs possess the essential catalytic 

functions (Guthrie 1991). Mutations of two conserved U6 sequences that interact with U2 snRNA 

inhibit the first and second steps of splicing in-vivo (Madhani et al., 1990).

The U5 snRNP is proposed to be critical in determing 5' splice site selection in yeast 

(Newman and Norman 1992), and also in mammalian systems as studies with HeLa extracts 

suggest the U5 snRNA interacts with the 5' splice site, specifically with the last residue of the 

upstream exon (Wasserman and Steitz 1992; Wyatt et al., 1992; Sontheimer and Steitz 1993). 

Further interactions of the U5 snRNP are suggested by identification of a 100 kDa U5-snRNP- 

specific Intron Binding Protein ( IBP ) that is reactive with anti-Sm antibodies and interacts with 

the 3' end of introns (Gerke and Steitz 1986; Tazi et al., 1986; For a review of RNA-RNA 

interactions within the spliceosome see Nil sen, 1994).
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Subsequently, an ATP-dependent transestérification reaction within the C l complex 

catalyses the first step of splicing at the 5' splice site. This results in formation of the| lariat by the 

subsequent 5' to 2' ligation of the 5' end of the intron to an adenosine residue within the branch 

point. This cleavage therefore separates the 5' exon from the intron and 3' exon (Ruskin and 

Green, 1985; Frendeway and Keller, 1985). The formation of the C2 complex marks further 

rearrangements between snRNAs which are proposed to form the catalytic site which performs the 

second splicing reaction (Madhani and Guthrie 1992; McPheeters and Abelson 1992). The I 

complex which consists of snRNPs and intron forms after the two exons are joined and the mRNA 

is released and migrates to the cytoplasm. In yeast, the release of mRNA from the spliceosome 

requires ATP and PRP22 (Company et al., 1991). The I complex then dissociates and snRNPs 

are re-used for further splicing whilst the intron is degraded.
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FIG. 1.3. THE ROLE OF THE snRNP PARTICLES IN 
SPLICEOSOMAL PRE-mRHA SPLICING.
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1.8. THE FATE OF NEWLY TRANSCRIBED RNA

Following transcription, a 200-300 base poly(A) tail is added to eukaryotic pre-mRNAs by 

poly(A)polymerase and an additional multisubunit complex following cleavage of the RNA 10-35 

bases downstream of the polyadenylation signal (A AU A A A- Takagaki et al., 1990; Proudfoot and 

Brownleel976). This sequence is essential both for cleavage and polyadenylation (Fitzgerald and 

Shenk, 1981; Wickens and Stephenson 1984; Manley et al., 1985; Sheets et al., 1990). A second 

element (DSE) downstream of the cleavage site is required and the efficiency of 3' end formation 

is dependent on the distance between the DSE and the polyadenylation signal (Gil and Proudfoot, 

1987; Heath et al., 1990; Weiss et al., 1991). The 5' end is modified to form an m7G 

monomethyl guanosine cap which is necessary for translation (Salditt-Georgieff et al., 1980).

Prior to spliceosomal splicing in the nucleus, the newly transcribed pre-mRNA is rapidly 

bound by the heterogenous nuclear RNP proteins (hnRNPs-for review see Drey fuss 1986) which 

have been proposed to regulate localisation and translation of the mRNA and to confer stabilising 

effects. The hnRNP proteins hnRNP I (PTB-Guo et al., 1991; Mulligan et al., 1992) and 

hnRNPAl (Mayeda and Krainer 1992) have also been demonstrated to affect splice site selection.

The hnRNP A1 protein possesses two RRM's and has been proposed to play a role in 

facilitating RNA transport out of the nucleus (Pinol-Roma and Dreyfuss 1992). A1 has also been 

demonstrated to discriminate among pre-mRNAs by differential binding, therefore possibly 

allowing other splicing factors to discriminate among RNAs (Buvoli et al., 1992). The two 

RRM's are proposed to play a role as a single component that bind RNAs with different affinities, 

the highest affinity of binding being recorded for a sequence resembling a duplication of the yeast 

consensus 5' and 3' splice sites (Burd and Dreyfuss 1994a). Furthermore, A1 binds to the U l, 

U2 and U4 snRNPs. The binding by A1 to the U2 snRNP and to the branch site may promote 

their interaction whilst at high concentrations A1 may have a competing effect against the binding 

of the UlsnRNP to the 5' splice site. A further role of hnRNP A1 in RNA strand annealing is
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proposed to affect the interaction of trans- acting spliceosomal factors with the pre-mRNA (Buvoli 

et al., 1992; Eperon et al., 1993; Portman and Dreyfuss, 1994).

The hnRNP Cl and C2 proteins have one RRM, are restricted to the nucleus (Pinol-roma 

and Dreyfuss 1992) and bind poly (U) sequences and the intronic polypyrimidine sequence 

(Swanson and Dreyfuss 1988; Wilusz and Shenk 1990). The hnRNP C proteins are 

immunoprecipitable from the spliceosome using a monoclonal specific for them (Choi et al.,

1986).

The hnRNP 1/ PTB protein is also immunoprecipitable from spliceosomes (Patton et al.,

1991) but demonstrates an additional unique location within discrete perinuclear structures (Ghetti 

et al., 1992). The exact role of hnRNP 1/ PTB in pre-RNA splicing is covered later in this account.

1.9. OTHER SPLICING PROTEINS

The arginine-serine rich SR proteins, notably ASF/SF2 (Ge and Manley, 1990; Krainer et 

al., 1990) and SC35 (Fu and Maniatis, 1990; Fu and Maniatis, 1992a) are essential for splicing. 

The addition of any one of the SR proteins to a cellular extract competent for splicing but lacking 

SR proteins restores splicing activity (Krainer et al., 1990; Zahler et al., 1993; Fu et al., 1992). 

The SF/SF2 and SC35 proteins are required for the formation of splicing complexes early in the 

splicing pathway (Krainer et al., 1990; Fu, XD, 1993, Fu and Maniatis, 1992b). Recent data 

suggests that ASF/SF2 bind specifically to pre-mRNAs containing intact 5' splice sites (Zuo and 

Manley, 1994). It has been proposed that the protein acts to recruit U l snRNP to the 5' splice 

site. The SC35 protein is a distinct splicing factor but exhibits equivalent activities and similar 

structure with ASF/ SF2 (Fu et al., 1992).

Screening for conditional lethal mutants of the yeast Saccharomyces cerevisiae identified 

many genes that affect RNA processing (Vijayraghavan and Abelson 1990; Vijayraghaven et al.,

1990). Such mutants are termed pre-mRNA processing (PRP) mutants and 30 of such genes have 

been identified which are involved in RNA splicing. Some prp gene products (PRP2, PRP 16) 

have been shown to have RNA-dependant ATPase activity, suggesting they function as RNA
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helicases and thus modulate RNA base pairing interactions (Kim et al., 1992; Schwer and Guthrie

1991). The PRP5 gene product is essential during spliceosome assembly and is believed to 

regulate binding of U2 snRNP to the pre-mRNA (Dalbadie and Abelson, 1990). Further evidence 

of the essential role of prp gene proteins in splicing are evident in the interaction of PRP28 with 

both U6 and U5 associated proteins (Strauss and Guthrie 1991).

Recent data demonstrate that mammalian systems have counterparts of yeast prp proteins, 

in the form of snRNP-associated proteins (SAPs). The U2 snRNP within the A splicing 

complex has at least seven SAPs (Bennet et al., 1992; Behrens et al., 1993a; Staknis and Reed, 

1994), three of which (SAP 61, 62, 114) form the essential splicing factor SF3a, whilst SAPs 

49,130,145, and 155 are proposed to comprise the SFb splicing factor (Brosi et al., 1993a ; Brosi 

et al., 1993b; Bennet and Reed 1993). Moreover, the functional activities of PRPs appear to be 

conserved in SAPs. Thus antibodies to the PRP9 gene product which encodes a 60 kDa protein 

essential for complex A assembly also bind an essential 60 kDa component of mammalian U2 

snRNPs (Behrens et al., 1993b). In addition, PRP9 directed antibodies bind SAP61 due to 30% 

homology between the proteins. Similar protein-protein activities with other SAPs that reflect 

those demonstrated in PRPs suggest specifically that the functional activities of PRP9 and PRPl 1 

are retained in SAPs 61 and 114 (Chiara et al., 1994). Interestingly, the mammalian La antigen, 

an RNA binding protein which is bound by antibodies present in SLE and Sjogrens syndrome sera 

has been demonstrated to possess dsRNA unwinding activity, being therefore similar to the 

activity of certain PRP gene products (Xiao et al., 1994). The 50kDa La antigen has also been 

implicated in the transport of RNA polymerase III transcripts such as the U6 snRNA to the 

cytoplasm (Bachmann et al., 1989a; 1989b).

1.10. ALTERNATIVE RNA SPLICING

Alternative splicing is a common mechanism whereby different protein isoforms can be 

generated from the same primary transcript (for review see Latchman 1990,1993; McKeown

1992). This allows the genome to have increased coding capability and also, is a further
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mechanism of regulating gene expression This especially important in terminally differentiated 

cells that have lost the capacity to replicate DNA. Alternative splicing involves the joining of non- 

consecutive exons or splice sites during the processing of transcripts.

Various patterns of alternative splicing exist (FIG. 1.4), the simplest of which is the splice/ 

don't splice choice observed in the Drosophila P-element in which an exonic sequence is involved 

in the retention of the downstream intron in the somatic tissues (Chain et al., 1991). The choice of 

5' splice site determines the splicing of the SV40 T antigen gene to subsequently produce either 

large T or small t proteins (Noble et al., 1988). Conversely, in Drosophila females, the product 

of the sex-lethal gene (Sxl) causes utilisation of the female-specific 3'splice site but not the male 3' 

splice site in the primary transcript that encodes the Tra protein (Boggs et al., 1987; McKeown et 

al., 1988). Exon skipping is observed in the splicing of Drosophila sex-lethal (Cline, 1984) and 

the cHras-proto-oncogene (Cohen et al., 1989). Isoforms of the CD45 membrane-bound tyrosine 

phosphatase possessing different molecular weights are generated by multiple exon skipping 

involving the inclusion or exclusion of three exons (Streuli and Saito, 1989). Splicing of the 13- 

tropomyosin gene of both rat and chicken involves mutually exclusive exon usage (Helfman et al., 

1988; Libri et al., 1990). The pattern of splicing of the CALC-1 gene is a choice of 3' exons 

whereby splicing of exons 1,2,3,4 yield an mRNA encoding calcitonin in the default pathway 

whilst splicing exons 1,2,3,5 yields CGRP mRNA (Crenshaw et al., 1987).

A wide variety of potential mechanisms operate in alternative splicing as splice site 

selection can be determined by a number of parameters. Such perameters include the nature of the 

splice sites themselves (for review see Green, 1991). In general, sequences that show a better 

match to the consensus splice sites are more tightly bound by splicing factors (Nelson and Green, 

1990; Zamore et al., 1992) and such sequences are considered "strong" sites as they are more 

frequently used (Oshima and Gotoh, 1987; Brunak and Engelbrecht, 1991). The pyrimidine 

content of 3'splice sites is also implicated in alternative splice site selection (Mullen et al., 1991; 

Dominski and Kole, 1992).
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Exon sequences and relative splice site proximity are involved in splice site selection 

(Eperon et al., 1986; Mardon et al, 1987; Reed and Maniatis 1986; Streuli and Saito 1989; Libri et 

al., 1990). Two distinct sequence elements within the calcitonin-specific exon 4 are required for 

calcitonin-specific splicing of the CALC-1 pre-mRNA (van Oers et al., 1994) and these sequences 

are bound by proteins that overcome the effect of the weak exon 4 splice acceptor site (Emeson et 

al.,1989; Adema and Baas, 1991) . Splice site usage is determined by an exon recognition 

sequence (ERS) in the 5' portion of exon M2 of the mouse immunoglobulin IgM gene that 

functions as a splicing enhancer, possibly by binding trans- acting factors such as the U l snRNP 

(Watakabe et al., 1993). A positively-acting purine-rich exon splicing element (ESE) within the 

developmentally regulated exon 5 of the cardiac troponin T gene is required for splicing to the 3' 

adjacent splice site and may function in both constitutive and alternative splicing (Xu et al., 1993).

Pre-mRNA secondary structure controls alternative splice-site selection ( D'orval et al., 

1991; Libri et al., 1991; Solnick, 1985, Eperon et al., 1988). Thus for example, 2 bases located 

in the vicinity of the exon 3 major splice-acceptor in the human growth hormone gene facilitate the 

use of a downstream competing alternative acceptor site by effectively stabilising a specific stem- 

loop structure that encompasses the major acceptor site (Estes et al., 1992)

Exon size also determines splice site selection whereby co-ordinate recognition of splice 

sites within an exon occurs in a process termed exon definition (Dominski and Kole, 1991; Nasim 

et al., 1990; Robberson et al., 1990; Hoffman and Grabowski, 1992).

Splice site usage may also be affected by intron sequences (Helfman et al., 1990; Black 

1992; Gallego et al., 1992). Thus for example, the cell-type-specific inclusion of the EIIIB exon 

in rat fibronectin pre-mRNA is regulated by downstream intronic sequences located a long distance 

(518 nucleotides) from the EIIB exon (Huh and Hines, 1993). Moreover, a short, highly repeated 

TGCATG motif enhances the usage of the EIIB 5' splice site and can also activate inclusion of the 

alternatively spliced exon 4 of the rat preprotachykinin pre-mRNA (Huh and Hines, 1994). 

Interestingly, a positively-acting intronic TGCATG sequence is also required for the inclusion of 

the neural-specific c-src N1 exon (Black, 1992). Furthermore, eight copies of a similar repeated
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sequence (GCATG) are clustered around the calcitonin-specific exon 4 splice acceptor in the 

CALC-1 gene (Huh and Hines, 1994), suggesting such motifs may also play an important role in 

determining splice-site selection.

A combination of cis - acting sequences that interact with cellular factors are proposed to 

regulate splice site selection in the rat p-tropomyosin gene. Thus elements immediately upstream 

of exon 6 facilitate the use of the downstream 5'-splice site by exon definition (Tsukahara et al., 

1994). In addition, sequences in the skeletal muscle-specific exon 7 and the adjacent upstream 

intron in addition to multiple-cz.s elements surrounding exon 6 contribute to tissue-specific 

alternative splice-site selection (Helfman et al., 1990; Guo et al., 1991 ;Guo and Helfman 1993; 

Tsukahara et al., 1994).

The generation of distinct proteins from the same primary transcript infers that cell-type / 

tissue-specific / developmentally regulated protein factors must be present to interact with cis - 

acting sequences on the pre-mRNA and thus affect the way the spliceosome deals with the 

transcript. This is supported by the fact that the introduction of identical mini gene constructs 

containing alternatively spliced exons leads to different patterns of splicing in different cell types 

(Barone et al.,1989; Crenshaw et al., 1987). Regulation of alternative splicing therefore involves 

the use of cis -acting sequences in the pre-mRNA in conjunction with trans -acting cellular protein 

factors.
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FIG. 1 .4 .)  YAHIOUS FORMS OF ALTERNATIVE RNA SPLICING
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1.11. PROTEINS INVOLVED IN THE REGULATION OF ALTERNATIVE SPLICING

Recent work suggests that the mechanisms underlying the selection of splice sites in 

alternative splicing frequently utilises the same protein components used in constitutive splicing 

and such proteins therefore have a dual function and they exhibit similar structural properties 

(FIG. 1.5). In examples investigated thus far, it appears that regulation is brought about by a 

delicate balance of such proteins that often autoregulate their own expression via feedback loops. 

Regulatory proteins may act in conjunction with antagonistically acting proteins to determine the 

choice of 5' splice sites selection.

A feature common to proteins involved in the selection of 5' splice sites is an arginine- 

serine (RS)-rich sequence. This domain gives rise to the name of the SR protein family which 

includes SF2/ ASF and the identical SRp20 and SRp30a proteins (Ge et al., 1991; Krainer et al., 

1991; Zahler et al., 1992), SC35 and the identical SRp30b protein (Fu and Maniatis, 1992a; Zahler 

et al., 1992), SRp55 and SRp75 (Zahler et al., 1992), U2AF65 and U2AF35 (Zamore et al., 

1992; Zhang et al., 1992). The RS domain is also a feature of the Ul-snRNP 70 K protein 

(Theissen et al., 1986; Spritz et al., 1987) and the Drosophila suppressor of white apricot Su(wa) 

(Chou et al., 1987), suppressor-of-sable (Voelker et al., 1991) and iTransformer (Tra) and 

Transformer 2 (Tra2) proteins (Ge at al.,1991). Therefore the RS domain of Su(wa) is required 

for function of the protein in vivo and this function can be replaced by the RS domain from Tra. 

The RS domain has also been proposed to direct proteins to the subnuclear compartment (Li and 

Bingham 1991). Recently the Ul-snRNP 7OK protein has also been demonstrated to possess a 

nuclear localisation signal (NLS) within its arginine-serine rich domains (Romac et al., 1994). 

The RS domain of U2AF65 is essential for splicing activity (Zamore et al., 1992), and fusion of 

the Drosophila Sex lethal ( sxl ) protein to the RS domain of U2AF65 converts it from a repressor 

to an activator of splicing (Valcarcel et al., 1993). It has been suggested that as many mammalian 

and Drosophila splicing factors contain an RS sequence, whereas the splicing factors in yeast that 

do not perform alternative splicing of RNA do not, then the RS domain may play an important
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role in alternative splicing (Lamm and Lamond 1993). In addition, comparison of the ability of 

several SR factors to alternatively splice different pre-mRNAs demonstrates that they are 

differentially active in modulating this alternative splicing (Zahler et al., 1993a).

A second feature common to these RNA-binding proteins is the ribonucleoprotein 

consensus sequence (RNP-CS), which is also termed the RNA-recognition motif (RRM) or RNA- 

binding domain. This 80-90 amino acid motif has been demonstrated to be necessary for specific 

RNA binding in vitro (Query et al., 1989; Scherly et al., 1989; Nagai et al., 1990) and is common 

to many RNA-binding proteins including the general splicing factors that contain RS domains 

(except U2AF 35 ) and also the UlA and U2B" snRNP proteins (Sillekens et al.,1987; Habets et 

al., 1987). The RNP-CS of the Ul-snRNP 70 K protein contains one of two nuclear localisation 

signals (NLS- Romac et al., 1994). The SR protein ASF/SF2 requires both the RS domain and the 

RNP-CS for performing constitutive splicing, however the RS domain is not essential for splice- 

site switching (Caceres and Krainer, 1993; Zuo and Manley, 1993).

ASF was originally observed to cause a switch from SV40 large T to small t pre-mRNA 

splicing in a concentration dependant manner (Ge and Manley, 1990). SF2 was observed to alter 

p-globin splicing in a similar manner (Reed and Maniatis, 1986; Krainer et al., 1990b) and the 

two proteins were subsequently proved to be identical (Ge et al., 1991; Krainer et al., 1991). 

ASF/SF2 contain two RNA-binding domains (Ge et al., 1991; Krainer et al., 1991; Zuo and 

Manley 1993). In addition to a general splicing role (FIG. 1.5), ASF/SF2 also modulates the 

selection of alternative splice sites in a concentration-dependant manner (Ge and Manley 1990; 

Krainer et al., 1990b). High concentrations of ASF/SF2 are observed to favour the use of the 5' 

splice site most proximal (downstream) to the 3' splice site (Harper and Manley 1992). 

Furthermore, the human pre-mRNA splicing factor hnRNPAl activates distal 5' splice sites at high 

concentrations and acts antagonistically against ASF/SF2 and SC35 . Thus the ratio of hnRNPAl 

to ASF/SF2 or SC35 affects the ratio of distal to proximal splice site usage (Fu et al., 1992; 

Mayeda and Krainer 1992; Ben-David, Y. et al., 1992). This suggests that the nature of alternative 

splicing performed within a tissue may be regulated by the level of expression of SR proteins in
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conjunction with proteins acting antagonistically to these SR activities (Zahler et al., 1993a). High 

concentrations of ASF/SF2 also prevent exon-skipping in vitro, suggesting SR proteins ensure the 

fidelity of splicing of pre-mRNAs with many exons (Fu, 1993). SR proteins may act to stabilise 

the base pairing of the U l snRNP to the 5' splice site (Eperon et al., 1993) and may also regulate 

interactions between U l and U2 snRNPs by forming a bridge between 5' and 3' splice sites (Fu 

and Maniatis 1992b; Wu and Maniatis 1993).

Recently, investigations of insulin-induced genes have demonstrated the hydrophobic HRS 

protein to be highly insulin-induced and expressed as a delayed early gene in regenerating liver. 

HRS is highly related to other alternative splicing proteins and different isoforms of HRS appear 

temporally during growth, suggesting HRS can autoregulate its own pre-mRNA to perform 

critical roles during the cell cycle (Diamond et al., 1993). A novel 35 kDa essential human splicing 

factor termed 9G8 has been recently isolated and includes an SR domain and an RRM and hence 

like other SR proteins may play a role in regulating alternative splicing (Cavaloc et al., 1994).

The polypyrimidine tract binding protein (PTB /  hnRNP I) is required for efficient splicing 

as demonstrated by the resumption of splicing following addition of the protein to extracts depleted 

by poly (U) affinity chromatography (Patton et al., 1991). PTB is believed to function as part of a 

complex that recognises the pyrimidine stretch in the 3' splice site and interacts with U l snRNP to 

form the earliest commitment complex (Bothwell et al., 1991). More recently, a further function 

for PTB as a regulator of alternative splicing has been suggested in HeLa cells in which PTB 

associated with a 100 kDa protein binds an intronic regulatory sequences involved in the 

repression of exon 7 inclusion in p-tropomyosin pre-mRNA (Mulligan et al., 1992; Guo et al.,

1991). Thus non-muscle cells appear to express factors including PTB that repress the use of the 

skeletal muscle exon. Interestingly, PTB exhibits significant homology to hnRNP L (Pinol-Roma 

et al., 1988) and Drosophila elav proteins (Robinow et al., 1988) and contains RNA binding 

domains.

Studies in Drosophila have led to the discovery of regulatory proteins that repress or 

promote the use of specific 3' splice sites in pre-mRNAs that are alternatively spliced. The sex-
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lethal (Sxl ) gene in Drosophila governs sexual development by controlling pre-mRNA splicing of 

specific genes (for review see Mattox et al., 1992). The Sxl protein has a female-specific activity 

that binds its own pre-mRNA in a positive autoregulatory loop that maintains high levels of the 

protein in females (Cline et al., 1984). The Sxl protein also activates female-specific production of 

the Transformer protein Tra (Boggs et al., 1987; McKeown et al., 1988). In both cases, 

regulation is based on Sxl-dependant blockage of a polypyrimidine tract in the default male 3’ 

splice site (Inoue et al., 1990; Sosnowski et al.,1989) which in turn promotes the use of the 

competing downstream 3' splice site. The Tra and Tra 2 proteins are then required to cause 

female-specific splicing of transcripts of the doublesex (dsx ) gene, acting in tandem to activate a 

specific 3' splice site in doublesex (dsx ) pre-mRNA (Nagoshi et al., 1988; McKeown et al., 

1988; Hedley and Maniatis, 1991; Hoshijima et al., 1991; Ryner and Baker 1991). Both proteins 

contain arginine-serine-(RS) rich motifs and Tra 2 contains a ribonucleoprotein consensus 

sequence (RNP-CS; Boggs et al., 1987; Amrein et al., 1988; Goralski et al., 1989). The human 

paraneoplastic encephelomyelitis antigen, HuD demonstrates high sequence homology with the Sxl 

protein and possesses three potential RNA recognition motifs (Szabo et al., 1991). This suggests 

HuD plays an important role in neuronal-specific splicing events. In addition to Sxl itself, the snf 

gene also regulates Sxl splicing (Oliver et al., 1988). Interestingly, the product of the snf gene is 

a Ul snRNP-associated protein that demonstrates high sequence homology to the human U lA  and 

U2B" snRNP proteins (Flickinger and Salz, 1994).

Splicing of doublesex (dsx ) pre-mRNA is regulated positively by the dsx repeat element 

(dsxRE) which consists of six 13 nucleotide repeats (Burtis and Baker 1989) located 260 

nucleotides downstream of the splice site it regulates (Nagoshi and Baker, 1990; Hedley and 

Maniatis, 1991; Hoshijima et al., 1991; Ryner and Baker , 1989). The repeated sequence is 

required for the binding of both Tra and Tra 2 to RNA in vitro (Tian and Maniatis, 1992; Inoue et 

al., 1992). In addition, the binding of Tra to these repeats requires other nuclear proteins and both 

proteins act to recruit other splicing factors such as SR proteins to the repeat sequence (Tian and 

Maniatis, 1992,1993). The dsxRE has been demonstrated to function as a Tra and Tra2-
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independant constitutive splicing enhancer when located within 150 nucleotides of the female- 

specific 3' splice site by virtue of its interaction with SR proteins (FIG. 1.5.-Tian and Maniatis, 

1994). Tra and Tra2 allow the dsxRE to function at a distance from the 3' splice site by stabilising 

the interaction of SR proteins with the dsxRE and U2AF with the polypyrimidine tract.

The RNP-CS of Tra 2 is essential for male fertility, control of female-specific dsx splicing 

and binding to the doublesex pre-mRNA and its own pre-mRNA. In addition, one of the RS 

domains of Tra2 (RS2) cooperates with the RNP-CS in RNA binding and is essential for dsx 

splicing and autoregulation. This domain is involved in protein-protein interactions with itself, 

with Tra and with the SR protein SF2 (Amrein et ah, 1994).

Another Drosophila gene, the suppressor o f white apricot {Su (wa )) gene encodes a 

protein that influences alternative splicing of its own pre-mRNA (Chou et al., 1987). The protein 

exerts an autoregulatory effect whereby it prevents the removal of the first intron of Su {wa ) pre- 

mRNA to produce a non-functional mRNA (Zachar et al., 1987). In addition, it regulates 

polyadenylation and splicing of white apricot transcripts (Zachar et al., 1985).

Splicing of the third intron from Drosophila P element transposase transcripts is repressed 

in somatic cells by an activity that is proposed to affect the interaction between the Ul snRNP and 

the authentic 5 ' splice site by stabilizing binding of the U 1 snRNP to a usually inactive splice site 

(Laski et al., 1986; Siebel and Rio, 1990; Siebel et al., 1992). Recent studies have identified a 97 

kDa protein termed the P-element somatic inhibitor (PSI) that interacts with a 5' exon inhibitory 

element that represses splicing of the third intron (Siebel et al., 1994). In addition, the a 50kDa 

protein (hrp48) also interacts with the inhibitory element and demonstrates homology with the 

mammalian hnRNPAl splicing factor. It is proposed that PSI regulates tissue-specific alternative 

splicing via interactions with generally expressed splicing factors such as the hrp48 protein.

An example of a cell-type-specific RNA splicing factor is the yeast MERl protein which is 

expressed only in meitotic cells and is required for the efficient splicing of the MER2 gene primary 

transcipt (Nandabalan et al., 1993). The requirement for MERl in the splicing of MER2 is 

complemented by mutations in the Ul snRNA gene SNR 19 which allows U l snRNA to base pair
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with the an intronic nucleotide in MER2 pre-mRNA that lies outside the 5' splice site. In addition, 

mutation of the MER2 non-consensus 5’ splice site (GUUCGU) back to consensus (GUAYGU) 

resulting in enhanced base pairing with U l bypasses the requirement for M ERl. This 

demonstrates that such trans -acting splicing factors may affect splicing of pre-mRNAs by 

stabilising base pairing between U 1 snRNP and non-canonical 5' splice sites.
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FIG. 1 .5 .) SR PROTEINS IN CONSTITUTIVE AND REGULATED SPLICING
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1.12. THE HIGHLY HOMOLOGOUS SmB,SmB’, AND SmN PROTEINS

Anti-Sm antibodies from patients with the autoimmune disease systemic lupus 

erythematosus (SLE) patients immunoprecipitate snRNP particles by virtue of their binding of the 

immunoreactive SmB, SmB', SmD proteins (Lemer and Steitz, 1979; Tan, 1982). Sequence 

analysis of cDNA clones of the core snRNP SmB protein, and the SmB’ proteins from rat (Sm ll- 

Li et al.,1989) and from humans (Ohosone et al., 1989; van Dam et al., 1989; Elkon et al., 1990) 

together with PGR analysis of genomic DNA from HeLa cells (Chu and Elkon, 1991) demonstrate 

SmB and B' to be derived from the same gene by alternative splicing. The SmB' protein differs 

from SmB in that it is not found in rodent tissues (Sharpe et al., 1989a; Schmauss and Lemer, 

1990) and SmB' mRNA differs from SmB mRNA in that it lacks a 146 nucleotide insert in the 3' 

of the open reading frame that contains a termination codon. Thus, the SmB' protein is larger 

comprising 240 amino acids with a predicted molecular weight of 24.6 kDa (Van Dam et al., 1989; 

Elkon et al., 1990) whilst 231 amino acids in SmB gives a predicted molecular weight of 23.7 kDa 

(van Dam et al., 1989). Interestingly, immunoblots and immunoprécipitations studies of human 

cortex do not detect SmB' whilst SmB is still detectable, suggesting SmB' exhibits tissue specific 

distribution (McAllister et al., 1989).

Autoantibodies from SLE also identify a 29 kDa Sm protein-SmN that demonstrates tissue- 

specific expression in brain and to a lesser extent in heart and is virtually undetectable in other 

tissues (McAllister et al., 1988; McAllister et al., 1989). Sequence comparisons of rodent SmN 

cDNA clones (rat-McAllister et al., 1989; rat-Sm51 Li et al., 1989; mouse-Gerelli et al., 1991) and 

human SmN clones (Rockeach et al., 1989; Sharpe et al., 1989b; Schmauss et al., 1989) and 

between rat and human SmB clones (van Dam et al., 1989) demonstrate 100% conservation 

between rodents and humans for both SmN and SmB, indicating an important function for these 

proteins. Comparison with SmB/B' sequences (van Dam et al., 1989; Schmauss et al., 1989) 

demonstrate SmN to be 81% homologous at the nucleotide level, 93% homologous at the amino 

acid level and that these highly homologous proteins are derived from distinct genes. SmN, like
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SmB' contains 240 amino acids (van Dam et al., 1989) and has a similar pi as the SmB protein, 

but is more acidic than SmB' as demonstrated by two-dimensional gel analysis (Sharpe et al., 

1989a). In contrast, the SmD protein bears little or no homology to SmB/B' or SmN (Rockeach,

1988). Overall there are 17 amino acid substitutions in SmN, mostly in the carboxyl terminal. A 

common polymorphism is the substitution of a valine or isoleucine in SmN to a methionine residue 

in SmB/B'. Two regions of least sequence homology between SmN and SmB/B' occur at 

residues 179-190 where there are five substitutions in SmN and 203-213 where there are four 

substitutions (van Dam et al., 1989).

Results from in-situ hybridisation studies show that SmN mRNA is expressed at different 

levels in different brain regions, being found at high levels in neurons but being absent from glial 

or other non-neuronal cells (Schmauss et al., 1992; Horn et al., 1992). SmN is expressed in the 

rodent neuronal cell lines ND7, but at lower levels to that observed in the brain (Horn et al., 

1992). SmN is also expressed in certain HeLa cells (Sharpe et al., 1990b).

Further expression studies reveal SmN is expressed in F9, PCC4, and PCC3 (murine) 

and tera 2 (human) embryonal carcinoma cells (Sharpe et al., 1989a). Furthermore, SmN 

expression increases on differentiation of such cells (Sharpe et al., 1990a). The expression of 

SmN demonstrates developmental regulation in rodent brain, increasing from embryonic day 16 to 

eventually predominate over SmB expression by the day 2 post-natal stage (Grimaldi et al., 1993). 

Thereafter, SmB levels in the brain are negligible. In contrast, Western blotting analysis of a 

human brain developmental series up to 17 weeks of gestation does not demonstrate developmental 

regulation of SmN (D.Horn-PhD thesis). SmN is not developmentally regulated in rodent heart, 

but is however identical to the brain and embryonic forms of the protein (Gerelli et al., 1993). 

Differences may occur in the distribution of SmN between the atria and ventricle (D.Horn-PhD 

thesis).

The mouse SmN gene, Snrpn is located on chromosome 7 (Leff et al., 1992). The human 

SmN gene, SNRPN located on chromosome 15 (FIG.1.6.-0zcelik et al., 1992) contains eight 

exons, the first of which is non-coding (Schmauss et al., 1992) and is transcribed from centromere
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to telomere (Buiting et aL, 1993). The high homology between SNRPN and the SmB/B' gene 

SNRPB suggest that they emerged from a common ancestral gene via a duplication event. The 

human SmN pseudogene SNRPNPl is located on chromosome 6 in humans (Ozcelik et al.,

1992). The mouse pseudogene is located on chromosome fourteen (Leff et al., 1992), and has 

been demonstrated to be intronless (Grimaldi et al., 1992; Leff et al., 1992). The mouse 

pseudogene is processed but contains a stop codon after thirty one amino acids (Grimaldi et al.,

1992).

It remains to be resolved why three such highly homologous snRNP proteins 

(SmN,SmB/B') exist that exhibit different species-specific and tissue-specific expression patterns 

to each other. The differences in sequences between SmB' and SmB and moreover between SmN 

and the constitutive SmB suggest that these proteins may possess additional functions in addition 

to the constitutive splicing function of SmB.

The 17 amino acid substitutions in SmN taken together with the tissue-specific expression 

pattern of SmN suggests the nature of RNA splicing performed in SmN expressing tissues or cell 

lines may be different to that performed in those expressing only SmB. On the basis of its 

expression pattern, SmN has been postulated to play a role in regulating splicing of pre-mRNAs 

which have alternatively spliced forms in SmN-containing tissues (this is discussed further in the 

introduction of chapter 5). The replacement of SmB by SmN in the brain and the strong 

evolutionary conservation would suggest that SmN performs a critical role in tissues expressing it. 

