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Regulation of human TMnm alternative pre-mRNA splicing
Neil Thornton M.A. Cantab

Tissue-specific alternative splicing of pre-m essenger RNA is a common 
strategy for regulating m am m alian gene expression. This type of regulation is 
exemplified by several of the tropomyosin genes. One of these genes, the hum an 
tropom yosinnm (hTMnm) gene, contains two alternative central exons, exon NM 
and exon SK. These exons are expressed tissue specifically and  m utually  
exclusively; exon NM is expressed in non muscle cells and exon SK is expressed 
in skeletal muscle cells. Exon SK is specifically repressed in non muscle cells. This 
repression is dependent on sequence at the 5'-end of the exon tha t closely 
resembles a 5' splice site sequence. It is demonstrated here that U1 snRNP binds 
to this inhibitory sequence and mediates repression of exon SK in non muscle 
cells. In muscle cells, expression of exon SK is shown to require sequence within 
exon SK adjacent to the inhibitory sequence. Experiments in vivo show ed that 
the activity of this enhancer sequence is dependent on a constitutively expressed 
factor(s). The sequence responded to SR proteins in vitro, thus highlighting a 
potential role for these proteins in regulation of hTMnm expression. Expression of 
m utants in muscle cells dem onstrated that the inactivity of exon NM in these 
cells is dependent on the activity of the SK exon and on a reduction in the ability 
of the NM exon to be recognised by the splicing apparatus. It is proposed that 
interaction of U1 snRNP w ith the 5'-end of exon SK blocks recognition of the 
adjacent enhancer sequence in non muscle cells. In muscle cells, repression of 
exon SK is lifted and the activity of the enhancer sequence, together w ith  a 
reduction in the activity of exon NM, allows exon SK to outcompete exon NM for 
recognition by the splicing apparatus.



Chapter 1 
Introduction

Mammalian constitutive and alternative pre-messenger RNA splicing

Prim ary transcripts (pre-m essenger RNA) produced from m ost protein  
coding genes in eukaryotic nuclei contain sequences (intron sequences) located 
betw een sequences com prising the m ature m essenger RNA (exon sequences). 
These in tron  sequences m ust be rem oved efficiently, and the exons ligated 
w ithout d isrup ting  the reading frames, to generate m ature m essenger RNA 
(mRNA) products which can be transported to the cytoplasm. This process is 
know n as pre-mRNA splicing. The accuracy required by the splicing process is 
em phasised in some cases which involve ligation of exon sequences located far 
apart (the first intron of c-abl is over 200Kb long, Bernards et al 1987) a n d /o r  
rem oval of several introns (the dystrophin  gene contains 65 exons extending 
over more than two megabases, Feener et al, 1989).

Splicing of pre-mRNAs occurs in a two-step pathw ay (figure 1.1, reviewed 
in Sharp 1994):

The splicing reaction

5' splice site
Branch point adenosine

3' splice site

Exonl pGU1 - A -
2'OH

■AGp Exon2 Pre-mRNA

Intron sequence shown as a 
thick line.

▼

The thin arrow represents 
nucleophilic attack by the 
2'-hydroxyl group of the 
branch point adenosine

Exonl OH ■AGp Exon2
Intermediates: 
single exon and 
intron-exon lariat

Step 2 nucleophilic 
3'-hydroxyl \ 
of the single

The thin arrow represents 
nucleophilic attack by the 
3'-hydroxyl group at the 3'-end 
of the single exon intermediate

Exonl Exon2
Products: 
double exon and 
intron lariat

Figure 1.1 The catalytic steps of nuclear pre-mRNA splicing
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In the first step the 2-hydroxyl group of an adenosine near the 3'-end of the 
in tron (the branch point adenosine) makes a nucleophilic attack on the 3', 5'- 
phosphodiester bond at the 5' splice site. Cleavage at the 5' splice site occurs at the 
sam e tim e as form ation of a 2 ',5-phophodiester bond betw een the 5' term inal 
guanosine of the intron and the branch point adenosine. A free 5' exon and a 
branched circular intron-3' exon known as a lariat is formed. In the second step 
the 3'-hydroxyl group of the free 5' exon attacks the phosphodiester bond at the 3' 
splice site. The lariat intron is displaced and the two exons are ligated together.

Cis-sequence requirem ents for m am m alian pre-mRNA splicing

Com parison of several m am m alian intron sequences has show n that the 
splice site junctions and the branch point adenosine are defined by consensus 
sequences. These consensus sequences and other ds-requirem ents are show n in 
figure 1.2.

Cis elem ent 
5' splice site 
(5’ss)

3' splice site 
(3'ss)

Branch point sequence 
(BPS)

Polypyrimidine tract 
(PPT)

Spatial requirements

Sequence 
(A/C)AG IGURAGU

C om m ent
" I" denotes the exon-intron 
boundary. R = purine. The GU at the 
5'-end of the intron is invariant, the 
other positions vary.

Y = pyrimidine. The AG at the 3'- 
end of the intron is invariant.

N  = any nucleotide. A denotes the 
branch point adenosine.

Adjacent to and downstream of 
the BPS, before the 3'ss AG.
In general, long PPTs are 
stronger than short ones.

Minimum distance between the 5'ss and branch point adenosine (BP) 
is -48 nucleotides.
Minimum distance between the BP and 3'ss is -18 nucleotides.
Thus, minimal mammalian intron size is -66 nucleotides.

YAGIG

YNYURAY

Pyrimidine-rich

Figure 1.2 Mammalian cis-sequence requirements for splicing1 
(reviewed in Smith et al, 1989)

1A further class of pre-mRNA introns has recently been discovered. They have 5'-AT and 3'-AC 
boundaries and are referred to as AT-AC introns. The AT-AC introns studied so far share highly 
conserved sequences at the 5' splice site ( IATATCCTT), branch site (TCCTTAAC), and 3' splice site 
(CCACI). These introns lack the polypyrimidine tract characteristic of most conventional 3' splice 
sites (Tam and Steitz, 1996). This class of intron is beyond the scope of this text and they are not 
further discussed.
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Spliceosome assembly

The splicing reaction does not occur free in solution but takes place w ithin 
a m ulti-com ponent complex know n as the spliceosome. This com prises RNA- 
protein subunits know n as small nuclear ribonucleoprotein particles (snRNPs) 
and several non-snRNP proteins. There are five snRNPs involved in splicing: 
U l, U2, U4, U5, and U6. Each snRNP comprises a molecule of RNA; a small 
nuclear RNA or snRNA (referred to as U l snRNA, U2 snRNA, U4 snRNA, U5 
snRNA, and U6 snRNA, respectively). The snRNAs are associated w ith  several 
proteins, some of which are common to each snRNP (the core, or Sm proteins) 
and others w hich are specific. Each snRNP and several of the non-snRN P 
proteins are essential for splicing.

W hen pre-mRNA is added to nuclear extract it is immediately coated with 
proteins to form a complex. This complex is known as the H complex and its 
form ation is independent of ATP and functional splice sites (Konarska and 
Sharp, 1987; Grabowski et al, 1985; Frendew ay and Keller, 1985). Isolated H 
complexes cannot be chased into spliced products w hen incubated in nuclear 
extract in the presence of excess competitor RNA (Michaud and Reed, 1991) and 
are not, therefore, thought to form part of the spliceosome assembly pathw ay. A 
very basic outline of the mam m alian spliceosome assembly pathw ay is given in 
figure 1.3 and described below (reviewed in Green, 1991; Wise, 1993; Lamond, 
1993; Kramer, 1996).
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_______5'ss
1 1GU-

BP PPT 3’ss
-A '■--------AG \Z Pre-mRNA

U l snRNP I SRproteins

U2AF

U2 snRNP 

U2
iATP

U4/U6.U5
tri-snRNP jATP

U4/U6

jATP

J Commitment complex E

1 Pre-splicing complex A

Early splicing complex B

Late splicing complex C

Post-splicing complex

Figure 1.3 The spliceosome assembly pathway (adapted from Kramer, 1996)
See text for details

The first step in the pathw ay is the association of U l snRNP w ith the 5'ss 
(mediated by base-pairing of the 5'-end of U l snRNA with the 5'ss sequence) and 
binding of the 35Kd and 65Kd subunits of U2AF (a non-snRNP splicing factor) to 
the polypyrim idine tract (PPT). A stable complex called the commitment complex
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(E complex) is formed. Formation of the commitment complex is dependent on 
the 5'ss and the branch point, but does not require ATP. U2AF is essential for the 
b ind ing  of U2 snRNP to the branchpoint sequence (BPS) w hich results in 
form ation of the A complex. This association is m ediated by base-pairing of an 
internal region of U2 snRNA w ith the BPS and, like all subsequent steps of the 
assembly process, requires ATP. The branch point adenosine does not base-pair 
w ith U2 snRNA and is bulged out from the helix form ed by base-pairing of 
adjacent nucleotides w ith  U2 snRNA. It is thought that this p resen ts the 
adenosine as the nucleophile required for the first step of the splicing reaction. 
Assembly of the A complex is dependent on the PPT and a functional 3'ss. The 
5'ss is not required.

The U4, U5, and U6 snRNPs join the spliceosome as a tri-snRNP complex 
to form complex B. An extensive base-pairing interaction between the U4 and U6 
snRNAs is disrupted during a conformational rearrangem ent of the spliceosome 
that converts it into the catalytically active complex C. In this complex U6 snRNA 
forms contacts in the 5'-region of U2 snRNA and w ith the 5'ss sequence. U2 
makes an additional contact w ith the first nucleotide of the second exon. Thus, it 
is thought that U2 and U6 snRNAs position the 5'ss and BP sequences adjacent to 
each other prior to catalysis. The interaction of U6 snRNA w ith the 5'ss is also 
im portant because it means that the 5'ss is recognised twice; once by U l snRNA 
and once by U6 snRNA, enhancing the fidelity of 5'ss selection.

After the first cleavage reaction the 3' splice site sequence m ust be re
aligned relative to the 5'ss sequence to allow the second cleavage reaction to 
occur. A non-W atson Crick interaction between the invariant G nucleotides at 
the 5'- and 3'-ends of the intron is required for the second step of catalysis. It is 
proposed that U5 snRNP could prom ote this interaction and align the splice sites. 
U5 snRNA contacts the last nucleotide of the 5' exon before the first cleavage 
reaction. This in teraction persists th rough  both  steps of splicing and an 
interaction w ith the first nucleotide of the 3' exon is formed after the first step. 
A lternatively, U5 snRNA may m erely function to hold the 5' exon in the 
spliceosome after the first cleavage step. Following or during the second cleavage 
reaction U5 snRNA dissociates from the exon sequences and contacts nucleotides 
in the excised intron lariat. After catalysis the spliced mRNA is released from the 
spliceosome as a low molecular weight complex. The intron rem ains associated 
w ith  U2, U5, and U6 snRNAs w hich are subsequently rem oved in an active 
process followed by degradation of the intron.

Thus, U2, U5 and U6 snRNAs are essential to the catalytic core of the 
spliceosome. The exact point at which U l snRNP leaves the spliceosome is not 
known, but it may be displaced by the interaction of U6 snRNA with the 5'ss. The 
proteins which form part of the spliceosome are not thought to be directly 
involved in catalysis.
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This discussion is p rim arily  concerned w ith  alternative  pre-m RN A  
splicing which is principally regulated during the early stages of spliceosome 
assembly. These early stages are discussed in more detail below.

E complex

The stage in spliceosome assembly during which the 5' and 3' splice sites 
are first recognised is critical to splice site choice and is therefore a target step for 
the regulation of alternative splice site choice. The earliest complex in which 
recognition of the 5'ss and 3'ss sequences has been show n to occur is the E 
complex. This was first identified by Reed (1990). Complexes form ed on pre- 
mRNA in HeLa cell nuclear extract in the absence of ATP were com pared with 
complexes form ed under sim ilar conditions on RNA lacking splice sites. A 
complex unique to pre-mRNA (termed the early, or E complex) was show n to be 
en riched  in U l snRNA. Subsequent w ork  (M ichaud and Reed, 1991) 
dem onstrated that the pre-mRNA in this complex could be chased into spliced 
products on the addition of splicing extract and excess competitor RNA. Thus, the 
pre-form ed complex was stable to excess competitor RNA and contained pre- 
mRNA that was committed to the splicing pathway. Another group (Jamison et 
al 1992) also identified a complex with splicing commitment activity.

The sequence requirem ents for form ation of the com m itm ent activity 
were examined by both Michaud and Reed and Jamison et al. The comm itm ent 
complex isolated by Jamison et al (1992) required both the 5' and 3' splice sites as 
well as the polypyrim idine tract (PPT). Michaud and Reed (1993) show ed that a 
complex sim ilar to E complex was present on RNA containing the 5'ss and 
surrounding  sequence. The 5'ss sequence was necessary bu t not sufficient for 
form ation of this E-like complex. A complex sim ilar to E complex w as also 
purified on RNA containing the 3'ss and surrounding sequence. The PPT was 
necessary for assem bly of this complex. Given the sim ilarity  in sequence 
requirem ents and properties of the commitment complex identified by Michaud 
and Reed (1991) and Jamison et al (1992) it was proposed that these commitment 
complexes are identical.

Bennett et al (1992) investigated the protein composition of the E complex. 
They affinity purified complexes isolated by gel filtration then analysed the 
protein composition of these complexes on 2D gels. The E complex was shown to 
contain the U l snRNP-specific proteins U l 70K and U1A as well as two snRNP 
core proteins B and B'. The complex also contained the non-snRN P protein  
U2AF and five other spliceosom e associated p ro teins (SAPs). The E-like 
complexes formed on RNA containing a 5'ss or a 3'ss were dem onstrated to be 
enriched in U l snRNP and U2AF, respectively (Michaud and Reed, 1993). It was 
known that U l snRNP binds to the 5'ss (Mount et al, 1983) and that U2AF binds
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to the 3'ss (Zamore and Green, 1989), so it was proposed that E complex contains 
U l snRNP bound to the 5'ss and U2AF bound to the 3'ss (Michaud and Reed,
1993).

U2AF w as first iden tified  (Ruskin et al, 1988) as a com ponent of 
micrococcal nuclease-treated HeLa cell nuclear extract that was required for the 
b inding of U2 snRNP to the branch point sequence (BPS). O ther experim ents 
dem onstrated that U2AF bound to the pre-mRNA before U2 snRNP and that the 
PPT and 3'ss are required for this binding. U2AF was shown to have high affinity 
for poly(U) sequences (Zamore and Green, 1989), so this binding specificity was 
exploited in order to deplete HeLa cell nuclear extract of U2AF activity. These 
nuclear extracts were then inactive for splicing and pre-spliceosome formation. 
A ddition of purified U2AF to these extracts restored their ability to splice and 
form prespliceosomes (Zamore and Green, 1991). The sole involvem ent of U2AF 
in this reconstitution activity was later confirm ed w ith  recom binant U2AF 
(Zamore et al, 1992).

Michaud and Reed (1993) showed that E complex assembly occurred more 
efficiently on RNA that had both splice sites intact. Thus, a functional interaction 
betw een the two sites appears to occur during form ation of E complex. W here 
alternative 5' a n d /o r  3' splice sites exist, regulation of alternative splice site 
choice is expected to occur at or before this stage of spliceosome assembly. It was 
proposed that the interaction between 5'ss and 3'ss sequences in E complex could 
be m ediated by a direct or indirect interaction between U l snRNP bound at the 
5'ss and U2AF bound at the PPT. An indirect interaction could be m ediated by 
one of the SAPs shown to be present in E complex (Bennett et al, 1992). Evidence 
that an indirect interaction occurs between U l snRNP and U2AF came from an 
observation that a protein known as SC35 was required for interaction of U l 
snRNP w ith the 3' splice site (Fu and M aniatis, 1992). SC35 is a m em ber of a 
growing family of highly conserved proteins known as SR proteins.

SR proteins

There are currently nine m embers of the hum an SR protein family that 
have been cloned and sequenced (Table 1.1). The first SR protein to be identified 
was SF2/ASF. It was purified independently by two groups based on its ability to 
complement SI00 extracts (a post nuclear cytoplasmic extract) for splicing activity 
(Krainer et al, 1990, 1991) and to change the relative use of two alternative 5' 
splice sites in SV40 pre-mRNA (Ge et al 1990, 1991). Subsequently, SC35 was 
identified by a monoclonal antibody raised against purified spliceosomes and was 
dem onstrated to be required for splicing and spliceosome assembly in vitro (Fu 
and Maniatis 1990). The sequences of the two proteins revealed extensive regions 
of homology between them (Krainer et al, 1991; Ge et al, 1991). Further, studies in
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Table 1.1 Human SR proteins

Name Referenced) in which protein cloned Comment

SRp20 Zahler et al (1992) Identical to mouse X16 (Ayane et al, 1991). Originally identified 
by mAbl04 after two-step salt precipitation procedure (Zahler et 
al 1992). Cloned using probes based on peptide sequence.