In agreement with this, SmN is also involved differently in two distinct human diseases. Thus a 

lack of SmN expression is proposed contribute to the phenotype of a neurogenetic disorder and in 

addition, SmN is the target of circulating autoantibodies generated in autoimmune disease.

1.13. SmN IS IMPLICATED IN PRADER-WILLI SYNDROME

Prader-Willi syndrome (PWS) is a human neurogenetic disorder (Cassidy, 1984), 

characterised by infantile hypotonia, physical and mental retardation hypogonadism and 

hyperphagia with subsequent obesity (Cassidy and Ledbetter 1989). A clinically distinct
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syndrome termed Angelman syndrome (AS) is characterised by severe mental retardation, 

microcephaly, and seizures and like PWS, is caused by a loss of function of closely linked genes 

on chromosome 15 (Clayton-Smith, 1992-refer to FIG. 1.6.). Between 70-80% of PWS patients 

exhibit a paternal deletion of chromosome 15qll-15ql2 (Robinson et al., 1991; Mascari et al., 

1992; Nicholls et al., 1989a), whereas 70-80% of Angelman patients exhibit a maternai deletions 

for this region (Knoll et al., 1991; Magenis, 1987).

Alternatively, maternai uniparental disomy (UPD) for j 15qll-12 occurs in 12-35% of 

PWS patients, whilst paternal UPD is present in 2-3% of AS patients (Nicholls et al., 1989b; 

Knoll et al., 1991; Mutirangura et al., 1993). These parent-of-origin effects on inheritance 

suggests symptoms for both syndromes are a legacy of the effects of genomic imprinting in 

conjunction with the loss of the paternally expressed genes within 15ql 1-12 for PWS and the loss 

of the maternally expressed genes within the region for AS (Nicholls 1993-for reviews on 

imprinting see Varmuza and Mann ,1994; Moore and Haig, 1991; Razin and Cedar 1994). Rare 

cases for both syndromes have narrowed the critical region to 2 Mb and established the PWS 

region as being centromeric to AS. Genes mapping within the smallest regions of deletion overlap 

for PWS include the anonymous DNA marker PW71 (D15S63), which shows parent of origin- 

specific DNA méthylation (Dittrich et al., 1992) and SNRPN which encodes snRNP-associated 

protein SmN (Ozcelik et al., 1992).

The murine homolog Snrpn maps to a central region of chromosome 7 which is 

syntenically conserved with the proximal region of human chromosome 15 (F1G.1.6.-Leff et al.,

1992). Moreover, murine models of PWS with maternal duplications of central 7 demonstrate that 

the expression of Snrpn is exclusively from the paternal chromosome as Northern blot analysis 

shows an absence of Snrpn mRNA expression in the brain (Cattanach et al., 1992). The suckling 

difficulties observed in these mice reflect the feeding difficulties experienced in PWS. This 

functional imprinting is also demonstrated for SNRPN in humans (Glenn et al., 1993; Nakao et 

al., 1994; Reed and Leff 1994). The lack of SNRPN expression observed in cultured skin
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fibroblasts from PWS patients suggests this imprinting effect is not relaxed (Glenn et al., 1993) 

and this therefore strongly implicates SNRPN in being responsible for the PWS phenotype.

SNRPN exhibits a parent-specific DNA-methylation imprint in intron 5, whereby it is 

methylated on the paternal allele (Glenn et al., 1993). This is consistent with other imprinted 

genes H I9, insulin-like growth factor 2 (Igf-2) and the Igf-2 receptor (Igf-2r) and further 

demonstrates that DNA méthylation plays a critical role in genomic imprinting (for review see 

Razin and Cedar, 1994). Recently, two PWS siblings have been reported with a deletion of less 

than 300 kb that encompasses SNRPN but not any other of the marker loci in the critical region 

which strongly implicates SNRPN in PWS (FIG.1.6.-Reis et al., 1994). The deletions observed 

in these patients include sequences that determine the méthylation status of adjacent imprinted 

genes such as PW 71 (Butling et al., 1994), and hence abnormal patterns of DNA méthylation may 

also be responsible for the phenotype observed in these patients.

The use of restriction landmark genomic cloning (RLGS) with methylation-sensitive 

enzymes identifies a maternally imprinted gene which demonsrates significant homology to the 35 

kDa subunit of U2 snRNP auxiliary factor (U2AF-Hayashizaki et al., 1994). The U2AF35 gene 

(U2afbp-rs) maps to the same region as the Gabra-1 locus on proximal chromosome 11 whilst 

Snrpn maps to the Gabrb-3 locus on chromosome 7. The similarities in imprinting, mapping and 

the function of SmN and U2AF35 suggest a duplication event during evolution and that the two 

splicing factors may be evolutionarily related. In addition, uniparental disomy for proximal 

chromosome 11 in mice results in a similar phenotype to that observed in murine models of PWS 

(Cattanach and Kirk, 1985; Cattanach et al., 1992). This suggests that U2afbp-rs in humans may 

map to a region where UPD occurs and thus affects the phenoype as observed for PWS. 

Furthermore, it is possible that phenotypes caused by UPD in other regions (e.g. Wiedemann- 

Beckwith syndrome-1 Ip 15.5- Henry et al., 1993) may be due to imprinting effects active on other 

regions that may also include proteins involved in RNA processing.

The putative involvment of SmN in the PWS phenotype suggests that SmN plays a critical 

role in the tissues expressing it. This putative critical role for SmN is also suggested by the early
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post-natal lethality of mice models of PWS at developmental stage when SmN expression begins 

to predominate over SmB expression (Grimaldi et aL, 1993; Kitsberg et al., 1993). This role may 

be in the alternative splicing of neural genes or may reflect an essential but more constitutive 

function of SmN that is performed by highly homologous SmB in other tissues. The mild 

neurological symptons of PWS suggest sufficient levels of SmB may be expressed in the brain to 

perform some degree of pre-mRNA splicing whilst SmN may possess unique properties that 

manifest in the phenotype. However, it still remains possible that other imprinted genes within the 

critical region may also be involved.
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1.14. SYSTEMIC LUPUS ERYTHEMATOSUS (SUE).

The human autoimmune disease SLE is a multi-symptomatic disease and this diversity of 

symptons makes diagnosis difficult. In view of this, diagnosis is based on qualification for 4 or 

more clinical criteria as proposed in the revised criteria for the classification of SLE (Tan et al., 

1982). In the U.K. patients are assessed by the British Isles Lupus Assessment Group system 

(BILAG) which measures disease activity in 8 organ systems.

Such symptons include the distinctive facial butterfly rash of fixed erythema and a 

photosensitive discoid rash. Non-erosive arthritis, serositis, pericarditis, pleuritis in addition to 

renal disorder caused by deposition of immune complexes in the kidney are further symptoms. 

The CNS is involved in 40% of SLE pateints (VanDam, 1990; Hanley et al., 1994) and 

involvement can be diffuse (generalised seizures, psychosis) or focal (stroke, peripheral 

neuropathies). Further criteria include hematological disorders such as hemolytic anemia, 

leukopenia , lymphopenia, and a number of immunologic disorders which are useful diagnostically 

and are characterised by the presence of circulating autoantibodies against DNA and to protein 

nuclear antigens.

1.15. AUTOANTIBODIES IN SLE

The earliest diagnostic assays used for lupus were immunofluorescence (Friou, 1957), 

double diffusion (Ouchterlony, 1949), and counterimmunoelectrophoresis (Kurata and Tan, 1976) 

techniques which analysed the circulating autoantibodies.

Antibodies against DNA are common in rheumatic diseases, however antibodies against 

double-stranded DNA occur specifically in SLE with a prevalence of 80% and are therefore used in 

the specific diagnosis of SLE (Northway and Tan, 1972; Tan, 1982). B-cell hyperactivity appears 

to play an important role in the origin of such antibodies d Klinman and Steinberg, 1987).

Antibodies to the snRNP-associated Sm antigens (Lerner and Steitz 1979) are used widely 

as diagnostic markers specific for SLE and are not generated in other autoimmune diseases
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(Scopelitis et a l, 1980; Barada, 1981). The prevalence of such antibodies is reported as 30% 

(Notman et al, 1975) and anti-Sm antibodies are frequently found in conjunction with antibodies to 

the Ul-snRNP specific RNP antigens A,C and 70 kDa proteins. Thus anti-Sm positive sera 

immunoprecipitate all snRNPs with the common core proteins, whilst anti-RNP sera precipitate 

U1 snRNPs only (Lemer and Steitz, 1979; Hinterburger and Steitz, 1983). Antibodies to 

SmB/B’/N/D and anti-RNP antibodies have been demonstrated to inhibit splicing and RNA 

polyadenylation in in-vitro systems (Padgett et al., 1983; Moore et al., 1984). Longitudinal 

studies suggest that antibodies to the Sm proteins do not occur simultaneously and that a sequential 

pattern of reactivity initially to SmD then B/B' and E occurs (Borg et al., 1988). Levels of 

antibodies to Sm and RNP antigens fluctuate and temporal shifts in the emphasis of reactivity 

against Sm or RNP antigens occur in connective tissue diseases (Forman et al., 1985b; Fischer et 

al., 1985b). The occurence of RNP autoantibodies in the absence of Sm reactivity together with a 

different genetic background established mixed connective tissue disease MCTD as a separate 

entity from SLE (Combe, 1989; Sharp et al., 1982). Antibodies against Ul-snRNP-specific 70 

kDa protein are prevalent in this disease and are used in its diagnosis (Habets et al., 1985; Combe,

1989). Extensive cross-reactivity of autoantibodies occurs between Sm and RNP antigens (Lemer 

et al., 1981; Wiliams et al., 1986 a/c). These are a result of similar antigenic sequences, for 

example the PPGM(R/I)PP sequence which occurs twice in SmB three times in SmB' and SmN 

and once in the Ul-A protein (Williams et al., 1990; Habets et al., 1989b). A similar sequence- 

PAPGMRPP is found in the C protein. However, the isolation of antibodies specific to particular 

snRNP proteins, from murine models of lupus (SmD-Billings et al., 1985; Williams et al., 1986a) 

is probably reflected in human SLE. In addition to antibodies against DNA and proteins, 

autoantibodies against the RNA moiety of snRNPs have been described, specifically against the 

U1 RNA (Deutscher and Keene, 1988; Venrooij et al., 1990; Hoet et al., 1993). These antibodies 

are directed against stemloop II and stemloop IV of Ul-snRNA (Hoet et al., 1993).
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1.16. MURINE MODELS OF SLE

The MRL congenic mouse strains (for review see Cohen and Eisenberg, 1991) closely 

resemble human SLE in that they produce autoantibodies against Sm antigens (Eisenberg et al., 

1978). Thus 25-30% of MRL/MpJ Ipr/lpr (Ipr) mouse strain develop anti-Sm antibodies and a 

lupus-like disease by 5 months of age. The lymphoproliferative disorder confered by the Ipr gene 

in such mice is a result of defects in apoptosis as mediated by the Fas antigen (Watanabe- 

Fukunanga 1992). Another MRL strain designated MRL/MpJ-+/4- (+/+) also develop an anti-Sm 

response but the onset is less rapid however, both strains develop severe glomerulonephritis 

characterised by infiltration of mononuclear cells and immune complex deposition (Andrews et al., 

1978).

Monoclonal antibodies (KSm series) derived from the MRL/lpr strain (Williams et al., 

1986a) demonstrate high affinity binding for specific or cross-reactive epitopes on SmB/B'/N and 

SmD proteins. The epitope bound by the anti-Sm B/B'/N specific KSm5 monoclonal is proline- 

rich and is also bound by anti-Sm positive human SLE sera, further demonstrating the MRL strain 

as an effective model of SLE (Williams et al., 1990). Interestingly, in the MRL/lpr and 4-/+ strain, 

a high titer anti-Sm response is elicited by administration of the KSm2 anti-Sm D monoclonal 

antibody but not by the KSm5 antibody (Stocks et al., 1991; Stocks et al., 1987; Eisenberg et al.,

1987). The addition of purified Sm antigen to spleen cells from MRL/ Ipr mice (Shores et al., 

1986) and the treatment of MRL/lpr mice with Sm antigen ( Stocks et al., 1991) both significantly 

increase anti-Sm antibodies, suggesting the anti-Sm response is antigen driven. It has been 

suggested that administration of anti-Sm antibodies to Ipr mice confers a protective effect and 

increases life-span (Brennan et al., 1986) Antibodies specific for RNP antigens are found in only 

3% of MRL/lpr mice (Willliams et al., 1986b).

Recently, a further murine model of SLE, ((SWR x SJL)F1) has been described in which 

anti-Sm / U 1 snRNP antibodies are found as early as 10 weeks of age and increases to 70% by 40
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weeks (Vidal et al., 1994). Anti-double stranded DNA antibodies are produced later on and these 

correlate well with the presence of proteinuria and immunocomplex nephropathy.

Immunisation of normal non-autoimmune mice with human snRNP components supports a 

model of molecular mimicry in SLE whereby autoantigen presenting B cells are generated by such 

foreign determinants which in turn elicits an autoimmune T cell response (Mamula et al., 1994).

1.17. AIMS

To date, no specific function has been assigned to the SmN protein. In order to determine 

whether the amino acid substitutions present in SmN confer unique properties to SmN that 

subsequently affect the nature of RNA splicing performed in tissues expressing the protein, further 

investigation is required. Thus investigations of SmN as an autoantigen in SLE would both 

determine the role of the protein in autoimmune disease and would also reveal any details of the 

conformation of the protein that are distinct from SmB/B' which would be indicative of a unique 

function for SmN. In addition, an investigation of the localisation of the SmN protein within 

snRNPs in different cells and tissues would be valuable to assess whether the protein could affect 

RNA splicing by nature of its association with snRNPs. The putative role of SmN in alternative 

splicing and furthermore, the involvement of the protein in human disease may be investigated 

using a murine model of Prader-Willi syndrome.

5 4



CHAPTER 2 
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MATERIALS AND METHODS

2.1. PEPTIDES

Peptides representative of the two regions of least amino acid sequence homology between 

SmN and SmB/B' (179-190 and 203-213, FIG.3.1) were synthesized using FMOC chemistry by 

Graham Wallace (Department of Medical Parasitology, London School of Hygiene and Tropical 

medicine, London, UK). Peptides included an additional C-terminal cysteine for coupling to the 

carrier proteins for the purposes of immunisation and screening.

2.2. PREPARATION OF PEPTIDE-CARRIER CONJUGATES

Peptides were conjugated to immunogenic carrier proteins via the additional cysteine 

residue included on synthesis. Carrier proteins (20 mg) Keyhole Limpet Haemocyanin 

(KLH) and Bovine Serum Albumin (BSA), (Imject- PIERCE UK Ltd.) were dissolved in 5 mis of 

Phosphate Buffered Saline (PBS) and dialysed using a 12-14000 Molecular Weight cut-off 

membrane against 5 litres of PBS overnight at 4 C with stirring. The amount of dissolved protein 

of was analysed using a BioRad protein assay kit and reading against a standard BSA curve 

ranging from 0.05-0.8 mg/ml. Solid Sulfo-SMCC linking reagent (PIERCE UK Ltd.) was added 

to the carrier protein at 1 mg per 4 mg of carrier, mixed at 30 C for 1 hour and dialysed overnight 

at 4 C against Tris-HCl O.IM pH 7.0; ImM MgC12; 0.1 mM ZnC12. Using BioRad protein assay 

data, the number of moles of carrier protein was calculated, multiplied by the number of reactive 

sites per carrier (30 for each), and multiplied by the weight of each peptide (1430 or 1320 Da). 

This calculated amount of solid peptide was added to carrier/ Sulfo-SMCC and mixed at 4 C 

overnight. Remaining reactive sites were blocked with 0.1 M 2-mercaptoethylamine (10 p.1 per 8 

mg carrier) and excess removed by dialysis against PBS at 4 C overnight. The success of the 

conjugation was analysed on the basis of an altered molecular weight in comparison to 

unconjugated carrier protein. Conjugates (30|il) dissolved 1: 2 in non-reducing sample buffer (see 

Western blotting) were loaded onto a 7.5% gel.
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2.3. IMMUNISATION REGIME

The BALB/C mice used were obtained from colonies maintained at the Kennedy Institute 

Biological Services Unit. For initial immunisations, mice were injected subcutaneously with 

an emulsion containing 100 |ig of peptide-carrier conjugate in 100 |il Freund's complete adjuvant. 

Subsequent immunisations were performed every 14 days using lOOjXg antigen and 100 |xl 

Freund's incomplete adjuvant. After 3 immunisations, mice were tail-bled, the resultant blood 

being kept at room temperature for one hour anc^microfugedatl 3500 rpm to separate the serum.

2.4. GENERATION OF SmB/B' 174-213-GST FUSION PROTEIN

The regions of least sequencejiomology between SmN and SmB occurring between residues 179- 

190 and 203-213 were chosen as inclusive sequences from which short fusion proteins for SmN 

and SmB could be made for the production of polyclonal antibodies specific for SmN or SmB and 

for ELISA screening of SLE sera. Primers for PCR were designed on a DNA-star sequence 

analyser to encompass the amino acid residues 174-213 which contains 10 amino acid replacements 

between SmN and SmB. Only the SmB 174-213 fusion protein was generated and was used 

in a diagnostic ELISA for SLE.

FORWARD PRIMER SEQUENCES.

BamHl site

SmB CCTGGCIGGATCCIGGTCCTCCCCCACCTATG

SmN CCAGGAIGGATCCIACTCCGCCCCCACCCCTC

BACKWARD PRIMER SEQUENCES:

EcoRl site

SmB AGGGGGIGAATTCICATTGGAGTCCCTCTTCC

SmN AGGGGGIGAATTCITATTGGCGTCCCTCGAGC
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2.5. POLYMERASE CHAIN REACTION

Separate reactions were performed for SmB and SmN using lOOng of each primer and 

lOng of the respective cDNAs. For SmB, cDNA was a kind gift of A. P.van Dam (van Dam et 

al., 1989). For SmN, cDNA clone PPl was used (Sharpe, N.G., et al., 1989). The reaction was 

carried out under silicone oil (B.P.) for 30 cycles at 94 C for 2 minutes, annealed at 42 C for 1.6 

minutes and extended at 72 C for 2 minutes using 0.5 units of Amplitaq. DNA polymerase 

(Perkin Elmer Cetus), IX reaction buffer (lOmM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM 

MgC12, 0.001% w/v gelatin) and 200 |iM of each deoxynucleotidetriphosphate. PCR products 

(10 }iL in 2 )iL PCR sample buffer) were then electrophoresed on a 1 % agarose gel containing 

ethidium bromide with reference to Ikb DNA markers (Gibco BRL) and control PCR reactions in 

which the cDNA template was replaced with water . Gel fragments containing bands of the 

appropriate size were cut out of the gel with a sterile scalpel and placed in a Milhpore Minicolumn. 

The columns were then placed in liquid nitrogen for 10 minutes and then spun at 13500 rpm for 5 

minutes. The DNA was precipitated on ice for 1 hour using 2 volumes of ice cold ethanol, 1/10 

volume of 3M Sodium acetate before spinning at 13500 for 12 minutes at OC, removing excess 

ethanol with a vacuum pump and vacuum dessication. DNA was resuspended in 15 p-L Tris- 

EDTA buffer pH 8.3 (9mM Tris, 9 mM orthoboric acid, 0.2 mM EDTA, pH 8.3).

2.6. RESTRICTION ENZYME DIGESTS

Purified PCR fragments were digested overnight at 37 C under silicone oil in a 15 pL total 

reaction volume comprised of 11 pL purified PCR fragment, 3 pL lOX One- Phor-All buffer, and

1 unit each of BamHl and EcoRl (Boehringer Mannheim).

2.7. LIGATION

Digested fragments were gel purified as above, resuspended in lOpLTris-EDTA buffer and 

ligated for 4 hours at 16 C into BamHl/EcoRl digested pGUC2 vector (a kind gift of Declan 

McEever, I.L.R.A.D., Nairobi, Kenya) using 0.4 units of T4 DNA ligase (Boehringer Maneim),

2 pL 5X Focus buffer or the appropriate Gibco BRL REact buffer, and 2 pL of digested fragment 

in a 10 pL reaction volume.

5 8



2.8. TRANSFORMATION OF LIGATIONS INTO E.COLI TGI

Glycerol preserved TGI E.coli (B. Edwards) were innoculated into 30 mis of LB (Luria- 

IBertani medium-1% (w/v) bactotryptone (Difco laboratories), 0.5% (w/v) bacto yeast extract, 

(Difco) 170 mM sodium chloride pH7) and cultured with shaking at 37 C until early log-phase. 

Cells were then diluted 1/20 in LB and incubated at 37 C with shaking for a further 1.5 hours. 

Cells were harvested in 50 ml Falcon tubes by centrifugation at I  lOOOg for 10 minutes at 4 C, 

the media discarded and the tubes drained by inversion. Pellets were resuspended in 25 mis ice- 

cold lOOmM calcium chloride, then harvested a t , 1000 g for 5 minutes at 4 C. The cells were 

resuspended by mixing with 2.5 mis of lOOmM calcium chloride and either diluted with 0.5 

volumes of glycerol for storage at -70 C or competent cells (200 pL per reaction) were transformed 

on ice for 45 minutes using 2pL of the ligation mixture, after which cells were heat shocked for 90 

seconds at 42 C and chilled on ice for 2 minutes. Cells were diluted in SOOpL of LB, left at 37 C 

for a further 45 minutes, pelleted and resuspended in 200 pL of LB, and then plated out and 

incubated at 37 C overnight on 1% agarose LB plates containing 100 pg/ml Ampicillin.

The success of the transformation was analysed with reference to controls by simultaneous 

transformations with p-hen supercoiled plasmid, undigested pGUC2 vector, and restricted but 

unligated pGUC2. Positive colonies were innoculated into 30 mis LB, incubated at 37 C 

overnight and then pelleted for analysis by Western blotting of total protein.

2.9. ENZYME -LINKED IMMUNOSORBANT ASSAY ( ELISA )

PREPARATION OF ELISA PLATES AND ANTI-PEPTIDE ANTIBODY ELISA PROTOCOL 

FOR SCREENING HUMAN AND HYPERIMMUNE MOUSE SERA

Peptide-Bovine Serum Albumin conjugates (50 pi) at 10 pg/ ml in PBS were incubated for 

a minimum of 24 hours at 4 C on 96-well polystyrene microtitre plates (IMMULON 2, Dynatech ), 

sealed with plastic plate sealers (Dynatech, U.K.). Prior to use, plates were washed 5 times with 

Tween 20 (0.5 % in PBS) followed by one wash with PBS. This washing procedure was 

repeated between all incubations, which were performed in duplicate for one hour at 37 C at a
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volume of 50 |il per well. Plates were blocked with casein (2 % w/v in PBS), followed by 

incubation with sera (1: 100 in Tween 20 ( 0.05 % in PBS )) and finally with anti-mouse or anti

human IgG alkaline phosphatase conjugate (Sigma, Poole, U.K.) diluted 1:1000 in PBS. 

Antibody binding was detected at O.D. 405 nm by measuring colour development following an 

overnight incubation at room temperature using p-nitrophenyl phosphate (Sigma 104), diluted to 1 

mg/ml in O.IM glycine, ImM MgC12, 0.1 mM ZnS04, pH 10.4. The O.D. 405 was read on an 

Olivetti M24 computer and EL309 microplate reader (BIO-TEK Instruments Inc., U.S.A.). 

Background binding of all sera to the free carrier protein (BSA) was also measured and subtracted 

from the peptide-carrier binding readings. For the screening of human sera, the level of 

significance of binding was determined as being greater than the mean +2 s.d (0.494) of the 

binding recorded for the healthy group.

2.10. COMPETITIVE INHIBITION ELIS A

Competitive inhibition assays were performed with human sera to determine the peptide 

specificity of anti-peptide antibodies by incubation of two representative SLE sera (1:50 in PBS) 

with an equal volume of fluid-phase unconjugated peptide over a range of concentrations up to 

1000 qg/ml ( 800 mM ) in PBS for one hour at 37 C on casein blocked flexible microwell plates 

(Falcon 3912 Micro Test III). The supernatants were then assayed in the anti-peptide antibody 

ELISA as previously described.

2.11. PATIENTS AND CONTROLS

Whole blood was taken from patients (age range 23-66 years) with SLE, each of whom 

met the revised criteria of the American Rheumatism Association for the classification of the 

disease (Tan et al., 1982). The patients were all bled at morning out-patient clinics at the 

Bloomsbury Rheumatology unit. Control samples were taken from age and sex matched normal 

healthy laboratory workers.

2.12. ANTI-Sm ANTIBODY ELISA.

Anti-Sm SLE sera were detected initially by counterimmunoelectrophoresis (CIE) using rabbit 

thymus extract (Williams et al., 1986c) and confirmed by quantitation using an anti-Sm ELISA
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(Shield Diagnostics Ltd. Dundee U.K.) and the associated protocol. Positive anti-Sm sera were 

defined using the supplied positive and negative reference sera.

2.13. PREPARATION OF NUCLEI FROM BLOOD MONONUCLEAR CELLS

Blood samples were treated with 200 |iL of heparin (1000 units /  ml), diluted 1:1 with 

RPMI 1640 (Gibco), layered on to a Ficoll-Hypaque (Pharmacia) gradient and centrifuged at 

1900 rpm for 20 minutes at room temperature. The huffy layer of cells were counted and washed 

once in RPMI and once in PBS by centrifugation at 200 g] . for 10 minutes at 4 C. Pellets 

containing 1 x 10 6 cells were re suspended in 50 |iL SDS sample buffer and loaded onto SDS 

polyacrylamide gels.

2.14. IMMUNOPRECIPITATION

The basic immunoprécipitation protocol of Steitz. J.A. (1989) was used in all experiments. 

Protein A Sepharose (PAS) beads (CL-4B, Bioprocessing Ltd. CO.Durham) were washed, diluted 

1:5 in NET-2 buffer (50 mM Tris, 150 mM NaCl, 0.1 % NP40 V/V) and incubated overnight at 

4C with monoclonal antibody ascites or SLE serum (0.2 mis bead suspension + 40 |xl antibody / 

sera). The beads werejmicrofuged for 10 seconds at 13000 r.p.m. and washed 3 times with NET- 

2 .

For immunoprécipitations performed using rat tissue, the basic protocol was modified in 

order to detect specifically SmN and SmB by probing the blots with the KSm5 monoclonal 

antibody. The KSm5 antibody was covalently cross-linked to the PAS beads by incubation with 

0.25 mis 0.5% glutaraldehyde in PBS at 4 C for 30 minutes. This treatment minimised the 

appearance of mouse IgG on the nitrocellulose blot which allowed an anti-mouse IgG Horse 

Radish Peroxidase (HRP) conjugate (ICN 67-428-1) could be applied as a second layer and 

hence non-specific binding was significantly reduced. The beads were then washed 5 times in 0.5 

ml volumes of NET-2 buffer.

The 4G3 anti-B" monoclonal did not bind PAS beads and hence required the pre

incubation of the beads with 20 |il of rabbit anti-mouse IgG (Sigma UK) for one hour followed 

by 5 PBS washes and then normal incubation with 4G3.
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F9 cells (Ix 10 5) were labelled for 24 hours with 100 Ci L-[35S] methionine (SJ 1015 in- 

vivo cell labelling grade, Amersham U.K. supplemented with 10% foetal calf serum FCS (Gibco 

BRL) and 0.11 g/L socium pyruvate. Both cell lines ( F9 and ND7-grown in Leibowitz L15 

medium-Gibco BRL 10% FCS 0.35% w/v sodium bicarbonate, 0.35% w/v glucose ) were 

pelleted, washed and diluted in 2 mis of NET-2 buffer, sonicated on ice (3x 30 seconds with an 

MSE soniprep 150) and then centrifuged at i T 6000g for 30 minutes at 4 C. Whole rat tissue 

samples (2g / 5 mis NET-2) were homogenised on ice an then treated as the cell lysates. In order 

to preclear nonspecific background, the sonicates were incubated for 30 minutes at 4 C with 100 |il 

of a 20% suspension of PAS beads in NET-2. The sonicates were then I microfuged at 13000 rpm 

and the beads discarded. The resulting precleared cell /  /tissue supernatants were used in 

immunoprécipitations.

Eighty microlitres of precleared cell /  tissue supernatant were added to the antibody-coated 

PAS beads , diluted with 0.5 mis NET-2 buffer and mixed for 1 hour at room temperature. The 

mixture was microfuged at 13000 r.p.m. and the supernatant discarded. The beads were then 

washed 5 times with NET-2 and then extracted by boiling for 3 minutes in 0.2 mis SDS sample 

buffer. The beads were separated by 1 microfuging i for 2 minutes at 13500 r.p.m and 25 |il of the 

sample solution loaded onto SDS-polyacrylamide gels.
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2.15. SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS

Protein samples were resolved on 12.5 % or 15% polyacrylamide gels according to the 

general protocol of Laemmli (1973). Gels were prepared using 140 x 120 mm glass plates with

1.5 mm spacers from the following solutions :

RESOLVING GELS

12.5 % GEL 

15.15 mis

15 % GEL 

18 mis30:1 Acrylamide: Bisacrylamide 

solution ( National Diagnostics )

Resolving Gel Buffer 9 mis

Distilled Water 11.85 mis

10 % Ammonium Persulphate 200 |il

10 % TEMED ( N,N,N’,N’- 200 |ll

tetramethylethylenediamine)

Resolving gels were buffered with 1.5 M Tris, 0.4% SDS at pH 8.8.

9 mis 

9 mis

200^1 SIGMA 

200 111 SIGMA

The TEMED was added last to initiate polymerisation of the gel solution which was then 

mixed thoroughly, poured and then overlayed carefully with a layer of distilled water to provide a 

smooth interface between resolving and stacking gels. The gels were then allowed to set at room 

temperature for a minimum of 3 hours. The overlaying water was then removed and a common 

stacking gel recipe was used for all gels in association with a 15 or 20 well comb inserted 

horizontally between the top of the gel plates.

STACKING GEL RECIPE (QUANTITIES PER GEL)

30:1 Acrylamide: Bisacrylamide solution 2 mis 

Stacking Gel Buffer 3 mis

Distilled Water 7 mis

Ammonium Persulphate 100 |il

TEMED 100 III
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Stacking gels were buffered with 0.5 M Tris , 0.4 % SDS at pH 6.8.

Fully polymerised gels were then assembled within the gel tanks and running buffer (0.05 

M Tris, 0.384 M Glycine, 0.1 % w/v SDS ) was added to cover the electrodes. Protein samples 

dissolved in SDS sample buffer (10 % glycerol, 70mM SDS, 250mM Tris, and 2(X) mM 

dithioreitol, pH 6.8 containing Bromophenol Blue tracking dye ) were then loaded into wells under 

the running buffer, using a Hamilton 100 \x\ syringe. SDS-Page gels were run at 200 volts and 30 

mA per gel for approximately 4 hours or until the pre-stained molecular weight markers included in 

one well on every gel had resolved sufficiently.

COOMASSIE STAINING OF GELS FOR TOTAL PROTEIN.

To analyse total protein configurations of resolved samples, gels were stained with 0.1 % 

Coomassie Brilliant Blue R in methanol / acetic acid / ditilled water ( 5:1:5 ) with agitation on a 

horizontal shaker. The excess staining was removed form the gels by washing in methanol /  acetic 

acid / distilled water ( 3:1:6 ) until a clear background was obtained.

2.16. WESTERN BLOTTING

Western blotting was performed according to the general protocol of Towbin (1979). 

SDS-PAGE gels were removed from the glass plates and placed onto a nitrocellulose filter 

(Hybond-C) cut to the appropriate size, and pre-soaked in the electroblotting buffer 

(0.0248M Tris, 0.193M glycine, 20% methanol ). Air bubbles were removed and the gel and 

filter were placed between two sheets of filter paper (Whatman No.l, Whatman, UK) presoaked in 

electroblotting buffer and the entire gel / filter / paper sandwhich was placed in the blotting 

casettes. Casettes were orientated in the electroblotting tanks with the nitrocellulose towards the 

anode, and 3 litres of electroblotting buffer were added to cover the casettes. Gels were 

electroblotted overnight at 210 mA, 30 volts the gels then discarded and the nitrocellulose sheet 

stored at 4 C in PBS with 0.01 % NaN3.

The Nitrocellulose sheet was then incubated in blocking buffer (PBS with 5% milk powder 

(Marvel ) and 0.2% Tween 20) for one hour at room temperature. The sheet was then washed for
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5 minutes in 2 changes of blocking buffer, and then incubated for one hour at room temperature 

with the primary antibody using a 1: 2000 dilution in blocking buffer for mouse monoclonals or a 

1: 100 dilution for anti-Sm positive human SLE sera. After three washes the sheet was then 

incubated for one hour with a secondary horseradish peroxidase conjugated antibody at 1: 1000 

dilution (anti-mouse IgG (DAKO) or anti-human IgG (H-kL), ICN 67-416-1). Bound 

immunoglobulin was then visualised after 3 washes in PBS using either 0.5 mg/ml 

diaminobenzidine in PBS with 1% CoC12, 1% ammonium nickel sulphate and 0.1 % v/v 1:60 

diluted hydrogen peroxide (BDH) or by incubation with enhanced chemiluminescence reagent 

(ECL, Amersham, UK) followed by exposure to Hyperfilm ECL film.

2.17. MONOCLONAL ANTIBODIES USED FOR WESTERN BLOTTING AND 

IMMUNOPRECIPITATION

The monoclonal antibodies KSm2, KSm5, and K8.43 and KSm4 were derived from MRL 

mouse spleen cell hybridomas (Williams et al., 1986). KSm2 binds an epitope restricted to the 16 

kDa SmD snRNP core polypeptide. KSm5 binds to a proline rich epitope restricted to the 29 kDa 

SmB' and SmN polypeptides and the 28 kDa SmB polypeptide. The KSm4 monoclonal binds 

SmB and B' but demonstrates no binding to SmN. The K8.43 monoclonal used in 

immunoprécipitations is specific for the U-1 restricted 70 kDa polypeptide (Williams et.al., 1986 

unpublished) whilst the non anti-Sm OX-12 is an isotype matched BALB/c derived anti-rat light 

chain monoclonal used as a negative control. The 4G3 monoclonal, specific for the U2 snRNP 

restricted 28kDa B" polypeptide was a kind gift of Dr.W.J. Van Venrooij, University of 

Nijmegen (Habets et al., 1989).