SRp30a/SF2/ ASF Krainer et al (1991) 
Ge et al (1991)

Purified as a factor that reconstitutes S100 extracts for splicing 
ativity (Krainer et al, 1991) and as a factor that alters relative 5' splice 
use in SV40 pre-mRNA (Ge et al, 1991). Cloned using probes based on 
peptide sequence.

SRp30b/SC35 Fu and Maniatis (1992) Identified by a monoclonal antibody raised against partially 
purified spliceosomes. Cloned using probes based on peptide sequence 
Identical to chicken PR264 clone.

SRp30c Screaton et al (1995) Obtained after screening of a cDNA library with a probe containing 
conserved sequences from previously characterised SR proteins.

SRp40 Screaton et al (1995) Originally identified using same procedure as SRp20 (Zahler et al, 1992) then cloned 
in same screen as SRp30c.

SRp55 Screaton et al (1995) Originally identified using same procedure as SRp20 (Zahler et al, 1992) then cloned 
in same screen as SRp30c. Homologous to drosophila B52 (dSRp55).

SRp75 Zahler et al (1993) Originally identified using same procedure as SRp20 (Zahler et al, 1992) then cloned using 
probes based on peptide sequence.

9G8 Cavaloc et al (1994) Recognised by a monoclonal antibody that inhibited splicing in vitro.

p54 Chaudhary et al (1991) Originally isolated after screening an expression library with anti-lamin B antibodies.



vitro  show ed that SC35 w as functionally  in terchangeable w ith  the S100 
com plem enting and alternative splice site switching activites of ASF/SF2 (Fu et 
al 1992). SF2/ASF and SC35 were show n to be members of a highly conserved 
family of proteins now known as SR proteins (Zahler et al, 1992). Six SR proteins 
w ere purified  using a sim ple tw o-step salt p recip ita tion  p rocedure  (w ith 
am m onium  sulphate, then m agnesium  chloride, Zahler et al, 1992). The proteins 
w ere visualised during  purification w ith  a m onoclonal antibody (m Abl04) 
previously  show n to interact w ith transcriptionally  active sites in X enopus  
lam pbrush  and Drosophila  polytene chrom osom es (Roth et al 1991). Partial 
amino acid sequence revealed that the proteins were all highly related and that 
two w ere identical to ASF/SF2 and SC35 (designated SRp30a and SRp30b, 
respectively, by Zahler et al, 1992). The rem aining proteins were visible as bands 
running at 20, 40, 55 and 75Kd and were named SRp20, SRp40, SRp55 and SRp75 
respectively. The conservation of SR protein activity throughout evolution was 
dem onstrated w hen the Drosophila hom ologue of hum an SRp55 (dSRp55) was 
tested for its ability to function in the S100 com plem entation and alternative 
splice site switching assays of Krainer et al (1990a, 1990b) and Ge et al (1990). The 
dSRp55 protein had activity indistinguishable from ASF/SF2 (Mayeda et al, 1992).

The SR proteins share a common dom ain structure. The N -term inus 
contains sequences w ith  strong hom ology to the 80 am ino acid RNP-type 
recognition m otif (RRM). This motif is present in m any know n RNA binding 
proteins. Typically, it has an 80 amino acid region containing tw o internal 
consensus elements RNP-1 and RNP-2 which are eight and six nucleotides long, 
respectively. Zahler et al (1992) also noted that hum an SRp30a (ASF/SF2), SRp40, 
SRp55 and SRp75 contained a repeat of the RRM motif. The sequence of this 
repeat is not as highly conserved as that of the N term inal dom ain (RRM 
homology, or RRMH). At the C-terminal end of each protein, several clusters of 
alternating arginine (R) and serine (S) residues comprise an RS dom ain. This 
region was noted to have homology to genetically identified splicing regulators in 
Drosophila and to a phylogenetically conserved region of the U l 70K protein 
(Krainer et al 1991; Ge et al 1991).

The activity of the ind iv idual p ro teins purified  after the tw o-step 
purification  of SR proteins w as tested  by Zahler et al (1992) in the S100 
complem entation assay (Krainer et al, 1990, 1991). They were all shown to restore 
splicing activity. It was concluded that there were several defining criteria for SR 
proteins:

1) recognition by mAbl04;
2) copurification using a two-step salt precipitation procedure;
3) the presence of at least one N terminal RRM domain and a C
term inal RS domain;
4) complementation of S100 extract for splicing activity.
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Since the initial identification of a family of SR proteins, several more 
have been discovered. Details of these are given in table 1.1 and their dom ain 
structure is shown in figure 1.4.

RRM RRMH RS

SRp75 —

SRp55 W ////////////A

SRp40

SRP30a ^ -----1^3ASF/SF2 -------

SRp30c

p54 H — vmmm
9G8

SRp30b
SC35

SRp20  1 3

Figure 1.4 Domain structure of hum an SR proteins 
RRM domain shown as black box, RRMH domain as open oval, RS domain as shaded box. Other 

sequence shown as thin line. Further details in text.

SR proteins and the early stages of spliceosome assembly

W u and Maniatis (1993) noted that the RS dom ain present in SR proteins 
was also present in the U l 70K protein specific to U l snRNP and in both subunits 
of the U2AF protein. They proposed that the functional interaction show n to 
occur betw een the 5' and 3' splice site sequences during E complex assembly 
(Michaud and Reed, 1993) could be mediated by interaction of the RS dom ain of 
SR proteins with the RS dom ain of U l 70K as part of U l snRNP bound to the 5'ss, 
and w ith one, or both of the RS dom ains of U2AF bound to the PPT. Using the 
yeast two-hybrid assay they dem onstrated that SC35 and SF2/ASF can interact 
sim ultaneously with U l 70K and U2AF35 proteins and that U2AF35 can interact 
s im u ltan eo u sly  w ith  U2AF65 and SC35 or SF2. The specificity of these 
interactions was also dem onstrated because U2AF65 did not interact w ith U l 70K 
or w ith  SC35 or SF2/ASF bu t did interact strongly w ith  U2AF35 (Wu and 
M aniatis 1993; Zhang et al, 1992). A model for 5' and 3' splice site pairing was 
proposed:
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Figure 1.5 Model for 5' and 3' splice site pairing in E complex

The model proposed by Wu and Maniatis (1993) predicts that E complex 
assem bly will be stim ulated by SR proteins under conditions in w hich SR 
proteins are limiting. The effect of SR proteins on E complex form ation was 
examined by Staknis and Reed (1994). Addition of recombinant SC35 to nuclear 
extracts significantly enhanced the formation of E complex. This stim ulation was 
dependent on the presence of functional splice sites. Recom binant SC35 also 
enhanced the form ation of complexes sim ilar to E complex form ed on RNA 
containing only a 5' or 3' splice site and surrounding sequence. This observation 
was interesting because it suggests that SR proteins m ay be able to recruit U l 
snRNP and U2AF to the 5'ss and 3'ss respectively, and act as b ridg ing  
components between the 5' and 3' splice sites.

The conclusion that SR proteins are part of the E complex prom pted  
Staknis and Reed (1994) to investigate why these proteins had not been purified 
as com ponents of this complex before (Michaud and Reed 1993). The original 
protocol involved a tw o-step purification  procedure  in w hich com plexes 
assembled on biotinylated pre-mRNA were isolated by gel filtration followed by 
avidin affinity chromatography. E complex was known to be functional after gel 
filtration (Michaud and Reed, 1991) so it was proposed that SR proteins were still 
associated w ith the complex at this stage, bu t dissociated during  the affinity 
purification step. Staknis and Reed (1994) modified the purification procedure by 
UV-crosslinking the complex after purification by gel filtration. The affinity 
purification step was missed out because it was found that this step led to heavy 
contamination of E complex by H complex; the latter complex is affinity purified 
m uch more efficiently. Use of this modified procedure showed that SR proteins 
can be crosslinked to the pre-m RNA in E complex and that this signal is 
dependent on functional 5' and 3' splice site sequences. A slight alteration to the 
m odel of Wu and M aniatis (1993) for the protein-RNA and pro tein-pro tein  
interactions involved in splice site pairing was proposed (figure 1.6).
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Figure 1.6 Modified model for 5' and 3' splice site pairing in E complex (Staknis
and Reed, 1994)

Recent work has shown that U2 snRNP is also associated w ith E complex 
(Hong et al, 1997). Antibodies specific to protein components of U2 snRNP were 
able to efficiently im m unoprecipitate E complex. The association of U2 snRNP 
how ever, is th o u g h t to be w eak because E com plex cou ld  no t be 
im m unoprecipitated by a U2 snRNP component-specific antibody in high salt. 
The functional relevance of U2 snRNP in E complex is yet to be understood.

Recruitment of U l snRNP to the 5’ss by SR proteins

M ammalian 5'ss sequences are very diverse in sequence (Mount, 1982). It 
has been estimated that a candidate 5'ss would be found approxim ately every 100 
nucleotides in a random  RNA sequence (Eperon et al, 1993). Because m am m alian 
introns can be as long as 200Kb (Bernards et al, 1987) and on average are -1Kb in 
length (Hawkins, 1988; Traut, 1988) the selection of a 5'ss m ust be dependent on 
more than the degree to which the sequence of the site m atches the consensus 
sequence. The demonstration that SR proteins prom ote specific recognition of the 
5'ss sequence by U l snRNP (Staknis and Reed, 1994) provides a basis for an 
explanation of 5'ss selection. The dom ain structure of SR proteins is highly 
suggestive of a role for these proteins in recruitm ent of U l snRNP to the 5'ss. 
Their RRM dom ain could recognise specific splicing signals in RNA; either the 
5'ss sequence itself or sequences nearby, and their RS dom ain could be involved 
in an interaction w ith the U l 70K protein specific to U l snRNP. Consistent w ith 
this proposal, both the RRM and RS domains of ASF/SF2 have been show n to be 
required for the activity of this protein in constitutive splicing (Caceres and 
Krainer, 1993; Zuo and Manley, 1993).

Fu (1993) dem onstrated that a single SR protein was sufficient to commit 
pre-mRNA to the splicing pathway. This work suggested that SR proteins could 
function in the earliest stages of spliceosome assembly by recruiting components 
of E complex to the pre-mRNA. Evidence that SR proteins are able to recruit U l 
snRNP to the 5'ss has now come from several studies. SF2/ASF has been shown
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to stabilise the interaction of U l snRNP at 5' splice sites (Eperon et al, 1993). 
Crosslinking of U l snRNP to two alternative 5' splice sites was show n to be 
dependent on the presence of SR proteins (Zahler and Roth 1995). Kohtz et al 
(1994) have reported that ASF/SF2 and purified U l snRNP were involved in a 
cooperative in teraction  in b ind ing  RNA contain ing  an in tact 5'ss. This 
cooperation was dependent on the RS dom ain of both the U l 70K protein  and 
SF2/ASF and on the addition of SF2/ASF to the pre-mRNA before the addition 
of U l snRNP. Subsequent experim ents exam ined the sequence and protein  
requirem ents for the form ation of this ternary complex (Jamison et al, 1995). It 
was established that a 26 nucleotide RNA spanning a consensus 5'ss sequence was 
sufficient and that either one of the RRM dom ains w ith in  ASF/SF2 were 
required.

The ability of SR proteins to recruit U l snRNP to the 5'ss suggests that they 
are able to bind specifically to the 5'ss or to sequences nearby. The identity of a 
selected splice site would then be dependent on the affinity of the SR protein for 
sequences at or near the 5' splice site and the extent to which the 5'ss sequence 
m atched the consensus sequence. Consistent w ith this, ASF/SF2 was show n to 
have specific affinity for the 5'ss sequence of two different pre-mRNAs (Zuo and 
M anley, 1994). RNA sequences w ith high affinity to SC35 and ASF/SF2 were 
identified in vitro using a repetitive selection procedure (Tacke and M anley, 
1995). Both proteins selected RNA sequences rich in purine residues. This was 
consistent w ith  SR proteins being able to bind specifically to 5'ss sequences 
because these sequences are themselves purine-rich (the consensus 5'ss sequence 
consists of 7 purine residues out of 9). In fact, one of the two consensus sequences 
selected by SC35 contained a 7 out of 9 match to the consensus 5'ss sequence. 
Com m itm ent of HIV tat pre-mRNA to splicing by ASF/SF2 (Fu 1993) could be 
explained by the presence of several RNA sequence motifs that closely resemble 
the consensus ASF/SF2 sequence selected by Tacke and Manley (1995).

However, not all the evidence is consistent w ith SR proteins b inding to 
high affinity sites at or near the 5'ss and prom oting the binding of U l snRNP to 
the 5'ss sequence. (3-globin pre-mRNA which was committed to splicing by SC35 
(Fu 1993) does not contain any obvious matches to the sequence w ith  high 
affinity for SC35 identified by Tacke and Manley (1995). Further, in an example of 
alternative 5'ss selection in which upstream  5'ss use is prom oted by SRp40 and 
dow nstream  5'ss use is prom oted  by SRp30b, 50 nucleotides of sequence 
containing each 5'ss sequence has been show n not to be involved in the 
differential selection (Zahler and Roth, 1995).

No detectable complex is formed between SF2/ASF and the 26 nucleotide 
RNA spanning a 5'ss sequence prior to formation of the stable ternary complex 
after addition of U l snRNP (Jamison et al, 1995). It was concluded that SF2/ASF 
can stabilise the interaction of U l snRNP w ith the 5'ss and that U l snRNP can
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stabilise the interaction of ASF/SF2 w ith the RNA (Jamison et al, 1995). Thus, 
there m ay be no requirem ent for SR proteins to bind specifically to RNA at or 
near the 5'ss. Indeed, the cooperative interaction betw een U l snRNP and 
SF2/ASF in RNA binding suggests that U l snRNP acts to recruit SR proteins to 
the pre-m RNA. This is consistent w ith  experim ents show ing th a t a high 
concentration of SR proteins can substitute for the function of U l snRNP in 
splicing (Tam and Steitz, 1994; Crispino et al, 1994). It has been proposed that for 
weak 5'ss sequences, high affinity SR protein binding sites are required in order to 
increase the local concentration of SR proteins for recruitm ent of U l snRNP. For 
strong 5'ss sequences, U l snRNP binding to the 5'ss is less dependent on SR 
proteins, bu t U l snRNP then acts acts to recruit SR proteins which are required 
for the subsequent interaction with U2AF during E complex assembly (Jamison et 
al, 1995).

Recently, approxim ately 35 more proteins related to the SR family have 
been discovered (Blencowe et al, 1996). These proteins, in com m on w ith  the 
know n SR proteins, are selectively precipitated  in m agnesium  chloride and 
rem ain soluble after m agnesium  precipitation in high salt. M any are recognised 
by  th ree  d iffe ren t m onoclonal an tibod ies w hich  react w ith  d is tin c t 
phosphoepitopes on the known SR proteins. The identity of m any of these SR- 
related proteins is not yet known, although two have been show n to be nuclear 
m atrix antigens. The existence of so m any SR family members implies that their 
role m ay extend beyond one in the early stages of spliceosom e assem bly. 
Consistent w ith this, distinct subsets of SR-related proteins were dem onstrated to 
rem ain bound to intron and to exon sequences following the second step of the 
splicing reaction.

Exon definition

Robberson et al (1990) compared the ability of different RNAs to assemble 
specific complexes in HeLa cell nuclear extract. They found that RNA containing 
3' intron sequence adjacent to a downstream  exon complete w ith 5'ss sequence 
assem bled complexes m uch more efficiently than similar RNA lacking the 5'ss 
sequence. It was proposed that factors bound to the 5' and 3' splice sites could 
in teract across the exon. The functional significance of the 5 'ss-dependent 
stim ulation of complex assem bly on RNA containing an upstream  3'ss was 
dem onstrated w hen it was show n that the splicing efficiency of pre-m RNA 
containing two exons separated by an intron (single in tron pre-m RNA) was 
stim ulated if the dow nstream  exon also contained a 5'ss sequence. Subsequent 
experim ents using pre-mRNA containing three exons separated by two introns 
(double in tron  pre-m RNA) also dem onstra ted  th a t m utations in  the 5'ss
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sequence of the second intron could inhibit splicing of the first exon to the second 
exon (Talerico and Berget 1990).