2.18. RESOLVING SmN, SmB, and B " POLYPEPTIDES

In order to ensure that the anti-Sm positive SLE serum used to probe blots of 

immunoprécipitations did not blot the U2 restricted B" polypeptide and hence confuse 

interperatation, it was necessary to resolve the B" from SmB and SmN using five different 

12.5% gels with varying ratios of to acrylamide and bisacrylamide. The acrylamide: bisacrylamide 

compositions (w/v) of the gels used were 1.) 30 % : 0.5% , 2.) 30% : 1 % , 3.) 30 % : 2 % , 4.)
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34% : 1 %, 5.) 24 : 1% respectively. An ND7 total cell extract was resolved on the gels which 

were then each Western blotted in a multi-channel immunoblotting casette with the 4G3 anti B" 

monoclonal, the KSm5 monoclonal, and the same SLE serum used to probe 

immunoprécipitations.

2.19. 2-DIMENSIONAL GEL ELECTROPHORESIS

In order to study the effect on total cellular protein in cell lines expressing different levels 

of SmN, the Pharmacia Immobline dry strip two-dimensional gel electrophoresis system was 

used. Cells (lX107)were labelled with L-[ 35 S ] methionine as in the immunoprécipitation 

protocol, pelleted, washed in PBS and dissolved in 50 \xh lysis buffer (2% Triton X-100, 2 % 2- 

Mercaptoethanol, 2% ampholines pH range 3.5-10 (Pharmacia), 24.Og Urea, 70mg 

PhenyImethy 1 sulfony 1 fluoride per 50ml ), and 50 |xL sample buffer ( 2% 2-Mercaptoethanol, 2% 

Ampholine pH 3.5-10, 0.5 % Triton X-100, 24g Urea , 0.05g Bromophenol Blue per 50ml). 

The sample (25 juL) was loaded onto Immobiline strips (pH 3.5-10), electrophoresed under 

silicone oil (20: 10 centistokes ) for at a total of 22650 Vh. and could then be stored at -20 C or 

run immediately on the second dimension 12.5% SDS-PAGE gel. This involved equilibrating 

each Immobline strip in 10 mis of 0.05 M Tris HCl pH 6.8, containing 1 % SDS w/v, 36% Urea 

w/v , 30% v/v Glycerol and lOm^dithiothreitol,laying it horizontally on a specially engineered 

stacking gel mould and fixing it into place with molten agarose. The gel was then run as a normal 

SDS-PAGE gel, electroblotted onto a nitrocellulose which was then dried and exposed to Kodak 

p-max film.

2.20. RNA PURIFICATION

An adaptation of the single step RNA isolation method of Chomczynski and Saachi (1987) 

was used to prepare RNA from PBS washed cell pellets. Initially, 1X107 cells were lysed in 1 ml 

of denaturing solution (4M guanidinium isothiocyanate, 20mM sodium acetate , pH 5.2, 0.1 mm 

dithioreitol, 0.5 % N-lauroylsarcosine), and mixed by inversion with 50 }iL of 2M sodium acetate, 

pH4 in autoclaved Eppendorf tubes. The homogenate was then mixed and incubated for 15 

minutes at 4 C with 500 |iL of water-saturated phenol, and 100 |iL of 49:1 chloroform /  isoamyl
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alchohol. Following centrifugation at 9000 rpm for 20 mins at 4 C, the upper aqueous phase was 

transferred to a fresh tube and the RNA precipitated by incubation for 30 minutes at -20 C in 1 ml 

of 100% isopropanol and centrifugation at 9000 rpm for 10 minutes at 4 C. The residual pellet 

was washed once in 70 % ethanol, centrifuged at 9000 rpm for 5 minutes, the residual pellet 

dissolved in 0.3 ml of denaturing solution, and reprecipitated in 0.3 ml Of 100% isopropanol. 

Contaminating guanidinium isothyocyanate was removed by washing in 70 % ethanol and the 

RNA harvested by centrifugation at 9000 rpm for 5 minutes. The RNA pellet was dissolved in 

100 |iL DEPC (SIGMA ) treated water (0.1% DEPC, shaken for 3 hours and autoclaved for 1 

hour). RNA concentrations were equalised at O.D. 260 nm on a Shimadzu UV-150U2 double 

beam spectrophotometer.

2.21. REVERSE TRANSCRIPTION PCR (RT-PCR)

Complementary DNA (cDNA) was prepared for 40 minutes at 37 C using 1 ng of RNA 

and 0.25 units of random hex amer primers ( Pharmacia ) in a 20 |iL total reaction volume 

comtaining lOmM each of dATP, dCTP, dOTP, dTTP, IX Taq DNA polymerase buffer 

(Amersham), 20 units of RNAsin and 200 units of Moloney murine leukaemia virus reverse 

transcriptase. RNA samples were preheated to 65 C for 5 mins on a PCR block prior to addition 

of the random hexamers and cooled on ice before addition of reverse transcriptase. 

Oligonucleotide PCR primers were stored at -20 C as 5 |iM stock solutions. Reactions were 

performed according to the general method of Kawasaki (1990) under liquid paraffin (B.P.) in a 

50 |iL  reaction volume containing 30 picomoles of each primer, 0.1 mM each dATP, dCTP, 

dOTP, dTTP, IX Taq DNA polymerase buffer and 2 units of Taq DNA polymerase (Amersham). 

Initial experiments were performed with different amounts of cDNA and different numbers of 

cycles to establish the conditions in which the amount of product was linearly relatedto the amount 

of input cDNA used. Analysis of products was carried out on 1-1.5% agarose TBE, ethidium 

bromide gels. Preliminary amplifications were carried out with different cDNA dilutions and
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different numbers of cycles to establish conditions where the PCR product signal was linearly 

related to cDNA input.

PRIMER SEQUENCES AND PCR PERAMETERS

r-NCAM7 sense AGO AGC AAG TCA CTC TGA CT

r-NCAM8 antisense TTC AAG GTA CAT GGA CTG GG

30 cycles at 94 C for 30 seconds, 60 C for 30 seconds, 72 C for 30 seconds.

m-src3 sense CTG TCC TTC AAG AAA GGG GAG C

m-src-4 antisense TGG ATG GAG TCG GAG GGC GC

35 cycles at 94 C for 30 seconds 65 C for 30 seconds and 72 for 30 seconds.

GSa , U2 sense ATG GGC TGC CTC GGC AAC

GSa D 1 antisense TGT AGC CAT CAT CTA GTG GGG

GSa , EX4. antisense TTC CGT TGG TTT CAC GT

30 cycles at 94 C for 1 minute, 55 C for 1 minute and 72 C for 2 minutes.

m-Go6 sense TCT TCT GTG TCG CAC TCA GC

m-Go8 antisense CTG TAG ACT TCC TTG TGA GC

m-Go9 anti-sense CAG CAA AGA GTG CAT GAA GC

35 cycles at 94 C for 45 seconds, 56 C for 45 seconds and 72 C for 45 seconds.

Oct-2 RACE PCR

5' RACE TGA TGC GGC GTT GCT TGA 

3 'RACE GAC TCG AGT CGA CAT CGA (T)17

Initial treatments: 94 C for 5 minutes, 72 C for 1 minute, 55 for 5 minutes, 72 C for 10 minutes. 9 

cycles at 94 C for 40 seconds, 55 C for 5 minutes, 72 C for 3 minutes.
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OCT 2.4/5 PCR

3(ub) GAT CGA ATT CGG GAC CTT ACC ATT GTC CCA 

2.4 /  2.5 D GAT CGA ATT CGG CTC CAC CAG AGG CCA GGG

Initially, 5 cycles at 94 C for 49 seconds, 52 C for 40 seconds 72 C for 40 seconds, then 25 cycles 

at 94 C for 40 seconds and 72 C for 75 seconds.

CGRP

RATCAL-A GAG GCA TCA TGG GCT TTC TG

RATCAL-B TCA CGC AGG TGG CAG TGT T

CAL-C EX4 CCT GAA CCT CTG TTT GGT GG

35 cycles at 94 C for 1 minute, 62 C for 1 minute, 72 C for 1 minute.

2.22. SOUTHERN BLOTTING

Agarose gels were washed in 0.4 M NaOH for 20 minutes and then overlayed with 

nitrocellulose sheet (Hybond N) and several layers of filter paper and blotted overnight by capillary 

action in 20X SSC buffer (150 mM sodium chloride, 15 mM sodium citrate pH 8). DNA was 

cross linked to the nitrocellulose by UV irradiation for 1 minute and blots were stored at - 20 C. 

Prior to hybridisation with a specific probe, blots were prehybridised at 65 C for a minimum of 2 

hours in 6X SSC, 10 % w/v dextran sulphate (Pharmacia), 0.1 % w/v SDS, 5X Denhardts 

solution (X I00 stock- 0.02% w/v ficoll type 400 (Sigma). 0.02% w/v PVP (Sigma), 0.02% w/v 

BSA (Sigma)) and 100 |ig/ml herring sperm DNA (Sigma). Initially, the appropriate fragments 

were isolated from gels and approximately 30 ng was denatured for 3 minutes at 100 C and 

labelled for 3 hours with 2 pCi [ a32 ] dCTP in oligo labelling buffer of final concentration of 

(50mM Tris pH 8, 5 mN MgC12, 0.1% v/v (3-mercaptoethanol, 200 pM dATP, dCTP, dTTP 

(Pharmacia), 200mM Hepes pH 6.6, lOOpM random hexamers (Pharmacia) and lunit of Klenow.
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The labelled DNA was retrieved by centrifugation at 2000 rpm for 5 minutes through a Sephadex 

G50 column (Pharmacia), and then added to the prehybridisation solution for overnight incubation 

at 65 C. The blots were washed 3 times in IX SSC, 0.5% SDS, dried and exposed to X-ray film.

7 0



CHAPTER 3 
STUDIES OF SmN AND SmB 

PROTEINS AS AUTOANTIGENS IN 
SYSTEMIC LUPUS 
ERYTHEMATOSUS
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3.1. INTRODUCTION

The high sequence homology between tissue-specific SmN and ubiquitous SmB/B' 

polypeptides accounts for the cross-reactivity of monoclonal and polyclonal anti-Sm autoantibodies 

on both Western blots and ELISA (Williams et al., 1990; Schmauss and Lemer, 1990; Mc.Allister 

et al., 1989). Indeed, autoantibodies and monoclonal antibodies binding to an SmN fusion protein 

and peptides derived from the carboxyl-terminal of SmN cross react with SmB/B' and also the U l- 

snRNP-specific A protein (McAllister et al., 1989; Habets et al., 1989). Anti-Sm monoclonal 

antibodies reactive with SmB/B' probably recognise SmN by virtue of shared linear epitopes 

present in the primary stmcture. The KSm5 monoclonal for example, is cross reactive due its 

specifity for the proline rich PPGMRPP epitope (Williams et al., 1990),which is repeated three 

times in SmN/SmB' and twice in SmB. This epitope is immunodominant in SLE and hence SLE 

sera contain autoantibodies cross reactive with both SmN and SmB/B'. Extensive epitope 

mapping reveals that most of the autoimmune epitopes map to the carboxyl-terminal half of 

SmB/B' (Rokeach et a l ., 1990) and hence also of SmN.

Despite the presence of cross reactive autoantibodies, it remains possible that antibodies 

specific for SmN may occur in SLE. These may occur due to unique linear epitopes as determined 

by the difference in primary structure due to the 17 amino acid substitutions in SmN. In addition, 

conformational epitopes that are due to the effect of this difference in primary structure on the final 

protein conformation may be unique to SmN. It has been demonstrated that certain autoantibodies 

are unique for the COOH terminus of SmB, probably due to the presence of two terminal leucines 

not found in SmB' or SmN (Elkon et al., 1990). Moreover, antigenic differences between SmN 

and SmB/B' have been previously demonstrated with the monoclonal Y-12 which binds to SmB 

with greater avidity than SmN (Schmauss and Lerner, 1990). In contrast, the N216-238 

polyclonal antibodies recognize SmN to a greater extent than SmB, this specificity being probably 

due to the extra proline rich PPPGMRPP epitope present in SmN.

The precise biological effect of autoantibodies reactive with various snRNP polypeptides 

remains unclear. However, anti-Ul RNP autoimmune sera and anti-Sm autoimmune sera and the
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Y-12 anti-SmB/B'/N monoclonal have been demonstrated to significantly inhibit splicing in in- 

vitro systems (Padgett et al., 1983). This inhibition is probably due to the formation of antibody- 

snRNP complexes that sequesters snRNPs thus making them unavailable for efficient splicing. In 

addition anti-Sm and anti-(Ul) RNP autoantibodies and monoclonals have been implicated in 

inhibition of polyadenylation of RNA (Moore et al., 1984), this probably being due to inhibition of 

the prior cleavage reaction (Hashimoto and Steitz, 1986).

It may be proposed that if autoantibodies exist that are reactive specifically with SmN, they 

may affect the proposed role of SmN as a regulator of alternative splicing and/or the constitutive 

splicing duties of SmN in the brain where it replaces SmB. The presence of such autoantibodies 

would be important in deducing a role for the protein, for example in in-vitro splicing assays, and 

the observation of any clinical manifestations that would seem to be associated with the presence of 

these antibodies would be very useful in this respect. Previously, the presence of anti-Sm 

antibodies has been correlated significantly with late onset lupus nephritis (Homma et al., 1987). 

More specifically, IgG anti-SmB/B' antibodies have been associated with renal disorder and 

pleuritis/ pericarditis (Takeda et al., 1989) and serositis (Lundberg et al., 1992), whilst IgM 

antiB/B' antibodies are associated with the presence of arthralgias, Raynauds phenomenon, and 

arthritis (Lundberg et al., 1992). The reduction of calcitonin gene related peptide (CGRP)- 

containing neurons in the digital skin of patients with primary Reynaud's phenomenon could be 

indicative of the effect of autoantibodies on splicing (Bunker et al., 1990). This is of particular 

relevance to SmN which has been proposed to be a regulator of the alternative splicing of the 

calcitonin / CGRP (CALCl) gene (McAllister et al., 1988/ 89; Sharpe et al., 1989; Rokeach e al., 

1989; Amara et al., 1982; Crenshaw et al., 1987). In addition, anti-Sm activity has been reported 

in 71 % of SLE patients with isolated CNS lupus which may possibly reflect involvement of the 

tissue-specific SmN autoantigen (Winfield et al., 1978).

In order to determine whether autoantibodies that discriminate between SmN and SmB are 

generated in SLE, and to further characterise the role of Sm epitopes in SLE, sera were screened 

by ELISA against peptides corresponding to the regions of least sequence homology that occur
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between SmB/B' and SmN. This was performed with reference to normal controls and 

autoimmune disease control sera. The regions used for screening correspond to amino acid 

residues 179-190 in which there are five substitutions for SmN and residues 203-213 in which 

there are four substitutions (FIG.l).

7 4



FIG .l COMPARISON OF AMINO ACID SEQUENCES OF Sm N. SmB AND 
SmB’ AND DERIVATION OF PEPTIDE AND FUSION PROTEIN 
SEQUENCES USED IN ELIS As AND IMMUNISATIONS
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SmN and Sm B /B '(179-190 and 203-213). AC-terminalcysteine,@  v a s  added for 
coupling peptides to carrier proteins B SA and KLH. Also included is the sequence 
of the SmB/B ' 174-213 fusion protein used in a diagnostic ELISA for SLE.
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3.2. RESULTS

SLE SERUM IgG BINDING TO PEPTIDES CONSISTING OF RESIDUES 179-190 AND 

203-213 OF SmB/B’ AND SmN.

Initial screening of 19 SLE sera revealed significant specific binding to the peptide 

consisting of residues 179-190 of SmB/B* (FIG.2). The long time of development required for 

visualisation (overnight at room temperature) is indicative of low affinity or low titre 

autoantibodies. Binding was not observed to the corresponding peptide derived from residues 

179-190 of SmN or to either peptides consisting of residues 203-213 of SmB/B' or SmN.
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3.3. SCREENING OF 60 SLE SERA AND CONTROLS

In light of the preliminary screening results, a more extensive study involving 60 SLE sera 

was performed (FIG.3). Sera had been previously assayed for anti-Sm reactivity by 

counterimmunoelectrophoresis (CIE) using rabbit thymus extract (Williams et al., 1986c). This 

was further confirmed using an anti-Sm antigen ELISA (Shield Diagnostics) with reference to 

positive and negative reference sera. IgG binding to the B/B' 179-190 peptide only was observed 

and was restricted to the anti-Sm positive sera (with or without anti-RNP specificity). Thus no 

significant binding was observed in any of the the 17 anti-Sm negative SLE sera or the 18 healthy 

non-SLE sera Of the anti-Sm positive sera, six out of 43 (14 %) demonstrated significant specific 

IgG binding to B/B' 179-190. The level of significance was set as being greater than the mean 

plus 2 standard deviations (0.494) of the binding recorded for the non-SLE control group. The 

apparently negative values in FIG.3 are probably a result of the primary amine coupling reagent, 

sulpho-SMCC (Pierce) binding bovine serum albumin and thus blocking sites of non-specific 

antibody binding. The control ELISA was performed using carrier protein alone (BSA). These 

results were subtracted from the peptide ELISA results which used conjugated carrier in order to 

account for background binding to free carrier protein.
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FIG.3. Enzyme immunoassay of 60 SLE patients and 18 normal non-SLE sera controls to 
demonstrate serum IgG binding to the B/B' 179-190 peptide. The optical density due to binding to 
the carrier protein alone was subtracted from the optical density due to binding to the peptide- 
carrier conjugate to measure true peptide binding. The SLE sera were designated anti-Sm positive 
or anti-Sm  negative  by anti-Sm  ELISA (S h ield  D ia g n o stic s  Ltd.) and by 
counterimmunoelectrophoresis (Williams et al., 1986c).
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3.4. PEPTIDE SPECIFICITY OF B/B’ 179-190 REACTIVE SERA

To further confirm the specificity of the anti-Sm positive sera for the SmB B/B'179-190 

sequence, unconjugated peptides for both SmN and SmB 179-190 sequences were used at a range 

of concentrations to competitively inhibit autoantibody binding to the solid-phase conjugated B/B’ 

peptide (FIG.4). Two patients were analysed in this immunoasssay which shows the degree of 

binding to the B/B’ 179-190-BSA conjugate over a range of competing peptide concentrations up 

to 1000 mg/ml (SOOmM). As expected, the B/B' 179-190 peptide gave the greatest level of 

inhibition of autoantibody binding to solid-phase B/B’ 179-190 peptide by competition in 

preincubation reactions. This was observed for both patients and the maximum inhibition caused 

by the highest applied concentration of competing B/B’ peptide was 96 % (patient 1) and 80 % 

(patient 2), with 50% inhibition occurring at 1-3 mM. In comparison, the N 179-190 peptide 

produced a maximum of 52 % inhibition (patient 1) and 62 % inhibition (patient 2). This 

competition by the N peptide was interpreted as the result of two B/B' 179-190 binding antibody 

populations within these sera, only one of these populations being capable of binding the SmN 

version of this sequence.
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FIG.4. Competitive enzyme immunoassay of serum IgG binding of the B/B' 179-190 peptide by 
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3.5. PARALLEL LONGITUDINAL STUDIES OF SERUM IgG BINDING TO TOTAL Sm 

ANTIGEN AND THE SmB/B' 179-190 PEPTIDE IN TWO REPRESENTATIVE SLE 

PATIENTS.

Two patients were analysed in a parallel longitudinal study of B/B' 179-190 and Sm 

antibody binding by ELISA to elucidate whether the two antibody specificities were co-ordinately 

regulated in vivo (FIG.5). Both patients were studied over a 5 year period.

Patient 1 initially showed high antibody levels for botl  ̂ parameters at the time of admission 

in 1977 which decreased to a negligible level with time. A flare in anti-Sm binding in 1982 was 

not accompanied by a parallel rise in B/B' 179-190 binding.

Patient 2 demonstrated a general decrease in both anti-Sm autoantibodies and anti-B/B' 

reactivity over the time course after initially high levels of binding for both perameters at the time 

of admission. In this patient, the levels of anti-B/B' 179-190 antibodies were observed to follow 

the anti-Sm levels very closely. Thus each flare (21/10 81) and decline (9/11/81) in anti-Sm 

reactivity is accompanied by a similar change in anti-B/B' reactivity.

3.6. MRL / Ipr MOUSE SERUM IgG BINDING TO B/B' 179-190

In a parallel study to further characterise the nature of this autoimmune epitope, 5 MRL / 

Ipr and 8 MRL / (4-/+) sera (all anti-Sm positive) were assayed for binding to the peptides 

consisting of residues 179-190 and 203-213 of both SmN and SmB/B' (FIG.6). Results were 

corrected for background binding to unconjugated BSA. Despite the similar levels of binding 

observed for B/B' 179-190 peptides and both 203-213 sequences, MRL sera do appear to reflect 

data from SLE patients. Thus MRL mice sera discriminate between the 179-190 sequences 

(FIG.6.a.) which is in agreement with SLE data in that most MRL sera demonstrated appreciable 

binding to the SmB/B' 179-190 peptide whilst binding to the SmN 179-190 peptide was 

negligible. In contrast, MRL sera did not discriminate between the 203-213 sequences (FIG.6.b.) 

and binding was similar for both SmN and SmB/B' 203-213 sequences, especially for MRL/ Ipr 

mice. This was consistent with data for anti-Sm positive SLE patients.
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FIG. 6.a. ENZYME IMMUNOASSAY OF ANTI-Sm POSITIVE MRL MOUSE 
SERA BINDING TO SmN OR SmB/B' 179-190 SEQUENCES
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FIG.6 . Enzyme immunoassay demonstrating MRL/lpr and MRL/(-t-/-t-) serum IgG binding of  
SmN or SmB/B' 179-190 or 203-213 peptides. True peptide binding analysed by subtracting 
binding to BSA alone from pep tide-BSA conjugate binding.
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3.7. OBSERVATIONS OF IMMUNE RESPONSE ELICITED ON IMMMUNISATION OF 

MICE WITH PEPTIDES REPRESENTATIVE OF REGIONS OF LEAST SEQUENCE 

HOMOLOGY BETWEEN SmN AND SmB/B'

In an attempt to generate antibodies specific for SmN for use in subsequent expression 

studies, BALB/c mice were subjected to 3 immunisations with one of the peptides representing the 

most divergent amino acid sequences between SmN and SmB. Mice were immunised with either 

uncoupled peptide or peptide coupled to the carrier protein keyhole limpet haemocyanin (KLH). 

Mice were then tail-bled and immune response generated to the peptides analysed by ELISA 

(FIG.7). A significant immune response was only evident when using coupled peptides and 

control mouse sera demonstrated no binding of peptides.

Results for the 179-190 sequence peptides reveal that the B/B' 179-190 peptide generated 

the largest response and the epitope presented by this peptide in solid-phase was bound with 

appreciably less avidity by sera hyperimmune for the N 179-190 peptide or either of the 203-213 

sequence peptides or control sera. This reflects data from anti-Sm positive SLE patients in that the 

B/B' 179-190 peptide appears to contain a unique epitope that on immunisation generates a 

population of B/B' specific antibodies. This epitope does not appear to be present in the other 

peptides tested. Administering the N 179-190 peptide generated a response to the N 179-190 

peptide in solid-phase that was similar to binding of this SmN peptide observed by sera 

hyperimmune for the BB' 179-190 peptide (FIG.7a). This suggests that the N 179-190 peptide 

shares an epitope with the Sm B/B' version of the sequence. This is in agreement with data from 

competitive inhibition analysis in SLE sera (FIG.4) whereby two populations of autoantibody that 

bind 179-190 sequences are present, only one of which is capable of binding the SmN version of 

the sequence. Thus the large immune response observed on administering B/B' 179-190 peptide 

would appear to be a sum of these populations. However, the latter interpretation must be treated 

with caution as sera hyperimmune for B/B' 179-190 also bound the 203-213 sequence peptides in 

solid-phase with similar avidity, suggesting a non-specific antibody activity is present. It would 

appear that the primary amino acid sequence presented to the immune system by the N 179-190
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peptide is potentially antigenic and does appear to generate a fairly specific response (mouse 1, 

FIG. 7a). Administering either of the 203-213 sequence peptides generated less specific 

responses.

Attempts to generate monoclonal antibodies specific for SmN and SmB were not 

successful despite the isolation of many hybridomas.
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FIG.7. Enzyme immunoassay of sera from BALB/C mice immunised with SmN or SmB/B' 1790- 
190 or 203-213 peptides. True anti-peptide binding was obtained by subtracting binding to the 
carrier peptide alone from the binding to the peptide-carrier conjugates.
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3.8. POTENTIAL USE OF AN SmB FUSION PROTEIN ENCOMPASSING RESIDUES 174- 

213 AS A DIAGNOSTIC ELISA FOR SLE

In view of the specific binding of the B/B' 179-190 peptide by only anti-Sm positive sera, 

a fusion protein encompassing residues 174-213 of SmB (FIG.8) generated by PCR from a cDNA 

of SmB (van Dam et al., 1989) was used to screen autoimmune sera in an attempt to develop a 

diagnostic assay specific for SLE. The purified protein, expressed as a fusion protein with 

glutathione-S-transferase was applied to ELISA plates and used to screen sera from SLE, mixed 

connective tissue disease (MCTD) and Sjogrens syndrome (SS) disease groups. The Sm antigen 

used in the conventional diagnostic assay (Shield), contains both SmB and SmD polypeptides. 

This may lead to unintentional binding of anti-(Ul)-RNP directed antibodies commonly found in 

MCTD patients due to similar epitope sequences being present in Ul-snRNP specific polypeptides 

A and C and the SmB polypeptide. Thus the incorporation of the SmB 174-213 fusion protein 

into an ELISA could provide a more specific assay for anti-Sm activity in SLE.

The results shown graphically in FIG.9a reveal that the fusion protein did accurately 

distinguish between disease groups tested. Thus 36.5% (23 out of 63) of SLE sera bound the B 

174-213 fusion protein at levels greater than the mean + 3 standard deviations (S.D.) of the 

normals (120 Units). This figure is in agreement with the 28% prevalence of anti-Sm antibodies in 

SLE sera. No reactivity with the fusion protein was observed for MCTD or SS disease groups or 

normals. In comparison, the conventional anti-Sm diagnostic assay detected a 32% prevalence of 

anti-Sm activity in these patients (20/63 demonstrated binding greater than mean + 3 S.D. normals 

=11.79 units ), and this was also restricted to SLE patients (Fig.9b). Therefore the SmB 174-213 

assay is as sensitive as the anti-Sm ELISA. The use of a bacterially expressed protein in this assay 

indicates that the immunoreactivity observed is not a result of post translational modification. A 

study of anti-(Ul)-RNP binding in the disease groups (FIG.9C) reveals the presence of such 

autoantibodies as a common occurence in SLE and MCTD (binding greater than mean + 3 S.D. 

normals = 9.22 units), but not in Sjogrens syndrome.
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Further analysis revealed that 7 of the SLE sera which significantly bound the SmB 174- 

213 fusion protein but did not demonstrate significant binding of total Sm antigen, suggesting that 

some of the epitopes presented by the SmB 174-213 peptide were not exposed as epitopes in the 

total Sm ELISA antigen. However, four of these sera had high anti-(Ul)-RNP reactivity as 

demonstrated in a comparison of anti-SmB 174-213 binding in parallel with anti-(Ul)-RNP 

reactivity in these sera (FIG 9D). This suggest either a cross reaction with the glutathione-S- 

transferase motif of the fusion protein or a cross reaction of anti-(Ul)-RNP directed antibodies 

with an SmB 174-213 epitope. The most probable linear epitope responsible for the latter cross 

reaction is the PPPGMRPP motif (residues 191-198 in SmB/B') that is similar to the PPPGMIPP 

motif in Ul-snRNP-specific A polypeptide (residues 165-172) and the PAPGMRPP /  PAPAMIPP 

sequences in the C polypeptide (residues 93-100 and 48-55 respectively). Chou and Fasman 

algorithm (Chou and Fasman 1978) predicts that proline rich sequences such as those common to 

SmB/B' SmN, A and C are both structurally dynamic and on the surface of protein molecules 

which may account for their immunoreactive nature. Cross-reactive antibodies to proline rich 

regions in other proteins (A and C) may be falsely interpreted as anti-Sm antibodies. These 

autoantibodies would also be expected to bind abundant proline-rich epitopes present in the Sm 

ELISA to give positive results. As this is not the case with these four anti-RNP sera that 

demonstrate binding of SmB 174-213 but not the total Sm antigen, it suggests that the apparently 

high anti-SmB 174-213 activity observed is directed to the glutathione-S-transferase motif. In 

agreement with this, the anti-(Ul)-RNP reactivity observed in MCTD sera did not result in any 

significant binding of SmB 174-213 or the total Sm ELISA by these sera.

The three remaining sera demonstrating significant binding of the anti-SmB 174-213 fusion 

protein but not the total Sm antigen ELISA did not demonstrate significant anti-(Ul)-RNP binding 

(FIG. 9d.). Thus it remains possible that the conformational nature of the SmB 174-213 fusion 

protein presents auto-epitopes that are not exposed in the total Sm antigen ELISA. Such an epitope 

may be the linear SmB/B'-specific 179-190 epitope.
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FIG.9.a. Enzyme immunoassay of serum IgG binding o f SmB 174-213 fusion protein by 
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syndrome (SS) sera with reference to normals. The mean plus two standard deviations o f  the 
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fusion protein binding in sera that demonstrate no significant binding of the total Sm antigen.
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3.9. ANALYSIS OF ECTOPIC EXPRESSION OF SmN IN SLE 

INTRODUCTION

Interesting observations from previous studies of gene transcription in peripheral blood 

mononuclear cells (PBMCs) from SLE patients (B.Twomey) warranted further investigation into 

the ectopic SmN expression in SLE. In the course of experiments with heat shock protein genes, 

genes encoding other autoantigens were included in nuclear run-on assays, in particular SmN and 

SmB. Thus in such studies it was observed that overexpression of the hsp90 protein occured in 

SLE (Norton et al., 1988), this being a result of enhanced hsp90p transcription (Twomey et al., 

1993) and this was reflected by the presence of autoantibodies (Dhillon et al., 1993).

It was subsequently observed that SmN gene transcription was significantly elevated in SLE 

patients (0.275 +/- 0.050) over that of normal controls (0.102 / +/- 0.022) to a significant degree 

(p=0.0163) and that in eight out of nineteen patients SmN gene transcription was above the normal 

range. In contrast, SmB/B' gene transcription although elevated, was not significant (mean=0.203 

+/- 0.041 compared to controls mean = 0.132 +/- 0.022 where p=0.167). Furthermore, 

transcription of the U1 snRNP specific 70 kDa polypeptide was lower in SLE patients (0.32 +/- 

0.06) compared to controls (0.42 +/- 0.07).

This significant elevation in SNRPN transcription in SLE is an interesting observation as 

levels of SmN expression in PBMCs are usually low, high level expression being normally limited 

to brain and heart. This therefore suggested that the elevated SmN gene transcription may result in 

elevated SmN protein expression. This could potentially have consequences in terms of 

autoantigen presentation in the subset of SLE patients demonstrating such an elevation as 

previously demonstrated for the hsp90 protein (Norton et al., 1988; Twomey et al., 1993; Dhillon 

et al., 1993). Thus elevated SmN expression could potentially lead to the stimulation of the 

immune system and the subsequent generation of anti-SmN-specific antibodies or anti-Sm 

antibodies cross reactive with SmB/B'. In addition, if SmN is involved in alternative splicing or
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possesses unique splicing properties, then elevated levels of SmN may affect the nature of RNA 

splicing performed in such cells, leading to changes in immune function.

Therefore to determine whether the observed elevation in SmN gene transcription was 

reflected at the protein level, and to further elucidate the role of SmN as an autoantigen in SLE, 

levels of SmN expression in SLE PBMCs were quantitated with reference to normal controls. To 

address this, a novel Western blotting assay was developed which allows quantitation of levels of 

SmN expression despite the presence of SmB' which co-migrates with SmN. The assay is based 

on the difference in affinity exhibited by the KSm4 monoclonal antibody for SmB/B' and SmN, 

whereby KSm4 recognises an epitope present on SmB/B' but does not demonstrate any 

appreciable binding with SmN. This is clearly shown in FIG. 10 in which PBMCs from SLE 

patients and controls were Western blotted with the two antibodies. The KSm5 monoclonal 

antibody demonstrates the presence of SmB, Sm B' and SmN in both SLE and control PBMCs 

whilst KSm4 only binds SmB and SmB'. The expression of SmN in PBMCs as demonstrated 

using KSm5, and the subsequent non-recognition by KSm4 is an important demonstration of the 

validity and specificity of this antibody assay in quantitating SmN expression.