Single intron pre-mRNA

intron 2intron 1
Double intron pre-mRNA

It was proposed that the splicing machinery searches downstream  for a 5'ss after 
recognition of the 3'ss. Interactions between factors bound to the 5' and 3' splice 
sites then define the exon. Subsequent interactions between the 5' and 3' splice 
sites across introns m ust then occur before catalysis. Thus, exons rather than 
introns are the intial recognition units for assembly of the spliceosome.

Robberson et al (1990) noted that several features of splicing are consistent 
w ith the exon definition m odel for splice site selection. The model predicts that 5' 
and 3' splice site sequences will be found close together. Consistent w ith this, the 
length of nearly all exons is limited to 300 nucleotides. Further, the results of an 
analysis of phenotypes of know n m utations of vertebrate  5'ss sequences 
term inating internal exons revealed that skippng of the upstream  exon usually 
occurs. This is expected if exons m ust be defined before efficient spliceosome 
assembly can occur.

Further evidence for interactions across exons between com ponents bound 
to 5' and 3' splice sites came from studies of preprotachykinin pre-mRNA. The 3' 
splice site of exon 4 is inherently  unreactive. It was show n, how ever, that 
removal of the intron upstream  of exon 4 occurred when the 5' splice site of exon 
4 was m utated to im prove its com plem entarity to the 5'-end of U l snRNA or 
w hen the 5'ss of exon 5 was brought into proximity w ith the exon 4 3' ss by the 
rem oval of the intron separating exons 4 and 5 (Nasim et al, 1990). The exact 
nature of the preprotachykinin exon 4-spanning interactions were investigated by 
H offm an and Grabowski (1992). They observed that crosslinking of the 65Kd 
subunit of U2AF to the polypyrimidine tract upstream  of exon 4 was enhanced by 
m utations in the exon 4 5'ss sequence that im proved its m atch to the consensus 
sequence. This crosslinking was also dependent on the 5' end of U l snRNA and 
U l snRNP. A complementation assay dem onstrated that purified U l snRNP and 
U2AF was not sufficient for U l snRNP-facilitated binding of U2AF to the PPT. 
This activity was, however, restored by the addition of micrococcal nuclease- 
treated extracts deficient in U l snRNP and U2AF to these components.

The w ork on preprotachykinin provides evidence for interactions across 
exons bu t argues against the involvement of a 5' to 3' scanning mechanism in 5' 
splice site definition. The requirem ent that the intron separating exons 4 and 5 
m ust be spliced before removal of the intron separating exons 3 and 4 can occur 
clearly shows that the 5'ss of exon 4 is functional before the 3'ss of exon 4. It is
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difficult to see how  an undefined 3'ss could direct the identification of a 
downstream  5'ss. Instead interactions across the exon, at least in this pre-mRNA, 
seem to be required for definition of the upstream  3'ss.

The involvement of U l snRNP and U2AF in exon definition suggests that 
the interactions proposed to occur across introns w ithin E complex (Wu and 
Manitais, 1993) could also be responsible for the interaction of 5' and 3' splice sites 
across exons. Thus an involvem ent of SR proteins in these in teractions is 
pred icted  (figure 1.7). Direct biochemical evidence for such in teractions is 
currently lacking.

Commitment Exon definition

SR

70K.Ul
PPT

5'ss 3'ss 5'ss

Figure 1.7 Early recognition of splice sites

Exon definition is likely to be most im portant in the selection of weak 
splice sites. These are often associated w ith regulated exons. Binding of U l snRNP 
or U2AF to a weak 5'ss or PPT, respectively, will be enhanced if they are 
constrained to the vicinity of the weak site by interaction (via an SR protein(s), 
figure 1.7) w ith U2AF or U l snRNP, respectively, bound to a splice site nearby. In 
a num ber of cases, splicing to weak 3' splice sites (these tend to have short 
polypyrim idine tracts a n d /o r  branchpoint sequences which do not m atch the 
consensus sequence very well) has been shown to be dependent on the presence 
of a splicing signal located in the adjacent exon known as an exon splicing 
enhancer (ESE). Here, it appears that the exon-bridging interactions are not 
required because SR proteins are able to bind directly to the ESE and stimulate 
interaction of U2AF with the PPT. ESEs are dicussed in detail later on.

The 5'-end of RNA polym erase II transcripts all contain a m onom ethyl 
guanosine cap. This is recognised by a nuclear cap-binding com plex (CBC) 
comprising two cap binding proteins (CBP), CBP80 and CBP20 (Izaurralde et al,
1994). The exon defin ition  m odel p red ic ts tha t the 5 '-term inal exon of 
m am m alian pre-mRNAs is defined via exon-bridging interactions involving U l 
snRNP bound  at the 5'ss sequence and a com ponent(s) bound  upstream . 
Evidence that this upstream  component could involve CBC first came w hen the 
splicing efficiency of an adenoviral pre-mRNA was show n to be reduced in 
extracts imm unodepleted of CBC (Izaurralde et al, 1994). Subsequent experiments 
using a single-intron pre-m RNA dem onstrated  that CBC was requ ired  for 
efficient recognition of the 5' splice site by U l snRNP during  E complex
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formation. In contrast, CBC was not required for splicing of the cap distal intron 
of a double-intron pre-mRNA (Lewis et al, 1996).

Details of the mechanism by which CBC affects recognition of the 5'ss by 
U l snRNP are not known. Readdition of CBC, or addition of excess SR proteins to 
CBC-depleted extracts w as dem onstra ted  to stim ulate the U l snRNP-5'ss 
interaction. However, neither CBP80 or CBP20 contain an RS dom ain, and in a 
highly purified reconstituted system, addition of SR proteins had no effect on the 
dependence of the U l snRNP-5'ss interaction on CBC. This argues against a role 
for SR proteins in m ediating the effect of CBC on U l snRNP. Involvem ent of 
hnRNP F has recently been proposed based on the observation that this protein 
can in teract w ith  CBC20 and CBC80 in vitro, and tha t hnRN P F binds 
preferentially to CBC-RNA complexes over naked RNA (Gamberi et al, 1997).

Little is known about the interactions that define 3'-terminal exons.
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Alternative pre-mRNA splicing

Changes in splicing pattern can occur in tissue-specific or developmentally 
regulated fashion. Alternative splicing is, therefore, recognised as an im portant 
mechanism  involved in the regulation of gene expression. Unlike regulation at 
the transcriptional level, this mechanism allows changes in expression which can 
add functional diversity to the product of a single gene. Gene rearrangem ent also 
generates protein  diversity from single genes, but at the cost of perm anent 
changes to the cell's genetic content. Consequently, this process is only observed 
in cells w hich are com m itted to term inal differentiation. Examples are the 
production of antibodies and T cell receptors. Com binatorial rearrangem ent of 
exons (V exons, D exons, and J exons) has the potential to generate vast numbers 
of antibodies or receptors, respectively. Alternative splicing represents an efficient 
w ay of using genomic inform ation w ithout the need for changes in genetic 
content. The alternative transcripts produced often differ in coding capacity and 
give rise to proteins w ith subtly or extremely altered properties. Some of the 
modes and consequences of alternative splicing are shown in figure 1.8 and table 
1.2, respectively.
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Effect Gene Comments

Protein localisation Imm unoglobulin p heavy  

chain gene

Alternative 3' exons. M l and M2 exons code for hydrophobic membrane-binding segment. These are used 

in early B lymphocytes (membrane bound immunoglobulin p, Igpm). After antigen stimulation, S exon used 

and Igp secreted (Igps). The alternative terminal exon use is regulated by polyadenylation. The M2 exon 

poly (A) signal is stronger than the S exon poly (A) signal because it has a more extensive GU/U-rich 

region which is bound with higher affinity by the CstF polyadenylation factor. In early B cells the 

level of CstF is limiting and only the GU/U-rich region of the M2 exon poly (A) site is bound by CstF. 

Consequently only the M2 poly (A) site is used. On B cell maturation, the level of Cst F increases and the 

GU/U-rich region of the S exon poly (A) site also becomes bound by CstF. Use of the S exon poly (A) site is 

then favoured (Reviewed in Proudfoot, 1996).

D isruption of protein  

activity

D r o s p o p h i l a  P elem ent 

transposase

Alternative intron retention. See below.

Subtle changes in protein 

function

Pyruvate kinase Mutually exclusive exons. M l isoform found in muscle and has Michaelis-Menten kinetics with 

phosphoenolpyruvate (PEP) substrate. M2 isoform is allosterically regulated by PEP, ATP, alanine, 

fructose-1, 6-biphosphate.

Change in activity of 

protein

Calcitonin (CT)/calcitonin  

gene related peptide (CGRP) 

gene

Alternative splicing and poly(A) site use. In thyroid C cells exon 4 used. Contains CT coding sequence and 

poly(A) site. In certain neural cells exon 4 skipped. Exons 5 and 6 contain CGRP coding sequence and 

poly(A) site. CT functions as an inhibitor of bone resorption to decrease circulating levels of calcium and 

phosphate. CGRP functions in the peripheral and central nervous sytems as a neurotransmitter.

mRNA stability Colony stimulating factor-1 

(CSF-1) gene

Alternative 3' UTRs, one has AUUUA motif associated with rapidly turning over mRNAs. Suggests that 

RNA stability may be regulated by alternative splicing

Table 1.2 Functional consequences of alternative splicing (reviewed in Smith et al, 1989)



tatron retention

Exon skipping

Alternative 5' splice sites

Alternative 3' splice sites

TATA

TATA

Mutually exclusive

Alternative promoters

polyA

polyA
Alternative polyadenylation sites

Figure 1.8 Modes of alternative splicing 
Exons are represented as boxes, introns as horizontal lines. Splicing pathways are shown by 

the diagonal lines. Constitutive exons are shown in black, alternative exons are shaded.

Modes and mechanisms of alternative splicing

It can be predicted that a major step in the spliceosome assembly pathw ay 
which will be targetted in the regulation of alternative splicing is the formation 
of the E complex. It is at this stage that splice site pairing is first thought to occur. 
As discussed above, there are a num ber of protein-protein, protein-RNA, and 
RNA-RNA interactions that are required for the form ation of this complex. 
There are potentially  several ways in w hich these in teractions could be 
p reven ted , reduced or enhanced in d ifferent cell types or at d ifferent 
developmental stages. These are likely to include changes in the concentration or 
activity of the constitutive factors comprising E complex (U1 snRNP, U2AF, SR 
proteins) or the use of specific factors in a particular cell type(s) or at a certain
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developm ental stage to either enhance or inhibit these interactions. The simplest 
m echanism s for regulation could involve either specific activation or specific 
inhib ition  of splice site pa iring  in a particu lar cell type or at a certain 
developm ental stage. M ore com plex m echanism s w ould  involve specific 
activation of pairing in one cell type/developm ental stage and specific inhibition 
in another, or vice versa.

A change in the actual concentration of U1 snRNP or U2AF w ould have 
effects on the expression of many genes unless this can be regulated so that there 
is a change in the local concentration of these factors. In the absence of local 
variations in concentration it is expected that the ability of these com ponents to 
form protein-protein, protein-RNA, or RNA-RNA interactions will be disrupted 
in a specific way for specific pre-mRNAs. A change in the concentration of 
individual mem bers of the SR protein family is likely to be involved in the 
regulated expression of at least some genes. SF2/ASF and SC35 have been shown 
to have similar, but distinct binding specificities (Tacke and Manley, 1995) and to 
have functional specificities for different pre-mRNAs in a splicing comm itm ent 
assay (Fu, 1993). Therefore, pairing of splice sites in different pre-mRNAs is likely 
to involve different SR proteins. Thus, a change in the concentration of one SR 
protein is expected to have an effect on pairing of some, bu t not all splice sites 
(figure 1.9).

Pre-mRNA 1

U1

SRI

SR2

2A]

Pre-mRNA 2

U1

SR3

r2A:

Figure 1.9 Specificity of SR protein function in bridging interactions 
A change in the concentration of SR3 would disrupt splice site pairing of pre-mRNA 2, 

but would have no effect on pairing of pre-mRNA 1. The bridging interaction between 

U1 and U2AF is shown here to involve two SR proteins. The number of SR proteins 

involved in the bridging interaction has not been established.

Consistent w ith this idea, the level of individual SR proteins has been 
dem onstrated to vary in different cell types (Zahler et al, 1993) and at different 
developm ental stages (Screaton et al, 1995). Such a mechanism is predicted to be 
involved  in the regu la tion  of exon sk ipp ing  or in tron  re ten tio n  in a 
developm ental stage- or tissue-specific m anner. In vivo, changes in the level of 
individual SR proteins during T cell activation have been show n to correlate 
w ith changes in the expression patterns of CD44 and CD45 pre-mRNAs involving
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skipping or inclusion of exons (Screaton et al, 1995). Further, expression of 
SF2/ASF in HeLa cells prom oted inclusion of clathrin light chain B neuron- 
specific exon and prevented abnorm al skipping ot two m utually exclusive p -  
tropomyosin exons (Caceres et al, 1994).

The activity of constitutive components of E complex could, in theory, be 
altered in a variety of ways. For example, alternatively spliced isoforms of some 
of the SR proteins have been reported (Zuo and Manley, 1993; Screaton et al,
1995). Two additional isoforms of SF2/ASF (ASF-2 and ASF-3) both lack the RS 
dom ain (Zuo and Manley, 1993). These isoforms could compete w ith SF2/ASF for 
binding to similar RNA sequences. The absence of an RS dom ain suggests that 
they w ould not be able make several of the protein-protein interactions m ade by 
the full length isoform and could, therefore, inhibit its function. Consistent with 
this, both isoforms were inactive in splicing (Zuo and Manley, 1993).

SR proteins are phosphorylated at residues in the RS domain. Splicing of 
hum an p-globin pre-mRNA was progressively inhibited by increasing am ounts 
of a kinase specific for SR proteins in vitro (Gui et al, 1994). It was proposed that 
phosphorylation of these proteins had occurred and that their dephosphorylation 
is required for splicing. Phosphatases have been shown to be required for splicing 
bu t not for spliceosome assembly (M ermoud et al, 1992). Subsequent studies 
dem onstrated that treatm ent of splicing extracts w ith a phosphatase prevented E 
complex assembly and that this inhibition could be relieved by the addition of SR 
proteins (M ermoud et al, 1994). Thus, phosphorylation of SR proteins m ay be 
required for spliceosome assembly. Dephosphorylation is then necessary before 
catalysis can occur.

Two recen t s tu d ie s  have  exam ined  the effect of SR p ro te in  
phosphorylation on their function in vitro. Binding of recom binant SF2/ASF to 
in vitro translated U1 70K protein was enhanced by in vitro phosphorylation of 
the RS dom ain of SF2/ASF. The relevance of this to splicing was suggested when 
the splicing efficiency of a pre-mRNA substrate was shown to be enhanced by 
phosphorylated, but not unphosphorylated SF2/ASF (Xiao and Manley, 1997). 
The sequence specificity  of hSRp40 RNA b ind ing  is affected by its 
phosphorylation state. Sequences with high affinity to the unphosphorylated and 
in vitro phosphorylated  pro tein  were identified using an iterative selection 
procedure. No clear consensus sequence em erged for the unphosphorylated  
protein, however, a consensus motif was obtained for phosphorylated SRp40. It 
was proposed that phosphorylation of the RS dom ain of SRp40 w as able to 
enhance the specificity of RNA binding by this protein (Tacke et al, 1997). Thus, 
protein-protein and protein-RNA interactions of SR proteins are influenced by 
their degree of phosphorylation. It is possible, therefore, that regulation of SR 
pro tein  phosphorylation is used to control aternative splice site selection by 
influencing the RNA sequences or proteins that they are able to interact with.
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A num ber of SR protein kinases have so far been identified (table 1.3). The 
exact role of these kinases in vivo and in alternative splicing is yet to be 
established.

Kinase Comment Reference

SRPK1 Phosphorylates several SR proteins and is 

specific for serines in the RS domain

Gui et al, 1994 a, b

C lk/Sty Interacts with SF2/ASF in yeast two-hybrid 

assay and phosphorylates SF2/ASF almost 

exclusively in RS domian

Colwill et al, 1996

Not known Associated with U1 snRNP Woppmann et al, 1993

Topoisomerase I Specific inhibitors change the phosphorylation 

state of SRs in vivo

Rossi et al, 1996

Table 1.3 SR protein kinases

A num ber of the more extensively studied examples of alternative splicing 
are now  discussed to illustrate the variety of w ays in w hich this process is 
regulated. As suggested above, these have all turned out to involve changes in 
the levels of constitutive splicing factors or the use of specific factors to enhance 
or inh ib it the p ro te in -p ro te in , protein-R N A , or RNA-RNA in terac tions 
associated w ith the formation of the E complex.