Complete resolution of SmN from SmB' was observed in only very rare instances and co

migration of the proteins is the usual occurrence. Hence SmN expression was quantitated by 

measuring differences in the relative intensities of the upper 29 kDa band which represents both 

SmN and SmB' in parallel KSm4 and KSm5 studies (FIG. 11). Obtaining accurate values for 

levels of actin for subsequent equalisation were unsuccessful and hence values were equalised for 

levels of SmB obtained with the two antibodies. Therefore the relative levels of SmN in each 

sample were obtained by subtracting the SmB' value (obtained with the KSm4 antibody) from the 

SmB' plus SmN value (obtained with the KSm5 antibody) after equalising the SmB values 

obtained in each case to control for any differences in the efficiency of binding by the two 

antibodies in a particular experiment. The demonstration that transcription of the SmB gene is not 

significantly elevated in these SLE patients justifies equalising with SmB rather than with actin.
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FIG. 10. Parallel Western blot analysis of PBMCs from SLE patients and healthy control in which 
SmN is resolved from SmB', demonstrating SmN expression in PBMCs (KSm5 antibody probe- 
lower panel). The lack of reactivity of the KSm4 monoclonal antibody with SmN (KSm4 
antibody probe-upper panel) demonstrates the basis of the subtractive antibody assay for 
determining SmN expression. SmB and SmB' are bound by both KSm4 and KSm5 monoclonal 
antibodies.
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FIG.l 1. Parallel Western blot analysis of SmN expression in PBMCs from three SLE patients. 
Here, SmN is not resolved from SmB' which allows more accurate densitometric analysis of SmN 
expression as revealed by the KSm4 monoclonal antibody (left-hand panel) and KSm5 monoclonal 
antibody (right hand panel). The upper band from sample 2 demonstrates weak activity with the 
KSm 4 antibody, and a stronger reactivity with the KSm5 antibody whereas samples 1 and 3 
demonstrate similar upper band reactivities with both antibodies. This indicates low or 
undetectable levels of SmN expression in samples 1 and 3 compared to a significant elevation of 
SmN expression in sample 2.
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3.10. RESULTS FROM A STUDY OF ECTOPIC EXPRESSION OF SmN IN SLE

The mean level of SmN protein expression in SLE PBMCs was not elevated above that 

observed in rheumatoid arthritis (RA) or other autoimmune disease control (ADC) or normal 

control samples (FIG. 12). Thus, only two SLE patients demonstrated SmN expression greater 

than the mean plus two standard deviations of levels in the normals (164425 units). SmN 

expression greater than this mean was also observed in one RA patient and one normal, suggesting 

it is a common effect of inter-individual variation.

In addition, a parallel comparison of SNRPN transcription against SmN expression is 

consistent with the above data (FIG. 13). Thus, enhanced SNRPN transcription was not observed 

to result in enhanced SmN expression, and the SLE patient demonstrating the highest level of 

SNRPN transcription in this comparison (0.575) did not demonstrate significant SmN expression 

(161606 units). Moreover, non of the SLE sera demonstrating SNRPN transcription above the 

normal range (0.102 4-/- 0.022) were observed to demonstrate significant SmN expression.
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FIG. 12. Data from densitometric analysis o f ectopic expression o f SmN in PBMCs from 
Systemic Lupus Erythematosus (SLE) patients, rheumatoid arthritis (RA) patients, autoimmune 
disease controls (ADC) and normal control samples from a subtractive KSm4 / Ksm5 antibody 
assay. The mean plus two standard deviations of SmN expression in PBMCs of normals (164425 
units) and the mean value of SmN expression in each sample group (horizontal bar) are indicated.

FIG. 13. COMPARISON OF SNRPN TRANSCRIPTION AND SmN TRANSLATION 
IN PBMCs FROM SLE PATIENTS
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FIG. 13. Comparison of SNRPN transcription (nuclear run-on assay) and SmN expression 
(KSm4/ KSm5 suotractive assav) in SLE patients.
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3.11. CHAPTER DISCUSSION

Peptides corresponding to the regions of least sequence homology between SmN and 

SmB/B' have been used to establish whether the differences in primary structure between the 

proteins is sufficient to alter protein conformation and hence ultimately suggest whether the 

function of the proteins could be different. By screening SLE sera on these peptides, the sequence 

corresponding to residues 179-190 of SmB/B' has been shown to be immunoreactive. In contrast, 

the polymorphisms within the équivalant SmN sequence are sufficient to stop any significant 

binding by the SmB/B' 179-190 specific antibodies. The prevalence of autoantibodies to this 

epitiope in SLE are 14% , this activity being restricted to the anti-Sm positive SLE sera. The 

presence of antibodies that discriminate between residues 179-190 of SmN and SmB/B' has also 

been demonstrated in the MRL/lpr and MRL (+/+) murine models of SLE. The second region of 

least sequence homology (203-213) in both SmN andSmB/B' does not bind SLE autoantibodies.

The competitive inhibition data suggest that the B/B' 179-190 reactive antibodies have up 

to a 100 times lower affinity for the SmN sequence, thus demonstrating significant specificity for 

SmB/B'. The half maximum binding at about ImM (patient 1) shows that the ELISA is detecting 

low affinity antibodies. This low affinity may be due to the peptide representing only part of the 

epitope that may extend beyond residues 179-190 or it may be part of a conformational epitope in 

the 3-dimensional structure of SmB.

Longitudinal studies suggest that the anti-SmB/B' activity is part of the general anti-Sm 

response. Thus levels of antibody to B/B' 179-190 and Sm show close co-modulation in patient 

3, suggesting common regulatory mechanisms. These activities were observed to fluctuate semi- 

independently in patient 1 such that anti B/B' activity became an insignificant part of the total Sm 

response with time. This reflects data from screening SLE sera with the SmB 174-213 fusion 

protein whereby it was observed that 21% of sera tested as being anti-Sm positive sera were 

negative on the SmB 174-213 ELISA, the assay therefore being 79% sensitive for detecting anti- 

Sm positive sera. These observations can be interpreted as being due to the autoantibody profiles
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against distinct SmB epitopes varying with time and also between patients. This also demonstrates 

that important SmB epitopes are present outside of the cloned region.

Antibody responses to various Sm polypeptides may also vary with time (E.J. ter Borg et 

al., 1988) and hence as the assay does not include SmD specific epitopes, it will not be capable of 

detecting anti-SmD directed activities which may at certain time points be prevalent. In summary 

therefore, the SmB 174-213 assay is both sensitive and highly specific for the disease group. 

However it does not account for the entire anti-Sm antibody repertoire present in SLE patients. 

Thus anti-Sm sera without anti-PPGMRPP activity or the SmB/B' 179-190 specific activity 

detected using peptides will appear negative. As the conventional anti-Sm assay also proved to be 

highly specific for SLE, then SmB 174-213 does not offer any obvious advantages as a diagnostic 

marker for SLE.

It has previously been shown that SmB/B' proteins possess additional epitopes that are 

unique to these proteins as components of the U1 snRNP only (Ohosone et al., 1992). Data 

presented here has demonstrated the presence of a further SmB/B'-specific eptitope that is not 

found in SmN. SmB specific autoantibodies have previously been demonstrated (Elkon et al., 

1990) that do not bind SmB' and hence are unlikely to bind SmN as they are directed to carboxyl- 

terminal leucines present only in SmB. These SmB specific antibody activities taken together with 

the observation that KSm4 also discriminates between SmN and SmB/B' such that it does not bind 

SmN appreciably (this chapter) suggest that the I  amino acid replacements that occur between SmN 

and SmB/B' are sufficient to alter protein antigenicity

Many different Sm epitopes are recognised by both human and murine anti-Sm antibodies 

(Williams et al., 1986) inferring that the Sm antigen itself is driving the autoimmune response. In 

agreement with this, Sm antigen when administered to MRL mice stimulates the autoimmune
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response to Sm proteins (Stocks et al., 1991). The presence of four SmB specific autoantibody 

activities (outlined above) and the lack of any reported SmN specific antibody activities strongly 

suggest that the nuclear antigen stimulating the immune system in SLE does not derive from the 

tissues expressing SmN, namely the brain or the heart. In agreement with data presented here 

which demonstrates that SLE autoantibodies do not specifically bind the regions containing the 

greatest number of sequence polymorphisms for SmN (179-190 and 203-213), there are no other 

reports of SmN-specific autoantibodies against other regions containing polymorphisms for SmN. 

Thus peptides representitive of residues 49-65 of SmN which contains two polymorphic residues 

and 223-232 which contains one polymorphic residue were not bound by anti-Sm positive SLE 

sera (Habets et al., 1989). Therefore, these polymorphic regions in SmN are either non- 

immunogenic or alternatively, the lack of any reported SmN-specific autoantibodies suggests that 

SmN is not the antigen stimulating the immune system in SLE. The observation that the 

immunisation of BALB/c mice with the SmN 179-190 peptide did generate a fairly specific 

immune response to this peptide (FIG.7a) would seem to support the latter proposal.

Further evidence that SmN is not the antigen stimulating the immune system in SLE is 

suggested by the demonstration that levels of SmN protein in SLE PBMCs are not elevated despite 

a significant elevation of SNRPN gene expression in a subset of SLE patients. An elevation of 

ectopic SmN expression in cells normally expressing very low levels such as PBMCs would 

suggest a mechanism whereby the immune system could be stimulated to generate autoantibodies 

to the protein as in the case with the hsp90 gene (Dhillon 1993). However, in agreement with the 

lack of any SmN-specific antibody activities, an elevation of SmN expression was not observed. 

Therefore it would appear that antibody reactivities to SmN are a result of cross reaction due to the 

high sequence homology with SmB. The apparently greater specificity of the N216-238 antibody 

for SmN (Schmauss and Lemer 1990) is due to a further repeat of the PPPGMRPP epitope and 

hence this antibody will also bind SmB' with greater avidity than SmB. The lack of any SmN- 

specific autoepitopes suggest it is not neccessary to include the tissue specific SmN antigen in 

diagnostic ELISA assays.
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The lack of SmN specific autoantibodies occuring in SLE, suggests that it would not be 

SmN alone that is affected by autoantibodies binding and sequestering it. Rather, antibodies 

originally reactive with SmB will cross react with SmN and if splicing is affected it would be due 

to immune complex formation involving many distinct snRNP polypeptides bound by a wide 

spectrum of autoantibodies. Thus, provided autoantibodies are capable of entering cells, and 

furthermore the nucleus, all constitutive or SmN-specific functions of SmN and indeed the 

function of other snRNP polypeptides are likely be affected in SLE. If autoantibodies remain 

outside of the cell, they are unlikely to affect splicing.

Enhanced SNRPN transcription in a subset of SLE patients is indicative of aberrant 

function of transcription factors in PBMCs, however as this enhancement is not reflected at the 

protein level, it suggests that a post-transcriptional process acts to counter this. This is consistent 

with similar studies in SLE patients with the hsp72 gene (Twomey et al., 1992) whereby elevated 

gene transcription did not result in elevated protein expression. However an enhanced 

transcription of the hsp90 gene (Twomey et al., 1993) did result in elevated protein expression and 

the subsequent generation of autoantibodies (Norton et al., 1988; Dhillon et al., 1993). This 

suggests that elevated transcription of certain genes due to aberrant function of transcription factors 

is a common feature of SLE and that post-transcriptional mechanisms may or may not act to 

control this. SmN expression levels in SLE patients are consistent with those in normals as 

indicated in this study. This suggests that if the nature of RNA splicing occuring in PBMCs and 

perhaps other cells in SLE patients does differ from that in normals, it cannot be attributed to 

altered levels of SmN expression, and is thus more likely to be an effect of cross-reactive 

autoantibodies.
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CHAPTER 4 
ANALYSIS OF SmN AND SmB 

WITHIN snRNP PARTICLES
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4.1. INTRODUCTION

In order to study the role of SmN in RNA splicing it is essential to determine the nature of 

its association within the snRNP particle. It may be postulated that any unique properties of SmN 

could potentially affect the activity of the spliceosome and therefore how RNA transcripts are 

processed. Previous studies have demonstrated that SmN, like SmB does in fact associate with 

snRNAs, as demonstrated by immunoprecipitaing with antibodies against the 5' CAP structure of 

snRNAs (Mc.Allister et a l ., 1988). Anti-Sm antibodies also precipitate SmN but this does not 

necessarily demonstrate that SmN is snRNP-associated. This may only be proved by indirect 

methods such as using monoclonal antibodies against other snRNP proteins, for example SmD. 

Evidence of protein-protein interactions with other snRNP polypeptides is suggested by the fact 

that SmN may be immunoprecipitated indirectly using anti-(Ul) RNP antibodies (Mc.Allister et 

al., 1988; McAllister et al., 1989).

An understanding of the nature of association of SmN with particular snRNP particles 

would be valuable in understanding the function of the protein. Thus if SmN was to associate 

with particular snRNPs in a way that was different to the closely related SmB protein, then RNA 

splicing performed by SmN-containing snRNPs may also be different. To address this, a study of 

the localisation of SmN within the snRNP particles was performed using antibodies against 

components specific to the U1 and U2 snRNPs. This localisation was investigated using extracts 

from adult rat tissues and F9 (embryonal carcinoma) and ND7 (neuronal) cell lines. In addition, 

the association SmN with snRNPs in 3T3 mouse fibroblasts artificially expressing SmN and the 

subsequent effect on total protein composition in such cells was investigated.

Antibodies to components specific to the U2-snRNP occur naturally in SLE, scleroderma 

and polymyositis (Mimori et al., 1984). Indeed, such autoantibodies have been of great 

importance in deducing the polypeptide composition of the U2 snRNP (Mimori et al 1984; Habets 

et a l ., 1987). However, extensive cross reactivity of such sera occurs such that antibodies that 

bind the U2 specific B" polypeptide also bind the U1-snRNP associated A polypeptide and vice- 

versa due to common epitopes (Craft et al., 1988; Habets et al., 1989a). Hence such antibodies
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are not satisfactory for immunoprecipitating specific snRNP particles. The 4G3 monoclonal 

however, is specific for an epitope unique to the U2- associated B" protein (Habets et al., 1989b). 

This therefore represents a highly specific means of isolating the U2 snRNP-associated 

polypeptides.

Autoantibodies to the Ul-snRNP-specific 70K, A and C polypeptides are common in 

mixed connective tissue disease (Sharp et al., 1972; Tan ,1982). Anti-(Ul) RNP sera have been 

used in previous investigations of the the association of SmN with U1-snRNPs in PC-12 cells and 

human cortex (Mc.Allister et al., 1988; McAllister et al., 1989). In addition to using anti-(Ul) 

RNP sera, data presented in this report was obtained using the K8.43 monoclonal which is 

specific for the U1 snRNP specific 70K polypeptide (Williams and Stocks et al., 1986, 

unpublished).

Other antibodies used in this study are reactive with various snRNP polypeptides. Thus 

the KSm 1 and 2 monoclonals are specific for two different epitopes on the 16 kDa SmD 

polypeptide (Williams et al., 1986). The KSm5 monoclonal is specific for a proline rich carboxyl 

terminal epitope (PPGMRPP) common to SmB/B' and SmN (Williams et al 1990).

The KSm4 monoclonal demonstrates reactivity to SmD and SmB/B' (Wiliams et al., 

1986). Interestingly despite the high homology of SmB/B' with SmN, the KSm4 monoclonal 

does not demonstrate appreciable reactivity with SmN. Thus KSm4 did not bind the PPl SmN 

cDNA clone that lacks only the 23 N-terminal amino acids of SmN (Williams et al., 1990), and 

does not bind SmN in expression studies on rodent tissue (D. Horn PhD. thesis). This is also 

demonstrated in results for F9 immunoprecipitaions presented here and in the analysis of SmN 

expression in SLE PBMCs also presented here. These observations taken together with the lack of 

sequence homology between SmD and SmB/B' suggests that the epitope for KSm4 is a 

conformational one or a result of post-translational modification. Thus, further evidence of a 

difference in protein conformation between SmN and SmB/B' is indicative of SmN possessing 

unique properties.
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snRNP LOCALISATION OF SmN IN RODENT CELL LINES 

4.2. ND7 NEURONAL CELL LINE

The association of SmN with snRNPs was analysed in the ND7 cell line (Wood et a l ., 

1990) which express SmN (Horn et al., 1992). Due to the lack of availability of a suitable 

methionine free media for the growth of these cells, immunoprécipitations were performed using 

unlabelled ND7 extracts and proteins visualised by Western blotting with an anti-Sm/ RNP 

positive SLE serum (FIG.l). As expected, the KSm2, KSm4 and KSm5 precipitates contain both 

SmB and SmN, verifying the association of SmN with snRNPs in this neuronal cell line. In 

addition, the Ul-snRNP associated 33 kDa A polypeptide is present in these precipitates. The U l- 

snRNP specific K8.43 monoclonal and the anti-(Ul)RNP sera do not immunoprecipitate SmN. 

As expected, the U1-specific A polypeptide was present in these samples however strangely, 

SmB did not appear to be present. This may however be a result of the apparent higher affinity of 

the particular serum used in visualisation for SmN and the A polypeptide than for SmB, as 

reflected by its performance in this immunoprécipitation. In contrast to the Ul-snRNP results, 

SmN was clearly precipitated using U2-snRNP specific 4G3 monoclonal, whereas SmB was not. 

The band corresponding to the A polypeptide is negligible in this precipitate again showing the 

specificity of 4G3 for the U2-snRNP. Therefore, in ND7 cells the nature of the association of 

SmN with the U2 snRNP is different to its association with the Ul-snRNP.

To correctly verify the bands observed in the ND7 immunoprecipitates as being SmN 

rather than the U2-snRNP associated B" polypeptide which has a similar molecular weight (28.5 

kDa, Habets et al., 1985), further experiments were performed. ND7 total cell protein samples 

were run on five different 12.5% gels incorporating different ratios of acrylamide and 

bisacrylamide. Of these, a gel with an acrylamide to bisacrylamide ratio of 30:0.5 % was found to 

sufficiently resolve SmN and SmB from B" however resolution between SmN and SmB was 

reduced (FIG.2). The anti-Sm sera used in the ND7 immunoprécipitations clearly did not 

demonstrate any reactivity with the B" polypeptide, which was specifically visualised with 4G3 

monoclonal antibody as a band migrating slower than SmB/N in a seperate track of a multi-channel
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cassette blotting apparatus. Furthermore the occurrence of anti-(U2) antibodies in autoimmune 

diseases is reported as being infrequent (Mimori et al., 1984). The SLE sera used demonstrated a 

reactivity identical to that observed by the KSm5 SmN/B specific monoclonal on this gel. Thus 

the 29kDa band in ND7 immunoprecipitaions is verified as being SmN.
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FIGURE 1. Immunoblot with anti-Sm positive SLE sera of snRNP polypeptides 
immunoprecipitated from ND7 cells using the indicated antisera. Lanes: 1, ND7 total cell extract; 
2, anti-Sm positive SLE sera; 3, anti-(Ul)RNP SLE sera; 4, OX-12 non anti-Sm monoclonal 
antibody; 5, 403 anti-U2B"monoclonal antibody; 6, K8.43 anti- Ul-70kDa monoclonal antibody; 
7, KSm5 anti-SmB/B'/N monoclonal antibody; 8, KSm4 anti-B/B'monoclonal antibody; 9, 
KSm2 anti-SmD monclonal antibody.
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FIGURE 2. Immunoblot of ND7 total cell extract. Lanes: 1, probed with KSm5; 2, probed with 
4G3 anti-U2B"; 3, probed with anti-Sm positive sera used as the probe in FIG.l
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4.3. F9 EMBRYONAL CARCINOMA (EC) CELL LINE

Previous studies have shown that the embryonal carcinoma (EC) cell lines F9, PCC3, 

PCC4 and the embryonic stem cell (ES) line CCE cells demonstrate SmN expression (Sharpe et 

al., 1989; Sharpe et al., 1990). Therefore, immunoprécipitations were performed using [L-35S- 

Met]-labelled rodent embryonal carcinoma cell line F9 extracts in order to examine the association 

of SmN with the U1 and U2 snRNPs.

Preliminary experiments in F9 cells were performed using a battery of anti-Sm antibodies 

in order to confirm the association of SmN with snRNPs by using indirect immunoprécipitation 

with antibodies directed at other components of snRNPs (FIG.3). The KSml and KSm2 

antibodies which are specific for SmD (16 kDa) immunoprecipitated the 33 kDa A polypeptide, a 

29 kDa band representing SmN, a 28 kDa band representing SmB the 22kDa C polypeptide and 

SmD. The KSm4 monoclonal precipitated an identical pattern of polypeptides as the anti-SmD 

monoclonals (although the band corresponding to SmN was slightly weaker). Taken together, the 

results for these monoclonals show that SmN is indeed associated with snRNPs via protein- 

protein interactions with other snRNP components. This indirect method verifies the existence of 

such interactions that are not fully confirmed in previous reports (MC.Allister et al., 1989; 1990). 

Thus in this case either autoimmune sera are used which may contain cross reactive antibodies or 

the monoclonal antibody Y-12 was used which was specific for SmN. The control non-anti-Sm 

isotype-matched antibody OX-12 (IgG2a subclass) did not precipitate any of the bands obtained 

using the other antibodies thus confirming the specificity of the latter for snRNP components. | 

Three out of five anti-Sm sera precipitated the same polypeptides as the anti-Sm monoclonals. An 

interesting observation in such preliminary experiments was the lack of a 29 kDa band 

corresponding to SmN in the Ul-snRNP specific K 8.43 immunoprecipitates.

This observation was examined in more detail using anti-(Ul) RNP sera and the 4G3 

monoclonal specific for the U2-associated B" polypeptide (FIG.4). Results for the anti-(Ul) 

RNP sera used are consistent with the K8.43 monoclonal results in that the 29 kDa band 

corresponding to SmN is absent whereas other snRNP components (SmB, SmD, A and C) are
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clearly present. In contrast, both SmB and SmN are clearly detectable in immunoprecipitates with 

the 4G3 monoclonal antibody. The specificity of this monoclonal for the U2-snRNP is 

demonstrated by the lack of Ul-snRNP specific A and C polypeptides in such immunoprecipitates. 

Therefore SmN is detectable in the U2-snRNP but not the U1 snRNP in F9 cells.

Further conformation that the 29 kDa band observed in autoradiographs corresponds to 

SmN is demonstrated by immunoprécipitation of unlabelled F9 extract and subsequent Western 

blotting using the KSm5 and KSm4 antibodies (Fig.5). Here the protocol was modified slightly to 

minimise the appearance of mouse IgG on the blot, thus allowing the use of the anti-mouse IgG 

Horse-Raddish Peroxidase conjugate for visualisation (materials and methods). Results from 

Western blotting with KSm5 (left-hand panel) clearly show the presence of the 29 kDa SmN and 

28 kDa SmB in immunoprécipitations using KSm2 and 4G3 monoclonal antibodies. The identity 

of the 29 kDa band as being SmN is further verified by Western blotting with the KSm4 

monoclonal (right-hand panel). Here, the 29 kDa band corresponding to SmN is not seen in 

identical immunoprecipitates or indeed the total protein sample due to the non-reactivity of KSm4 

with SmN (see above). This therefore proves that the 29 kDa band observed in the 4G3, KSml-5 

and anti-Sm positive SLE sera immunoprecipitates from [L-35S-Met]-labelled F9 cells (Fig.3) 

corresponds at least in part to SmN. Unfortunately, the K8.43 immunoprécipitation in Fig.5 was 

of insufficient quality to determine the presence of SmB only in this precipitate as suggested by 

data from the labelled F9 extracts.

Therefore, data from immunoprécipitations of F9 EC cells appears consistent with 

observations in ND7 cells in the respect that affinity of SmN for the U2 snRNP was higher than 

that for the U1 snRNP relative to that observed for SmB.
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FIGURE. 3. Autoradiograph of L-[35S]-methionine-labelled F9 embryonal carcinoma cell line 
immunoprécipitations: Lanes as indicated.
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FIGURE 4: Autoradiograph of L-[35S]-methionine labelled F9 embryonal carcinoma cell line 
immunoprécipitations. Lanes 1, KSm4; 2, KSm5; 3, K8.43; 4, 403 anti-U2B"; 5, anti-Sm 
positive SLE sera; 6, anti-(Ul)RNP SLE sera; 7,OX-12.
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FIGURE 5. Immunoblot of F9 embryonal carcinoma cell immunoprécipitations probed with 
KSm4 or KSm5-lanes as indicated
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snRNP LOCALISATION OF SmN IN RODENT TISSUE.

4.4. RAT BRAIN

The interesting results obtained from the cell lines prompted an investigation into the 

association of SmN with snRNPs in rodent tissue. Here the protocol was modified as in the F9 

experiment (Fig.5) to detect SmN and SmB specifically with KSm5. The immunoblot (FIG.6) 

shows strong association of SmN with snRNPs in rat brain by indirect precipitation with KSm2, 

reflecting the high level of SmN expression in the brain relative to SmB. In fact, SmB was 

undetectable in these initial precipitates (FIG.6) and was just detectable in KSm2 and KSm5 

immunoprecipitates from a separate repeat of the experiment which was visualised with anti-Sm 

SLE sera (FIG.7). In contrast to results observed in the cell lines, SmN was found to localise in 

both the U2 and U1-snRNPs in rat brain. The presence of SmN in the Ul-snRNP in brain was 

further verified with the anti-(Ul) RNP sera. As expected, no reactivity with KSm5 or the SLE 

sera was observed when immunoprecipitating with the OX-12 control monoclonal antibody.

4.5. RAT LIVER

In contrast to brain snRNPs, immunoprecipitates from rat liver show no evidence of SmN 

association with snRNPs reflecting the undetectable levels of SmN expression in this tissue 

(FIG.7). As expected, the SmB core snRNP polypeptide was readily detectable in the KSm2 and 

KSm5 precipitates and more specifically in the Ul-snRNP precipitates.

4.6. QUANTITATIVE ANALYSIS OF RELATIVE EXPRESSION OF SmN AND SmB.

Data obtained from the observed discrepancy in Ul-snRNP localisation between brain and 

cell lines prompted us to question whether there was insufficient SmB expression in brain to 

produce functional U1-snRNPs, thus necessitating the production of SmN-containing U l- 

snRNPs. This was addressed by performing densitometric analysis on 5 separate immunoblots of 

total protein from ND7, F9 cells and rat brain probed with KSm5. The averages obtained from
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this analysis reveal levels of SmN relative to SmB respectively are: F9=54%:46%; ND7= 37%: 

63%; and brain 85%: 15 % (FIG.8). The implications of this are addressed in the chapter 

discussion.
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FIGURE 6. Immunoblot of immunoprécipitations from rat brain probed with KSm5 monoclonal 
antibody. Lanes: 1, Brain total protein; 2, Blank; 3,403 anti-U2B"; 4, OX-12; 5, Anti-(U1)RNP 
SLE sera; 6, K8.43 anti-Ul 70kDa; 7, KSm2.
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FIGURE 7. Immunoblot of immunoprécipitations from rat liver and brain. Liver lanes: 1, KSm2; 
2, KSm5; 3, K8.43 anti-Ul 70 kDa; 4, anti-(Ul)RNP sera; 5, 403 anti-U2B"; 6,OX-12; 7, Total 
protein extract.
Brain lanes: 1, Total protein extract; 2, OX-12; 3,403 anti-U2B"; 4, Anti-(U1)RNP SLE sera; 5, 
K8.43 anti-Ul 70kDa; 6, KSm5; 7, KSm2.
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FIG.8. a.) Quantitative analysis of the relative expression of SmN and SmB in rat brain, F9 and 
ND7 cell lines. Densitometer data obtained from averages of 5 scans of KSm5-probed Western 
blots of total tissue/cell extract covering three different sample concentrations, b.) Output from 
typical single densitometer scan of KSm5 Western blot of total cell/ tissue extracts.
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4.7. snRNP DISTRIBUTION OF SmN IN 3T3 CELLS ARTIFICIALLY EXPRESSING SmN 

AND THE EFFECT ON TOTAL PROTEIN EXPRESSION

To further examine the nature of association of SmN with snRNP particles, 

immunoprécipitations were performed on mouse 3T3 fibroblasts which lack endogenous SmN 

expression (Horn et al., 1992), and in 3T3 cells artificially expressing SmN. These cell lines were 

generated by stable transfection of 3T3 cells with the mouse SmN cDNA clone 201 introduced into 

the M5Gneo or pJ7 vectors as an EcoRl fragment in the sense orientation, and containing the 

complete coding region for SmN (Horn and Latchman., 1993). This generated two different 

stably transfected cell lines expressing different levels of SmN. Thus the 3T3-MSN cell line 

expressed high levels of SmN and the 3T3-T7S2a expressed relatively low levels of SmN.

Immunoprécipitations were performed using unlabelled cell extracts and by probing blots 

with KSm5. The parental 3T3 cell line clearly demonstrates no endogenous expression of SmN 

and hence only the 28kDa SmB protein was immunoprecipitated with both U1 and U2-snRNPs 

(FIG.9a, lanes 1-3). At a high level of SmN expression (3T3-MSN-FIG.9a, lanes 4-7), the 

artificially expressed SmN in these cells is clearly incorporated into the snRNP particles as 

demonstrated by indirect immunoprécipitation with KSm2. At levels of expression roughly 

equivalent with that of SmB, SmN is localised in both U1 snRNPs and U2-snRNPs. Conversely, 

at lower levels of SmN expression (T7S2a -FIG.9b), the artificially expressed SmN is also 

incorporated into snRNPs but shows differential distribution to SmB by demonstrating a preferred 

localisation with the U2 snRNP. Thus SmN is detectable in U2-snRNP immunoprecipitates but is 

virtually undetectable in U1-snRNPs. This is still observed despite a deliberate overloading of the 

K8.43 sample as demonstrated by the relative levels of SmB in the respective lanes.

In an attempt to elucidate the effect of artificial SmN expression in the 3T3 cell line, total 

[35S-Met]-labelled protein samples from parental 3T3 cells and 3T3-MSN cells were subjected to 

2-dimensional gel analysis under identical conditions (FIG. 10). This allowed the visualisation of a 

number of protein spots that were unique to either parental cells or 3T3-MSN cells. The most

noticeable consistent differences were thedisappearancein 3T3-MSN samples of a protein (A) which
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was usually observed as part of a horizontal triplet pattern of protein spots in parental cells. 

Likewise, the appearance of protein designated C in MSN cells appears to be an effect of SmN 

expression in these cells. In addition, a number of proteins between 30-45 kDa were observed to 

consistently appear in 3T3-MSN samples only (boxed region). Proof that these differences in total 

protein expression are attributable to the nature of SmN expression is provided by the inclusion of 

the antisense sample (FIG. 11b). This acts as a control for the effect on total protein expression on 

transfection with a plasmid. The protein designated A in parental /  MSN samples is still present 

on analysis of the antisense control sample, suggesting its disappearance in MSN samples is due to 

the expression of SmN. Conversely, expression of the protein designated B appears to be 

upregulated in both MSN and antisense samples whilst being negligible in parental cells. Hence 

this is probably an effect on protein expression caused by plasmid transfection. The differences in 

boxed region proteins including protein C in the parental/MSN comparison is better demonstrated 

in the MSN/ antisense comparison, these differences appearing to be due to the effect of artificial 

SmN expression. The observed differences in protein expression may possibly reflect a change in 

the nature of RNA splicing performed on induced expression of SmN, for example the appearance 

of different protein isoforms. They may also be due to an effect on constitutive splicing or some 

other putative function of SmN. Unfortunately it was not possible to perform sequencing of these 

proteins and hence their identification was not resolved.
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FIGURE 9a. KSm5 probed immunoblot of immunoprécipitations from 3T3 parental cells (lanes 
1-3) and 3T3-MSN cells stably transfected with the mouse SmN cDNA clone 201, artificially 
expressing high levels of SmN (lanes 4-7). Lanes: 1, 3T3 403 anti-U2B"; 2, 3T3 K8.43 anti- 
Ul 70 kDa; 3, 3T3 total cell extract; 4, 3T3-MSN 403 anti-U2B"; 5, 3T3-MSN K8.43 anti-Ul 
70kDa; 6, 3T3-MSN KSm2; 7, 3T3-MSN total cell extract.
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FIGURE 9b. KSm5 probed immunoblot of immunoprécipitations from 3T3-T7S2a cells stably 
transfected with mouse SmN cDNA clone 201, stably expressing low levels of SmN. Lanes: 1, 
3T3-T7S2a total cell extract; 2, 403 anti-U2B"; 3, OX-12; 4, K8.43 anti-Ul 70kDa.
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FIGURE lO.a. 2-dimensional gel analysis o f L-[35S-Met]-labelled total cellular proteins from
3T3-MSN cells. First dimension separation by pH 3.5-10 Immobiline strip, second dimension
separation by 12.5 % SDS-PAGE.
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FIGURE lO.b. 2-dimensional gel analysis o f L-[35S-Met]-labelled total cellular proteins from
3T3 parental cells. First dimension separation by pH 3.5-10 Immobiline strip, second dimension
separation by 12.5 % SDS-PAGE.
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FIGURE 11.a. Two-dimensional gel analysis of L-[35S-Met]-labelled total cellular protein from
3T3-MSN cells. First dimension separation by pH 3.5-10 Immobiline strip, second dimension
separation by 12.5% SDS-PAGE.
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FIGURE ll.b. Two-dimensional gel analysis of L-[35S-Met]-labelled total cellular protein from 
3T3-Antisense cells. First dimension separation by pH 3.5-10 Immobiline strip, second 
dimension separation by 12.5% SDS-PAGE.
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4.8. CHAPTER DISCUSSION

Quantitative densitometry revealed a six-fold excess of SmN expression in brain relative to 

SmB expression compared with a two-fold excess of SmB relative to SmN in ND7 cells and 

roughly equal proportions of each in F9 cells (FIG.8). These differences in levels of SmN 

expression may provide an explanation for the difference in Ul-snRNP association of SmN 

between cell lines and brain. Thus a model is proposed whereby at low to intermediate levels of 

SmN expression (ND7, F9, 3T3-7SNa cells), SmN which demonstrates higher affinity for the 

U2 snRNP will preferentially incorporate into such particles. However, at high levels of SmN 

expression (brain and 3T3-MSN cells), the U2 snRNPs become saturated with SmN and the 

remaining SmN therefore locates in the U1 snRNP. The precise threshold at which this occurs has 

not been determined but will rely ultimately on the availability of U2-snRNPs in a particular cell 

line or tissue. It is proposed that brain and 3T3-MSN cells express SmN at a level above this 

threshold. In addition, similar experiments in PC-12 cells (Mc.AUister et al., 1988) support this 

model. Here immunoprecipitates using anti-(Ul) RNP sera contained considerably less SmN than 

that observed using the Y-12 anti-Sm monoclonal, whereas the levels of SmB, and A and C 

polypeptides are equivelant between the two samples. This may be the result of a level of SmN 

expression marginally above the threshold whereby all U2-snRNPs and perhaps other snRNPs are 

SmN-saturated, accounting for the relatively low levels of SmN-containing U1-snRNPs observed.