Intron retention

Intron retention could potentially be regulated by a mechanism  similar to 
tha t suggested in figure 1.9. However, there are other w ays in w hich the 
interaction between U1 snRNP bound at the 5'ss and U2AF bound at the PPT 
could be disrupted. The most extensively studied example of intron retention is 
found in Drosophila and represents an example of inhibition of the interaction of 
U1 snRNP w ith the 5'ss sequence by a cell-type specific factor. Drosophila are 
particularly suited to analysis of splicing mechanisms because genetic screens and 
in vivo work can be combined w ith biochemical characterisation in vitro.

In the P transposable element of Drosophila, messenger RNA in which the 
intron has been spliced codes for a positively-acting protein. Intron retention 
results in the production of a protein that inhibits the function of the positively- 
acting protein. In this way alternative splicing acts as an on /o ff switch. P elements 
were discovered as the causative agents of a series of genetic traits in Drosophila 
know n as hybrid dysgenesis. The sym ptom s of the disease are lim ited to the 
germline cells of the affected individuals and include sterility due to abnorm al 
g o n ad ic  d ev e lo p m en t, h ig h  ra te s  of m u ta tio n , an d  ch ro m o so m al
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rearrangem ents. These sym ptom s are brought about by the action of a mobile 
genetic element known as P transposable element. P element DNA contains four 
open reading frames which code for a transposase protein. This protein binds to 
inverted repeat sequences internal to larger terminal inverted repeats w ithin the 
P transposable element and catalyses its transposition (reviewed in Rio, 1990,
1991). T ransposition  only occurs in germ line tissue because functional 
transposase is not expressed in somatic cells.

Somatic cells s top codon

E= 0 = i=:tc ^ =i
Germline cells

Figure 1.10 Structure of Drosophila P transposable element pre-mRNA

In germ line cells, introns 1, 2, and 3 are rem oved and m ature mRNA 
coding for the 87Kd functional transposase is produced. Somatic cell mRNA, 
however, retains the third intron (IVS3). A stop codon within this intron results 
in the production of a 66Kd protein that can function as a negative regulator of 
transposition in both germline and somatic cells (Robertson and Engels, 1989; 
Misra and Rio, 1990).

IVS3 splicing is inhibited in somatic cells (Siebel and Rio, 1990). M utation 
of two sequences (FI and F2) which closely resemble a consensus 5'ss sequence 
(pseudo 5'ss sequences) located w ithin the exon upstream  of IVS3 (figure 1.11) 
activated IVS3 splicing in splicing extracts m ade from Drosophila somatic cells 
(Siebel and Rio, 1990). Binding of U1 snRNP to the wild-type 5'ss sequence of 
exon 3 (the authentic 5'ss sequence) and to the FI and F2 pseudo 5'ss sequences 
w ithin exon 3 was examined in Drosophila somatic cell splicing extract (IVS3 is 
not spliced in these extracts) and in hum an somatic cell (HeLa cell) splicing 
extract (IVS3 is spliced in these extracts). In HeLa cell extracts, U1 snRNP bound to 
the authentic 5'ss and to the FI site. However, in Drosophila cell extracts, binding 
was almost exclusively to the FI site. It was proposed that the FI pseudo 5' splice 
site sequence, although not used as a functional 5' splice site, competes w ith the 
wild-type 5'ss for binding to U1 snRNP and prevents the binding of U1 snRNP to 
the wild-type 5'ss in somatic cells.

P element pre-mRNA e

FI F2 
Exon 3

- 1 IVS3
authentic
5'ss

Figure 1.11 Arrangement of exon pseudo 5' splice sites (FI and F2)
upstream  of IVS3.

1.22



Two proteins have been identified that bind specifically to exon 3 RNA: a 
50Kd protein known as Drosophila hrp48 and a 97Kd protein now known as PSI. 
The role of PSI in inhibition of IVS3 splicing was confirmed w hen anti-PSI 
antibodies were dem onstrated to specifically activate IVS3 splicing in Drosophila 
somatic cell extracts. Inhibition of IVS3 splicing was restored by the addition of 
recom binant PSI to the splicing extracts (Siebel et al, 1994; Siebel et al, 1995). 
Similar experiments to identify the role of hrp48 in inhibition of IVS3 splicing 
were not informative because an anti-hrp48 antibody inhibited general splicing. 
However, the protein was demonstrated to bind specifically to the F2 pseudo 5'ss 
sequence (Siebel et al, 1994).

PSI is specifically expressed in somatic cells and is localised to the nucleus. 
In contrast, hrp48 is expressed in both the soma and germline (Siebel et al, 1995). 
The role of PSI as a tissue-specific regulator of IVS3 splicing in vivo was 
confirmed when a maternally expressed prom oter used to express a PSI transgene 
in germ line cells during oogenesis was able to repress splicing of an IVS3- 
containing reporter RNA. Additionally, targetted d isruption of PSI mRNA in 
som atic cells resulted  in a reduction in PSI expression in these cells and 
activation of somatic splicing of an IVS3-containing reporter transgene (Adams et 
al, 1997).

It is proposed that hrp48 and PSI function together in the som atic 
inhibition of IVS3 splicing and that this interaction results in the misdirection of 
U1 snRNP to the FI pseudo 5'ss sequence upstream  of the wild-type 5'ss. Several 
details in the somatic inhibition of IVS3 splicing, how ever, rem ain to be 
determ ined . In particu lar, the involvem ent of hrp48 is no t defined. The 
mechanism by which hrp48 and PSI are able to redirect the binding of U1 snRNP 
away from the wild-type site to the FI site, and why other U1 snRNPs are not able 
to locate and bind the w ild-type site, is not known. Also, the reason that the FI 
site, after recognition by U1 snRNP, is not selected as a functional 5'ss is not 
understood. The control of PSI expression is an im portant event because tissue- 
specific transposase expression is ultimately controlled at this step.

Exon skipping 

Role of specific factors in exon skipping
Regulated exon skipping of the c-src gene is thought to represent an 

example of positive stimulation of spliceosome assembly at the 5'ss in a cell-type 
specific manner. It is the most extensively studied example of exon skipping and 
has prov ided  the first identification of a factor acting at a specific site in 
m am m alian splicing regulation. The gene encodes a 60Kd tyrosine kinase. In 
some neurones an 18 nucleotide exon (N l) is inserted betw een the constitutive
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exons 3 and 4 to produce a neural-specific protein n-src (figure 1.12). How 
insertion of the neural-specific exon affects the function of src is not known 
(Black, 1991).

Nl

DCS

n-src, neuronal cells 

c-src, non-neuronal cells

Figure 1.12 Regulated exon skipping in c-src

M utation studies identified a ~30 nucleotide conserved region (the 
downstream  control sequence, DCS in figure 1.12) located downstream  of the N l 
exon that is required for expression of that exon in neuronal cells (Black, 1992). 
Neuronal cell splicing extracts m ade from a retinoblastoma cell line (Weri-1 cells) 
were used to purify components of neuronal cells that bind specifically to the 
DCS. So far, two of these com ponents have been identified and show n to be 
involved in activation of splicing to the 5'ss sequence of exon N l. One is a 
protein known as hnRNP F. The other was not previously known and has been 
cloned, sequenced and nam ed KSRP (Min et al, 1997). KSRP has significant 
sequence identity w ith the Drosophila PSI protein. Although PSI is a repressor of 
splicing it is proposed that it is involved in recruiting U1 snRNP to the FI pseudo 
5'ss sequence of P elem ent pre-mRNA (see above). Thus, KSRP m ay function 
similarly and recruit U1 snRNP to the 5'ss sequence of exon N l.

Both hnRNP F and KSRP are expressed in neuronal and non neuronal 
cells. The inactivity of the N l exon in non neuronal cells cannot therefore be 
explained by absence of one of these factors from non neuronal cells. Other 
components of Weri-1 splicing extracts that are able to bind specifically to the DCS 
m ust be identified before activation of splicing to exon N l in neuronal cells can 
be explained.

Role of constitutive factors in exon skipping
A mechanism by which expression of short internal exons in other pre- 

mRNAs could be regulated w ithout the use of cell-type specific factors has also 
been proposed. It relies on a change in the concentration of constitutively 
expressed factors. In vitro, three-exon substrates derived from the p-globin gene 
in which the central exon is 33 nucleotides or less in length are predom inantly 
spliced to give the skipped isoform (Dominski and Kole, 1991). Skipping is 
overcome if the length of the internal exon is increased or if the strength of the 
splicing signals is increased (Dominski and Kole, 1991). It was also discovered that 
skipping of the short internal exon was reduced in vitro and in vivo by the 
addition of SF2/ASF to the splicing reaction (Mayeda et al, 1992; Caceres et al, 
1994). In contrast, exon skipping was prom oted in vitro by addition of a protein
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known as hnRNP A l (Mayeda et al, 1992, see below). However, if the length of 
the short internal exon, or if the strength of the upstream  PPT was increased, 
hnRNP A l no longer had an effect. It was proposed that exons have evolved to be 
of a particular length in combination with particular splicing signals in order to 
reduce the likelihood of skipping occurring in the case of constitutive exons, and 
to allow regulation in the case of alternative exons. This regulation could be 
achieved by changes in the relative levels of constitutively expressed factors such 
as SF2/ASF and hnRNP A l.

It has been suggested that the inherent weakness of short internal exons 
compared w ith longer internal exons arises because the interactions across exons 
involved in exon definition are less efficient across short exons (Dominski and 
Kole, 1992). Presumably, this inefficiency is overcome by adjusting the strength of 
the splicing signals or by increasing the concentration of the factors involved, for 
example, SF2/ASF.

Several genes give rise to m ore than  one m ature  m RNA th rough  
alternative 5'ss use. Some of the more extensively studied examples are shown in 
figure 1.13.

Alternative 5’ss use

1) SV40 pre-mRNA

T antigenDistal
5'ss

Proximal
5'ss t antigen

2) Hum an (3-thalassaemia pre-mRNA

Cryptic splice site use 
when position 1 of intron

Wild-type

mutated from G to A

3) Adenovirus E la pre-mRNA

9S

Figure 1.13 Examples of alternative 5'ss use
See text for discussion
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It was noted that the ratio of small t antigen to large T antigen mRNAs 
produced from SV40 pre-mRNA in 293 cells was over 10-fold higher than in 
many other mammalian cells (Fu and Manley, 1987). This was used as an assay to 
purify ASF from 293 extracts. Highly purified ASF was able to shift 5'ss use away 
from the large T site and towards the small t site when added to HeLa cell splicing 
extracts (Ge and Manley, 1990). At around the same time SF2, which had been 
shown to complement S100 extracts for splicing activity (Krainer et al, 1990), was 
dem onstrated to affect cryptic 5'ss use in mRNA produced from a (3-thalassaemic 
allele of hum an (3-globin. The m utant allele contains a G to A m utation at 
position 1 of the intron which results in the activation of 3 cryptic 5' splice sites. 
In vivo and in HeLa splicing extracts, cryptic site 2 use is greater than use of sites 1 
and 3. Titration of SF2 into HeLa extracts resulted in a shift towards use of site 3 
(Krainer et al, 1990). Subsequent cloning of ASF and SF2 revealed that the two 
proteins were identical (Krainer et al, 1991; Ge et al, 1991). The im portance of 
these in vitro observations on alternative splice site selection in vivo was 
confirm ed by effects of ASF/SF2 on reporter gene expression in HeLa cells. 
Transient overexpression of ASF/SF2 prom oted selection of proxim al 5' splice 
sites in P-thalassemia and adenovirus E1A pre-mRNAs (Caceres et al, 1994).

Other members of the SR protein family have also been show n to affect 
alternative 5' splice site use. Their reported effects, in vivo and in vitro, on the 
use of alternative 5' splice sites in SV40, adenovirus E la  and hum an  0- 
thalassaemia pre-mRNAs are given in table 1.4. Where effects have been tested in 
vivo  and in vitro the results are generally in close agreem ent, except for the 
effects of SRp30a and SRp30b on SV40 expression. The reason for these 
differences are not clear but emphasise that the in vivo and in vitro systems are 
not identical. In all situations where SRp30a (ASF/SF2) and SRp30b (SC35) have a 
positive influence on splice site selection the proxim al site is stim ulated. In 
contrast, the other SR proteins have all been shown to be capable of activating 
sites other than the proximal site. Some effects are substrate-specific. For example, 
SRp20 stimulated use of the 12S site in E la pre-mRNA but the proximal site in (3- 
thalassaemia pre-mRNA. In several cases, the prom otion of splicing to one site is 
accompanied by a reduction in use of another site. This suggests that SR proteins 
act by adjusting the relative use of sites rather than by activation of use of a site in 
a previously unreactive transcript.

Proximal 5'ss activation by ASF/SF2 in HeLa cell nuclear cell extracts 
required m uch more SF2 than was needed to reach the same level of activation 
in S I00 extracts (Krainer et al, 1990). It was proposed that a factor(s) present in 
nuclear extract and absent in SI00 extract may have, been able to inhibit the effect 
of ASF/SF2 on splice site selection. This was used as an assay to purify the 
heterogeneous nuclear ribonucleoprotein hnRNP A l from HeLa cell nuclear
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Table 1.4 Effect of SR proteins on 5' splice site selection
Down and up refer to the effect of an individual SR protein on the relative use of alternative 5' splice sites. Results of in vivo studies are shown in bold

Pre-mRNA Ela SV40 fi-thalassaemia Cells/Extract References
5'ss 9S 12S 13S T t 1 2 3
SRp20 down up down HeLa cells Screaton et al, 1995

- down up HeLa cells Screaton et al, 1995
SRp30a down down up HeLa cells Caceres et al, 1994

down down up HeLa cells Screaton et al, 1995
same down up HeLa cells Wang and Manley, 1995
down down UP HeLa extract Harper and Manley, 1992

down down 293 cells Wang and Manley, 1995
down up HeLa extract Ge and Manley, 1990

down down up HeLa cells Caceres et al, 1994
- down up HeLa cells Screaton et al, 1995

down same up HeLa extract Krainer et al, 1990
SRp30b down down same HeLa cells Wang and Manley, 1995

- down up S100 Zahler et al, 1993
down down 293 cells Wang and Manley, 1995
same up S100 Zahler et al, 1993

SRp30c down down up HeLa cells Screaton et al, 1995
up same up HeLa cells Screaton et al, 1995

SRp40 down down up HeLa cells Screaton et al, 1995
- down up S100 Zahler et al, 1993

up same S100 Zahler et al, 1993
same same same HeLa cells Screaton et al, 1995

SRp54 up same down HeLa cells Zhang and Wu, 1996
SRp55 down same up HeLa cells Screaton et al, 1995

- same up S100 Zahler et al, 1993
up same S100 Zahler et al, 1993

same same same HeLa cells Screaton et al, 1995
SRp70 - down up S100 Zahler et al, 1993

up same S100 Zahler et al, 1993



extract (Mayeda and Krainer 1992). In substrate pre-mRNAs containing either 
duplicated 5'ss or duplicated 5' and 3'ss, and in adenovirus E la  pre-mRNA, 
addition of hnRNP A l prom oted distal 5'ss use in vitro (Mayeda and Krainer
1992) and, w ith E la pre-mRNA, in vivo (Caceres et al, 1994). These observations 
led to the proposal that the relative levels of SR proteins and hnRNP A l could 
determ ine alternative splice site choice and that tissue-specific or developm ental 
stage-specific regulation of the level or activity of these proteins was a way in 
which the regulated expression of genes could be achieved (Zahler et al, 1993; 
Caceres et al, 1994). Consistent w ith these proposals, the relative levels of these 
proteins has been shown to vary between tissue types (Zahler et al, 1993).

The mechanisms by which SR proteins and hnRNP A l are able to switch 
alternative 5'ss selection are largely unknow n although some models have been 
proposed. It was first suggested that the selection of a particular 5'ss could be 
explained by the affinity of U1 snRNP for the alternative sequences. The rate of 
dissociation of U1 snRNP from the stronger site would be slower than the rate of 
dissociation from the weaker site(s). The stronger site would therefore be bound 
for a longer period of time by U1 snRNP than the w eaker site(s) and the 
probability of interaction of w ith components of the splicing machinery w ould be 
higher (Eperon et al, 1986). However, it has been shown that the affinity of U1 
snRNP for different 5'ss sequences does not correlate with their use as splice sites 
(Chabot and Steitz, 1987; Nelson and Green, 1988). The identification of SR 
proteins as factors able to switch 5'ss choice (Ge and Manley, 1990; Krainer et al, 
1990) and to recruit U1 snRNP to the 5'ss (Eperon et al, 1993; Kohtz et al, 1994; 
Jam ison et al, 1995; Zahler and Roth, 1995) has allowed new  m odels for 
alternative 5'ss selection to be tested.