The incorporation of artificially expressed SmN into snRNPs in 3T3-MSN/ T7S2a cells is 

an important observation. These cells may be used for subsequent assays on the effect of SmN 

expression in isolation (e.g. in alternative splicing assays) with the reassurance that the SmN 

expressed in them is a seemingly functional snRNP polypeptide component. Analysis by 2- 

dimensional SDS-PAGE suggests that the artificial expression of SmN and the subsequent 

incorporation into the snRNP particles does significantly affect the nature of total protein 

expression. Furthermore, preferential localisation of artificially expressed SmN with the U2 rather 

than the Ul-snRNP at low levels of expression (T7S2A) is consistent with natural expression of
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SmN in F9 and ND7 cell lines and likewise demonstrates that SmN has unique properties not 

assigned to SmB.

The observed preferential association of SmN with the U2 snRNP is of interest as the U l- 

snRNP associates with the branch point region of the pre-mRNA close to the 3' splice acceptor. 

Thus it may be postulated that in tissues expressing SmN, the preferential association of SmN with 

U2 snRNPs may affect the choice of 3' splice acceptor, thus allowing the pre-mRNA to be spliced 

alternatively. This suggests a means of how SmN could possibly act as an alternative splicing 

factor, by virtue of its different affinities for particular snRNPs. At high levels of SmN 

expression, data presented here demonstrates that SmN associates with both U1 and U2-snRNP 

particles and hence the association of the Ul-snRNP with the 5' splice site may also be affected as 

SmB is replaced by SmN. Alternatively, the association of SmN with U1 snRNPs may be 

neccessary due to low levels of SmB expression such that SmN must incorporate to perform 

constitutive splicing roles. The precise mechanism involved remains unclear, however it is 

plausible that a delicate balance exists between levels of SmN expression and thus its association 

with particular snRNPs and hence ultimately the nature of RNA splicing performed.

It is tempting here to draw parallels with data for the SF2 splicing factor that has been 

demonstrated at high concentrations to activate proximal 5' splice sites (Krainer et al.,1990). A 

similar effect was observed for the alternative splicing of SV40 pre-mRNA by human alternative 

splicing factor (ASF) (Ge and Manley 1990 ) which has since been proved to be identical to SF2 

(Ge et al.,1991; Krainer et al., 1991). In addition, the human pre-mRNA splicing factor SF5/ 

hnRNPAl at high concentrations activates distal 5' splice sites, and acts antagonistically against 

SF2/ASF and SC35 (Fu et al., 1992; Mayeda and Krainer 1992; for review-Horowitz and Krainer 

1994). Therefore the ratio of hnRNPAl to SF2/ASF determines the use of proximal or distal 

splice sites and the levels of these proteins control the nature of alternative splicing observed. In 

agreement with the model proposed for SmN, the levels of expression of hnRNPAl and SR 

proteins vary in different tissues (Zahler et al., 1993; Horowitz and Krainer, 1994).
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I The predominant expression of SmN over SmB within brain snRNPs demonstrated here 

however, suggests that SmN must also be capable of performing the constitutive splicing duties of 

SmB. Furthermore, in-situ hybridisation experiments reveal that neurons are predominantly the 

only brain cells expressing SmN (D.Hom et al., 1992; Schmauss et al,. 1992). This observation 

tÆen together with the very low levels of SmB expression in the brain suggests that in other non

neuronal brain cells the nature of RNA splicing performed must be different and may occur at a 

comparatively minimal level as they express little in the way of total snRNP Sm polypeptides.

The possibility of SmN exhibiting different affinities for other snRNPs requires further 

investigation and furthermore, whether SmN and SmB co-exist in the same snRNP particle 

remains unclear. However, use of antibodies specific for SmN or SmB would resolve this 

question (e.g. affinity-purified autoantibodies from anti-Sm positive SLE that are reactive 

specifically with residues 179-190 of theSmB/B' sequence-Huntriss et al., 1993a). The 

appearance of SmN in precipitates using an antibody reactive with SmB (KSm4 ) is indicative of 

protein-protein interactions within the snRNP and hence SmN and SmB may be considered to co

exist in the same particle. Alternatively, the reported reactivity of KSm4 with SmD ( Williams et 

al., 1986- not personally observed) may be responsible for the precipitation of SmN from only 

SmN-containing snRNPs. A slight reduction of SmN levels is evident in KSm4 

immunoprecipitates from F9 cells relative to the amount of SmN in KSm5 and KSm2 precipitates 

whilst other snRNP proteins (SmB, A ,C, SmD) were constant between these three samples 

(FIG.3). This may be interpreted as an effect of a greater specificity of KSm4 for SmB than SmD 

thus meaning fewer of the snRNPs containing only SmN are precipitated via SmD.

A further point of interest is presented by immunoprécipitation of F9 extract with the 

KSml anti-SmD monoclonal. In such precipitates, SmN, SmB and SmD are clearly visible 

whereas relatively, the U 1 - snRNP-specific A and C polypeptides appear reduced. This may 

possibly reflect a binding property of KSml such that it does not bind to or have an appreciable 

affinity for SmD in the Ul-snRNP configuration. The existence of antigenic differences in snRNP 

core proteins according to which snRNP they are associated with has been previously proposed
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for SmB in the U1 snRNP (Petterson et al., 1984; Lelay-Taha et al., 1986; Ohosone et al., 1992). 

If KSml does bind an SmD epitope not present in the U1 snRNP configuration, then the 

appearance of SmN in these precipitates adds further weight to the proposal of the preferential 

localisation of SmN with non-U 1 snRNPs at low levels of expression.
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CHAPTER 5 
ANALYSIS OF snRNP PROTEINS AND 

RNA SPLICING IN MICE LACKING 
Snrpn EXPRESSION
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5.1. INTRODUCTION

In order to assign a function to SmN and determine the nature of its proposed causative 

role in determining the PWS phenotype, tissue was obtained from mice models of PWS for 

analysis of SmN expression in various organs. In addition, RNA derived from the brains of such 

mice has been used to explore the putative role of SmN in neuronal-specific alternative splicing.

The mice models used in these studies possess two maternally derived copies of the Snrpn 

gene (Cattanach et al., 1992). This is due to maternal duplication of the central region of 

chromosome 7 produced by crossing males carrying the balanced form of Is(In7;X) ICt X- 

autosome translocation with females which carry the unbalanced form and have 2 normal copies of 

chromosome 7 as well as the extra region of central 7 within X (see FIG. 1.6). Northern blot 

analysis reveals an absence of Snrpn expression in the brains of mice with two maternal copies of 

central chromosome 7 (Cattanach, et al., 1992). This is consistent with other reports (Leff, et al., 

1992) in that Snrpn is subject to imprinting and only the paternal copy is expressed. The early 

postnatal lethality of these mice (within 2-8 days) indicate that one or more maternally imprinted 

genes within this translocation region play an important role and thus determine the observed 

phenotype. A paternal duplication for central chromosome 7 generated by reciprocal translocations 

leads to an increase in Snrpn mRNA expression on Northern blot analysis (Cattanach et al., 1992). 

This suggests monoallelic paternal expression of Snrpn and that this overexpression is suggested 

to be regulated as mice appear phenotypically unaffected.

Therefore, to confirm whether the imprinting effect observed in the brain is effective at the 

protein level in brain and other tissues. Western blots of various organs using the KSm 5 

monoclonal and anti-Sm positive SLE sera were performed. In addition, mice with paternal 

duplications for the central region of chromosome 7 were analysed to determine whether the 

observed increase in Snrpn gene expression is reflected at the protein level.

The association of SmN with the snRNPs as shown by immunoprécipitation (McAllister et 

al., 1988; Huntriss et al., 1993b) suggests that SmN may influence the nature of RNA splicing in 

tissues expressing it. As SmN, like SmB/B' does not possess an RNA binding sequence, it is
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unlikely that it would act to bind to cis- acting sequences to promote or inhibit the selection of a 

particular splice site. Rather, it is more plausible that if SmN is to act as an alternative splicing 

factor then the association of SmN with a particular snRNP would affect the conformation of the 

snRNP in such a way as to change splice site selection of the transcript. The difference in primary 

structure between SmN and SmB/B' (17 amino acids in total -Van Dam et al. 1989) and the 

discovery that such regions act as SmB/B' specific autoantibody epitopes but not SmN specific 

autoepitopes (Huntriss et al., 1993a), suggests that the polymorphic regions in SmN are sufficient 

to generate conformational differences in SmN that therefore might affect its function in the 

snRNPs, thus affecting splicing. In addition, it is possible that the two main polymorphic regions 

in SmN are involved in interactions with other snRNP proteins and hence are unavailable for 

presentation as potential autoantigens.

A number of alternative splicing events which had been proposed to be candidates for 

regulation by SmN were investigated. The genes were chosen on the basis that they exhibit a 

different pattern of splicing in tissues expressing SmN (brain and / or heart) compared to tissues 

not expressing SmN, suggesting SmN could play a role in regulating the nature of the splicing of 

such transcripts. In addition the splicing of these transcripts was observed to alter as the 

expression of SmN increased during brain development. Whilst correlations can be drawn 

between SmN expression patterns and alternative splicing patterns, more detailed analysis reveals 

discrepancies in these correlations. Previously, PCR assays have been used to investigate the 

splicing patterns of the endogenous transcripts of such genes in cells and tissues expressing 

different amounts of SmN (Horn and Latchman 1993a/b). This can be analysed by designing 

primers that flank the alternatively spliced regions and observing the molecular weight of the RT- 

PCR products generated on non-denaturing gels. On the basis of this previous data, it appears that 

SmN may not be responsible for the regulation of certain specific alternative splicing events such 

as the inclusion in brain NCAM transcripts of the VASE exon and in brain c-src transcripts of N I 

and Nil exons (Horn and Latchman 1993a). However conclusions were partly reliant on data 

from the artificial expression of SmN into 3T3 mouse fibroblasts which does not account for the
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possibility that SmN may require co-factors for performing alternative splicing. Attempts to 

analyse the effect of reducing SmN expression on splicing in neuronal cells using anti-sense 

plasmids were unsuccessful. Therefore to determine whether SmN performs a role in alternative 

splicing, using tissue from mice that lack SmN expression (Cattanach et al., 1992) provides an 

excellent opportunity to study this putative role. Therefore, identical RT-PCR experiments with 

candidate genes have been performed using brain RNA isolated from mice lacking SmN 

expression. Previous quantitative analysis of these PCR reactions has demonstrated that the 

amount of PCR product generated reflects the levels of mRNA present in the reaction (Horn and 

Latchman., 1993 a/b). Furthermore, all PCR assays were performed using the same cDNA pool 

and any differences in amplification efficiency between samples will also be evident in the level of 

constitutive PCR products obtained in certain reactions.

The subsequent experiments were executed using brain tissue from 1 and 4 day old mice 

with reference to age and sex matched controls. The early postnatal lethality of mice lacking SmN 

expression in the brain (Cattanach et al., 1992) due to maternal duplication of the region containing 

the maternally imprinted Snrpn gene suggests SmN may play a critical splicing role in tissues 

expressing it. The nature of this role, whether it is a regulator of alternative splicing or whether it 

performs a constitutive splicing role requires further investigation. The normal replacement of 

SmB by SmN in the brain would seem to argue against a purely constitutive role. Assays 

performed on mouse brain tissue will provide a better insight into the nature of splicing performed 

in the presence or absence of SmN within the true neuronal splicing environment. It remains 

possible however that the fate of the mice lacking SmN expression may be due to other genes 

within the maternally duplicated region. In addition, to provide a clearer picture of the role of 

SmN in alternative splicing, two further candidate genes not previously tested, the G Sa guanine 

nucleotide binding protein and the Oct-2 transcription factor were analysed. These novel assays 

included data from the 3T3 cell lines artificially expressing different levels of SmN with reference 

to parental 3T3 cells.
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5.2. WESTERN BLOTTING ANALYSIS OF TISSUES FROM MICE WITH TWO 

MATERNALLY DERIVED COPIES OF THE Snrpn GENE.

RESULTS
|day

Analysis of Western blots performed on 9 old mice using KSm2 (anti-SmD) and KSm5 

monoclonals (anti-SmN/B-FIG. I ) clearly demonstrates that the imprinting effect on the maternally 

derived Snrpn genes is effective throughout all the organs tested. Thus the 29 kDa band 

corresponding to SmN is not observed in brain and heart samples from these mice in clear contrast 

to controls. In addition, SmN was not expressed in the tissues normally observed to express 

negligible levels of SmN (liver, spleen, kidney, lung). The levels of SmB expression generally 

reflect that of SmD in all tissues except the brain and are consistent with controls. The brain 

sample from mice lacking SmN expression demonstrates a marked increase of SmB expression 

occurs relative to SmD, and this level of SmB expression far exceeds that normally observed in the 

brain. This interesting finding was examined in more detail by blotting with an anti-Sm /  RNP 

SLE sera (FIG.2). This reveals that this increase in SmB expression is unique to the brain of mice 

lacking SmN expression and is not reflected by an increase in other snRNP proteins (C and SmD), 

the levels of which were identical to controls. Quantitative analysis of the levels of expression of 

SmB compared to SmD from this Western blot reveals a ratio of 5.333 (SmB/SmD) in mice with a 

maternal duplication that encompasses the Snrpn gene compared to a value of 5.05 for control 

samples.

5.3. WESTERN BLOT ANALYSIS OF MICE WITH A PATERNAL DUPLICATION OF THE

CENTRAL REGION OF CHROMOSOME 7 

The apparently normal phenotype of mice/demonstrating an increase in Snrpn mRNA by 

Northern blot prompted an investigation at the protein level ( FIG.3 ). Results suggest that this 

increase in gene expression is subject to regulation as no evidence for increased SmN expression 

relative to SmB was observed from mice with paternal duplications for central 7 as levels reflected
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those in controls in all tissues tested. Quantitative assessment of the expression of SmN and SmB 

in mice with a paternal duplication of the central region of chromosome 7 reveals no increase in 

SmN expression relative to SmB. Thus the average value of SmNrSmB ratios obtained from 

scanning four different Western blots of control brain samples was 2.2298 compared to 2.1899 for 

brain samples from mice with the paternal duplication of the central region of central chromosome 

7 that encompasses Snrpn.
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FIGURE 1 Western blot analysis of tissue from mice lacking Snrpn expression with reference to
age and sex matched controls.
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FIGURE 2 Western blot analysis o f tissue from mice lacking Snrpn expression with reference to
age and sex matched controls.
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FIGURE 3. KSm5 probed Western blot of tissue from mice with paternal duplication (P.D.) of the
central region of chromosome 7 with reference to age and sex matched controls.
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ALTERNATIVE SPLICING ASSAYS

5.4. ALTERNATIVE SPLICING OF NCAM

The Neuronal cell adhesion molecules (N-CAMs) are cell surface sialoglycoproteins that 

are responsible for the adhesion of N-CAM expressing cells to each other (Rutishauser et al., 

1976; Hoffman et al., 1982). N-CAMs are expressed in a variety of tissues during early 

developmental stages (Thiery et al., 1982) and are later expressed in the nervous system 

(Brackenbury et al.,1977), skeletal muscle (Rutishauser et al., 1983), smooth muscle (Akeson et 

al., 1988) and glial cells (Keilhauer et al., 1985). N-CAMs play critical roles in development of 

neural systems such as neural crest migration (Thiery et al., 1982) and otic development 

(Richardson et al., 1987). The N-CAM gene is one of the first genes expressed when a neural 

phenotype is induced (Kinter and Melton, 1987). A number of N-CAM isoforms exist which 

differ structurally, this diversity being a result of alternative sphcing of a primary transcript derived 

from the single N-CAM gene (D'Eustachio et al., 1985; Nguyen et al., 1986). The N-CAM gene 

consists of 20 exons in mammals and birds (Barbas et al., 1988; Owens et al., 1987), the 

alternative transcripts being generated by differences in 3' exon usage (Barthels et al., 1987) to 

yield 3 major isoforms. The 120 kDa isoform is membrane linked through phophatidylinositol, 

whilst those with masses of 140 and 180 kDa are transmembrane isoforms with large and small 

cytoplasmic domains respectively (Barbas et al., 1988; Owens et al,, 1987). The identification of 

at least 27 alternative transcripts in rat heart reveals the complex nature of N-CAM splicing (Reyes 

et al., 1991).

Further regions of alternative splicing exist within the N-CAM gene. Thus a 108bp 

sequence called the MSDl (muscle specific domain) between exons 12 and 13 comprises of 4 

different exons MSD la-c and a triplet AAG ( Santoni et al., 1989; Thompson et al., 1989), and 

the murine homologue of exon MSD la and the AAG triplet have been shown to be regulated in a 

tissue specific and developmental manner (Hamshere et al., 1991). A very similar exon 

arrangement is present in embryonic chicken heart (Prediger et al.,1988).
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In human skeletal muscle NCAM, a further alternatively spliced exon called SEC lies 

between exons 12 and 13, use of which yields a secreted polypeptide isoform due to the lack of 

inclusion of a transmembrane or membrane linked domain (Gower et al., 1988).

A 30 bp exon termed VASE (Immunoglobulin Variable domain-like Alternatively Spliced 

Exon) between exons 7 and 8 is present in N-CAM cDNAs derived from rodent brain (Reyes et 

al., 1988; Small et al., 1987). The inclusion of the VASE exon is developmentally regulated, 

increasing from an inclusion in 3 % of N-CAM transcripts in embryonic brain to around 45 % of 

transcripts in adult brain (Small et al., 1988) and from around 10 % in day 15 embryonic heart to 

50 % in adult heart (Reyes et al .,1991). Developmental inclusion of the VASE exon is regulated 

independently between the brain and heart (Small and Akeson, 1990) and the inclusion in nervous 

system transcripts differs between specific regions. Thus whilst regions such as the olfactory bulb 

and spinal chord express little or no VASE containing N-CAM transcripts, the general level of 

inclusion in the CNS was higher than that in PNS regions such as the dorsal root ganglia. The 

addition of the VASE exon yields an isoform with an altered configuration, containing a 10 amino 

acid insertion in the fourth immunoglobulin-like loop (Small et al., 1988). This terminology being 

due to homology with similar units in immunoglobulins. In total, five of such folds make up the 

extracellular amino-terminal portion of N-CAMs and are responsible for the binding of other cells 

and heparin. This suggests that isoforms with the 10 amino acids encoded by the VASE exon may 

have a unique properties, possibly in that of binding affinities. The inclusion of the VASE exon 

has been demonstrated to reduce the neurite outgrowth-promoting activity of N-CAM and is 

suggested to be responsible for the general stability and therefore poor regenerative capacity of the 

CNS (Doherty et el., 1992).

The tissue specific and developmental regulation of VASE inclusion in N-CAM transcripts 

makes it a good candidate for the regulation of its splicing to be performed by SmN. However, 

the artificial expression of SmN in 3T3 fibroblasts does not alter the pattern of N-CAM splicing in 

terms of the inclusion of the VASE exon (Horn and Latchman, 1993a). Although this suggests 

that SmN is not sufficient to alter splicing in the case of the VASE exon, it is possible that a co
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factor not present in 3T3 cells is required. A further discrepancy is that parental 3T3 cells that lack 

SmN expression are capable of including the VASE exon, suggesting that SmN is not necessary 

for such splicing to occur. In order to further investigate the putative role of SmN in VASE 

inclusion, PCR analysis of such N-CAM transcripts from the brains of mice lacking SmN 

expression was performed.

PCR ASSAY

Primers were derived from exons 7 and 8 that flank the alternatively spliced VASE exon to 

generate a PCR product of 269 bp for transcripts containing the VASE exon and 239 bp for 

transcripts without this exon.

RESULTS

A normal pattern of inclusion of the VASE exon was observed in both 1 and 4 day old mice 

lacking SmN expression at the same level as in the controls (FIG.4). Thus the amplification of the 

central 269 bp PCR band corresponding to N-CAM transcripts with VASE inclusion is consistent 

with levels in the controls, as are the levels of the 239bp PCR band corresponding to N-CAM 

trancripts without the VASE exon. The larger band is reported to be a heteroduplex of the 269 and 

239bp bands caused by the nondenaturing gel. This data is therefore consistent with previous 

observations in 3T3 fibroblasts (Horn and Latchman, 1993) in that SmN does not appear to be 

required for inclusion of the VASE exon. Hence artificially increasing levels of SmN in 3T3 

fibroblasts is unlikely to cause increased VASE inclusion as previously observed. Additional 

discrepancies are evident from in-situ hybridisation studies, whereby regions of the PNS such as 

the dorsal root ganglia are not capable of expressing N-CAM transcripts containing VASE (Small 

and Akeson, 1990) despite the reported presence of high levels of SmN mRNA in this region 

(Horn and Latchman 1993). Although this may be the result of post-translational control 

mechanism whereby SmN mRNA is not translated into functional protein in such regions, this 

study provides strong evidence for the non-involvment of SmN in regulating N-CAM VASE 

splicing.
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NCAM SPLICING ASSAY

/  f  ̂0 » 0 * 9 *
VASE

7 8 7
' / / / / / / / / .
VASE 8
W '.'.'.'.W '.

239 tp PCR PRODUCTS 269 bp

TissTifi specific inclusion of VASE in brain and heart and on development in 
these tissues.
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FIGURE 4. PCR of brain derived NCAM cDNAs from 1 day (1-) and 4 day (4-) old mice lacking 
Snrpn expression or from 1 and 4 day old age and sex matched controls (l+,4+). Results from 
adult mouse brain (B) and 3T3 fibroblasts (T) included for comparison. V4-/V- indicates presence/ 
absence of VASE exon in PCR products of NCAM mRNAs.
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5.5. ALTERNATIVE SPLICING OF PP60 c-src PHOSPHOPROTEIN.

The cellular src proto-oncogene (c-src), encodes a 60 kDa phosphoprotein termed pp60 c- 

src which possesses tyrosine kinase activity (Hunter 1987). The term oncogene is applied to c-src 

as mutational analysis generates an altered protein product with transforming potential (Kato et al 

1986). The normal function of pp60 c-src is proposed to be in neuronal differentiation and 

maintenance (Mannes et al., 1986) and is consistent with the isolation of a structurally distinct 

isoform of pp60 c-src expressed at high levels in neurones (Brugge et al., 1985 and 1987). This 

novel neuronal isoform (pp60 c-src+), is encoded by a unique mRNA (Levy et al., 1987), 

generated by alternative splicing whereby an 18-nucleotide exon termed NI is included between 

exons 3 and 4 (Martinez et al., 1987). Chick embryo fibroblasts overexpress pp60 c-src+ that 

demonstrates increased tyrosine kinase activity and altered transforming activity relative to 

nonneuronal pp60 c-src (Levy et al., 1987).

In addition to the N1 exon, a second neuron-specific exon (Nil) that encodes 11 amino 

acids was reported between exons 3 and 4 in human brain transcripts (Pyper and Bolen, 1990). 

This exon is used in conjunction with the NI exon to generate transcripts capable of encoding a c- 

src protein with a novel phosphorylation site. The relative expression of NI-plus Nil transcripts is 

equivelant in adult and foetal brain tissue. PCR analysis of transcripts during brain development 

demonstrate a progressive increase in transcripts containing the NI exon from the day 16 

embryonic stage (Horn and Latchman, 1993a). This, together with the neuronal pattern of N1 

inclusion suggest that its inclusion may be regulated by SmN.

PCR ASSAY

To directly test the proposed involvment of SmN in NI exon inclusion, endogenous 

transcripts from mouse brain lacking SmN expression were analysed by PCR using primers 

flanking the alternatively spliced regions derived from exon 3 and exon 4. A PCR product of 

158bp represents NI containing transcripts, whilst a 191 bp product is derived from transcripts 

containing both NI and Nil exons.
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C-SRC SPLICING ASSAY

EXON 3

390bp

N1
777

lOOtp 18bp

'65001>p

A V -

N il EXON A

-lOOObp

33bp

1341)p 152I)p
PCR PRODUCTS

Adapted from Pyper and B olen, 1990.

99bp

N 1 44 3 N i ::
—

4

185bp

RESULTS

The inclusion of the NI exon in c-src transcripts from mouse brain lacking SmN expression 

was equivelant with that observed in age and sex matched controls (FIG.5). The inclusion of the 

Nil exon in conjunction with NI and the presence of the non-neuronal transcript were also 

equivelant with levels in controls. The 3T3 fibroblasts and stable SmN transfectants reflect the 

expected non-neuronal splicing pattern of c-src transcripts (Horn and Latchman, 1993a). 

Therefore, in addition to the observation that SmN in isolation is not sufficient to generate a 

neuronal splicing pattern of c-src transcripts, data presented here directly proves that SmN is not 

necessary for NI or NI-plus-NII inclusion to occur.
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FIGURE 5. PCR of brain derived c-src cDNAs from 1 day (-N1) and 4 day old (-N4) mice 
lacking Snrpn expression or from 1 and 4 day old age and sex matched controls (+N1/4-N4). Also 
included are results from 3T3 fibroblasts and transfected 3T3 cells expressing low (T7S2a) and 
high (MSN) levels of SmN. Inclusion of 18 base Nl exon and 33 base N2 exons in transcripts 
indicated.
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5.6. ALTERNATIVE SPLICING OF THE a  SUBUNIT OF THE Go-GTP BINDING 

PROTEIN

A further alternative splicing event of the a  subunit of GTP-binding proteins demonstrates 

a degree of correlation with SmN expression. The Go protein (*' o" for other), is a heterotrimeric 

membrane associated G protein expressed at high levels in the brain (Stemweis and Robishaw, 

1984; Neer et al., 1984) that is believed to be responsible for inhibition of neuronal Ca2+ channels 

(Hescheler et al., 1987), stimulation of neuronal K+ channels (VanDongen et al., 1988) and 

phospholipase-C (Kikuchi et al., 1986; Moriarty et al., 1990) and mediating a2-adrenergic and 

muscarinic receptors (Cerione et al., 1986; Florio and Stemweis, 1989). The Goa subunit is 

reported as being sensitive to pertussis toxin inhibition via ADP-ribosylation of a C-terminal 

cysteine residue (Casey and Gilman, 1988; Lochrie and Simon, 1988). At least 10 exons are 

described in the human Goa subunit gene which covers >90 kbp (Kaziro et al 1990). Alternative 

splicing events generate three distinct forms of mRNA that encode for two isoforms of the a  

subunit (Bertrand et al., 1990). The 354 amino acid ao l subunit is encoded by two mRNAs, 

ao la  and ao lb  which differ only in their non-coding regions. Another larger mRNA encodes the 

ao2 subunit which also contains 354 amino acids but differs from ao l the subunit in 26 carboxyl 

terminal amino acids (Hsu et al., 1990). The presence of olA mRNA in both brain and heart and 

the presence of o2 mRNA in these tissues in addition to lung and testis suggests SmN may be 

involved in regulating splicing of the former. Hence this putative role for SmN was examined 

further using brain tissue from mice lacking SmN expression.
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PCR ASSAY.

The presence of distinct 3'exons in the olA and o2 transcripts required the simultaneous 

use of 3 primers. Thus a common upstream primer derived from exon 6 was used in conjunction 

with an exon 9b derived primer for analysis of olA transcripts and an exon 8a derived primer for 

o2 analysis. This generates a PCR product of 459 bp for olA transcripts and a 281 bp band 

representative of o2 transcripts.

Go ALPHA SPLICING ASSAY

i ; : 2 :  \  31 \  4 ::5 Ü6! 7a 7b \ 8 b i \ 9 b

[H-tHHDHH]
7b \  8b \ 9b

67b 8b 9b

HID
olA 449bp

PCR PRODUCTS

6 7a 8a

HC
o2 295bp

Closed hexes represent exons, open boxes represent untranslated regions, 
lines represent introna.

RESULTS

Endogenous olA and o2 transcripts from mouse brain tissue lacking SmN expression are 

present at equivelant levels with those in age and sex matched controls (FIG.6). Hence the normal 

pattern of Goa transcript splicing occurs in the brain in the absence of SmN suggesting it is not 

required to regulate such alternative splicing. This is consistent with previous investigations using 

3T3 fibroblasts and 3T3 cells transfected with the SmN expression plasmid (Horn and Latchman,
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1993b). Here induced SmN expression was not sufficient to generate olA transcripts in addition 

to the o2 transcripts normally present in parental 3T3 cells. In addition, the levels of olA 

transcripts did not change during brain development as would be expected if SmN mediated Goa 

transcript processing.
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FIGURE 6. PCR of brain-derived Goa cDNAs from 1 (-N1) and 4 day (-N4) old mice lacking 
Snrpn expression or from age and sex matched controls (+N1, +N4). Also included are results 
from 3T3 fibroblasts and transfected 3T3 cells expressing low (T7S2a) or high (MSN) levels of 
SmN. The positions of PCR products of 01A and 02 transcripts are indicated.
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5.7. ALTERNATIVE SPLICING OF THE CALCITONIN /  CGRP GENE

The calcitonin / CGRP gene was one of the first examples of tissue specific alternative 

splicing to be described (Rosenfeld et al., 1984; Amara et al., 1984). The human gene family in 

humans is comprised of three genes- CALC-I, CALC-II, and CALC III (Lips et al 1989). Only 

the CALC-I gene is capable of producing the serum calcium-regulating hormone calcitonin, which 

is encoded by exon 4. The CALC-I and CALC-II genes both have 6 exons however, CALC-II 

transcripts have not been observed to include exon 4 in the tissues expressing the gene (Lips et 

al., 1989; Hoppener et al., 1987), and the CALC m  gene does not contain exon 4. The inclusion 

or exclusion of exon 4 in CALC-I transcripts occurs in a tissue specific manner. Thus in thyroid 

C-cells, 98% of CALC-1 transcripts include exon 4 which is spliced to the first three exons to 

produce mRNA encoding calcitonin (Sabate et al., 1985). In neuronal cells however, 99% of 

CALC-I transcripts lack exon 4 and the first three exons are spliced together with exons 5 and 6 to 

yield an mRNA encoding the calcitonin gene related peptide (CGRP) (Amara et al., 1982). CGRP 

functions as a neuropeptide (Marshall et a l ., 1986), a vasodilator (Brain et al., 1985) and has an 

anti-inflammatory activity (Raud et al., 1991).

The precise mechanism regulating CALC-I splicing however remains unresolved. Deletion 

of 21 nucleotides from the third intron, just upstream of exon 4 increases calcitonin production in 

cells normally making CGRP, suggesting that this site interacts with a negative regulator of 

calcitonin-specific splicing that is expressed in CGRP producing cells (Emeson et al., 1989). This 

altered splicing pattern may however be a result of removing the branch site sequences from the 

calcitonin-specific splice acceptor. Another possible site of interaction lies within the 5' region of 

exon 4 and is important for efficient calcitonin mRNA production in HeLa cells. Mutation of this 

site results in increased CGRP-specific splicing. This is consistent with an observed increase in 

CGRP mRNA production in HeLa cells when supplemented with nuclear extracts from F9 cells 

which predominately make CGRP mRNA (Emeson et al., 1989). In addition, a 66 kDa RNA- 

binding protein has been isolated that interacts with this sequence and is proposed to enhance 

recognition of the calcitonin-specific 3' splice site (Cote et al., 1992). In-vitro analysis in HeLa
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cells demonstrate inhibition of RNA-binding of this protein when supplementing with F9 nuclear 

extracts. It is proposed that a factor/ factors expressed in F9 cells inhibits binding of the 66 kDa 

protein to the critical exon 4 sequences, thus favouring exon 4 exclusion. Regulation may involve 

this site in addition to the 21 nucleotide regulatory region upstream of exon 4 (Emeson et al., 

1989). Inefficient usage of the calcitonin specific sphce acceptor for exon 4 is observed in F9 cells 

(Roesser et al., 1993). The addition of nuclear extracts from rat brain or F9 cells to HeLa nuclear 

extracts inhibits calcitonin-specific splicing in in-vitro splicing reactions in HeLa cells. Moreover, 

two polypeptides (43 and 41 kDa), isolated from rat brain specifically bind the calcitonin-specific 

sphce acceptor and demonstrate an inhibition of calcitonin-specific sphcing in HeLa cells. These 

proteins may be responsible for the observed inhibition of binding by the 66 kDa protein to exon 4 

sequences (Emeson et al., 1989). Two distinct sequence elements termed A and B within the 5' 

region of exon 4 are both required for calcitonin-specific splicing in nonneural cells (van Oers et 

al., 1994). Mutation of the weak calcitonin-specific uridine branch acceptor to the more commonly 

preferred adenosine residue can overcome the effect of deletions within these regulatory exon 

sequences. This mutation also overcomes the regulatory effect of sequences A and B, leading to a 

switch to calcitonin-specific processing in F9 cells (Adema and Baas., 1991). Thus, a model for 

CALC-1 alternative splicing drawn from such data implies that inclusion of exon 4 requires the 

binding of factors to such exon 4 sequences due to the weak nature of the exon 4 splice acceptor 

site. A low level of expression of such factors or the presence of inhibitory factors present in 

neural cells may lead to exon skipping and hence CGRP processing.

The extensive correlations between CGRP-specific splicing and SmN expression suggest 

its involvment in regulating CALC-1 splicing (McAllister et al., 1988 /  1989; Sharpe et al., 1989; 

Li et al., 1989; Rockeach et al., 1989; Amara et al 1982, Crenshaw et al., 1987). Most striking of 

such correlations is the observation that the only tissues to produce CGRP rather than calcitonin 

mRNA in transgenic mice expressing a metallothionein-CALC-1 fusion gene are the brain and to a 

lesser extent the heart (Crenshaw et al., 1987). Therefore in order to determine this putative role
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for SmN and whether it plays any role in the above model, endogenous calcitonin / CGRP 

transcripts from mice brains lacking SmN expression were analysed by RT-PCR.

PCR ASSAY

The presence of distinct 3' exons in CGRP and calcitonin transcripts required the use of a 

common exon 2 derived primer and primers derived from exon 4 or exon 5 for calcitonin or CGRP 

analysis respectively. This gives a 279 bp PCR product from CGRP trancripts and a product of 

393 bp from calcitonin transcripts.

CGRP / CALCITONIN SPLICING ASSAY

cal-a
(common)

CALCITONIN

393 tp

cal-c ex4 
(calcitonin)

cal-h
(CGRP)

CGRP

279 bp
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R ESU LTS

The levels of PCR product corresponding to CGRP transcripts in mice lacking SmN 

expression are similar to those observed in controls, confirming that SmN is not necessary for 

CGRP-specific splicing to occur (FIG.7.). This proposed non-involvement of SmN in CALC-1 

splicing is consistent with similar studies with ND3, 3T3 and HeLa ICRF cells (D.Hom 

PhD.thesis, 1993) and 293 cells (Delsert and Rosenfeld, 1992)which do not express SmN but 

demonstrate CGRP-specific splicing on transfection with minigene constructs. Furthermore, 

discrepancies occur in the correlation between SmN mRNA levels and CGRP-specific splicing 

such that high levels of SmN expression are observed in regions of the brain performing 

calcitonin-specific splicing (Purkinje layer, lateral cerebellar nuclei)- (Horn and Latchman 1992; Li 

et al., 1989; Crenshaw et al., 1987). In addition, transfection of SmN in isolation into HeLa cells 

does not induce CGRP-specific splicing, suggesting SmN alone is not sufficient to influence 

CALC-1 splicing. Therefore, it would appear that SmN is not a necessary component of the 

proposed model (see above) for the mechanisms determining CALC-1 splicing that has been 

suggested from data obtained thus far.

In addition, the levels of calcitonin transcripts in mice brain lacking SmN expression are 

similar to the low levels observed in controls. Southern blotting was required for sufficient 

visualisaton in this case, using the weak 390 bp calcitonin PCR band as a probe (FIG.8). The 

validity of the products generated for both CGRP and calcitonin assays is proved by the observed 

weak hybridisation of the calcitonin probe with the CGRP PCR product (FIG.9). Results reveal 

that calcitonin-specific splicing can occur normally in the absence of SmN. This would seem to 

suggest that SmN plays no general splicing role in the non-neural processing of the CALC-1 gene.
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FIGURE 7. PCR of brain-derived CGRP cDNAs from 1 and 4 day old mice lacking Snrpn 
expression or from age and sex matched controls.
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FIGURE 8. Southern blot of PCR products from brain-derived calcitonin cDNAs from 1 and 4 
day old mice lacking Snrpn expression (-SmN) or age and sex matched controls (+SmN) probed 
with a calcitonin PCR product probe for enhanced visualisation.
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FIGURE 9. Southern blot of CGRP PCR products from 1 and 4 day old mice lacking Snrpn 
expression (-SmN) or age and sex matched controls (+SmN) probed with calcitonin PCR product 
probe.
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5.8. ALTERNATIVE SPLICING OF THE OCT-2 TRANSCRIPTION FACTOR

The promoter regions of certain genes contain an octamer motif (ATGCAAAT) which can 

exert a positive or a negative effect on gene expression depending on the nature of the gene and the 

cell type. Thus the octamer motif acts positively by promoting expression of the immunoglobin 

genes in B-cells (Lenardo et a l ., 1987; Mason et al 1985) and negatively by repressing expression 

of immunoglobin genes in embryonal carcinoma cell lines (Lenardo et al., 1989). Likewise the 

octamer motif plays an important positive role in Histone H2B expression (Sive et al., 1986 ; Sive 

and Roeder, 1986) and can repress immediate-early gene expression of herpes simplex virus 

(Kemp et el., 1990, Wheatley et al., 1991). The mechanism whereby octamer motifs can repress 

or activate promoter regions in different cell types is a result of the presence of octamer binding 

proteins exhibiting different activities. The Oct-2 protein is such an octamer-binding transcription 

factor that demonstrates stimulation of expression of certain octamer-containing genes in B-cells 

and repression in neuronal cells (Dent et al., 1991; Lillycrop et al., 1991). This difference in 

activity is mediated by tissue-specific alternative splicing of the Oct-2 transcript to yield the 

isoforms Oct 2.1 through to 2.5 (Wirth et al., 1991). The expression of the Oct- 2.4 and 2.5 

isoforms is enhanced in neuronal cells typified by the ND7 cell line (Wood et al., 1990) and in 

brain tissue relative to the observed expression of Oct-2.1 which predomimates in B-cells and B- 

cell containing tissues such as spleen (Lillycrop et al., 1992). The Oct- 2.4 and 2.5 isoforms 

differ from other isoforms by having an altered C-terminus. Thus Oct-2.4 is truncated and lacks 

the C- terminus whilst the reading frame for Oct 2.5 is altered due to a 74 base pair insertion that 

generates a novel C- terminus. Hence promoters which require a C-terminal activation domain 

present in Oct 2.1, 2.2 and 2.3 will not be activated by Oct 2.4 or 2.5. Therefore promoters that 

require both N-terminal and C-terminal activation domains may be repressed by Oct-2.4 or 2.5 or 

other C-terminally altered neuronal Oct-2 isoforms (Stoykova et al ., 1992) due to inhibition 

effects.
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OCT 2.5 PCR ASSAY

The présidence of Oct 2.4 and 2.5 in neuronal cells such as ND7 and within the brain 

made it feasible that the alternative splicing that generates these isoforms could be regulated by 

SmN. Therefore PCR primers were designed to flank the alternatively spliced exons of the Oct

2.4 and 2.5 isoforms following an initial race PCR reaction that amplifies endogenous Oct-2 

transcripts by using a POU-domain specific primer and a primer for the poly A tail of transcripts.

OCT-2 PCR ASSAY

PRIMARY TRANSCRIPT

mRNA

1 ■trrrr 
/ / / / / / /

OTHER FORMS OCT-2.5
OF OCT 2.0 (NEURONAL CELLS)

Dark shading represents 74 b.p. exon insertion in Oct-2.5. Lightly shaded boxes 
represent other alternatively spliced exons.

RESULTS

Results were analysed on agarose gels (FIG. 10) and on Southern blots hybridised with a 

probe prepared form the PCR product of other forms of Oct-2 (FIG. 11). No differences in the 

relative proportions of Oct 2.5 PCR product (larger by 74 base pairs) compared to the other forms 

were observed in mouse brain tissues lacking SmN expression when compared to age and sex 

matched controls. This suggests that SmN is not required for the neural pattern of alternative 

splicing of Oct-2 transcripts. The PCR did not yield any bands corresponding to that of Oct 2.4 in
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any tissues, possibly reflecting the previously reported lower level of expression relative to Oct 2.5 

(Lillycrop et al., 1992). The levels of Oct 2.5 relative to the other forms did not appear to alter 

between parental 3T3 fibroblasts and those expressing intermediate (T7S2A) and high levels of 

SmN (MSN), suggesting that SmN alone is not sufficient to affect the pattern of splicing of this 

gene. These results are consistent with the observation that neuronal cell lines expressing very 

little or no SmN (N18,ND3 respectively) are capable of expressing higher or similar levels of Oct

2.5 relative to other forms of Oct-2 when compared to ND7 cells which express higher levels of 

SmN (Lillycrop et al 1992).
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FIGURE 10. PCR products of Oct-2 cDNAs from the brains of 1 and 4 day old mice lacking 
Snrpn expression (-Nl,-N4) or from age and sex matched controls (+N1,+N4). Results of the 
effect of artificial SmN expression in isolation on Oct-2 alternative splicing are included with 3T3 
fibroblasts and 3T3 cells expressing low (T7S2a) and high ( MSN) levels of SmN. Also included 
are results from 2 and 7 day post-natal mouse brain samples. The positions of products of the Oct
2.5 (2.5) transcripts and other Oct-2 (2.0) transcripts are indicated.
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FIGURE 11. Southern blot of above (FIG. 10) Oct-2 PCR products probed with a probe derived 
from Oct 2.0 transcripts for enhanced visualisation.
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5.9. GSa GUANINE NUCLEOTIDE BINDING PROTEIN

The GSa protein is a member of the heterotrimeric guanine nucleotide binding protein 

family involved in signal transduction from transmembrane receptors and the subsequent 

stimulation of the adenylate cyclase pathway in response to p-adrenergic stimuli (Bimbaumer et 

al., 1990). The G proteins are composed of a, p and y subunits, the a  subunit being unique to 

each G protein and responsible for binding of the guanine nucleotide. Structural analysis of the 

human GS gene demonstrates four species of GSa mRNA may be generated by alternative 

splicing by the alternate inclusion or exclusion of exon 3 and use of two 3' splice sites in intron 3. 

Two cDNA species (GS a-1 and GSa-4) have been isolated from bovine adrenal tissue 

(Robishaw et al., 1986) and human liver (Mattera et al 1986) and generate a long (52-kDa) and 

short (45-kDa) isoforms demonstrate similar activities (Mattera et al., 1989) but differences in 

tissue and developmental expression patterns (Mumby et al., 1986, Cooper et al 1990., 

Granneman ansd Brannon, 1991). Further isoforms are generated by alternative promoter usage 

and alternative splicing involving exon 2 (Ishikawa et al., 1990 ; Swaroop et al., 1991).

A novel alternative transcript of the rat GSa gene has recently been isolated from neuronal

like CA77 rat thyroid C-cells (Crawford et al., 1993) which differs structually from other isofoms, 

being generated by the alternative splicing of exon 3 to an internal terminal exon termed N1 

situated 800 bp downstream. The mRNA encodes the 86 NH2-terminal amino acids of GSa and 

then diverges at the position of the exon-intron splice site of exon 3 with 5 novel amino acids 

encoded by the N1 exon. The structure of GSaNl suggests that it is not capable of signal 

transduction due to the lack of receptor / effector and GTP binding domains which are located in 

the COOH-terminal region of other GSa isoforms (Johnson and Dhanaskaran., 1989; Bimbaumer 

et al., 1990) and its precise function remains unclear. The expression pattern of GSaNl mRNA 

differs from the widely expressed GSa mRNA (Mumby et al., 1986; Jones and Reed 1987), 

demonstrating tissue specific expression throughout the brain and to a lesser extent in skeletal 

muscle. Within the brain, the expression of GSaNl is greatest in the hypothalamus and regions
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of the brainstem, a pattern which follows that of GSa expression (Brann et al., 1987, and Largent 

et al., 1987) which is roughly 10-fold greater. Developmentally, GSa N1 expression can be 

detected at day 14 compared to day 13 for GSa mRNA and is restricted to the head region which 

consists mainly of brain tissue and not to the craniofacial region.

PCR ASSAY ANALYSIS OF GSa SPLICING IN CELLS AND TISSUES.

The tissue restricted expression of the GSaNl transcript in the brain and its wide pattern of 

distribution within make it a suitable candidate for processing by SmN. High levels of GSaNl 

transcript are found in the neurons and specific areas of the brain found to have high levels of 

SmN mRNA (brainstem, hypothalamus). Thus the neuronal-specific alternative splicing of GSa 

merited investigation using a PCR assay on endogenous GSa transcripts.

Due to the presence of distinct 3' exons, a 3' primer specific to exon N1 (D1 -3' untranslated 

region of GSaNl) and a 5’ primer derived from exon 1 (U2-GSa NH-2 terminal coding) were 

required to give a PCR product of approximately 300 base pairs. The levels of expression of the 

constitutive GSa were analysed in a separate reaction using the common 5' primer and a primer 

derived from the constitutive exon 4 (Ex.4 - GSa exon 4 coding) to yield a marginally smaller 

PCR product.
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GS ALPHA / GS ALPHA N1 SPLICING ASSAY

U2 D1

:n i

PCR PRODUCTS

[vAN1

GS ALPHA N1 
NEURONAL CELLS 
288 bp
shaded box represents 
nemoDalNl exon

GS ALPHA 278 hp

GSaNl PCR RESULTS

PCR products of the expected size for GSaNl were generated using mouse brain tissue lacking 

SmN expression at similar levels to that observed in the age and sex matched controls in both the 1 

and the 4 day old animals (FIG. 12/13). It would therefore appear conclusive that SmN is not 

required for the alternative processing of the primary transcript to generate the GSaNl transcript. 

The GSaNl transcript was undetectable in the 3T3 fibroblasts, reflecting the low levels of 

expression in tissues other than the brain. However, the PCR product was not detectable in the 

T7S2a fibroblasts which artificially express intermediate levels of SmN and did not show any 

increase in the MSN fibroblasts which express high levels of SmN. Thus, SmN alone does not 

appear to be sufficient for the observed neural processing pattern of the GSa primary transcript to 

produce GSaNl-encoding mRNA. The lack of detectable GSaNl transcripts in the heart which
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expresses intermediate levels of SmN and also the low level of SmN expression in skeletal muscle 

where GSaNl expression is highest outside of the brain (15% of brain levels) would seem to 

support these observations. Furthermore GSaNl transcripts are detectable at the day 14 

embryonic stage. This is temporally separated from the reported appearance of SmN expression in 

the brain between the day 18 embryonic stage and birth. Such discrepencies add weight to the 

proposed non-involvment of SmN in GSaNl alternative splicing 

GSa RESULTS

The constitutively spliced GSa transcript PCR product was detectable in both the 1 and 4 day old 

mice brain tissue lacking SmN expression at identical levels to that in the age and sex matched 

controls (FIG. 12). Thus constitutive splicing of GSa also proceeds normally in the absence of 

SmN. The constitutive GSa product was clearly detectable in 3T3 fibroblasts and the levels did 

not increase with an intermediate level of artificially induced SmN expression (T7S2a fibroblasts) 

or with high levels of SmN expression (MSN fibroblasts). Thus the introduction of SmN alone 

to 3T3 cells does not alter the levels of constitutive splicing of GSa. As expected, data suggests 

SmN alone is not necessary for this constitutive splicing due to the abundant GSa transcripts 

found in non-SmN expressing tissues. The validity of the PCR products obtained in both the 

G Sa N1 and the GSa assays is demonstrated by southern blotting and the subsequent 

hybridisation by GSa N1 PCR products with a probe derived from a mouse brain GSa PCR 

product due to shared NH-2 terminal sequences (FIG. 13, lower panel).
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FIGURE 12. PCR products of GSa and GSaNl cDNAs derived from the brains of 1 and 4 day 
old mice lacking Snrpn expression (-Nl,-N4) or from age and sex matched controls (+N1,+N4).
Also included are results of the effect of artificial expression of SmN in isolation on GSa /
GSaNl splicing as demonstrated by 3T3 fibroblasts and 3T3 cells artificially expressing low 
(T7S2a) and high levels (MSN) levels of SmN and 3T3-antisense (T7A2a) cells. Results from 
various tissues of normal control mice also included as indicated.
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FIGURE 13. Upper panel-Southern blot of GSaNl PCR products derived from brains of 1 and 4 
day old mice lacking Snrpn expression (-SmN 1,4) and age and sex matched controls (+SmN 
1,4). Also included are results for 3T3 fibroblasts, 3T3 cells expressing SmN (T7A2a, MSN), 
3T3-antisense cells and liver, heart and 7 day post-natal brain samples from normal control mice.
Blot probed with a probe derived from the GSaNl PCR product.
Lower panel-GSaNl and GSa PCR products as indicated, probed with GSa PCR-derived probe 
for product validification.
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5.10. HEART DEVELOPMENTAL ASSAYS.

Whilst performing constitutive splicing assays of GSa in mouse tissues, an additional unique band 

was observed in adult heart tissue. To investigate this further, a developmental study was 

performed using RNA derived from mouse hearts (FIG. 14). This novel band was present at the 

16 day embryonic stage and all subsequent developmental stages at similar levels. Southern 

blotting revealed this band to hybridise to a probe prepared from the expected GSa PCR product 

which had been prepared from brain (FIG. 15). The exact nature of this band has not been 

determined but the positive hybridisation suggests it may possibly correspond to a novel heart 

specific isoform of GSa. This band also appeared in the GSa PCR from all 3T3 fibroblast 

samples (FIG. 12) but was significantly weaker than that observed in the heart relative to the 

expected GSa PCR product as demonstrated by Southern blotting (FIG. 15).
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FIGURE 14. PCR products of GSa cDNAs derived from developmental series of normal mouse 
heart samples. Lanes: 2=2 day post-natal; 7=7days post-natal; 16=16 days embryonic.
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FIGURE 15. Southern blet of PCR products of GSa cDNAs derived from normal heart
developmental series visualised with a probe derived from the expected GSa PCR product. Also 
included is a 3T3 fibroblast sample.
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5.11. CHAPTER DISCUSSION.

Previous alternative splicing assays using 3T3 cells stably transfected with SmN suggested 

that SmN was not sufficient in isolation to alter splicing patterns of c-src, calcitonin / CGRP, 

NCAM, and Goa (Horn and Latchman, 1993 a/b). The artificially expressed SmN in these 3T3 

cell lines has been confirmed to associate with snRNP particles in a pattern that reflects that 

observed in cell lines naturally expressing SmN-ND7, F9 (Huntriss et al., 1993b-preceeding 

chapter). This strongly suggests that although the SmN in the transfected cells is seemingly 

performing as an integral snRNP component, its presence within the snRNPs does not affect the 

patterns of splicing of these transcripts. The proposal that SmN, when expressed in isolation is 

not sufficient to affect splicing patterns is further confirmed with data presented here for Oct-2 and 

GSa splicing. Thus whilst SmN may normally be necessary in the brain for performing a general 

RNA processing role of the genes tested here, it is not sufficient in isolation to regulate the pattern 

of their splicing.

Data presented here further confirms that SmN is not involved in regulating these splicing 

decisions as the six neuronal-specific alternative splicing events tested proceed normally in the 

complete absence of SmN protein expression, as determined here by Western blotting. The six 

splicing decisions tested encompass a wide cross-section of alternative splicing events. The fact 

that SmN expression is is not even necessary for them to occur does not indicate a general role for 

SmN in alternative splicing as previously proposed.

The replacement of SmB by SmN in snRNPs in the brains of normal mice implies SmN 

does performs general constitutive splicing roles normally performed by SmB in other tissues. 

The enhanced SmB expression in the brains of mice lacking SmN expression may allow normal 

constitutive splicing to continue due to a common function of SmN and SmB. The normal 

proceeding of constitutive splicing events in the brain in the absence of SmN is demonstrated here 

with the GSa gene. All splicing functions of SmN for the genes tested here appear to be fully 

replaced by SmB.
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The early post-natal lethality of mice lacking SmN expression however suggests that whilst 

the elevation of SmB in such mice may have been sufficient to compensate for the constitutive 

roles normally performed by SmN in the brain, it could not compensate for as yet undefined 

specific activities of SmN. It must be taken into account that other imprinted genes may be present 

within the translocated region, and that the fate of the mice may be a combination of this and the 

demonstrated lack of SmN expression.

The lack of SmN expression throughout the mouse tissues tested demonstrates that the 

imprinting effect on Snrpn on the maternal chromosome is effective throughout the entire body. 

Thus it follows that as SNRPN is imprinted in humans, then an analysis of SmN expression of

any cell or tissue would give a representative picture of the status of SmN expression throughout 

the human body. The availability of PBMCs from PWS patients therefore provides a suitable 

means to assess SmN expression in such patients in an attempt to attribute a critical role for SmN 

that is suggested by the fate of the murine models of PWS.
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CHAPTER 6 
GENERAL DISCUSSION
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In an attempt to assign a putative function to the SmN protein, and to establish whether any 

of the 17 amino acid substitutions in SmN produce any recognisable structural or functional 

motifs, analysis of the full amino-acid sequence of SmN was performed utilising the HSSP/ 

MaxHom programme from the PHD EMBL -Heidelberg. DE facility. Results include data from 

alignments with 29 non-SmN or SmB/B'derived polypetides that demonstrate maximum homology 

to the SmN sequence derived from Schmauss et al., 1992. From such alignments, details of 

secondary structure of SmN include a predicted a-helix  from residues 9 to 19 and also from 

residues 31 to 36. Extended P-sheet regions are predicted from residues 26 to 29, from residues 

40 to 43 and from residues 70 to 71. The remainder of the amino acid residues, and hence the vast 

majority of the protein is predicted to consist of stmcturally less-well defined loop region structure. 

The predicted a-helix and P-sheet regions will also be common to SmB/B' as no polymorphisms 

occur in these regions, and thus any differences between SmN and SmB/B' occur in the loop 

regions. From the aligned sequences, non of the regions of least sequence homology between 

SmN and SmB/B'(179-190 and 203-213) appeared to be consistently present as distinct motifs in 

the 29 aligned polypeptides. This would therefore seem to suggest that such SmN or SmB/B' 

specific regions as primary amino acid sequences do not represent common functional motifs. It 

remains possible, however that differences in secondary structure that arise from these regions may 

be functionally important.
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FIG. 1. Polypeptides aligned with the SmN protein sequence using the HSSP/ MaxHom. program 
from the PHD EMBL-Heidelberg . DE facility. Details of polypeptides are outlined in the text.
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Fom the 29 aligned polypeptides, a number were chosen for closer analysis and to 

determine their precise functions, with the aim of assigning functions to SmN. Data suggests that 

none of these polypeptides were involved in the role of RNA splicing and the alignments with 

SmN appear to be a result of proline-richness that occurs in these polypeptides. Thus, the proline- 

rich human and bovine CAL3 polypeptides that form the collagen alpha I (HI) chain (Ala-Kokko, 

et al., 1989; ) were amongst the aligned sequences. Other aligned sequences correspond to the 

proline-rich proteins (PRP) including human PRP5 (Kauffmann et al., 1986), human PRPB 

(Isemura et al., 1979) and murine PRP2 (Ann and Carlson, 1985) that are derived from saliva and 

have no defined function. A further alignment is human P I00, a proline-rich nuclear DNA-binding 

protein associated with cell proliferation (Zhang al., 1993). The only aligned polypeptide with a 

motif identical to one of the regions of least sequence homology between SmN and SmB/B' is the 

RGAPPP motif of the myosin IC heavy chain polypeptide from amoeba (Hamer et al., 1986) 

which is identical to residues 181-186 in SmB/B'. The significance of this if any, remains unclear.

A region of particular interest is the alanine-rich AAAAKAAA motif present in the aligned 

sequence of the human elastin precursor (Fazio et al., 1988). Similar motifs are present in SmN 

(AA AAV A AT) and SmB (AAA AAA AT) from residues 151-157 and this motif has been previously 

compared with the ATAAAAAAA motif from residues 422-430 in yeast poly (A) binding protein 

(Rockeach et al., 1989). Poly-alanine sequences are not included in the motifs considered to have 

RNA-binding potential (Burd and Dreyfuss, 1994) and a literature search did not suggest any 

particular function of the sequence in human elastin. However, the amphiphillic nature of such a 

motif has been suggested to potentially confer the ability to mediate protein-protein interactions 

(Rockeach et al., 1989) and in this respect it is interesting that one of the amino acid substitutions 

in SmN occurs within the motif.

Thus SmN sequence does not appear to be homologous with non-core RNA splicing 

factors or alternative splicing factors from other species which again does not suggest a general 

role for the SmN protein in alternative RNA splicing. This is in contrast to the mammalian UlA  

and U2B" snRNP-specific proteins that demonstrate high homology with the product of the
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Drosophila snf gene. This protein, SNF regulates splice site selection in Sex-lethal splicing and 

is U1 snRNP-associated, suggesting a mechanism whereby the SNF protein could influence 

splicing regulation by determining recognition of 5' splice sites (Flickinger and Salz, 1994). It 

remains possible that some of the properties of SNF in terms of recognising regulated splice sites 

are retained in the mammalian U lA  and U2B" proteins. Data from analysis of various 

alternatively spliced genes in mice devoid of SmN expression due to maternal duplication for the 

central region of chromosome seven (chapter 5) again does not suggest a general role for SmN in 

alternative splicing.

Recent discoveries have established the dual functions of components of the spliceosome, 

namely the SR proteins such as ASF/SF2 in both constitutive splicing (Wu and Maniatis, 1993) 

and alternative splicing (SV40 T/t antigen splicing-Ge and Manley, 1990; P-globin splicing- 

Krainer et al., 1990). SR proteins are differentially active with different pre-mRNAs (Zahler et al., 

1993) and the concentration-dependant splice-site activation of other splicing factors such as 

hnRNPAl taken together with the antagonistic effects produced by this protein against ASF/SF2 

and SC35 functions (Fu, XD, 1992; Mayeda and Krainer, 1992; Ben-David, et al., 1992) suggests 

how a complex interaction of these proteins with each other and with cis -acting sequences on pre- 

mRNAs could determine splice site selection. It remains possible that other unidentified factors 

may be present in mammalian systems that mimic the action of factors that affect splice site 

selection in well characterised organisms such as Drosophila. For example, the tissue-specific PSI 

factor involved in Drosophila P element splicing (Siebel et al., 1994) is proposed to interact with 

the generally expressed hrp48 protein that demonstrates homology with mammalian hnRNPAl to 

affect the splice site selection of the U1 snRNP. The tissue-specific expression in mammalian 

sytems of a factor that mimics the action of PSI by interacting with general splicing factors such as 

hnRNPAl or SR proteins suggests how tissue-specific alternative splicing could be achieved. In 

agreement with this model, the isolation of tissue-specific RNA-binding proteins such as the 

neural-specific activities that inhibit calcitonin-specific splicing have been reported (Roesser et al., 

1993).
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The involvement of SmN within such a model is less clear. Analysis of SmN protein 

sequence in relation to recognised RNA-binding motifs (Burd and Dreyfuss, 1994) does not 

identify any of such motifs, this also being true for SmB/B'. Thus the predicted secondary 

structure of SmN described here does not constitute the secondary structural requirements 

(P appaP ) of the RNP-motif. In addition, other RNA-binding motifs namely RGG boxes, 

arginine-rich motifs, KH motifs, zinc-finger knuckle motifs or double-stranded RNA-binding 

motifs are not a feature of either SmN or SmB/B' sequences. In light of this, the only mechanism 

whereby SmN could potentially affect splice site recognition appears to be by virtue of protein- 

protein interactions with the core snRNP proteins. To date, the only suggestion of a potential 

mechanism whereby SmN could affect splice site selection is provided by its apparent difference in 

affinity for the U1 snRNP and U2 snRNP particles than that which is exhibited by SmB (chapter 

4). Whether SmB/B' and SmN co-exist in the same snRNP particles remains unclear. It is 

possible that different species of snRNP particles exist in the context of SmB/B' and SmN status. 

Thus homodimers consisting of two SmB particles may occur in rodent tissues apart from brain 

and heart where heterodimers of SmN plus SmB or homodimers of only SmN may be present. In 

humans, the presence of SmB' adds further variation to this model. The difference in size between 

SmN, SmB' and SmB proteins and furthermore the conformational differences that exist between 

these proteins as suggested by variations in their antigenic nature (chapter 3) may be sufficient to 

alter the configuration of the RNA species within the snRNP thus affecting splice site selection. 

However, as analysis of alternatively spliced genes did not suggest a role for SmN in alternative 

splicing it is more feasible to suggest that differences occurring in SmN are associated with other 

functions of this protein. In agreement with this, the Sm core of the U1 snRNP is proposed to 

specifically bind the guanosine-N2 methyltransferase that is essential for hypermethylation of the 

m7G cap of the U1 snRNA to the m3G cap structure (Plessel et al., 1994). This methyltransferase 

activity is also proposed to be shared by other snRNPs and preliminary data suggests that the 

binding site for the methyltransferase is presented by the SmB/B' proteins. Therefore it follows 

that substitutions in SmN and/ or the SmN/B/B' status of a snRNP may confer differences in the
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affinity of binding of the methyltransferase. This in turn may affect the ability of snRNP particles 

to be transported back to the nucleus, as the m3G cap forms part of a bipartite nuclear localisation 

signal in conjunction with a domain within the Sm core (Fischer and Luhrmann, 1990; Fischer et 

al., 1993; Hamm et al., 1990). Thus the presence of SmN within snRNPs may affect snRNP 

localisation and furthermore the difference in affinity demonstrated by SmN for particular snRNP 

particles may reflect the requirements of cells in which it is expressed for a particular snRNP 

particle. In addition, Sm proteins have been proposed to confer stability to U 1 (Hamm et al. 

1987) U2 (Mattaj and DeRobertis, 1985) and thus the balance of SmN/B/B' within snRNPs may 

reflect different requirements for snRNP stability in different tissues.

Two lines of evidence presented here suggest the SmN gene in both human and murine 

tissues is subject to post-transcriptional control. Firstly, the elevated SNRPN transcription in 

certain SLE patients was not reflected at the protein level and levels of SmN expression in SLE 

patients were equivalent with controls. Secondly, whilst the reported enhanced levels of Snrpn 

mRNA in mice with a paternal duplication of central chromosome 7 (Cattanach et al., 1992) 

suggests that both copies of the gene are expressed, results from densitometric analysis of Western 

blots did not reveal enhanced SmN expression in such mice. This is also reflected by apparently 

unaffected development of these mice. The precise mechanism of regulation however, remains 

unclear. It is possible that even if excess levels of SmN protein expression occured, the limiting 

amount of RNA-ffee 6S core protein complex (Zieve and Sauterer, 1990) available for any excess 

SmN protein to bind to would imply that much of the SmN would be free in the cytoplasm and 

perhaps would be subject to rapid degradation.

In agreement with the normal levels of SmN protein expression in SLE, no SmN-specific 

autoantibodies have been described to date in SLE. Conversely, studies with the hsp90 gene 

indicated elevated hsp90 protein expression which was paralleled by the presence of 

autoantibodies (Norton et al., 1988; Twomey et al., 1993; Dhillon et al., 1993). The study of 

ectopic SmN expression in SLE taken together with data from ELISA screening of SLE sera 

whereby data was consistent with previous literature in that no anti-SmN-specific antibody activity
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has been described, suggest that SmN is not the antigen stimulating the immune system in SLE. 

Rather, it would appear that the immune system is stimulated by antigens expressed elsewhere 

rather than in the brain and heart. It has been suggested that the U1 snRNP is the major 

immunogenic focus in SLE (Fatenejad et al., 1994). This is conceivable given the high copy 

number of the U1 snRNP (Zieve and Sauterer, 1990) and is suggested by experimental evidence 

from immunisation of mice with purified U1 snRNPs (Reuter and Luhrmann, 1986). In addition, 

analysis of sequential development of antibodies in MRL/lpr mice demonstrate that the U1 A 

protein is the first protein against which autoantibodies are generated (Fatenejad et al., 1994). The 

discovery of autoantibodies against stemloop structures of U1 snRNA (Hoet et al., 1993) and 

evidence from a new murine model of SLE (Vidal et al., 1994) also suggest that the U1 snRNP is 

the primary focus of the immune response in SLE. Data from immunoprécipitations performed 

here whereby SmN demonstrated preferential association with the U2 snRNP at low levels of 

expression appears to conform to this model in terms of the potential antigenicity of SmN. Thus 

the low level of SmN expression outside of the brain and heart suggest it will occupy the snRNPs 

other than the U 1 snRNP and hence is less likely to stimulate the immune system.

Mice with a matemalduplication for the central region of chromosome 7 suffer early post

natal lethality (Cattanach et al., 1992). The elevation of SmB protein expression in the brains of 

these mice is demonstrated by densitometric analysis of Western blots, values being equalised for 

SmD (SmB value for mice lacking SmN expression=3.2 ; SmB value for age/sex matched control= 

3.03; SmN value for control =3.23). This elevation of SmB expression may represent an attempt 

to compensate for the constitutive RNA splicing functions normally performed in the brain by 

SmN and the level of expression of SmB in the affected mice is similar to the level of SmN 

expression in controls. The total amount of SmN plus SmB in normals (6.26) far exceeds the 

elevated SmB expression in mice with maternal duplications of the central region of chromosome 7 

(3.2-values equalised for SmD between samples). This suggests that this compensatory elevation 

in SmB expression is quantitatively insufficient to cover the total brain requirement for constitutive 

functions common to SmN and SmB. Furthermore, at the time that the mice show signs of failure.
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the normal trend of a reduction in SmB expression during rodent brain development may offset the 

compensatory elevation of SmB expression to levels below the threshold required for efficient 

constitutive RNA processing. Alternatively, the fate of these mice may indicate that SmN does 

indeed possess unique functions and that these functions cannot be replaced by an elevation in 

SmB expression which occurs to fulfill the constitutive roles of the absent SmN protein.

Analysis of SNRPN expression in cultured skin fibroblasts and lymphoblasts isolated from 

PWS patients demonstrate that SNRPN is expressed exclusively from the paternal chromosome 

and that hence, in both UPD and deletion cases of PWS, SNRPN expression is absent (Glenn et 

al., 1993). The lack of SNRPN expression in deletion cases demonstrates that the imprint that is 

effective on the SNRPN gene on the maternal allele is not relaxed. Data from analysis of SmN 

protein expression in the tissues of mice with maternal duplications for the central region of 

chromosome 7 are consistent with these findings in that they demonstrate that the imprint is still 

effective and that this also occurs throughout the body as in PWS patients. Therefore the lack of 

SNRPN expression in PWS suggests that a general deficiency may occur in neuronal mRNA 

processing. The mild impairment of the nervous system in PWS suggests that the expression of 

SmB may be elevated in the brains of PWS patients as in murine models of PWS in order to fulfill 

constitutive mRNA processing functions. In addition, it remains possible that the expression of 

SmB' in human cells may also compensate for the lack of SmN protein in PWS. Thus the 

normally low level of SmB' expression in the brain (McAllister et al., 1989; Schmauss et al., 

1992) may be elevated in PWS brain tissue. SmB' may fulfill roles normally performed by SmN 

that cannot be achieved even by elevated SmB expression, and this may at least in part explain why 

PWS patients suffer impairment whereas murine models of PWS die. However, differences in 

other genes affected in murine models of PWS and in PWS patients must also be taken into 

account. Recently, a small deletion (<25kb) just upstream of SNRPN displayed by PWS siblings 

and a deletion that encompasses part of SNRPN in another PWS patient have been demonstrated to 

affect expression of both SNRPN and the PAR-1 and PAR-5 genes which are mapped just distal to 

SNRPN (Sutcliffe et al., 1994; for review see Lalande, 1994). A newly identified 5' a  exon in
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SNRPN located within the deleted region of the former patients, in addition to other elements 

within both of these deleted regions are proposed to be important in regulating the expression of 

the SNRPN, PAR-1, and PAR-5 genes. Thus SNRPN appears to be part of an imprinted 

transcriptional domain and the transcriptional activity of all three genes (and perhaps other genes in 

the region) is controlled by elements located within a common region. The maintenance of this 

imprinted transcriptional domain is likely to require a normal paternal copy of the common control 

region. Therefore it would appear that other genes are likely to contribute to the PWS phenotype 

even with small deletions that encompass only SNRPN. If a similar imprinted transcriptional 

domain is also present in mice, then other genes within the region will not be expressed in PWS 

mice which may also contribute to the phenotype. It therefore follows that the observed significant 

increase in SNRPN transcription in certain SLE patients described here (chapter 3), is a result of an 

aberrant transcriptional mechanism affecting this control region and it remains possible that the 

transcription of other genes within the region may also be affected in such patients.