It has been dem onstrated that two alternative consensus 5'ss sequences 
were bound indiscrim inately by U1 snRNP and that only the dow nstream  site 
was used (Eperon et al, 1993). It was proposed that the dow nstream  site was 
chosen because all the RNA molecules containing the two alternative sites were 
doubly occupied by U1 snRNP and that the probability of interaction of splicing 
components bound at a single 3'ss w ith U1 snRNP is higher for U1 snRNP bound 
to a proximal 5'ss than for U1 snRNP bound to a more distal one. It was predicted 
that weakening the interaction of U1 snRNP with the 5'ss sequences, for example 
by reducing the concentration of U1 snRNP, would result in use of the distal site 
because in some of these molecules the distal site only w ould be occupied by U1 
snRNP. An experiment to test this prediction showed that it was correct. It was 
suggested that factors such as ASF/SF2 and SC35, which activate proximal 5'ss 
selection (table 1.4), could exert their effect by strengthening the interaction of U1 
snRNP w ith  5' splice site sequences, so that the proportion  of pre-m RNA 
molecules occupied at all competing sites is increased. Similarly, factors which 
activate distal 5'ss selection (hnRNP A l and members of the SR protein family,
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table 1.4) do so by weakening the interaction of U1 snRNP with 5'ss sequences. 
The distal site will then be used provided that the proximal site is not fully 
occupied by U1 snRNP. In support of the model, ASF/SF2 was shown to increase 
the occupancy of two competing 5'ss sequences by U1 snRNP. It was concluded 
that ASF/SF2 is able to act non-specifically at 5'ss sequences to stabilise the 
interaction of U1 snRNP w ith these sequences.

In another study, the effect of SRp40 and SRp30b on the interaction of U1 
snRNP w ith two alternative 5'ss sequences in SV40 pre-mRNA was examined by 
crosslinking (Zahler and Roth, 1995). SRp40 stim ulates use of the distal site, 
whereas proximal site use is stimulated by SRp30b. Consistent w ith the proximity 
effect proposed by Eperon et al (1993), U1 snRNP was observed to crosslink only to 
the distal site in the presence of SRp40, but to both sites in the presence of SRp30b. 
Further evidence consistent w ith the m odel of Eperon et al (1993) is that the 
position, rather than the sequence, of alternative 5' splice sites has been shown to 
be im portant in determ ining their relative use. ASF/SF2 prom otes 13S and 
inhibits 12S splicing in w ild-type E la pre-mRNA (figure 1.13 and table 1.4). 
However, w hen the 13S site was deleted, splicing to the 12S site was prom oted 
(Wang and Manley, 1995). Similarly, hnRNP A l was able to activate or inhibit 
use of the hum an p-globin exon 1 5'ss depending on w hether it was located 
distally (activated) or proximally (inhibited) w ith respect to other sites (Mayeda 
and Krainer, 1992).

As discussed above, the RS dom ains of SF2/ASF and the U1 70K protein 
are known to interact (Wu and Maniatis, 1993) and the U1 70K protein has been 
shown to be required for the formation of a stable ternary complex comprising U1 
snRNP, SF2/ASF and pre-m RN A  provid ing  that the pre-m RNA w as p re 
incubated w ith SF2/ASF before the addition of U1 snRNP (Kohtz et al, 1994). 
Thus, it m ight be expected that the action of SF2/ASF in alternative 5'ss selection, 
in which the binding of U1 snRNP to 5'ss sequences is stim ulated (Eperon et al,
1993), w ould involve interaction between the pre-mRNA substrate and the RRM 
a n d /o r  RRMH domains of SF2/ASF and between the RS dom ains of SF2/ASF 
and U1 70K. The RRM and RRMH domains of SF2/ASF are both required for the 
alternative splicing activity of SF2/ASF, but, unexpectedly, the RS dom ain is not 
required (Zuo and Manley, 1993; Caceres and Krainer, 1993). Thus, if any protein- 
protein interactions are involved they m ust occur away from the RS region of 
SF2/ASF.

Alternative m odels for 5'ss selection involve U6 snRNP. U6 snRNA is 
known to form contacts w ith the 5'ss sequence in the spliceosome after it has 
been recognised by U1 snRNA (see above). It has been shown that splicing can 
occur in vitro in the absence of U1 snRNP if the concentration of SR proteins is 
increased (Crispino et al, 1994; Tarn and Steitz, 1994) and that m utations in the 
vicinity of the 5'ss sequence that increase its complem entarity w ith U6 snRNA
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enhance the efficiency of U l-independent splicing (Crispino and Sharp, 1995). It is 
possible that SR proteins could direct the choice of 5'ss sequence by altering the 
binding of U6 snRNA to this sequence and that this involves interaction w ith 
regions of SF2/ASF or other SR proteins away from the RS domain. The direct 
involvement of SR proteins in recognition of 5'ss sequences by U6 snRNP has yet 
to be demonstrated.

The exact mechanism(s) by which certain SR proteins and hnRNP A l are 
able to prom ote distal 5'ss selection is also not known. It was suggested that 
hnRNP A l could weaken the binding of U1 snRNP to 5'ss sequences (Eperon et 
al, 1993). HnRNP A l contains two RNA-binding dom ains and a C-term inal 
glycine-rich dom ain. M utation studies have show n that amino acid residues 
w ithin the RNA binding dom ains of hnRNP A l are required for the activity of 
this protein in alternative splicing (Mayeda et al, 1994). Burd and Dreyfuss (1994) 
used an iterative selection procedure to determine the sequence of RNAs which 
have high affinity for hnRNP A l. RNA containing two copies of the motif 
UAGGGU/A was identified. This sequence has similarity to both the 5'ss and 3'ss 
consensus sequences. Thus, hnRNP A l could directly block binding of U1 snRNP 
to 5'ss sequences. HnRNP A l is known to possess RNA and DNA annealing 
activity (Kumar and Wilson, 1990; Pomtius and Berg, 1990; M unroe and Dong,
1992). Interaction of U1 snRNP w ith 5'ss sequences could be affected by this 
activity.

Like SF2/ ASF, the activity of hnRNP A l may be regulated by the presence 
of alternatively spliced isoforms. A num ber of alternatively spliced isoforms of 
hnRNP A l have been reported (reviewed in Dreyfuss et al, 1993). HnRNP A1(B) 
contains a longer glycine-rich dom ain than hnRNP A l and binds more strongly 
to pre-mRNA. Its alternative splicing activity is limited. In contrast, hnRNP A2 
and B1 bind more weakly to pre- mRNA and have stronger splice site switching 
activities than hnRNP A l (Mayeda et al, 1994). It seems likely that alternative 
splicing could be regulated by alterations in the relative levels of hnRNP A l, SR 
proteins and alternative isoforms of these proteins.

The sequence binding specificities of the SR protein family (other than 
SF2/ASF, SC35 and SRp40), and the requirem ent of dom ains w ith in  these 
proteins for their activities in constitutive and regulated splicing are yet to be 
investigated fully. Such inform ation should help to design m odels for their 
mechanism(s) of action in alternative splice site selection. Some m ay act in a 
sim ilar w ay to that proposed for the action of SF2/ASF in alternative 5'ss 
selection (Eperon et al, 1993). However, for those that are able to prom ote 
proximal and distal splice site use, depending on the substrate (table 1.4), such a 
m odel, in w hich these p ro teins w ould either streng then  or w eaken the 
interaction of U1 snRNP with all competing 5'ss sequences in a substrate-specific 
m anner, seems unlikely. It is possible that strong sequence preferences in
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particu lar pre-mRNAs are able to override an effect on all com peting 5'ss 
sequences.

SR proteins and redundancy of function
The early experim ents involving com plem entation of S100 extracts and 

alternative splice site selection described above suggested that individual SR 
proteins m ight be functionally redundant (Ge and Manley, 1990; Krainer et al, 
1990; Fu et al, 1992; Zahler et al, 1992). How ever, it is clear that there are 
differences in the splice site switching activity of these proteins (table 1.4) and that 
SF2/ASF and SC35 have different RNA binding specificities in vitro (Tacke and 
Manley, 1995). It has also been shown that a (3-globin pre-mRNA was committed 
to splicing by SC35 and not by SF2/ASF or other SR proteins. In contrast, HIV tat 
pre-mRNA was committed by SF2/ASF and not by SC35. The non-redundancy of 
SR protein  function w as recently confirm ed w hen it was dem onstrated that 
SF2/ASF is an essential gene (Wang et al, 1996). Clones of a chicken B cell line in 
which both alleles of the SF2/ASF gene were disrupted could only be obtained 
w hen SF2/ASF w as expressed from an exogenous plasm id. The SF2/ASF 
expressed from the exogenous plasm id was then placed under the control of a 
tetracycline-repressible prom oter system. 96 hours after addition of tetracycline to 
the cell culture medium, the cells were nearly all dead.

Alternative 3'ss use

The first event in definition of the 3'ss is b ind ing  of U2AF to the 
polypyrim idine tract (PPT). Thus, regulation of 3'ss use is expected to involve 
factors that can either inhibit or stimulate the interaction of U2AF w ith the PPT. 
After it was reported that SF2/ASF was able to prom ote proximal 5'ss use (Ge et 
al, 1991; Krainer et al, 1991) and that this effect could be counteracted by hnRNP 
A l (Mayeda and Krainer 1992; Caceres et al, 1994) the effect of these proteins on 
alternative 3'ss selection was examined. Addition of increasing am ounts of SC35 
or SF2/ASF to splicing extract was observed to shift the splicing of pre-mRNA 
containing duplicated 3'ss sequences to use of the proximal site. This effect was 
not counteracted by hnRNP A l (Fu et al, 1992). Again, the mechanism by which 
SR proteins are able to achieve this is unknown.

A lternative 3'ss use has been extensively stud ied  in Drosophila. An 
exam ple of bo th  regu la ted  inhib ition  and stim ulation  of the U2AF-PPT 
interaction is found in the sex determ ination pathw ay of Drosophila. This 
involves Sxl, Tra and Dsx pre-mRNAs in a regulated cascade of splicing events 
(figure 1.14) (Baker 1989; H odgkin 1989) and is initiated by female-specific 
transcription from the early prom oter of the Sxl gene. Transcription from this 
prom oter begins approximately two hours after egg laying and lasts for a further
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Figure 1.14 The regulatory cascade involved in Drosophila sex
determination

The alternatively spliced regions of the Sxl, Tra, and Dsx pre-mRNAs are shown. 
The splicing pattern in male and female flies is represented by the angled lines. 
See text for further discussion.

Sxl pre-mRNA

Male, no Sxl 
protein

Female, Sxl protein
Sxl and Snf proteins required.

Tra pre-mRNA

Male, no Tra 
protein

Female, Tra protein. 
Sxl protein required.

Dsx pre-mRNA

Female, Dsx protein.
Tra, Tra2 proteins required. 
Dsx protein blocks 
male differentiation.

Male, Dsx protein blocks 
female differentiation



two hours. Three hours after egg laying, transcription from the Sxl late prom oter 
is initiated in both sexes (reviewed in Burtis 1993). Pre-mRNA expressed from the 
late prom oter is alternatively spliced in a sex-specific manner. In males, splicing 
to exon 3 produces Sxl mRNA w hich contains two in-fram e stop codons. 
Translation of this mRNA results in production of a truncated protein which is 
non-functional. In females, exon 3 is skipped and the mRNA produced codes for 
functional Sxl protein. The regulation of exon 3 skipping in females is dependent 
on the Sxl and Snf gene products (Bell et al, 1991; Oliver et al, 1993; Bopp et al,
1993), but the mechanism by which this is achieved is unclear (Deshpande et al,
1996).

Inhibition of the U2AF/polypyrimide tract interaction
The functional Sxl protein produced in females is also used to regulate sex-

ii

specific alternative splicing of tra pre-mRNA. In males flies, use of the tra exon 2 k  
3'ss leads to the production of mRNAs containing in frame stop codons (Boggs et 
al, 1987; Butler et al, 1986). In females, the Sxl protein prom otes use of the tra 
exon 3 3'ss which is downstream  of the stop codons. The Tra protein produced 
then directs female-specific splicing of dsx pre-mRNAs (Burtis and Baker, 1989).
The Sxl protein prom otes female-specific tra pre-mRNA splicing by binding to 
the polypyrimide tract upstream  of the male-specific exon 2 and blocking access to 
that sequence by U2AF. In male flies the Sxl protein is not expressed. U2AF has 
higher affinity for the polypyrim ide tract which forms part of the male-specific 
3'ss sequence than for the polypyrim ide tract upstream  of exon 3, so splicing to 
exon 2 is observed (Valcarcel et al, 1993).

Another factor thought to inhibit binding of U2AF to certain m ammalian 
PPT sequences is polypyrim idine tract binding protein, or PTB (Valcarcel et al, 
1993; Lin and Patton, 1995). The proposed action of this protein in 3'ss selection is 
discussed in the section on tropomyosin genes below.

Stimulation of the U2AF/polypyrimide tract interaction
The final step in the Drosophila sex determ ination regulatory cascade is 

alternative splicing of dsx pre-mRNA (figure 1.14). The 3'ss sequence upstream  of 
exon 4 is weak (Hoshijima et al, 1991) and is not recognised in males. The mRNA 
produced contains exons 1, 2, 3, 5, and 6 and codes for a protein which blocks 
female sexual differentiation. In females, the weak 3'ss sequence is recognised 
and a protein that represses expression of male-specific genes is produced (Baker 
and Ridge 1980; Nothiger et al, 1987). Female-specific splicing of dsx pre-mRNA 
requires the products of the tra and tra-2 genes, the Tra and Tra2 proteins, 
respectively  (Nagoshi et al, 1988; McKeown et al, 1988). Male flies produce 
functional Tra2 but not Tra protein. The sex-specific splicing of dsx pre-mRNA
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can therefore be explained by the presence of Tra2 in female flies (Nagoshi et al, 
1988; Amrein et al, 1990; Mattox et al, 1990).

Tra and Tra2 are required for activation of the female-specific 3'ss (Nagoshi 
and Baker, 1990; Hedley and M aniatis, 1991; Ryner and Baker, 1991; Tian and 
M aniatis 1992). Regulation of fem ale-specific splicing by these p ro teins is 
dependent on a sequence located w ithin exon 4, the dsxRE (Ryner and Baker, 
1991; Tian and Maniatis, 1992). This sequence contains two distinct elements 
(figure 1.15). One comprises six repeats of a 13 nucleotide sequence (Burtis and 
Baker, 1989) and the other is an 18 nucleotide purine-rich sequence known as the 
purine-rich enhancer, or PRE (Lynch and Maniatis, 1995). Repeats 1-5 together 
w ith the PRE are required for efficient Tra and Tra2-dependent activation of dsx 
female-specific splicing (Lynch and Maniatis, 1995).

I ■ ■ ■ ■ ■  i%i ■ I
1 2 3 4 5 PRE 6
1-6=13 nucleotide repeat sequences 
PRE= purine-rich element

Figure 1.15 Sequence motifs in the dsxRE

Tra, Tra2, and SR pro teins are sufficient to com m it dsx pre-m RNA 
containing the dsxRE to splicing (Tian and Maniatis, 1993). These proteins bind 
cooperatively to the dsxRE and w ith high specificity (Tian and M aniatis 1993, 
1994; Lynch and M aniatis 1995). Both the repeat sequences and the PRE are 
required for high specificity binding (Lynch and Maniatis 1995). The exact binding 
sites of Tra, Tra2 and SR proteins w ithin the dsxRE were identified by Lynch and 
M aniatis (1996). Their results also dem onstrated that specific SR proteins are 
involved. A schematic representation of the results is shown in figure 1.16.

Human DrosophilaExtract
RNA

ra
9G8

Repeat

dSRp30
Tra2

SF2
Tra2PRE

ra

Figure 1.16 Interaction of Tra, Tra-2 and SR proteins with the Drosophila dsxRE
in Drosophila and hum an cell extracts.

9G8 and SF2/ASF are human SR proteins. RBP1 and dSRp30 are Drosophila SR proteins
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Thus, the cooperative interaction of Tra and Tra2 with a specific SR protein 
allows these proteins to bind w ith high affinity to completely different RNA 
sequences (the repeats are rich in U and C nucleotides, and the PRE is rich in 
purines). Individually, none of the proteins have high affinity for the repeat 
sequences (Tian and Maniatis 1992; Lynch and Maniatis 1996) and only Tra2 alone 
binds w ith a high degree of specificity to the PRE (Lynch and Maniatis 1995). This 
suggests that protein-protein interactions between Tra, Tra2 and the SR proteins 
determine the exact sequences recognised by them.