FUTURE WORK

To continue this work and to determine a function for the SmN protein, a number of 

studies could be undertaken. Perhaps the most pressing investigation would be the introduction of 

an SmN transgene into murine models of PWS with a maternal duplication of the central region of 

chromosome 7 (Cattanach et al., 1992). If these mice are rescued from their normal fate of early 

post-natal lethality by the transgene, it would place a critical function on SmN in neural pre-mRNA 

processing that is not exhibited by SmB and would establish SmN as the causative gene in murine 

PWS

The differential display technique would be useful to analyse the differences in mRNAs 

present in brain tissue from mice with maternal duplications of central chromosome 7 compared to 

sibling controls. Any differences in patterns of mRNA expression between the two may indicate 

that such mRNAs require SmN for efficient processing. The mRNAs could be identified and the 

genes studied in greater detail in splicing assays in relationship to SmN expression.
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Labelled peptides such as those used in ELISA screening in this study, or fusion proteins 

which correspond to the regions of least sequence homology between SmN and B/B' could be 

used to in Far-Western blots to establish whether these regions are important in forming protein- 

protein interactions with other components of the spliceosome.

In-situ hybridisation studies of SNRPB expression in the brain of mice lacking SmN 

expression would be useful to deduce whether the elevation in SmB expression in these mice 

occurs in areas where SmN expression is usually high. This may provide a further insight into 

putative common constitutive functions of these proteins. A study of the expression pattern of 

SmB' and SmB in the brain tissue from PWS patients would also be interesting in this respect.

A more extensive study of the association of SmN with snRNP particles other than U1 and 

U2 and in other cell lines or tissues to those investigated here in addition to a developmental 

immunoprécipitation study in the brain or on differentiation of EC cells may provide further 

evidence of the unique snRNP-association properties of SmN. A developmental series of 

immunoprécipitations from primate brain tissue may give greater insight into the functional 

relationships of SmN, SmB and SmB' within snRNPs.

The 3T3 parental cells, together with 3T3-MSN and T7S2a cell lines that demonstrate 

negative, high and intermediate levels of SmN expression respectively provide an excellent basis 

for the study of the effect of SmN expression on the nuclear localisation of snRNPs as mediated by 

nuclear localisation signals (NLS) in the Sm core and the m3G cap structure. Thus the effect SmN 

expression has on nuclear localisation of snRNPs may be studied by microinjection of snRNPs 

isolated from these cells into Xenopus oocytes. Furthermore, Hypermethylation of the m3G cap 

could be investigated by chemical modification of reconstituted snRNPs immunoaffinity purified 

from these cell lines. This may reveal differences between SmN containing snRNPs with respect 

to SmB/B' containing snRNPs in the context of the putative role of these proteins in providing the 

binding site for the methyltransferase required for m3G cap formation (Plessel et al., 1994).

Other studies to further the understanding of the role of SmN and SmB/B' proteins as 

autoantigens in SLE could also be performed. Thus a competitive inhibition ELISA in which total
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Sm antigen in liquid-phase is used to compete the SmB/B' 179-190 binding observed in certain 

SLE patients would determine whether or not this antigen is exposed as a surface epitope on the 

native SmB/B' proteins. If this region is revealed to be a surface antigen by this assay, this taken 

together with the lack of autoantibody binding of the same region in SmN would further suggest 

that SmN is not stimulating the immune system in SLE and that the 179-190 region in SmN is also 

exposed and hence possibly important in interactions with other proteins. In addition to these 

studies, FACS analysis of PBMCs using the KSm4 and KSm5 monoclonals would be useful in 

verifying whether SmN or SmB/B' proteins are ectopically expressed in PBMCs from SLE 

patients and to which cell populations this expression (if any) is restricted.

187



CHAPTER 7 
REFERENCES

188



Ach, R.A., and Weiner, A.M., (1987) Mol. Cell. Biol., 7, 2070-2079.

Adema, G.J. and Baas P.D. (1991) Biochem. Biophys. Res. Commun. 178, 985-992.

Akeson, R.A., Wujek, J.R., Roe, S., Warren, S.L., and Small, S.J. (1988) Mol. Brain Res. 4, 

107-120.

Ala-Kokko, 1., Kontusaart, S., Baldwin, C.T., Kuivaniemi, H., Prockup, D.J. (1989) Biochem. 

J. 260, 509-516.

Amara, S.G., Evans, R.M., and Rosenfeld, M.G. (1984) Mol. Cell. Biol. 4, 2151-2160.

Amara, S.G., Jones, V., Rosenfeld, M.G. Ong, E.S., and Evanz, R.M. (1982) Nature 298, 240- 

244.

Amrein, H., Gorman, M., and Nothiger, R.(1988) Cell 55, 1025-1035.

Amrein, H., Hedley, M.L. and Maniatis , T. (1994) Cell 76, 735-746.

Andersen, J., Feeney, R.J.., and Zieve, G.W. (1990) Mol. Cell. Biol. 10, 4480-4485.

Andrews, B.S., Eisenberg, R.A., Theofilopoulos, A.N., Izui, S., Wilson, C.B., McConahey, 

P.J., Murphy, E.D., Roths, J.B., and Dixon, F.J., (1978) J. Exp. Med 148, 1198.

Ann, D.K. and Carson, D.M. (1985) J. Biol. Chem. 260, 15863-15872.

Ares, M., Jr., Mangin, M., and Weiner, A.M., (1985) Mol. Cell. Biol., 5, 1560.

Bachmann, M., Falke, D., Schroeder, H.C. and Muller, W.E.G. (1989) J. Gen. Virol. 70, 881- 

891.
Bachmann, M., Pfeifer, K., Schroeder, H.C., and Muller, W.E.G. 91989) Mol. Cell. Biochem. 

85, 103-114.

Barada, F.A., Andrews,B.S., Jr. Davis IV, J.S., Taylor, R.P. (1981) Arthritis Rheum. 24, 1236. 

Barbas, J.A., Chaix, J., Steinmetz, M., ans Goridis, C. (1988) EMBO.J 7, 625-632.

Barone, M.V., Henchcliffe, C., Baralle, F.E., Polella, G. (1989) EMBO. J. 8, 1079-1085. 

Barthels, D., Santoni, M.J., Wille, W., Ruppert, C., Chaix, J. C., Hirsch, M R., Fontecilla- 

Camps, J.C., and Gioridis, C. (1987) EMBO. J. 6, 907-914.

Baserga, S., and Steitz, J. (1993) In The RNA World. (Cold Spring Harbor, New York: Cold 

Spring Harbour press), pp. 359-381,

189



Behrens,S-E., Tyc, K., Kastner, B., Reichelt, J., Luhrmann, R. (1993a) Mol. Cell. Biol., 13, 

307-319.

Behrens, S.E., Gallison, F., Legrain, P., and Luhrman, R. (1993b) Proc. Natl. Acad. Sci. USA 

90, 8229-8233.

Bell, L. R., Maine, E.M. Schedl, P. and Cline, T.W. (1988) Cell 55, 1037-1046.

Ben-David, Y., et al., (1992) Mol. Cell. Biol. 12, 4449-4455.

Bennet, M., Michaud, S., Kingston, J. and Reed, R. (1992) Genes Dev. 6, 1986-2000.

Bennet, M., and Reed, R. (1993) Science 262 105-108.

Bentley, R.C., and Keene, J.D. (1991) Mol. Cell. Biol. 11, 1829-1839.

Berget, S.M., Moore, C., and Sharpe, P.A. (1977). Proc. Natl. Acad. Sci. U.S.A 74, 3171- 
3175.

Bemstine, E.G., Hooper, M.L., Grandchamp, S. and Ephrussi, B. (1973). Proc. Natl.

Acad.Sci. U.S.A. 70, 3899-3903.

Billings, P.B., Barton, J.R. and Hoch, S.O. (1985) J. Immunol. 135, 428-432.

Birnbaumer, 1., Abramowitz, J., and Brown, A.M. (1990) Biochim. Biophys. Acta. 1031, 163- 

225.

Bimstiel, M L. and Schaufele, F.J. (1988) In Structure and Function of Major and Minor Small 

Nuclear Ribonucleoprotein Particles Springer, Berlin, pp. 155-182.

Black, D.L. (1992) Cell 69, 795-807.

Boelens, W.C., Jansen, E.J.R., Venrooij, van Venrooij, W. J., Stripecke, R., Mattaj, I.W. and 

Gunderson, S.I. 91993) Cell 72, 881-892.

Boggs, D., Gregor, P., Idriss, S., Belote, J.M., and McKeown. (1987) Cell 50, 739-747.

Boggs, D., Bell, R., Cline, T.W., Schedl, P. (1991) Genes Dev. 5, 403-415.

Borg E.J. ter., Horst, G., Hummel,E., Jaarsma, D., Limmburg, P.C., and Kallenberg, C.G.M.

(1988) Arthritis Rheum. 31, 1563-1567.

Brackenberry, R., Thiery, J. P., Rutishauer, U., and Edelman, G.M. (1977) J. Biol. Chem. 252, 

6835-6840.

Brain, S.D., Williams, T.J., Tipins, J.R., Morris, H.R., and MacIntyre, I. (1985) Nature 313,

190



54-56.

Brann, M.R., Collins, R.M., and Spiegel, A. (1987) FEES. Lett 222, 191-198.

Breathnach, R., and Chambon, P. (1981). Annu. Rev. Biochem. 50, 349-384.

Brennan, P.M., Andrew, P.M., Williams, D.G., and Maini, R.N., (1988) Immunology 63, 213- 

217.

Brosi, R., K., Groning, S.E., Behrens, Luhrman, R., and Kramer, A. (1993a) Science 262, 102- 

105.

Brosi, R., Hauri, H.P., Kramer, A. (1993b) J. Biol. Chem. 268, 17640-17646.

Brugge, J.S., Cotton, P.C., Queral, A.E., Barrett, J.N., Nonner, D., and Keane, R.W. (1985) 

Nature, 316, 554-557.

Brugge, J.S., Cotton, P.C., Lustig, W., Yonemoto, L., Coussens, J.N., Barrett, D.N. and 

Keane, R.W. (1987) Genes Dev. 1, 287-296.

Brunak, S., and Engelbrecht, J. (1991) J. Mol. Biol. 220, 49-65.

Buitling, K., Dittrich, B., Gross, S., Greger, V., Lalande, M., Robinson, W., Mutirangura, A., 

Ledbetter, D., Horsthemke, (1993) 2, 1991-1994.

Bunker, C.B., Terenghi, G., Springhall, D R., Polak, J.M., and Wod, P.M. (1990) The Lancet 

336, 1530-1533.

Burd., C.G., and Dreyfuss, G., (1994a) EMBO.J. 13, 1197-1204.

Burd., C.G., and Dreyfuss, G., (1994b) Science 265, 615-621.

Burtis, K.C., and Baker, B.S. (1989) Cell 56, 997-1010.

Butler, B., Pirrotta, V., Irminger-Finger, I., and Nothiger, R. (1986) EMBO J. 5, 3607-3613.

Buvoli, M., Cobianchi, P., Riva, S., (1992) Nucl. Acids Res. 20, 5017-5025.

Buxton, J.L., Chan, C-t. J., Gilbert, H., Clayton-Smith, J., Bum, J., Pembrey, M., Malcolm,

S., (1994) 3, 1409-1413.

Casey, P.J., and Gilman, A.G. (1988) J. Biol. Chem. 263, 2577-2580.

Cassidy, S.B., (1984) Curr. Prob. Pediatr., 14, 1-55.

191



Cassidy, S.B., and Ledbetter, D.H., (1989) Neurology Clinics 7, 37-54.

Cattanach,B.M., and Kirk, M., (1985) Nature 315496-498.

Cattanach, B.M., Barr, J.A., Evans, E.P., Burtenshaw, M., Beechey, C.V., Leff, S.E.,

Brannan, C.I., Copeland, N.G., Jenkins, N.A . and Jones, J. (1992). Nature Genetics 2, 

270-274.

Cavaloc, Y., Popielarz, M., Fuchs, J-P., Gattoni, R. and Stevenin, J. (1994) EMBO. J. 13, 

2639-2649 

Cech, T.R. (1985). Cell 43, 713-716.

Cech, T.R. (1986). Cell 44, 207-210.

Cerione, R.A., Regan, J.W., Nakata, H., Codina, J., Benovic, J.L., Gierschik, P., Somers,

R.L., Spiegel, A.M., Birnbaumer, L., Lefkowitz, R.J., and Caron, M.G. (1986) J. Biol. 

Chem. 261, 3901-3909.

Chain, A.C, Zollman, S., Tseng J.C., Laski, F.A. (1991) Mol. Cell. Biol. 11, 1538-1546. 

Chiara, M.D., Champion- Arnaud, P., Buvoli, M., Nadal-Ginard, B. and Reed, R. (1994) Proc.

Natl. Acad. Sci. USA 91, 6403-6407.

Choi, Y.D., Grabowski, P.J., Sharp, P.A., and Dreyfuss, G., (1986) Science 231, 1534-1539. 

Chomczynski, P. and Saachi, N. (1987) Biochemitry 162, 156-159.

Chou, T.B., Zachar, Z. and Bingham, P.M. (1987) EMBO. J. 6, 4095-4104.

Chu, J., and Elkon, K.B. (1991) Gene 97, 311-312.

Chow, L.T., Gelinas, R.E., Broker, T.R., and Roberts, R.J. (1977). Cell 12, 1-8. 

Clayton-Smith, J., Webb, T., Robb, S.A., Dijkstra, I., Willems, P., Lam, S., Cheng, X-J., and 

Malcolm, S., (1992) Am. J. Med. Genet. 44, 256-260.

Cline, T.W. (1984) Genetics, 107, 231-277

Cohen, J.B., Broz, S.D., and Levison, A.D. (1989) Cell 461-472.

Cohen, P.L., and Eisenberg., R.A., (1991) Ann. Rev. Immunol. 9, 243-269.

Combe, B., Rucheton, M., Graafland, H., Lussiez, V., Brunei, C. and Sany, J. (1989) Clin. 

Exp. Immunol. 75, 18-24.

192



Company, M., Arenas, J. and Abelson, J. (1991) Nature 349, 487-493.

Cooper, D.M.F. Boyajian, C.L, Goldsmith, P.K., Unson, C.G., and Spiegel, A. (1990) Brain 

Res. 523, 143-146.

Cote, G.J., Stolow, D.T., Peleq, S., Berget, S.M., Gagel, R.F. (1992) Nucl. Acids. Res. 20, 

2361-2366.

Craft, J., Mimori, T., Olsen, T.L., Hardin, J.A. (1988) J. Clin. Invest. 81, 1716-1724.

Crawford, J.A., Mutchler, K.J., Sullivan, B.E., Lanigan, T.M., Clark, M.S., and Russo, A F.

(1993) J. Biol. Chem. 268, 9879-9885.

Crenshaw, E.B., Russo, A.F., Swanson, L.W., Rosenfeld, M.G. (1987). Cell 49, 389- 

398.

Dalbadie, M.G. and Abelson J., (1990) Proc. Natl. Acad. Sci. USA 87, 4236-4240.

Datta, B., and Weiner, A., (1991) 352, 821-824.

Delsert, C.D. and Rosenfeld, M.G. (1992). J Biol. Chem. 267, 14573-14579.

Dent, C.L., Lilly crop, K.A., Estridge, J.K., Thomas, N.S.B., and Latchman, D.S. (1991) Mol.

Cell. Biol. 11, 3925-3930.

D' Eustachio, P.D., Owens, G.C., Edelman, G.M., Cunningham, B.A. (1985) ibid. 82, 7631. 

Deutscher, S.L., and Keene, J.D. (1988) Proc. Natl. Acad. Sci. USA 85, 3299-3304.

Dhillon, V., Studd, M., Isenberg, D., Lehner, T., and Latchman, D.S. (1993) Ann. Rheum. Dis. 

52, 436-442.

Diamond, R.H., Du, K., Lee, V.M., Mohn, K.L., Haber, B.A., Tewari, D.S., Taub, R. (1993)

J. Biol. Chem. 268, 15185-15192.

Dittrich, B., Robinson, W.P., Knoblauch, H., Buiting, K., Schmidt, K., Gillesses-Kaesbach, G 

and Horsthemke, B., (1992) Hum. Genet., 90, 313-315.

Doherty, P., Kitty Moolenaar, C.E.C., Ashton, S.V., Michalides, R.J.A.M., and Walsh, F. S.

(1992) 356, 791-793.

Dominski, Z. and Kole, R., (1991) Mol. Cell. Biol. 11, 6075-6083.

Dominski, Z. and Kole, R., (1992) Mol. Cell. Biol. 12, 2108-2114.

193



D'Orval, B.C., Carafa, Y.d'A., Sirand-Pugnet, Gallego, M., Brody, E., Marie, J. (1991)

Science 252, 1823-1828.

Dreyfuss, G. (1986) Annu. Rev. Cell Biol. 2, 459-498.

Dujon, B. (1989) Gene 82, 91-114.

Elkon, K.B., Hines, J.J., Chu, J., and Ramassa, A. (1990) J. Immunol. 145 636-643.

Emeson, R.B., Hedjrab, J.M., Yeakley Guise, J.W., and Rosenfeld, M.G. (1989) Nature 341, 

76-80.

Eperon, L.P., Estibeiro, J.P. ans Eperon, I.C. (1986) Nature 324, 280-282.

Eperon, L.C., Graham, I.R., Griffiths, A.D., and Eperon, I.C. (1988) Cell 54, 392-401.

Eperon, I.C., Ireland, D C., Smith, R.A., Mayeda, A., ans Krainer, A.R. (1993) EMBO J. 12, 

3607-3617.

Eisenberg, R.A., Craven, S.Y., and Cohen., P.L., (1987) J. Immunol, 139, 728.

Eisenberg, R.A., Tan, E.M., and Dixon, F.J., (1978) J. Exp. Med., 147, 582.

Evain-Brion, D., Binet, E., Donnadieu, M., Laurent, P. and Anderson, W.B. (1984). Dev. Biol. 

104, 406-412.

Evans, M.J., Kaufman, M.H. (1981). Nature (London) 292, 154-156.

Fatenejad, S., Brooke, W., Schwartz, A., Craft, J. (1994) J. Immunol. 152 (11) 5523-5531.

Fazio, M.J., Olsen, D.R., Kauh, E.A., Baldwin, C.T., Indik, Z., Omstein-Goldstein, N., Yeh, 

H., Rosenbloom, J., Uitto, J. (1988) J. Invest. Dermatol. 91, 458-464.

Feeney, R.J., Sauterer, R.A., Feeney, J.L., and Zieve, G.W., (1989) J. Biol. Chem., 264, 5776.

Feeney, R.J. and Zieve, G.W., (1990) J. Cell Biol. 110, 871-881.

Fisher, D.E., Conner, G.E., Reeves, W.H., Wisniewolski, R., and Blobel, G. (1985a) Cell, 42, 

751.

Fischer, D.E., Reeves, W.H., Wisniewolski, R., Lahita, R.G. and Chiorazzi, N. (1985b) 

Arthritis Rheum. 28, 1348-1355.

Fischer, U., Sumpter, V., Sekine, M., Satoh, T., and Luhrmann, R., (1993) EMBO J., 12, 573- 

583.

194



Fischer, U., Darzynkiewicz, E., Tahara, S.M., Dathan, N.A., Luhrmann, R., and Mattaj, I.W.,

(1991) J. Cell Biol. 113, 705-714.

Fischer, U., and Luhrmann, R., (1990) Science 249, 786-790.

Fitzgerald, M. and Schenk, T. (1981) Cell 24, 251-260.

Flickinger . T.W., and Salz, H.K. (1994) Genes Dev. 8, 214-925.

Florio, V.A., and Stemweiss, P.C. (1989) J. Biol. Chem. 264, 3909-3915.

Forman, M.S., Nakamura, M., Mimori, T., Gelpi, C., Hardin, J.A. (1985) Arthritis Rheum. 28, 

1356-1361.

Frendeway, D., and Keller, W. (1985) Cell 42, 355-367.

Friou, G.J., (19570 J. Clin. Invest. 36, 890.

Fu, X-D., and Maniatis, T. (1990) Nature 343, 437-441.

Fu, X-D., and Maniatis, T. (1992a) Science 256, 535-538.

Fu, X-D., and Maniatis, T. (1992b) Proc. Natl. Acad. Sci. USA 89, 1725-1729.

Fu, X-D., Mayeda, A., Maniatis, T. and Krainer, A. (1992) Proc. Natl. Acad. Sci. USA 89, 

11224-11228.

Fu, X-D. (1993) Nature 365, 82-85.

Fujii, T., Mimori, T., Hama, N., Suwa, A., Akizuki, M., Tojo, T. and Homma, M. (1992) J.

Biol. Chem. 267, 16412-16416.

Gallego, M.E., Balvay, L. and Brody, E. (1992) Mol. Cell. Biol. 12, 809-817.

Ge, H. and Manley, J.L. (1990) Cell 62, 25-34.

Ge, H., Zuo, P. and Manley, J.L. (1991) Cell 66, 373-382.

Gerelli, D., Sharpe, N.G., LatchmaN, D.S. (1991) Nucl. Acids. Res. 19, 6642.

Gerelli, D., Grimaldi, K., Horn, D., Mahadeva, U., Sharpe, N., and Latchman, D.D. (1993) J.

Mol. Cell. Cardiol. 25 321-329.

Gerke, V. and Steitz, J.A. (1986) Cell 47, 973-984.

Ghetti, A., Pinol-Roma, S., Michael, W.M., Morandi, C. and Dreyfuss, G. (1992) Nucl. Acids. 

Res. 20, 3671-3678.

195



Gil, A. and Proudfoot, N.J. (1987) Cell 49, 399-406.

Gilliam, A C., and Steitz, J.A.. (1993) Proc. Natl. Acad. Sci. USA 90, 6781-6785.

Giordano, S.J., Kaftory, A., Steggles., A.W. (1994). Hum. Genet. (1994).

Glenn, C.G., Porter, K.A., Jong, M.T.C., Nicholls, R.D., Driscoll, D.J., (1993) Hu. Mol. Gen. 

2, 2001-2005.

Goralski, T.J., Edstrom, J-E., and Baker, B.S. (1989) Cell 56, 1011-1018.

Gozani, O., Patton, J.G. and Reed, R. (1994) EMBO. J. 13, 3356-3367.

Granneman, J.G. and Bannon, M.J. (1991) J. Neurochem. 57, 1019-1023.

Green, M.R., (1991) Annu. Rev. Cell. Biol., 7, 559-599.

Grimaldi, K., Gerelli, D., Sharpe, N.G., Lund, T., and Latchman, D.S. (1992) J.DNA 

sequencing and mapping 2, 241-246.

Grimaldi, K., Horn, D.A., Hudson, L.D., Terenghi, G., Barto, P., Polak, J.M., and Latchman, 

D.S., (1993) Dev. Biol. 156, 319-323.

Grimm, C., Stefanovic, B., and Schumperli, D., (1993) EMBO. J. 1229-1238.

Gruber, A., Soldati, D., Burri, M., Schumperli, D., (1991) Biochem. Biophys. Acta., 1088, 151- 

154.

Gunderson, S.L., Beyer, K., Martin, G., Keller, W., Boelens, W.C., Mattaj, I.W. (1994) Cell, 

76, 531-541.

Guo, W., Mulligan, G.J., Wormsley, S., and Helfman, D.M. (1991) Genes Dev. 5, 2096-2107.

Guo, W. and Helfman, D.M. (1993) Nucl. Acids. Res. 21, 4762-4768.

Guthrie, C., (1991) Science 253, 157-163.

Habets, W.J., Hoet, M.H., Bringmann, P., Luhrmann, R. and W.van Venrooij. (1985). EMBO 

J. 4, 1545-1550.

Habets, W.J., Sillekens, P.T.G., Hoet, M.H., Schalken, J.A., Roebroek, A.J.M., Leunissen, 

J.A.M., van de Yen, W.J.M. and van Venrooij, W.J. (1987) Proc. Natl. Acad. Sci. USA 

84, 2421-2425.

Habets, W.J., Hoet, M.H., De Jong, B.A.W., Van Der Kamp, A. and Van Venrooij, W.J.

196



(1989a) J. Immunol. 143, 2560-2566.

Habets, W.J., Sillekens, P.T.G., Hoet, M.H., McAllister, G., Lemer, M.R. and van Venrooij, 

W.J. (1989b) Proc. Natl. Acad. Sci. USA.

Hamer, J.A., Jung, G., Korn, E.D. (1986) Proc. Natl. Acad. Sci. USA 83, 4655-4659.

Hamm, J., Kasmaier, M. and Mattaj, M. (1987) EMBO J. 6, 3479-3485.

Hamm, J., Darzynkiewicz, E., Tahara, S.M., Mattaj., I.W., (1990a) Cell 62, 569-577.

Hamm, J., and Mattaj, I.W., (1990) Cell, 63, 109-118.

Hamm, J., Dathan, N.A., Scherly, D. and Mattaj, I.W. (1990b) EMBO J.,9, 1237-1244. 

Hamshere, M, Dickson, G., and Eperon, I. (Nucl. Acids Res. 19, 4709-4716.

Hanahan, (1983) J. Mol. Biol. 166, 557.

Hannon, G.J., Maroney, P.A., and Nilsen, T.W. (1991). J. Biol. Chem. 266, 22792-22795. 

Hanley, J.G., Fisk, J.D. and Eastwood, B. (1994) Lupua 3, 193-199.

Harper, J.E. and Manley, J.L. (1992) Gene expression 2, 19-29.

Harris, S.G., Martin, T.E., Smith, H.C., (1988) Mol. Cell. Biochem. 84, 17.

Hashimoto, C. and Steitz, J.A. (1986) Cell 45, 581-591.

Hayashizaki, H., Shibata, H., Hirotsune, S., Sugino, H., Okazaki, Y., Sasaki, N., Hirose,

K., Imoto, H., Okuizumi, H., Muramatsu, M., Komatsubara, H., Shiroishi, T., 

Moriwaki, K., Katsuki, M., Hatano, N., Sasaki, H., Ueda, T., Mise, N., Tagaki, N., 

Plass,C., Chapman, V.M., (1994) Nature Genetics 6, 33-40.

Heath, C.V., Denome, R.M. and Cole, C.N. (1990) J. Biol. Chem. 265, 9098-9104.

Hedley, M.L. and Maniatis, T. (1991) Cell 65, 579-586.

Heinrichs, V., Hackl, W., and Luhrmann, R. (1992) J. Mol. Cell. Biol., 227, 15-28.

Helfman, D.M., Ricci, W.M., Finn, L A. (1988) Genes Dev. 2, 1627-1638.

Helfman, D.M., Roscigno, R.F., Mulligan, G.J., Finn, L.A. Weber, K.S. (1990) Genes Dev. 4, 

98-110.

Henry, I., Puech, A., Riesewijk, A., Ahnine, L., Mannens, M., Beldjord, C., Bitoun, P., et al..

197



(1993) Eur. J. Hum. Genet. 1:19-29.

Hernandez, N., and Lucito, R., (1988) EMBO J., 7, 3125-3134.

Hescheler, J., Rosenthal, W., Trautwein, W., and Schultz, G. (1987) Nature, 325, 445-447. 

Hinterburger, M., Petersson, I., and Steitz, J.A. J. Biol. Chem.(1984) 259, 5907-5914 

Hoet, R.M.A., De Weerd, P., Klein Gunnewiek, J., Koomreef, I. and van Venrooij., W.J.

(1992) J. Clin. Invest., 90, 1753-1762.

Hoffman, B.E., and Grabowski, P.J., (1992) Genes Dev. 6, 2554-2568.

Homma, M., Mimori, T., Takeda, Y., Akama, H., Yoshida, T., Ogasawara, T., and Akizuki, M.

(1987) J. Rheumatology 14, 188-193.

Hoppener, J.W.M., Steenbergh, P.H., Slebos, R.J.C., Visser, A., Lips, C.J.M., Jansz, H.S.,

Bechet, J.M., Petermann, J.B., and Fischer, J.A. (19870. J. Clin. End. and Met. 64, 809- 

817.

Horn, D.A., Suburo, A., Terenghi, G., Hudson, L.D., Polak, J.M. and Latchman, D.S.

(1992). Mol. Brain Res. 16,13-19.

Horn, D A. and Latchman, D.S. (1993a) Mol. Brain Res. 19, 181-187.

Horn, D.A. and Latchman, D.S. (1993b) Neuroscience Lett. 155, 57-60.

Horn, D.A. (1993) PhD. thesis. Dept. Molecular Pathology, University College London. 

Horowitz, D.S., and Krainer, A,R. (1994) Trends Genet., 10, 100-106.

Hoshijima, K., Inoue, K., Higuchi, I., Sakamoto, H. and Shimura, Y. (1991) Science 252, 833- 

836.

Hsu, W.H., Rudolph, U., Sanford, J., Bertrand, P., Olate, J., Nelson, C., Moss, L.G., Boyd, 

A.E., Codina, J., and Birnbaumer, L. (1990) J. Biol. Chem. 265, 11220-11226.

Huh, G.S., and Hines, R.O., (1993) Mol. Cell. Biol 13, 5301-5314.

Huh, G.S., and Hines, R.O., (1994) Genes Dev. 8, 1561-1574.

Hunter, T. (1987) Cell 49, 1-4.

Inoue, K., Hoshijima, K., Higuchi, I., Sakamoto, H. and Shimura, Y. (1992) Proc. Natl. Acad. 

Sci. USA 89, 8092-8096.

198



Isemura, S., Saitcoh, E., Sanada, K. (1979) J. Biochem. 86, 79-86.

Ishikawa, Y., Blanchi, C., Nadal-Ginard, B., and Homey, C.J. (1990) J. Biol. Chem. 265, 

8458-8462.

Jamison, S.F. and Garcio-Blanco, M.A. (1992) Proc. Natl. Acad . Sci. USA 89, 5482-5486. 

Jantsch, M.F., and Gall, J,G., (1992) J. Cell. Biol. 119, 1037-1046.

Jeffreys, A.J., and Flavell, R.A. (1977) Cell 12„ 1097-1108.

Johnson, G.L., and Dhanasekaran, N. (1989) Endocrine Res.lO, 317-331.

Jones, D,T. and Reed, R.R. (1987) J. Biol. Chem. 262, 14241-14249.

Jones, M.H., and Guthrie, C. (1990) EMBO J. 9, 2555-2561.

Kambach, C. and Mattaj., I.W., (1992) J. Cell. Biol., 118, 11-21.

Kato, J.Y., et al.. Mol. Cell. Biol. 6, 4155-4160.

Kauffman, D., Hofman, T., Bennick, A., Keller, P. (1986) Biochemistry 25, 2387-2392. 

Kawasaki, E.S. (1990) IN: PCR protocols eds. Innis, M.A., Gelford, D.H., Sninsky, J.J., and 

White, T.J. Academic press, San Diego, CA, pp 21-27.

Kaziro, Y., Itoh, H., and Nakafuku, M., (1990) In G Proteins Academic press, San Diego, CA, 

pp.64-81.

Keilhauer, G., Faissner, A., and Schachner, M. (1985) Nature, 316, 728-730.

Kemp, L. M., Dent, C.L., and Latchman, D.S. (1990) Neuron, 4, 215-222.

Kikuchi, A., Kozawa, G., Kaibuchi, K., Katada, T., Ui, M., and Takai, T. (1986) J. Biol.

Chem. 261, 11558-11562.

Kim, S.H., Smith, J., Claude, A. and Lin, R.J. (1992) EMBO J. 11, 2319-2326.

Kinter, C.R., and Melton, D.A (1987) Development 99, 311-325.

Kiss, T., Toth, M., and Solymosy, F., (1985) Eur. J. Biochem., 152, 259.

Kiss, T., Antal, M., and Solymosy,F., (1987b) Nucl. Acids Res., 15, 1332.

Kiss, T., Antal, M., and Solymosy,F., (1987a) Nucl. Acids Res., 15, 543.

Kiss,T., Jakab, G., Antal, M., Palfi, H., Kis, M., and Solymosy, F., (1988) Nucl. Acids Res., 

16, 5426.

199



Kitsberg, D., et al., (1993) Nature 364, 459-463.

Klinman, D.M., and Steinberg, A.D. (1987) J. Exp. Med. 165, 1755-1760.

Knoll, J.H., Glatt, K.A., Nicholls, R.D., (1991) Am. J. Hum. Genet., 48, 16-21.

Konforti, B.B., Koziolkiewicz, M.J. and Komarska, K. (1993) Cell, 75, 863-873.

Komarska, M., and Sharp, P.A., (1987) Cell 49, 763-774.

Krainer, A.R. and Maniatis, T. (1985) CELL 42,725-736.

Krainer, A.R., Conway, G.C., and Kozak, D. (1990a) Genes Dev. 4, 1158-1171.

Krainer, A.R., Conway, G.C., and Kozak, D. (1990b) Cell 62 35-42.

Krainer, A.R., Mayeda, A., Kozak, D. and Binns, G. (1991) Cell 66, 383-394.

Krawczak, M., Reiss, J., and Cooper, D.N. (1992) Hum. Genet. 92, 41-54.