The protein-protein interactions of Tra, Tra2, and SR proteins have been 
examined in a num ber of experiments. Tra and Tra2 were shown to interact with 
them selves, w ith each other, and w ith SR proteins (Wu and M aniatis 1993; 
A m rein et al 1994). These interactions are likely to be m ediated by the RS 
domains of these proteins. The RS domain of SC35 was shown to be required for 
its interaction w ith Tra and Tra2 (Wu and Maniatis 1993) and one of the RS 
domains in Tra2 is required for interaction with itself and with SF2 (Amrein et al
1994). Tra does not contain any recognised RNA binding dom ains and was 
previously show n to require components of nuclear extract for association w ith 
dsx RNA (Tian and M aniatis 1992). The presence of this protein in the complex 
appears to be due solely to interaction with the Tra2 and SR proteins.

Experiments using the yeast tw o-hybrid system show ed that the 35Kd 
subunit of U2AF could sim ultaneously interact w ith the 65Kd subunit of U2AF 
and either SF2/ASF or SC35. It was proposed therefore, that the cooperative 
binding of Tra, Tra2, and SR proteins functions to recruit SR proteins to the 
dsxRE. SR proteins are then able to stim ulate the binding  of U2AF to the 
polypyrim idine tract upstream  of dsx exon 4 via interactions w ith  the 35Kd 
subunit of U2AF and enhance E complex formation immediately upstream  of the 
female-specific exon (Wu and Maniatis 1993). In this way, the dsxRE replaces the 
role of the 5'ss sequence in exon definition.

The involvem ent of U2AF in dsx alternative pre-m RNA splicing was 
dem onstrated  w hen splicing extracts supplem ented w ith  Tra and Tra2 bu t 
depleted of U2AF were shown to be unable to splice dsx pre-mRNA. Addition of 
recom binant U2AF com pletely restored splicing (Zuo and M aniatis 1996). 
Assembly of E complex on the same substrate pre-mRNA was also examined in 
this study. Efficient E complex assembly only occurred if Tra, Tra2 and SR 
proteins were added to the splicing extracts. Both subunits of U2AF were present 
in these E complexes. Association of U2AF was dependent on Tra and Tra2 and 
was greatly enhanced in the presence of SR proteins. Purified Tra, Tra2, SC35, 
U 2 A F 65 and U2AF35 com ponents w ere used to dem onstrate  the m inim al 
requirem ents for stim ulation of U2AF binding  to the polypyrim idine tract 
upstream  of dsx exon 4. Association of U2AF65 was observed only w hen all of 
these components were included in the binding reaction (Zuo and Maniatis 1996).
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The exact nature of the interactions between U2AF and components bound 
to the dsxRE was also investigated by Zuo and Maniatis (1996). The RS dom ain of 
U2A F35 which is required for interactions with Tra, Tra2 and SR proteins was 
also shown to be required for dsx enhancer-dependent splicing as was the region 
of U2AF65 involved in interaction w ith U2AF35.

A m odel for the mechanism of action of the dsxRE in activation of female- 
specific dsx splicing shown in figure 1.17. The recruitment of specific SR proteins 
to the dsxRE by Tra and Tra2 allows the formation of 7 tandemly arranged stable 
and specific heterotrim eric complexes on the dsxRE. These complexes interact 
w ith the small subunit of U2AF and stimulate and stabilise the interaction of 
U2AF with the PPT. All the repeat sequences are required for efficient Tra/Tra2- 
dependent splicing bu t the affinity of the heterotrim eric complex for single 
repeats is about the same as for the entire dsxRE (Lynch and Maniatis 1996), so 
cooperative interactions betw een heterotrim eric complexes bound at different 
repeat sequences are not thought to occur. The distance betw een the female 
specific 3'ss and the dsxRE is large (300 nucleotide), so several repeats m ay be 
required in order to increase the probability that components assembled on them 
will interact w ith U2AF. Stable association of U2AF with the PPT upstream  of the 
exon 4 3'ss is then predicted to result in an increased probability that E complex 
formation will involve the female-specific 3'ss.

U2AF35

U2AF65

Exon 4

dsxRE
O =SR 
0  =SR 
•  =Tra 
& =Tra2

Figure 1.17 Model for the action of the dsxRE in female-specific dsx pre-mRNA
splicing.

It is not known w hat causes specific SR proteins to be recruited to the 
heterotrim eric complexes, bu t it seems likely that differences betw een these 
proteins determine their ability to form protein-protein interactions w ith Tra and 
Tra2 and to bind with high specificity to the sequences within the dsxRE.
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Exon splicing enhancers
A growing num ber of exon sequences have been shown to be required for 

splicing to the 3'ss of those exons. These sequences are known collectively as exon 
splicing enhancers (ESEs). A num ber of examples are given in table 1.5. Most of 
the sequences identified are purine-rich and contain repeats of a consensus GAR 
m otif (where R is purine). Tanaka et al (1994) exam ined the ability of 24 
nucleotide purine sequences to enhance splicing to an upstream  3'ss. They found 
that alternating purine sequences were effective ESEs, but that poly(A) or poly(G) 
sequences did  not stim ulate splicing. In addition, in terrup tions of purine 
sequence by pyrim idine residues greatly reduced the ESE activity. W hen the 
orientation of a num ber of ESEs was reversed their activity was d isrupted  
(W atakabe et al, 1993). In some studies, increasing the length of the purine-rich 
region or including repetitions of the enhancing sequence has been shown to 
result in an increase in splicing activity (Tanaka et al, 1993; Dirksen et al, 1994). 
Exon splicing enhancers m ust be active w ithin the confines of the coding 
sequence. It is perhaps not surprising, therefore, that the num ber of repetitions of 
the GAR motif varies widely between different ESEs and that they can function as 
discrete repetitions of small sequences.

ESEs from a num ber of pre-mRNAs, when placed w ithin a different exon 
environm ent, have been show n to stimulate splicing to that exon (Lavigueur et 
al, 1993; Yeakley et al, 1993; Xu et al, 1993; Tanaka et al, 1994). Their activity, 
however, is dependent on their position w ithin the exon to some extent. A 9 
nucleotide ESE within the hum an fibronectin EDI exon stimulated splicing to the 
3'ss of that exon when it was placed in a variety of positions within the exon, but 
when the distance between the ESE and the 3'ss of the EDI exon was increased to 
over 294 nucleotides, stimulation was lost (Lavigueur et al, 1993).

A num ber of studies have shown that the activity of ESEs is m ediated by 
trans-acting factors (Sun et al, 1993; Lavigueur et al, 1993; Tanaka et al, 1994). In 
some of these studies SR proteins have been demonstrated to bind specifically to 
the ESE sequence (table 1.5). The functional significance of the interaction w ith 
SR proteins has only been dem onstrated in a few cases. SF2/ASF (SRp30a) was 
shown to bind specifically to a 115 nucleotide ESE in the terminal exon of bovine 
growth horm one pre-mRNA and then to stimulate splicing to that exon in vitro 
only if the ESE was present (Sun et al, 1993). In another study, SRp40 and SRp55 
bound specifically to an ESE in exon 5 of cardiac troponin T pre-mRNA and were 
also able to complement S100 extract ( cell extract that is inactive for splicing in 
the absence of SR proteins) for splicing to that exon. Another SR protein (SRp30b) 
which did not bind specifically to the ESE could not complement S100 extract for 
splicing to that exon (Ramchatesingh et al, 1995).

Purified SR proteins did not bind to a synthetic ESE containing a repetitive 
GAA sequence. Instead, it was recognised by a complex including SRp40 and a
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Table 1.5 E x o n  e n h a n c e r  s e q u e n c e s

Exon

Bovine growth hormone exon 5 

Human fibronectin EDI exon 

Chicken cardiac troponin T exon 5

HIV-1 terminal tat-rev exon 

Rat CT/CGRP exon 4*

Chicken cardiac troponin T exon 16 

Equine infectious anemia virus exon 3

Mouse IgM exon M2 

Human caldesmon exon 5 

ASLV env 3' exon 

Synthetic

Sequence

GGAAG and other elements within 115n.t. sequence

GAAGAAGA

GAGGAAGAA

GAAGAAGAAG

GAAGAAGAAGCTC

GGCCACCAGAAGGUAUG

GAAGAAAAAAGAAGAAAUGAC

GGAAGGACAGCAGAGACCAAGAG

GAGGAAGAGAAAAGGGCAGCAGAGGAGAGGCA

CTCCAAGAAGAAGCCGCCAGCAACAAGCAAGAAGGA

GAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAA

Binding proteins

SRp30a

SRs

SRp30a, SRp40, 

SRp55, SRp75

SRp30b

SRp20, SRp30a/b, 

SRp40, SRp55 

U1 snRNP .

SRp20, SRp30, SRp40 

SRp40, p37

Reference

Sun et al, 1993; Dirksen et al 1994 

Lavigueur et al 1993 

Ramchatesingh et al 1995

Staffa and Cochrane 1995 

Yeakley et al 1993 

Wang et al 1995 

Gontarek and Derse 1996

Watakabe et al 1993 

Humphreys et al 1995 

Fu et al 1991; Staknis and Reed 1994 

Yeakley et al, 1996



37Kd GAA-binding protein. It was proposed that the 37Kd protein specifically 
recruits SRp40 to the RNA (Yeakley et al, 1996). In another study U1 snRNP was 
shown to bind specifically to an ESE located in exon M2 of the mouse IgM pre- 
mRNA (W atakabe et al, 1993). How ever, the functional significance of this 
binding was not determined.

The observation that ESEs are bound specifically by SR proteins suggested 
that these elements may stimulate splicing of upstream  introns in the same way 
that the dsxRE in Drosophila dsx pre-mRNA is able to enhance female-specific 
dsx pre-mRNA splicing, except that there is no requirem ent for Tra and Tra-2 
because SR proteins bind directly to the ESE. Thus, once bound to the ESE, SR 
proteins are able to interact w ith U2AF and enhance its interaction w ith the 
polypyrim id ine tract im m ediately upstream . The efficiency of E complex 
form ation is thereby increased. The evidence for this m odel is no t yet as 
compelling as that for the involvem ent of the dsxRE in regulated splicing of 
Drosophila dsx pre-mRNA. However, several studies have provided evidence 
consistent w ith such a mechanism.

Lavigueur et al (1993) dem onstrated that binding of U2 snRNP to the 
branch point sequence is enhanced by the presence of the EDI ESE (table 1.5) in 
the exon im m ediately dow nstream . A possible involvem ent of SR proteins in 
the activity of the EDI ESE was demonstrated when SR proteins were shown to be 
present in a complex formed specifically on RNA containing the EDI ESE. This 
study did not however, provide any evidence for a direct involvem ent of U2AF 
in stimulation of splicing by the EDI ESE, although U2AF is known to stimulate 
binding of U2 snRNP to the branch point sequence. Evidence that ESEs stimulate 
E complex formation was first obtained by analysis of complexes assembled in 
splicing extract on RNA containing an ESE (Staknis and Reed 1994). RNA 
containing the bovine grow th horm one ESE or the ASLV ESE (table 1.5) 
assembled complexes that resembled E complex. This resemblance was confirmed 
when it was shown that each complex contains SR proteins and U1 snRNP. The 
functional relevance of these complexes was dem onstrated by a correlation 
between the reduced ability of a m utant ESE to function in splicing activation and 
to assemble E complex.

D irect biochem ical evidence for the involvem ent of U2AF in exon 
enhancer function has been obtained from another study (Wang et al, 1995). 
Preprotachykinin pre-mRNA containing exons 3, 4, and 5 and the intervening 
intron sequence splices predom inantly by skipping exon 4 in HeLa cell splicing 
extract. Skipping is due to the presence of suboptim al 5' and 3' splice site 
sequences associated w ith exon 4 (Kuo et al, 1991). Replacement of exon 4 by 
cardiac troponin  T exon 16 or the L2 exon of the adenovirus m ajor late 
transcription unit prom oted almost exclusive use of the central exon. Interaction 
of purified U2AF with the polypyrimidine tract upstream  of the m iddle exon was
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independent of the identity of the m iddle exon. However, interaction of U2AF as 
a com ponent of HeLa cell splicing extract w ith this poylpyrim idine tract was 
dependent on the identity of the m iddle exon and correlated w ith the ability of 
that exon to be recognised by the splicing machinery. It was concluded that 
binding of U2AF to the polypyrimidine tract is assisted by components of splicing 
extract that recognise exon sequences. W hilst this evidence is consistent w ith a 
role for U2AF in enhancer function, it remains to be demonstrated that there is a 
direct interaction between components bound to an ESE and U2AF and that such 
an interaction stimulates splicing.

The Drosophila dsxRE and ESEs share a num ber of common features. They 
are both located w ithin exons, stimulate splicing to upstream  3' splice sites and 
are involved in an interaction w ith SR proteins. However, the dsxRE is located 
300 nucleotides dow nstream  from the female-specific 3'ss and relies on the 
presence of Tra and Tra-2 proteins for activity. In contrast, the hum an fibronectin 
EDI ESE was show n to lose its activity w hen positioned further than  293 
nucleo tides from  the  u p stream  3'ss (L avigueur et al, 1993) and has no 
requirem ent for Tra and Tra-2. The similarities betw een the dsxRE and ESEs 
prom pted Tian and M aniatis (1994) to investigate the effect of placing the dsxRE 
closer to the dsx female-specific 3'ss. W hen the distance betw een the female- 
specific 3'ss and the dsxRE was reduced to 150 nucleotides, a significant level of 
splicing to the upstream  3'ss was observed in the absence of Tra and Tra-2. An 
ESE was able to substitute for the function of this constitutive activity bu t not for 
the Tra/Tra-2-dependent activity of the dsxRE. The dsxRE was shown to bind SR 
proteins in the absence of Tra and Tra-2 and this interaction w as proposed to 
m ediate the effect of the constitutive dsxRE. The w ork of Tian and Maniatis 
(1994) dem onstrates that the dsxRE and ESEs are, under certain conditions, 
functionally interchangeable. It is highly likely therefore that the ESEs operate in 
a similar w ay to the Drosophila dsxRE, although direct biochemical evidence 
supporting all of the proposed interactions is currently lacking.

Recently, a further class of ESE has been discovered (Coulter et al, 1997). An 
iterative procedure (SELEX) was used to select for exon sequences that enhance 
exon inclusion in vivo. Two classes of enhancing sequence w ere identified: 
purine-rich and A /C -rich sequences. The A /C -rich sequence is very similar to the 
sequence of the Drosophila dsxRE repeats. Sequence found in three of the repeats 
w as tested for m am m alian enhancer activity and show n to be highly active. 
Interestingly, two hum an homologues of Tra2 have been identified (Dauwalder 
et al, 1996), suggesting that hum an Tra2 may bind to the A /C-rich sequences.

Exon enhancers represent an ideal way to control the pattern of expression 
in a cell type-specific, or developm ental stage-specific m anner. In the non
expressing cell type/developm ental stage, the SR protein(s) required for the effect 
of the exon enhancer is inactive or not expressed and the other splicing signals
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associated w ith the regulated exon are too weak to drive its expression. In the 
perm issive cell type/developm ental stage, all that is required for expression of 
the exon is expression or activation of an SR protein which was not expressed or 
active in the non-permissive cell type/developm ental stage.

ESEs do not appear to be limited to stimulation of 3'ss use. A purine-rich 
ESE is involved in the regulation  of com peting 5'ss sequences in hum an 
caldesm on pre-mRNA (H um phrey et al, 1995). The mechanism by which this is 
achieved is not yet known.

Exon inhibitory elements

In contrast to ESEs, a num ber of sequences located w ithin  exons (in 
addition to the inhibitory element in exon 3 of Drosophila P element pre-mRNA) 
have been dem onstrated to inhibit splicing to those exons. Some of those 
identified are listed in table 1.6.

Exon

Human fibronectin,

Human FGFR-2, K-SAM exon 

Human TMnm, exon Vsk 

HIV-1 tat exon 2, tat-rev exon 3

EIAV exon 3

Sequence

CAAGG

UAGG

UAAGUGUUCUGAGCU

AGAUCC

Exon bound by Rev protein, 

but sequence not defined

Reference 

Caputi et al, 1994 

Del et al, 1996 

Graham et al, 1993 

Amendt et al, 1995;

Staffa and Cochrane, 1995 

Gontarek and Derse, 1996

Table 1.6 Exon inhibitory elements 
FGFR=fibroblast growth factor receptor. EIAV=Equine infectious anaemia virus.

Exon inhibitory elements are located adjacent to ESEs in some cases (Caputi et al, 
1994; A m endt et al, 1995; Staffa and Cochrane, 1995; Gontarek and Derse, 1996). 
This has led to suggestions that they may function to recruit factors which 
sterically interfere w ith the interaction of SR proteins w ith the adjacent ESE. 
Thus, exon inhibitory elements may provide a way of regulating the activity of an 
ESE in a cell-type or developmental stage specific manner if the activity of the SR 
protein which recognises that ESE is unaltered in the cell types or developmental 
stages in which regulation occurs.

Alternative polyadenylation site use

Most eukaryotic pre-mRNAs undergo cleavage at their 3'-end concomitant 
w ith addition of a poly(A) sequence. Addition of the poly(A) sequence is known
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as polyadenylation and causes RNA polym erase II to term inate transcription, 
often a significant distance downstream  from the 3'-end of the m ature mRNA, 
and also confers RNA stability and translatability on the mRNA (reviewed in 
Proudfoot, 1988, 1991). Polyadenylation is signalled by two elem ents: an 
AAUAAA sequence located approxim ately 20-30 nucleotides upstream  of the 
polyadenylation site (poly(A) site), and a diffuse GU-rich sequence located 
im m ediately dow nstream  from  the 3'-end of the mRNA. O ther elem ents 
upstream  of the poly(A) site may influence polyadenylation efficiency (reviewed 
in Proudfoot, 1991). The elem ents w hich signal po lyadenlyation  serve as 
nucleation  sites for the form ation of a m ulticom ponent com plex w hich 
assembles prior to cleavage at the 3'-end of the pre-mRNA and polyadenylation 
(reviewed in Keller, 1995).

Some pre-m RN A s contain a lternative 3'-end exons w ith  associated 
polyadenylation signals. An example which has been extensively studied is pre- 
mRNA expressed from the CT/CGRP gene. In thyroid C cells, use of exon 4 and 
its associated poly (A) site gives rise to calcitonin (CT). However, in neural tissue, 
exon 4 is skipped and the polyA site associated w ith exon 6 is used, resulting in 
production of calcitonin gene-related peptide (CGRP) (figure 1.18). Subsequent 
proteolytic processing removes the first three exons, so the m ature peptides are 
encoded entirely by the variable sequences (reviewed in Smith et al, 1989). The 
two proteins have completely different function: CT is involved in calcium and 
phosphate homeostasis and CGRP is a neurotransm itter.

CT, thyroid cells
DolyA :>olyA

CGRP, neuronal cells

Figure 1.18 Alternative splicing of CT/CGRP pre-mRNA

Cis-acting sequences required for expression of exon 4 in vivo have been
identified  both  w ith in  exon 4 (Yeakley et al, 1993) and w ith in  the intron
im m ediately dow nstream  of exon 4 (Lou et al, 1995). The exon contains two
enhancer sequences, one is purine-rich (table 1.4) and the other resembles the
Drosophila  dsxRE repeat elem ents. The intronic enhancer sequence is 127
nucleotides in length beginning 168 nucleotides dow nstream  of the exon 4
poly(A) site and contains a pseudo 5'ss (p5’ss) sequence preceded by a pyrimidine-
rich tract. M utation of the p5'ss sequence, or conversion of som e of the
pyrim idine nucleotides to purines, inhibited exon 4 expression from a minigene
in vivo, and  po lyadeny la tion  cleavage in vitro (Lou et al, 1996). O ther
experiments showed that the p5'ss sequence is bound by U1 snRNP and that the
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pyrim idine-rich tract is bound by a protein called polypyrim idine tract binding 
protein (PTB). When interaction of U1 snRNP w ith the p5'ss sequence or of PTB 
w ith  the pyrim idine-rich tract w as inhibited, polyadenylation im m ediately 
downstream  of exon 4 was also inhibited. It was proposed that U1 snRNP binds to 
the p5 'ss sequence w ith in  the intronic enhancer elem ent and stim ulates 
po lyadenylation  at the exon 4 poly(A) site. Interaction of PTB w ith  the 
pyrim idine-rich region of the in tron  enhancer may function to p reven t the 
productive recognition of the p5'ss as an authentic 5'ss sequence so that U1 
snRN P b o u n d  to th is site is in stead  invo lved  in  the ac tiva tion  of 
polyadenylation.

It w as also proposed that stim ulation of polyadenylation im m ediately 
dow nstream  of exon 4 enhances recognition of the exon 4 3'ss by the splicing 
machinery. Terminal exons lack 5'ss sequences, so the exon bridging interactions 
proposed to occur across internal exons involving the 5'ss sequence cannot take 
place. Instead, at the 3'-end of pre-mRNAs, components of the polyadenylation 
machinery could interact w ith the splicing machinery and stimulate recognition 
by the splicing machinery of the 3'ss sequence of the terminal exon (Robberson et 
al, 1991). The requirem ent for an intron enhancer element for both expression of 
exon 4 and polyadenylation immediately downstream of exon 4 is consistent with 
in teraction of the po lyadenylation  and splicing m achinery. An alternative 
explanation for the activity of this intron enhancer element is that it is able to 
enhance both polyadenylation and exon 4 3'ss use and that no interaction of the 
poladenylation machinery w ith the splicing machinery is required.

M utually exclusive alternative splicing

Several of the tropom yosin  genes contain pairs of exons w hich are 
expressed in a tissue-specific m utually  exclusive m anner. These genes and 
mechanisms by which the regulation of m utual exclusion is thought to occur are 
discussed in detail below.

The tropom yosin fam ily

The tropom yosins (TMs) are a highly conserved family of structural 
proteins (reviewed in Pittenger et al, 1994) that have been identified in many 
organisms, including yeast, nem atodes, Drosophila, avians and mammals. They 
have a dim eric a-helical coiled coil structure along their entire length. This 
structure is a reflection of their amino acid sequence which comprises seven- 
residue repeats w ith hydrophobic residues at positions one and four. There are a 
large num ber of tropomyosin (TM) isoforms and these are expressed in a tissue- 
specific m anner (see table 1.7). TM isoform diversity is greater in non muscle cells

1.40



TM gene Isoforms in different cell-types Number of 
isoformsFibroblasts Skeletal muscle Smooth muscle Brain Cochlea

a TM-2
TM-3

TM-5a
TM-5b

Skeletal muscle a-TM
(Wfast twitch“TM)

Smooth muscle a-TM TMBr-1
TMBr-2
TMBr-3

9

p TM-1 Skeletal muscle p-TM Smooth muscle P-TM  

(=TM-1)

2

TM-4 TM-4 1
lM nrn TM30 (=TM-5) Skeletal muscle

(Otslow twitch"TM)

NM-1 (=TM30) 
N M -2  

NM -3  
NM -4

5

Table 1.7 Mammalian tropomyosin isoform diversity 
The oc-TM, |3-TM genes have been characterised in rats (Ruiz-Opazo and Nadal, 1987; Helfman et al, 1986; Lees-Miller et al, 1990; 
Goodwin et al, 1991). The TMnm gene has been characterised in humans and rats (Clayton et al, 1988; Beisel and Kennedy, 1994; 
Constance et al, 1996). The TM-4 gene has been described in rats (Lees-Miller et al, 1990). The fibroblast isoforms are also expressed 
in different combinations in various nonmuscle cell-types.



than in muscle cells. Tropomyosin iso form diversity is achieved in a num ber of 
ways; through the use of several different tropomyosin genes (in mammals there 
are four genes: the a - , P-, TM-4, and TMnm genes), the use of alternative 
transcription prom oters and through alternative RNA processing. The proteins 
are also able to form homo- or heterodim ers, so a large num ber of different 
combinations of dimerised proteins are possible.

Explanations for the existence of so many tropomyosin isoforms are only 
just beginning to emerge (reviewed in Pittenger et al, 1994). These proteins all 
bind to actin filam ents and, in skeletal and cardiac m uscle, tropom yosin 
functions in association w ith  a complex of proteins know n as the troponin 
complex (troponin-I, -T, and -C) to regulate the calcium-sensitive interaction of 
actin and myosin. Binding of tropom yosin to actin is a cooperative process 
involving head-to-tail interaction betw een adjacent tropom yosin molecules and 
is affected by differences in amino- and carboxy-term inal dom ains betw een 
isoform s (Cho et al, 1990; M atsum ura and Yam ashiro, 1985). Thus, one 
explanation for TM isoform  diversity  is that it allows differences in the 
interaction w ith actin.

In non muscle and sm ooth muscle cells the troponin complex is absent 
and the calcium -dependent interaction of actin and myosin is instead regulated 
by myosin light chain kinase and by caldesmon in cooperation w ith calmodulin. 
In non muscle cells, actin also functions in intracellular transport, secretion, 
m otility and cell structure. The organisation of actin m onomers into different 
types of polymeric structure is associated with this variety of function. Very little 
is understood about the function(s) of tropomyosin in non muscle cells, but the 
different isoforms are expected to be im portant because they have been highly 
conserved. It seems likely that the w ider variety  of tropom yosin  isoform 
expression in non muscle cells compared with muscle cells reflects differences in 
the way the contractile apparatus is regulated, and the greater diversity of roles 
played by actin in non muscle cells.

A ntibody studies in vivo have show n differences in the localisation of 
some tropom yosin isoform s (Lin et al, 1988), suggesting that they may have 
distinct functions in vivo. It may be that the different TM isoforms have specific 
functions that arise from localisation to particular actin structures. Experiments 
on bacterially expressed cDNAs encoding TM isoforms have show n that the 
different isoforms do not have the same affinity for actin (Pittenger and Helfman,
1992) and differ in their ability to form dimers (Matsumura and Yamashiro, 1985; 
Lin et al, 1985; Lehrer and Stafford, 1991; Jancso and Graceffa, 1991). Fibroblast 
isoforms exist mainly as homodimers, whereas smooth and skeletal muscle TMs 
exist almost entirely as oc/p heterodimers. Homodimers of smooth muscle a - and 
P-TMs do not bind as well to actin as heterodim ers (Jancso and Graceffa, 1991). 
The ability of different TM isoforms to form dimers was investigated in vivo by
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im m unoprecipitating epitope-tagged isoforms, followed by analysis of dim er 
com position  (Gim ona et al, 1995). W hen m uscle-specific isoform s w ere 
in troduced into non muscle cells they w ere still able to form heterodim ers. 
Sim ilarly, w hen non m uscle isoform s w ere in troduced  into m uscle cells 
hom odim ers were formed. It was concluded that the information required for 
dim er form ation was contained w ithin the isoform, and was not dependent on 
non muscle-, or muscle-specific factors.

The regulation of actin stability is likely to be tightly controlled. The entire 
actin netw ork m ust be disassembled before mitosis and reassembled again after 
division. Assembly and disassembly of actin microfilaments is also required for 
cell movement. It has been proposed that tropomyosin prom otes the stability of 
actin in non muscle cells, suggesting that regulation of the actin-tropom yosin 
interaction could contribute to control of actin netw ork dynamics in these cells. 
The protein has been show n to protect actin from the severing action of gelsolin 
(Ishikawa et al, 1989) and villin (Burgess et al, 1987) and differences have been 
observed in the ability of individual isoforms to do this (Ishikawa et al, 1989). 
TMs are know n to in teract w ith  a num ber of o ther p ro teins including  
tropom odulin, caldesmon and calponin. Caldesmon has been show n to enhance 
the binding of the TM-1 isoform (see table 1.7) to actin (Pittenger et al, 1995). The 
interaction of caldesmon w ith tropom yosin is regulated by calcium /calm odulin 
and by phosphorylation (Yamashiro et al, 1990). It has been proposed that 
regulation of the binding of caldesmon to tropom yosin by phosphorylation or 
changes in the intracellular calcium level could be a mechanism of regulating the 
interaction of tropomyosin w ith actin, and therefore the stability of actin, in non 
m uscle cells. O ther factors show n to be im portant in the actin-tropom yosin 
interaction are acetylation of the amino term inus of TM-1, or the presence of 
other TM isoforms (Pittenger et al, 1995).

At the RNA processing level, tropomyosin isoform diversity is achieved by 
m utually  exclusive alternative pre-mRNA splicing in a tissue-specific manner. 
Here, one exon of a pair of m utually exclusive exons is expressed in one tissue 
type. The other exon of the pair is expressed in another tissue type. In all cases of 
m utually  exclusive tissue-specific alternative splicing involving tissue A and 
tissue B, three questions arise:

1) W hat determines the splicing pattern in tissue A?
2) W hat determines the splicing pattern in tissue B?
3) W hat determines m utual exclusion?

Several of the tropom yosin genes have been studied  in order to gain an 
understanding of this process. The most extensively studied examples are shown 
in figure 1.19. The introns that separate these m utually exclusive exon pairs are 
unusual in that the branchpoint is located abnormally far from the 3'ss (the usual
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Figure 1.19 Mutually exclusive exon use in different tropomyosin genes.
The exon organisation of the 5'-end of the rat a-TM gene and of the central region of the rat P-TM, chicken P-TM and human 
TMnm genes is shown. Exon sequences are represented as boxes, introns as thin horizontal lines. The dominant splicing pattern in 
nonmuscle and muscle tissues is shown for each gene by the angled thin lines. The approximate position of the BPS and PPT is 
shown in the intron separating the mutually exclusive exon pair for each gene (BPS=short vertical line, PPT=thick horizontal 
line). The length of the PPT is not drawn to scale. Known intron regulatory elements are shown in their approximate positions but 
are not drawn to scale. The URE of rat a-TM is ~50 n.t. upstream of exon 3, the DRE is ~130 n.t. downstream from exon 3 (Gooding 
et al, 1994). The IRE of rat P-TM is located between the PPT of intron 6-7 and the 3'-end of the intron (Helfman et al, 1990). The 
intron element of chicken P-TM is ~30 nucleotides long and located 37 n.t. downstream of exon 6A (Balvay et al, 1992).



distance is 20-40 nucleotides) and is adjacent to a very long polypyrim idine tract 
(figure 1.20).

Rat a-TM

Rat p-TM

Chicken P-TM

Human TM im
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6A 6B
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Figure 1.20 Comparison of rat a-TM, rat P-TM, chicken p-TM, and hum an TMnm
intron structure.

The branch point is represented by a thin vertical line, and the polypyrimidine tract by a thick 

horizontal line. Numbers are in nucleotides and above the intron line give the intron length 

upstream and downstream of the branch point. Below the polypyrimidine tract the numbers refer to 

the length of the poly pyrimidine tract. Approximate values are given for the rat p-TM intron 

because three branch points are used in close proximity to each other (Helfman and Ricci, 1989).

Rat a-TM  gene
The rat a-TM gene contains a pair of mutually exclusive exons tow ards the 

5'-end of the gene (figure 1.19). Exon 3 is expressed in non muscle cells, and exon 
2 in smooth muscle cells. It was noted that the branch point upstream  of exon 3 is 
abnormally close to the 5'ss of exon 2 (42 nucleotides). It was proposed that exons 
2 and 3 are used m utually  exclusively because the proxim ity of these two 
elements presents a steric block to removal of the intron that separates them. 
This was confirm ed w hen spacer sequence was inserted betw een these two 
elem ents and rem oval of the intron was observed (Smith and N adal-G inard, 
1989).

In non muscle cells, deletion of exon 3 resulted in efficient use of exon 2. 
Thus, normally exon 2 is not expressed in non muscle cells because the activity of 
exon 3 inhibits exon 2 use. It is proposed that exons 2 and 3 are in competition 
with each other in non muscle cells and that exon 3 use dominates because the 
polypyrim idine tract and branch point sequence which form part of the exon 3 
3'ss sequence are stronger than the corresponding sequences associated w ith the 
exon 2 3'ss sequence (Mullen et al, 1991).

W hen expression of exon 2 was d isrupted  in sm ooth muscle cells, no 
expression of exon 3 was observed. It was concluded that exon 3 is specifically
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inhibited in sm ooth muscle cells. Conserved sequence located in the introns 
flanking exon 3 was shown to be required for inhibition of exon 3 expression in 
these cells (Gooding et al, 1994). The sequence located in the upstream  intron was 
term ed the URE and the sequence in the downstream  intron, the DRE (figure 
1.19). The URE and DRE are similar to sequence shown to have high affinity for 
the polypyrim idine tract binding protein (PTB) (Singh et al, 1995; Perez et al,
1997)). The URE also overlaps w ith the polypyrim idine tract (PPT) sequence 
required for splicing to exon 3. It was proposed that interaction of PTB w ith the 
URE and DRE could prevent b inding of U2AF to the polypyrim idine tract 
upstream  of exon 3 and inhibit splicing to exon 3 in sm ooth m uscle cells. 
Consistent w ith this proposal, PTB was demonstrated to bind with high affinity to 
the intron sequences either side of exon 3. Further, in vitro PTB was show n to 
inhibit use of the 3'ss of rat a-TM exon 3 and to compete w ith U2AF for binding 
to the polypyrimidine tract associated with that exon (Singh et al, 1995).