Kruger, K., Grabowski, P.J., Zaug, A.J., Sands, J., Gottschling, D.E. and Cech, T.R. (1982) 

CeU31 147- 157.

Kunkel, T.A., Maser, R., Calvet, J., and Pederson, T. (1986) Proc. Natl. Acad.Sci. USA 

83,8575-8579.

Kurata, N., and Tan, E.M., (1976) Arthritis Rheum. 19, 574-580.

Laemmli, U.K. and Favre, M. (1973). J. Mol. Biol. 80,575.

Lalande, M. (1994) Nature Genet. 8, 5-7.

Lambowitz, A.M. and Belfort, M. (1993) Annu. Rev. Biochem. 62, 587-622.

Lamm, G.M., and Lamond, A.I. (1993) Biochim. Biophys. Acta, 1173, 247-265.

Lamond, A.L. (1993). Nature 365, 294-295.

Largent,B.L., Jones, D.T., Reed, R.R., Pearson, R.C.A. and Snyder, S.H. (1987) Proc. Natl.

Acad. Sci. USA 85, 2864-2868.

Laski, P., Roi, D C., Rubin, G. M. (1986) Cell 44, 7-19.

Latchman D.S. (1990) The New Biologist 2, 297-303.

Latchman D.S, (1993) AgBiotech News and Information 5, 39-43.

Leff, S.E., Brannan, C.I., Reed, M L., Ozcelik, T., Francke, U., Copeland, N.G. and Jenkins, 

N. (1992). Nature Genetics 2, 259-264.

2 0 0



Leff, S.E., Evans, R.M. and Rosenfeld, M.G. (1987). Cell 48, 517- 524.

Legrain, P., Séraphin, B., and Rosbash, M., (1988).

Lehmeier, T., Foulaki, K., and Luhrman, R., (1990) Nucl. Acids Res. 18, 6475-6484. 

Lelay-Taha, M., Reveillard, I., Sri-Widada, J., Brunei, C., and Jeanteur, P. (1986) J. Mol. Biol. 

189, 519-532.

Lenardo, m.. Pierce, J.W., and Baltimore, D. (1987) Science 236, 1573-1577.

Lenardo, M.J., Staudt, L., Robbins, P., Kuang, A., Milligan, R.C. and Baltimore, D. (1989) 

Science 243, 544-546.

Lemer , M.R., Steitz, J.A. (1979). Proc. Natl. Acad. Sci. U.S.A. 76, 5495-5499.

Lemer, E.A., Lemer, M.R., Janeway, C.A., and Steitz, J.A. (1981) Proc. Natl. Acad. Sci. USA 

78, 5495-5499.

Levy, J.B., Dorai, T., and Brugge, J.S. (1987) Mol. Cell. Biol. 7, 4142-145.

Li, H., and Bingham, P.M. (1991) Cell 67, 335-342.

Li, S., Klein, E.S., Russo, A.F., Simmons, D.M., Rosenfeld, M.G. (1989) Proc. Natl. Acad.

Sci. USA 86, 9778-9782.

Liao, C. X., Tang, J., Rosbash, M. (19930 Genes. Dev. 7, 419-428.

Liautard, J.P., Sri-Widada, J., Brunei, C., and Jeanteur, P. (1982) J.Mol.BioL, 162, 623.

Libri, D., Goux, P.M. Brody, E. and Fiszman, M.Y. (1990) Mol. Cell. Biol. 10, 5036-5046.

Libri, D., Piseri, A., and Fiszmzn. (1991) Science 252, 1842-1845.

Lillycrop, K.A., Dent, C.L., Wheatley, S.C., Beech, M.N., Ninkina, N.N., Wood, J.N. and 

Latchman, D.S (1991) Neuron 7, 381-390.

Lillycrop, K.A. and Latchman, D.S. (1992), J. Biol. Chem. 267, 24960-24965.

Lips, C.J.M., Geerdink, R.A., Nieuwenhuis, M.G., and van der Sluys Veer, J. (1989) Henry 

Ford Hosp. Med. J. 37, 201-203.

Liu, J., and Maxwell, E.S. (1990) Nucl. Acids Res. 18, 6565-6571.

201



Lochrie, M.A. and Simon, M.I. (1988) Biochemistry, 27, 4957-4965.

Luhrmann, R., Kastner, B., and Bach, M., (1990) Biochim. Biophys. Acta., 1087, 265-292. 

Lund, E., and Dahlberg, J.E. (1984) J. Biol. Chem. 259, 2013.

Lundberg, By I., Nyman, U., Petersson, I., ans Hedfors, E. (1992) British J. Rheumatology 31, 

822-817

Madhani, H.D., Bordonne, R., and Guthrie, C. Genes Dev. 4, 2264-2277.

Madhani, H.D., and Guthrie, C. (1992) Cell, 803-817.

Magenis, R.E., Brown, M.G., Lacy, D.A., Budden, S. and LaFranchi, S. (1987) Am. J. Med.

Genet., 28, 829-838.

Mamula, M.J., Fatenjad, S., Craft, J. (1994) J. Immunol, 152, 1453-61.

Maness, .P.F., Sorge, L.K., Fults, D.W. (1986) Dev. Biol. 117, 83.

Maniatis, T. and Reed, R (1987). Nature 325,673-678.

Manley, J.L., Yu, H., and Ryner, L. (1985) Mol. Cell. Biol. 5, 373-379.

Mardon, H.J., Sebastio, G., and Baralle, F.E. (1987) Nucl. Acids. Res. 15, 7725-7733. 

Marshall, I., Al-kazwani, S., Holman, J.J., Broad, P.M., Edbrooke, M R., and Craig, R.K.

(1986) Plenum. Neuroend. Mol, Biol. 1-16.

Martinez, R., Mathey-Prevot, B., Bernards, A., and Baltimore, D. (1987) Science 237, 411-415. 

Mascari, M.J., Gottlieb, W., Rogan, P., Butler, M.G., Armour, J., Jeffreys, A., Waller, D., 

Ladda, R., Nicholls, R.D. (1992) New. Eng. J. Med. 326 1599-1607.

Mason, J.O., Williams, G.T., and Neuberger, M.S. (1985) Cell, 41, 479-487.

Mattaj, I.W., (1986) Cell 46, 905-911.

Mattaj, I.W. and DeRobertis, E.M. (1985) Cell 40, 111-118.

Mattera, R., Codina, J., Crozat, A., Kidd, V., Woo, S.L.C. and Bimbaumer, L. (1986) FEBS. 

Lett. 206, 36-41.

Mattera, R., Graziano, M.P., Yatani, A., Zhon, Z., Graf, R., Codina, J., Bimbaumer, L., 

Gilman, A., and Brown, A.M. (1989) Science, 243, 804-807.

Mattox, W., Ryner, L., and Baker, B.S. (1992) J. Biol. Chem. 267, 19023-19026.

2 0 2



Mayeda, A., and Krainer, A.R. (1992) Cell 68, 365-375.

Me Allister, G., Amara, S.G., Lemer, M.R. (1988). Proc. Natl. Acad. Sci. U.S.A. 85, 5296- 

5300.

Me. Alister, G., Roby-Semkovitz, A., Amara, S.G.and Lemer, M.R. (1989) EMBO. J. 8, 1177- 

1181.

McKeown, M., Belote, J.M., Boggs, R.T., (1988) Cell, 53, 887-95.

McKeown, M. (1992) Annu. Rev. Cell. Biol. 8, 133-155.

MePheeters, D.S. and Abelson, J. (1992) Cell 71, 819-831.

McSwiggen, J.A., and Cech, T.R. (1989) Science 244, 679-683.

Michaud, S., and Reed, R. (1991) Genes Dev., 5, 2534-2546.

Michaud, S., and Reed, R. (1993) Genes Dev., 7, 1008-1020.

Mimori, T., Hinterberger, M., Petersson, I. and Steitz, J.A. (1984) J. Biol. Chem. 259, 560-565.

Moore, M.J. and Sharp, P.A. (1984) Cell 36, 581-591.

Moore, M.J. and Sharp, P.A. (1993). Nature 365, 364-368.

Moore, T., and Haig, D. (1991) Trends Genet., 7, 45-49.

Moriarty, T.M., Padrell, E., Crby, D.J., Omri, G., Landau, E. M., Boume, H.R. (1990) Nature, 

343, 79-82.

Mullen, M.P., Smith, C.W.J., Patton, J.G. and Nadal-Ginard, B. (1991) Genes Dev. 5, 642- 

655.

Mulligan, G.J., Guo, W., Wormsley, S., Helfman, D.M. (1992) J. Biol. Chem. 267, 25480- 

25487.

Mumby, S.M. Kahn, R.A., Manning, D.R., and Gilman, A.G. (1986) Proc. Natl. Acad. Sci. 

USA 83, 265-269.

Mutirangura, a., Greenberg, F., Bulter, M.G., Malcolm, S., Nicholls, R.D., Chakravarti, A., and 

Ledbetter, D.H. (1993) Hum. Mol. Genet., 2, 143-151.

Nagai, K., Oubridge, C., Jessen, T.H., Li, J., and Evans, P R. (1990) Nature 348, 515-520.

Nagoshi, R.N., McKeown, M., Burtis, K.C., Belote, J.M., and Baker, B.S. (1988) Cell 53,

2 0 3



229-236

Nagoshi, R.N. and Baker, B.S. (1990) Genes Dev. 4, 89-97.

Nakao, M., Sutcliffe, J.S., Durtschi, B., Mutirangura, A., Ledbetter, D.H., Beaudet A.L. (1994) 

3, 309-315.

Nandabalan, K., Price, L., Roeder, O.S. (1993) Cell, 73, 407-415.

Nasim, F.H., Spears, P.A., Hoffman, H.M., Kuo, H.C., Grabowski, P.J., (1990) Genes 

Dev.4, 1172-1184.

Neer, E.J., Lok, J.M,. and Wolf, L.G. (1984) J. Biol. Chem. 259, 14222-14229.

Nelson, K.K., and Green, M.R. (1990) Proc. Natl. Acad. Sci. USA 87, 6253-6257.

Newman, A.J., and Norman, C. (1992) Cell 68 743-754.

Nguyen, C., Mattel, M.G., Mattel, J.F., Santoni, M.J., Gordidis, C., Jordan, B.R., J. (1986) 

Cell. Biol. 102, 711.

Nicholls, R.D., Knoll, J.H., Glatt, K., Hersh, J.H., Brewster, T.D., Graham, J.M.Jr. Wurster- 

H ill, D., Wharon, R., and Latt, S.A., (1989a) Am. J. Med. Genet., 33, 66-77.

Nicholls, R.D., Knoll, J.H., Butler, M.G., Karam, S.and Lalande, M. (1989b). Nature 342, 

281- 285.

Nicholls, R.D., (1993) Curr. Opin. Genet. Devel., 3, 445-456.

Nilsen, T.W. (1994) CELL 78, 1-4.

Noble, J. C., Prives, C., Manley, J.L. (1989) Genes Dev. 2, 1460-475.

Northway, J.D., and Tan, E.M. (1972 ) Clin. Immun. Immunopath. 1, 140-154.

Norton, P.M., Isenberg, D., and Latchman, D.S. (1989) J. Autoimmunityt 2, 187-195.

Notman, D.D., Kurata, N., and Tan, E.M. (1975) Ann. Inn. Med. 83, 464.

Ouchterlony, O., (1949) Acta Pathol. Microbiol. Scand. 26, 507-515.

Ohosone, Y., Mimori, T., Griffith, A., Akizuki, M., Homma, M., Craft, J. and Hardin, J.A. 

(1989) Proc. Natl. Acad. Sci. USA 86, 4249-4253.

Ohosone, Y., Mimori, T., Fujii, T., Akizuki, M., Matsuoka, Y., Irimajiri, S., Hardin, J.A., 

Craft, J., and Homma, M. (1992) Arthritis Rheum. 35, 960-966.

2 0 4



Okano, Y. and Medsger, T.A. Jr. (1991) J. Immunol. 146 535-542.

Oshima, Y. and Gotoh, Y., (1987) Proc. Natl. Acad. Sci. USA 87, 6253-6257.

Owens, G.C., Edelman, G.M., and Cunningham, B.A. (19870 Proc. Natl. Acad. Sci. USA 84, 

294-298.

Ozcelik, T., Leff, S., Robinson, W., Donlon, T., Lalande, M., Sanjines, E., Schinzel, A. and 

Francke, U. (1992). Nature Genetics 2, 265-269.

Padgett, R.A., Grabowski, P. J., Komarska, M.M., Seiler, S., and Sharp, P.A. (1986). Annu.

Rev. Biochem. 55, 1119-1150.

Patton, J.G., Mayer, S.A., Tempst, P. and Nadal, G.B, (1991) Genes Dev. 5, 1237-1251. 

Peebles, C.L., Périma, P.S., Meckleenburg, K.L., Petrillo, M.L., Tabor, J.H., Jarell, K.A., and 

Cheung, H.L. (1986). Cell 44, 213-223.

Pettersson, I., Hinterberger, M., Mimori, M., Gottlieb, E, and Steitz, J.A. ( 1984) J. Biol.

Chem. 259, 5907-5914.

Phillips, S.C., and Turner, P.C., (1991) Nucl. Acids Res. 19, 1344.

Pinol-Roma, S., Yang, D C., Matunis, M.J., and Dreyfuss, G. (1988) Genes Dev. 2, 215-227. 

Pinol-Roma, S., and Dreyfuss, G. (1992) Nature 355, 730-732.

Plessel, G., Fischer, U., Luhrmann, R., (1994) 14, 4160-4172.

Portman, D., and Dreyfuss, G. (1994) EMBO J. 13, 213-221.

Prediger, E., Hoffman, S., Edelman, G.M., and Cunningham, B.A. (1988) Proc. Natl. Acad.

Sci. USA. 85, 9616-9620.

Proudfoot, N.J. and Brownlee, G.G. (1976) Nature 263, 211-214.

Pulok and Anderson, P. (1993). Genes Dev. 7, 1885-1897.

Pyper, J.M., and Bolen, J.B.(1990) Mol. Cell. Biol. 10, 2035-2040.

Query, C.C., Bentley, R.C. and Keene, J.D. (1989) Cell 57, 89-101.

Rajagopal, J., Doudna, J.A., ans Szostak, J.W. (1989). Science 244, 692-694.

Raud, J., Lundberg, T., Brodda-Jansen, G., Theodorsson, E and Hedquist, P. (1991) Biochem. 

Biophys. Res. Comm. 180, 1429-1435.

2 0 5



Razin, A., Cedar, H. (1994) Cell, 77, 473-476.

Reddy, R. (1986) Nucl. Acids Res. 13,155.

Reed, R., and Maniatis, T. (1986) Cell 46, 681-690.

Reed, M., Leff, S.E., (1994) Nature Genetics 6, 163-167.

Reidel, N., Wise., J.A., Swerdlow, H., Mak, A., and Guthrie, C. (1986). Proc. Natl. Acad Sci. 

USA 83, 8097.

Reidel, N., Wolin, S., and Guthrie, C. (1987). Science 235, 328.

Reis, A., Dittrich, B., Greger, V., Buitling, K., Lalande, M., Gillessen-Kaesbach, G., Anvret,

M. and Horsthemke, B., (1994) Am. J. Hum. Genet., in press.

Reyes, A.A., and Akeson, R. (1988) DNA 7, 579-584.

Reyes, A.A., Small, S.J., and Akeson, R. (1991) Mol. Cell. Biol. 11, 1654-1661.

Reuter, R., and Luhrmannn, R. (1986) Pro.Natl. Acad. Sci. USA 83, 8689-8693.

Richardson, G.P., Crossin, K.L., Chuong, C M. and Edelman, G.M. (1987) Dev. Biol. 119, 

217-230.

Robberson, B.L., Cote, G.J., Berget, S.M., (1990) Mol. Cell. Biol. 10, 84- 94.

Robinow, S., Campos, A., Yao, K-M. and Whit, K. (1988) Science 242, 1570-1572. 

Robinson,W.P., Bottani, A., Yadang, X., Balakrishman, J., Binkert, P., Machler, M., Prader, 

A., Schinzel, A., (1991) Am. J. Hum. Genet. 49, 1219-1234.

Robishaw, J.D., Smigel, M.D., and Gilman, A.G. (1986) J. Biol. Chem. 261, 9587-9590. 

Rockeach, L.A., Jannatipour, M., Halselby, J. A., Hoch, S.O. (1989) J.Biol. Chem. 264, 5024- 

5030.

Rockeach, L.A., Jannatipour, M. and Hoch, S.O. (1990) J. Immunol. 144, 1015-1022.

Roesser, J.R., Littschwager, K., and Leff, S.E. (1993) J. Biol. Chem. 268, 8366-8375.

Romac, J.M.J., Graff, D.H., Keene, J.D., (1994) Mol. Cell Biol. 14, 4662-4670.

Rosenfeld, M.G., Amara, S.G., and Evans, R.M. (19840 Science 225, 1315-1320.

Ruskin, B. and Green, M.R. (1985) Cell 43, 131-143.

Ruskin, B., Greene J.M., ang Green, M.R. (1985) Cell 41, 833-844.

2 0 6



Ruskin, B., Zamore, P.D., and Green, M.R. (1988) Cell 52, 207-219.

Rutishauser, U., Thiery, J.P., Brackenbury, R., Sela, B.A. and Edelman, G.M. (1976) Proc.

Natl. Acad. Sci. USA 73, 577-581.

Rutishauser, U., Grumet, M., Cunningham, B.A., and Edelman, G.M. (1983) J. Cell. Biol. 97, 

145-152.

Rymond, B.C., Rockeach, L.A. and Hoch, S.A. (1993) Nucl. Acids. Res. 21, 3501-3505.

Ryner, L.C., and Baker, B.S. (1991) Genes Dev. 5, 2071-2085.

S abate, M.I., Stolarsky, L., Polak, J.M., Bloom, S.R., Vamdell, I.M., Ghatei, M.A., Evans, 

R.M., and Rosenfeld, M.G. (1985) J. Biol. Chem. 260, 2589-2592.

Saldit-Georgieff, M., Harpold, M., and Chen-Kiang, S. (1980) Cell 19, 69-78.

Santoni, M.J., Barthels, D., Vopper, G., Boned, A., Goridis, A., and Wille, W. (1989)

EMBO.J. 8, 385-392.

Sauterer, R.A. Goyal, A., and Zieve, G.W. (1990) J. Biol. Chem., 265, 1048-1058.

Sawa, H., and Abelson, J. (1992) Proc. Natl. Acad. Sci. USA 89, 11269-11273.

Scherly, D., Boelens, W., van Venrooij, W.J., Dathan, N.A., Hamm, J., and Mattaj, I.W.

(1989) EMBO. J. 8, 4163-4170.

Scherly, D., Boelens, W., Dathan, N.A., van Venrooij, W., and Mattaj, I.W. (1990) Nature 345, 

502-506.

Schmauss, C., McAllister, G., Ohosone, Y., Hardin, J.A. and Lemer, M.R (1989). Nucl. Acids 

Res. 17, 1733-1743.

Schmauss, C. and Lemer, M.R. (1990) J. Biol. Chem. 265, 10733-10739.

Schmauss, C., Brines, M.L. and Lemer, M.R. (1992). J. Biol. Chem. 267, 8521-8529.

Schmauss, C., Lemer, M.R. (1990). Joumal of Biological Chemistry. 265,10733-10739. 

Schwer, B., and Guthrie, C. (1991) Nature 349, 494-499.

Scopelitis, E., Biundo, Jr. J.J., Alspaugh, M.A. (1980) Arthritis Rheum. 23, 287.

Séraphin, B., Kretzner, L. and Rosbash, M. (1988) EMBO. J. 7, 2533-2538.

2 0 7



Séraphin, B. and Rosbash, M., (1989) Cell 59, 349-358.

Séraphin, B. and Rosbash, M. (1991) Embo. J. 10, 1209-1216.

Sharp, G.C., Irvin, W.S., Tan, E.M., Gould, R.G., Holman, H.R. (1972) Am. J. Med. 52, 

148.

Sharp, G.C., Irvin, W.S., Tan, E.M., Gould, R.G., Holman, HR. (1972) N. Eng. J. Med. 

295,1149.

Sharpe, N.G., Williams, D.G. and Latchman, D.S. (1990). Mol. Cell. Biol. 10, 6817- 6820. 

Sharpe, N.G., Williams, D.G., Norton, P. and Latchman, D.S. (1989a) FEBS Letts. 243,132- 

136.

Sharpe, N.G., Williams, D.G., Howarth, D.N., Coles, B., and Latchman, D.S. (1989b) FEBS 

250, 585-590.

Sharpe, N.G., Williams, D.G., and Latchman, D.S. (1990a) Mol. Cell. Biol. 10, 6817-6820. 

Sharpe, N.G., Wall, W. and Latchman, D.S. (1990b) Nucl. Acids Res. 18, 3425-3426.

Sharpe, P.A., (1994) Cell 77, 805-815.

Sheets, M.D., Ogg, S.C., and Wickens, M.P. (1990) Nucl. Acids. Res. 18, 5799-5805. 

Shores, E.E., Eisenberg, R.A., and Cohen, P.L., (1986) J. Immunol 136, 3662-3667.

Siebel C. W. and Rio, D C. (1990). Science, 248, 1200-1208.

Siebel, C.W., Fresco, L.D., and Rio, D C. (1992) Genes Dev, 6, 1386-1401.

Siebel, C.W., Kanaar, R., Rio, D C. (1994) Genes Dev. 1713-1725 

Siliciano, P.G., and Guthrie, C. (1988) Genes Dev. 2, 1258-1267.

Sillekens, P.T.G., Habets, W.J., Beijer, R.P. and van Venroij, (1987) EMBO J. 6, 6841-3848. 

Singh, R., and Reddy, R., (1989) Proc. Natl. Acad. Sci. USA 86, 8280-8283.

Sive, H., Heintz, N., and Roeder, R. (1986) Mol. Cell. Biol. 6, 3329-3340.

Sive, H. and Roeder, R.G. (1986) Proc. Natl. Acad. Sci. USA 83, 6382-6386.

Small, S.J., Shull, G.E., Sanroni, M.J., and Akeson, R. (1987) J. Cell. Biol. 105, 2335-2345. 

Small, S.J., Shull, G.E., Sanoni, M., and Akeson, R. (1989) Cell, 56, 749-758.

2 0 8



Small, SJ. Haines, S.L., and Akeson, R. (1988) Neuron 1, 1007-1017.

Small, S.J., and Akeson, R. (1990) J. Cell. Biol. I l l ,  2089-2096.

Solnick, D. (1985) Cell 43, 667-676.

Solner-Webb, B. (1993) Cell 75, 403-405

Sontheimer, E.J. and Steitz, J.A. (1993) Science 262, 1989-1996.

Sosnowski, B., Belote, J.M. and McKeown (1989) Cell, 58, 449-459.

Spritz, R.A., Strunk, K., Surowy, C.S., Hoch, S.O., Barton, D.E., and Francke, U. (1987) 

Nucl. Acids Res. 16, 10373-10391.

Staknis, D., and Reed, R. (1994) Mol. Cell. Biol. 14, 2994-3005.

Steitz, J.A. (1989). Methods in Enzymology 180, 468-81.

Steitz, J.A. (1992). Science 257, 888-889.

Steitz, T., and Steitz J.A. (1993). Proc. Natl. Acad. Sci. USA 90, 6498-6502.

Stemweiss, P.C., and Robishaw, J.D (19840 J. Biol. Chem. 259, 13806-13813.

Stocks, M.R., Williams, D.G., and Maini, R.N., (1987) 139, 728.

Stocks, M.R., Williams, D.G., and Maini, R.N., (1991) Eur. J. Immunol. 21, 267-272. 

Stoykova, A S., Steiner, S., Erselius, J.R., Hatzopoulos, A..K. and Gruss, P. (1992) Neuron 

8, 541-558.

Strauss, E.J. and Guthrie, C. (1991) Genes Dev. 5, 629-641.

Streuli, M. and Saito, H. (1989) EMBO J. 8, 787-796.

Sutcliffe, J.S., Nakao, M., Christian,S., Orstavik,K.H., Tommercup,N., Ledbetter, D.H., 

Beaudet, A.K. (1994) Nature Genet. 8, 52-58.

Suter-Crazzorola, C., and Keller, W., (1991) Gene Expr., 1, 91-102.

Swanson, M.S., and Dreyfuss, G. (1988) Mol. Cell. Biol. 8, 2237-2241.

Swaroop, A., Agarwal, N., Gruen, J., Bick, D., and Weissman, S.M. (1991) Nucl. Acids Res. 

19, 4725-4729.

Tagaki, Y., Manlet, J.L., MacDonald, C.C., Wilusz, J., and Shenk, T (1990). Genes Dev., 4, 

2122- 2120.

2 0 9



Takeda, Y., Wang, G.S., Wang, R.J., Anderson, S.K., Petersson, I., Amaki, S., and Sharp, 

G .C  (1989) Clin. Immunol, and Immunopathol. 50, 213-230.

Tan E.M., (1982) Adv. Immunol., 33, 167-240.

Tan, E.M., Cohen, A.S., Fries, J.F., Masi, A.T., McShane, D.J., Rothfield, N.F., Schaller,

J.G., Talal, N. and Winchester, R.J.(1982) Arthritis and Rheumatism. 25, 1271- 1277. 

Tazi, J., Alibert, C., Temsamani, J., Reveillaud, L, Cathala, G., Brunei, C., and Janteur, P.

(1986) Cell 47, 755-766.

Tazi, J., Komstadt, U., Rossi, F., Jeanter, P., Cathala, G., Brunei, C., Luhrmann, R. (1993) 

Nature 363, 282-286.

Tems, M.P., Dahlberg, J.E., and Lund, E, (1993) Genes Dev., 7, 1898-1908.

Theissen, H., Etzerodt, M., Reuter, R., Schneider, C., Lottspeich, F., Argos, P., Luhrmann, R., 

and Philipson, L. (1986) EMBO. J. 5, 3209-3217.

Thiery, J.P., Brackenbury, R., Rutishauser, U., and Edelman, G.M. (1977) J. Biol. Chem. 252, 

6841-6845.

Thompson, M.A. and Ziff, E.B. (1989) Neuron, 2, 1043-1053.

Tian, M. and Maniatis, T. (1992) Science 256,237-240.

Tian, M. and Maniatis, T. (1993) Cell 74,105-114.

Tian, M. and Maniatis, T. (1994) Genes Dev. 8, 1703-1712.

Tilgham, S.M., Tiemeier, D.C ., Seidman, J.G., Peterlin, B.M., Sullivan, M., Maizel, J.V., and 

Leder, P. ( 1978). Proc. Natl. Acad. Sci. U.S.A 75, 725-729.

Tollervey, D. and Mattaj, I.W., EMBO J ., 6, 469.

Tonegawa, S., Maxam, A.M.., Tizard, R.., Bernard, O., and Gilbert, W. (1978) Proc. Natl.

Acad. Sci. U.S.A. 75, 1485-1489.

Towbin, H., Straeblin, T., Gordon, J. (1979). Proc. Natl. Acad. Sci. U.S.A 76, 4350- 54. 

Tschudi, C., and Ullu, E. (1990). Cell 61, 459-466.

Tsukahara, T., Casciato, C. and Helfman, D.H. (1994) Nucl. Acids. Res. 22 2318-2325. 

Twomey, B.M., Dhillon, V.B., McAllum, S., Isenberg, D.A., Latchman, D.S. (1993) J.

2 1 0



Autoimmunity 6,495-506.

Valcarel, J., Singh, R., Zamore, P.D., and Green, M.R. (1993) Nature 362, 171-175.

Van Dam , A., Winkel, I., Zijlstra-Baalbergen, J., Smeenk, R. and Cuypers, H.T (1989). EMBO 

J. 8,3853-3860.

Van Dam, A. (1990) Antibodies as diagnostic markers in SLE, PhD. thesis. University of 

Amsterdam.

Van der Veen, R., Ambrg, A.C., van der Horst, G., Bonen, L., Tabak, H.F. and Grivell, L.A.

(1986). Cell 444 225-234.

Van Dongen, A., Codina, J., d a te , J., Mattera, R., Joho, R., Bimbaumer, L., and Brown, A.M.

(1988) Science 242, 1433-1437.

Van Gers, C.C.M., Adema, G.J., Zandber, H., Moen, T.C., Baas, P.D. (1994) Mol. and Cell. 

Biol. 14, 951-960.

Van Venrooij, W.J., Hoet, R., Castrop, J., Hageman, B., Mattaj, I., and van der Putte, L.B.A.

(1990) J. Clin. Invest., 90, 2154-2160.

Van Venrooij, W.J., Hoet, R., Castrop, J., Hageman, B., Mattaj, I., and van der Putte, L.B.A., 

Varmuza,S., and Mann, M., (1994) Trends Genet. 10, 118-123.

Vidal, S., Gelpf, C., and Rodriguez-Sanchez, J.L., (1994) J. Exp. Med., 179, 1429-1435. 

Vijayraghavan, U., Company, M. and Abelson, J. (1989) Genes Dev. 3, 1206-1216. 

Vijayraghavan, U., and Abelson, J. (1990) Mol. Cell. Biol. 10, 324-493.

Voelker, R.A., Gibson, W., Graves, J.P., Sterling, J.E. and Eisenberg, M.T. (1991) Mol. Cell.

Biol. 11, 894-905.

Wasserman, D.A., and Steitz, J.A., (1992) Science 257, 1918-1925.

Watakabe, A., Tanaka, K. and Shimura, Y. (1993) Genes Dev. 7, 407-418.

Watanabe-Fukunaga, R., Brannan, C.I., Copeland., N.G., Jenkins., N.A., and Nagata, S.,

(1992) Nature 356, 314-317.

Weiss, E.A., Gilmartin, G.M. and Nevins, J.R. (1991) EMBO J. 10, 215-219.

Wheatley, S.C., Dent, C.L., Wood, J.N., and Latchman, D.S. (1991) Exp. Cell. Res. 194, 78-

211



82.

Wickens, M. and Stephenson. (1984) Science 226, 1045-1051.

Wilusz, J., and Shenk, T. (1990) Mol. Cell. Biol. 10, 6397-6407.

W infield,, J.B., Brunner, C M., Koffler, D. (19780 Arthritis Rheum. 21, 289-294.

Wirth, T., Priess, A., Annweiler, A., Zwilling, S., and Oeler, B. (1991) Nucl. Acids. Res. 19, 

43-51.

Wood, J.N., Bevan, S.J., Coote, P.R., Dunn, P.M., Harmar, A., Hogan, P., Latchman, D.S., 

Morrison, C., Rougon, G.,Theveniau, M. and Wheatley,S. (1990). Proc. Roy. Soc. B. 

241, 187-194.

Woodson, S.A. and Cech, T.R. (1989). Cell 57, 335-345.

Woppmann, A., Rinke, J., Luhrmann, R.(1988) Nucl. Acids Res. 16, 10985-11004.

Woppmann, A., Patschinsky, T., Bringmann, P., Godt, F., and Luhrmann, R. (1990) Nucl.

Acids Res. 18, 4427-4438.

Woppmann, A., Will, C.L., Komstadt, U., Zuo, P., and Manley, J.L. and Luhrmann, R., (1993) 

21, 2815-2822.

Williams, D.G., Stocks, M.R., Smith, P.R., Maini, R.N. (1986a). Immunology 58, 495- 

500.

Wiliams, D.G., Brennan, P.M., Stocks, M.R., and Maini, R.N., (1986b) Clin. Exp. 

Immunol.65, 506.

Williams, D.G., Stocks, M.R., Charles, P.J. and Maini, R.N. (1986c) J. Immunol. Methods 91, 

65.

Williams, D.G., Sharpe, N.G., Wallace, G.and Latchman, D.S. (1990). J. Autoimm. 3, 715- 

725.

Wu, J., and Maniatis, T., (1993) Cell 75, 1061-1070.

Wu, J., and Manley, J.L., (1991) Nature 352, 818-821.

Wyatt, J R., Sontheimer, E.J., and Steitz, J.A. (1992) Genes Dev. 6, 2542-2553.

Xiao, Q., Sharp, T., Jeffrey, I.W., James, M.C., Pruijn, Ger J.M., van Venrooij, W.J., and

2 1 2



Clemens, M J. (1994) Nucl. Acids Res. 22, 2512-2518.

Xu, R., Teng, J., Cooper, T. (1993) Mol. Cell. Biol. 13, 3660-3673.

Yamada, T., Tamura, K., Aimi, T., Songsri, P. (1994). Nucl. Acids. Res. 22, 2532-2537.

Yu, Y-T., Maroney, P.A., Nilsen, T.W. (1993). Cell 75, 1049-1059.

Zachar, Z., Chou, T. C., Bingham, P. (1987) EMBO. J. 6, 4105-4111 

Zahler, A.M., Neugebauer, K.M., Lane, W.S., and Roth, M.B. (1993a) Science 260, 219-222. 

Zahler, A.M., Neugebauer, K.M., Stolk, J.A. and Roth, M.B. (1993b) Mol. Cell. Biol. 13, 

4023-4028

Zahler, A.M., Lane, W.S., Stalk, J.A. and Roth, M.B. (1992) Genes Dev. 6, 837-847.

Zamore, P. and Green, M.R. (1989) Proc. Natl. Acad. Sci. USA 86, 9243-9247.

Zamore, P.D., Patton, J.G., and Green, M.R. (1992) Nature 355, 609-614.

Zhang, M., Zamore, P.D., Carmo-Fonseca, M., Lamond, A. and Green, M.R. (1992) Proc. Natl.

Acad. Sci. USA 89, 8769-8773.

Zeller, R., Nyffeneger, T., De Robertis, E.M., (1983) Cell 32, 425-434.

Zhuang, Y. and Weiner, A.M. (1986) Cell 46, 827-835.

Zieve G.W., Sauterer, R.A. (1990). Critical Reviews in Biochemistry and Molecular Biology 

25, 1-46.

Zuo, P. and Manley, J.L., (1993) EMBO. J. 12, 4727-4737.

Zuo, P. and Manley, J.L., (1994) Proc. Natl. Acad. Sci. USA. 91, 3363-3367.

2 1 3