Evidence for the m odel was also obtained from another study (Lin and 
Patton, 1995). Pre-mRNA containing the first three exons of the rat a-TM gene is 
usually spliced almost exclusively in non muscle cell splicing extract from exon 1 
to exon 3 (1-3 splicing). However, when the ionic conditions and concentration of 
the splicing extract were altered, a significant level of splicing from exon 1 to exon 
2 (1-2 splicing) was also observed. Addition of recombinant PTB protein to these 
reactions specifically inhibited 1-3 splicing and had no effect on 1-2 splicing. This 
inhibition was antagonised to some extent when the wild-type a-TM pre-mRNA 
was pre-incubated with U2AF before addition to extracts supplem ented w ith PTB. 
However, 1-2 splicing did not increase, suggesting that other factors are involved 
in the norm al regulation of a-TM  pre-m RNA splicing. W hen the pre-mRNA 
was pre-incubated w ith SR proteins before being added to PTB-supplemented 
splicing extract, the ratio of 1-2 to 1-3 splicing was reversed and was similar to that 
observed in smooth muscle cells.

It was proposed that a-TM  pre-m RNA splicing could be regulated in 
smooth muscle cells by an alteration in the levels or activity of PTB and one or 
more SR proteins. An increase in active PTB levels in these cells w ould prevent 
the association of U2AF with the PPT of intron 2 by binding to that sequence, and 
an increase in the level of an active SR protein(s) would activate splicing to exon 
2. This model provides another example of the proposal that alteration in the 
levels of constitutively-acting factors is central to tissue-specific regulation of 
alternative splicing.

Rat and chicken p-TM genes
The rat p-TM and chicken p-TM genes both contain a centrally located 

m utually exclusive exon pair (figure 1.19). In both genes, the muscle specific exon 
remains inactive in non muscle cells when the non muscle exon is inactivated by
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m utation. Thus, the muscle specific exon appears to be repressed in non muscle 
cells. M utation of sequence at the 5'-end of the muscle specific exon, or of 
sequence between the branch point and the 3'ss of the muscle specific exdn (the 
IRE in rat p-TM, figure 1.19) activated expression of the muscle specific exon in 
non muscle cells (Helfman et al, 1990; Guo et al, 1991; Libri et al, 1990; Libri et al, 
1992; Gallego et al, 1992). It has been shown in vitro that PTB is able to bind 
specifically to the polypyrimidine tract and to the IRE located between exons 6 and 
7 of rat P-TM pre-mRNA (M ulligan et al, 1992). PTB was able to compete with 
U2AF for binding to the polypyrim idine tract of this intron (Singh et al, 1995). 
M utations of the IRE sequence which allow expression of exon 7 in non muscle 
cells also d isrupt PTB binding (Mulligan et al, 1992). It is proposed, that PTB is 
able to inhibit splicing of the rat p-TM muscle-specific exon 7 in non muscle cells 
by preventing the interaction of U2AF w ith the PPT of the intron upstream  of 
exon 7. The role of the IRE sequence in this repression is yet to be established, but 
it may act to recruit PTB to the vicinity of the PPT.

Based on com puter secondary structure predictions using chicken p-TM 
pre-mRNA, it was proposed that the muscle specific exon 6B is inactive in non 
muscle cells because it is part of a secondary structure that makes it inaccessible to 
the splicing apparatus (Clouet d'Orval et al, 1991). Evidence for such a model was 
obtained from experiments in vitro . Mutations were made in a region of the pre- 
mRNA predicted to be involved in base pairing with another region of the pre- 
mRNA. These m utations activated splicing to exon 6B. Com pensatory m utations 
in the region predicited to base pair w ith the wild-type version of the m utated 
region were made. These m utations restored the com plem entarity of the two 
regions and restored inhibition of splicing to exon 6B (Clouet-d'Orval et al, 1991). 
However, subsequent experiments have shown that the extent of this secondary 
structure in vivo is m uch less than was originally proposed and that its role in 
repression is very limited (Libri et al, 1992; Gallego et al, 1992).

O ther m uta tions of chicken p-TM pre-m R N A  have iden tified  a 
pyrim idine-rich intron sequence just downstream  of exon 6A that is required for 
repression of the skeletal muscle exon 6B and for use of the non muscle exon 6A 
in non muscle cells (Balvay et al, 1992). M utation of this element did not repress 
use of exon 6A in muscle cells, suggesting that exon 6A is specifically activated in 
non muscle cells (Gallego et al, 1992). Interestingly, this sequence which is not 
purine-rich, could be replaced by a purine-rich ESE sequence w ithout effect on 
exon 6A expression (Gallego et al, 1997). This prom pted Gallego et al (1997) to test 
the effect of SR proteins on expression of exon 6A in non muscle cell splicing 
extracts. SF2/ASF was demonstrated to stimulate splicing to exon 6A.

In muscle cells, exon 6A and 6B are active and in competition w ith each 
other, unlike in non muscle cells where exon 6B is inactive. The 5'ss sequence 
and branch point sequence of exons 6A and 6B are suboptimal, but those of exon
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6B are stronger relative to those of exon 6A. It was proposed that exon 6B is used 
in preference to exon 6A in muscle cells because its 5'ss sequence and branch 
point sequence are able to compete for recognition by the splicing apparatus more 
effectively than those of exon 6A (Libri et al, 1992). It was also discovered that the 
effect of SF2/ASF on exon 6A expression in non muscle cell splicing extracts was 
counteracted by SC35 (Gallego et al, 1997) and that SR proteins isolated from 
skeletal muscle tissue were not able to enhance splicing to exon 6A. Thus, the 
relative strengths of splicing signals associated with each exon and the activity of 
individual SR proteins are predicted to determine the outcome of chicken p-TM 
pre-mRNA splicing in muscle cells.

Some experim ents have provided inform ation to explain the m utual 
exclusivity of exons 6A and 6B. M utation of the 5'ss of exon 6A to the consensus 
sequence and removal of the inhibitory sequence at the 5'-end of exon 6B resulted 
in expression of an isoform containing exons 6A and 6B (Libri et al, 1992). There 
is therefore no intrinsic block to removal of the intron separating exons 6A and 
6B as there is for the intron separating the rat a-TM  exons 2 and 3. W hen the 
distance of the branch point of the intron separating exons 6A and 6B from the 
3'ss of exon 6B was reduced, exons 6A and 6B could be spliced together. Spacer 
sequence was used to restore the original distance between the branch point and 
the exon 6B 3'ss, bu t exons 6A and 6B could still be spliced together. Thus, the 
distance of the branch point from the exon 6B 3'ss, as well as the actual sequence 
separating these elements, appears to be important. It was proposed that these 
factors, together w ith  the suboptim al exon 6A 5'ss and exon 6B inhibitory 
sequence ensure relatively inefficient removal of the intron separating the two 
exons (Goux-Pelletan et al, 1990).

H um an TMnm gene
As w ith the rat and chicken p-TM genes, the hum an TMnm skeletal 

muscle specific exon SK is not in competition w ith the non muscle exon NM in 
non muscle cells, but is instead inactivated (Graham et al, 1992; Hamshere, PhD 
thesis). Sequence at the 5'- and 3'-end of exon SK is required for inhibition of 
splicing to that exon in non muscle cells. Also im portant is the branch point 
sequence upstream  of exon SK; when this sequence was m utated to the consensus 
sequence, expression of exon SK was observed in non muscle cells (Graham et al, 
1992; Hamshere, PhD thesis).

W hen the NM and SK exons were precisely swapped and expression of the 
resulting m utant gene determined in non muscle cells, no expression of exon SK 
was observed (Graham et al, 1992). It was concluded that the sequence of the SK 
exon, and not its intronic environm ent was a prim ary determ inant of exon SK 
inactivity in non muscle cells. Thus, the mechanism of hTMnm alternative pre- 
mRNA splicing regulation is likely to be different to that of the rat and chicken p-
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TM pre-mRNAs where intron sequences have been shown to play key roles in 
the expression pattern observed in non muscle cells (see above).

The splicing pattern of the exon-swap m utant gene described above was 
also determ ined in muscle cells. The only mRNA isoform detected was the NM 
exon-contain ing  isoform . In com parison, the w ild-type gene expressed  
predom inantly the SK exon-containing isoform (Hamshere, PhD thesis). It was 
concluded that the intron sequence flanking the mutually exclusive exon pair is a 
major determ inant of the splicing pattern in muscle cells.

As w ith chicken p-TM pre-mRNA, there is no intrinsic block to removal of 
the intron separating the NM and SK exons; a m utant gene in which the only 
intron present was that separating the NM and SK exons, expressed mRNA 
containing both exons (Graham et al, 1992).
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Chapter 2 
Materials and methods

Solutions

TE.l
lOmM Tris-HCl, pH  7.5 
O.lmM EDTA

TES
lOmM Tris, pH  7.6 
Im M  EDTA 
0.5% SDS

TY m edium
18g/l peptone 
10g/l yeast extract 
10g/l NaCl

Ampicillin plates
18g/l peptone 
10g/l yeast extract 
10g/l NaCl 
15g/l agarose 
50pg/m l ampicillin

DMEM
As powder from Gibco BRL 
Add 2 g /lN aH C 0 3

2x HBS
280mM NaCl 
lOmM KC1
1.5mM Na2H P 0 4.2H20  
12mM D-glucose 
50mM HEPES, pH  7



lx  PBS
8g /l NaCl 
0.2g/l KC1 
1.44g/l Na2H P 04 
0.24g/l KH2PO4  

Adjust pH  to 7.4 with HC1

Trypsin-EDTA (Gibco-BRL)
0.5g/l trypsin 
0.2g/l EDTA
In modified Puck's Saline A

lOx TAE
0.4M Tris-acetate 
lOmM EDTA

lOx TBE
0.9M Tris-borate 
20mM EDTA

Formamide dyes
90% (v /v) Formamide 
50mM EDTA, pH  8.0 
0.025% (w /v) brom ophenol blue 
0.025% (w /v) xylene cyanol

Native gel loading dye 
6x TAE or TBE 
30% (v /v) glycerol 
0.25% (w /v) bromophenol blue 
0.25% (w /v) xylene cyanol

2x SDS gel loading dye
lOOmM Tris-HCl, pH  6.8 
200mM dithiothreitol 
4% SDS
0.2% brom ophenol blue 
20% glycerol

Stored at room tem perature in absence of dithiothreitol. Dithiothreitol added just
before use
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Fixing solution
10% glacial acetic acid 
12% ethanol

lOx kinase buffer
0.5M Tris-HCl, pH  7.5 
0.1M M agnesium chloride 
lOmM DTT

lx  Barnes buffer pH  8.55
20mM Tris-HCl (pH 8.55)
Bovine serum  album in (150jig/ml)
16mM am m onium  sulphate 
3.5mM m agnesium  chloride 
250|iM each dNTP

lOx PCR buffer 
0.5M KC1
lOOmM Tris-HCl, pH  7.5 
25mM m agnesium  chloride 
2mM each dNTP 
2jLig BSA

lx  binding buffer
1M lithium  chloride 
0.2M Tris-HCl, pH  7.5 
2mM EDTA

Buffer A
50ml buffer A base (lOmM KC1,1.5mM MgCh)
0.5ml 1M TEA 
25(xl 1M DTT

Buffer C
10ml Buffer C base (20ml glycerol, 4.5g KC1, 40|il 0.5M EDTA,water to 
97.5ml)
0.2ml 1M TEA
50pl PMSF stock solution
5|il 1M DTT
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Buffer D
500jnl 1M DTT 
20ml 1M TEA 
5ml PMSF stock solution
Buffer D base (80mM potassium glutamate, 5% glycerol, 0.2mM N a+-free 
EDTA, pH  8.0) to 1 litre

PMSF stock solution
0.13g PMSF per 7.5ml propan-2-ol 
Stored at -20°C

Proteinase K mixture
1 volume proteinase K stock (lOmg/ml in water) added to 25 volumes 
proteinase K buffer (2ml 1M Tris-HCl, pH  7.5, 0.5ml 0.5M EDTA, 0.6ml 5M 
sodium  chloride, 2ml of 10% SDS, 14.9ml water)

5x TMS
250mM Tris, pH  7.5 
50mM m agnesium  chloride 
lOmM sperm idine

Low G NTPs
2.5mM rCTP 
2.5mM rATP 
2.5mM rUTP 
0.25mM rGTP

RNA elution buffer
16.5ml 3M NaAc 
0.2ml 0.5M EDTA 
2ml 10% SDS 
W ater to 100ml

RNAse mix
lx  RNAse dilution buffer 
37.5 pg RNAseA 
100 units RNAse T1 
4.5jag yeast tRNA 
water to 37.5|il
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lx  RNAse dilution buffer
lOmM Tris-HCl pH 7.5 
Im M  m agnesium  chloride 
0.1M KC1

Blot buffer
48mM Tris 
39 mM glycine 
10% m ethanol 
0.0375% SDS

Extraction buffer
Buffer D (20% glycerol) with 0.4M potassium glutamate

Dilution buffer
Buffer D (20% glycerol) w ithout potassium glutamate

FSP buffer
60mM KC1 
2.5mM EDTA 
20mM Tris-HCl, pH  7.5 
0.1% Triton-x-100



Oligonucleotide primers

Oligonucleotide primers used for inverse long PCR mutagenesis 
The SK16-30 m utant TMnm minigene plasmids:
Random prim er 1:
TAAGTGTTCTGAGCTNNNNNNNNNNNNNNNGAATGTCACCAACAACC 
TCAAGTCTCTTG (59-mer)
Random prim er 2:
TTGTTGGTGACATTCNNNNNNNNNNNNNNNAGCTCAGAACACTTACTG 
T G A AT ATTTT A (59-mer)
N=any nucleotide.
The SK2-4CGC TMnm minigene plasmid:
SK2-4CGC 1 TAAAATATTCACAGTCGCTGTTCTGAGCTGGAGGAGGAG 
SK2-4CGC 2 CTCCAGCTCAGAACAGCGACTGTGAATATTTTAAATACC 
The aCGC U1 snRNA-encoding plasmids:
U1 aCGC 1 CCAAGATCTCATAGCGACCTGGCAGGGGAGATACCATGA 
U1 aCGC 2 CTGCCAGGTCGCTATGAGATCTTGGGCCTCTGCCCCGAC

Other oligonucleotide prim ers used to generate recombinant plasmids 
The 6-G/TM1 plasmid:
Clal SKBP prim er GGGGATCGATAATTCACGTCTATGT
Clal SK 3' prim er CCCCATCGATCCCTACCTTCTCCGC
The S-G/TM2 plasmid:
Clal SKBP prim er GGGGATCGATAATTCACGTCTATGT
Clal SK ds primer CCCATCGATCCTGTCACTTTCACA
The pcDNA3-based U1WT plasmid:
U lu s prim er GGCGAAGCTTCTTTGGGAGA
U lds prim er GGCGTCTAGACACCACTGTAGGAT

O ligonucleotide p rim ers used  to determ ine expression from  the TMnm 
minigene and the 6-globin. 6G/TM1. and 6G/TM2 genes:
TMnm m inigene expression:
RT-PSVR CACTGCATTCTAGTTGTGGT
Exon VI/VII ACGGGTCTCTGCCTCCTT
CAT5015 GTGTGCACCTCCAAGCTTCCGTCGACTTGGTCACCCTTGG
Exon IV GAGGAACGAGCTGAGCT
6-globin, BG/TM1, 6G/TM 2 expression:
fi-globin 3' TGCAATGAAAATAAATTTCCTTTAT
PCR1 exon 1 AGGTGAATGTGGAAGAAGTT
PCR1 exon 3 GAGTGAATTCTTTGCCAAAA
PCR2 exon 1 GGTGAGGCCCTGGGCA
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O ligonucleo tide prim ers used  to generate  DNA tem plates for in vitro  
transcription
T7NM  AAATTAATACGACTCACTATAGGGCCGTTGCCGAGAGAT
T7SKus AAATTAATACGACTCACTATAGGGCCTCTCCTGTGGTAT 
T7SK AAATTAATACGACTCACTATAGGGTAAGTGTTCTGAGCT
SK3' CTTCTCCGCCTGAGC
N M 3' CTTTTCTTCAGCAGC
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Plasmids

The TMnm minigene plasm ids
Construction of the plasm id containing the wild-type hum an TMnm minigene 
(referred to as SKWT in the text) has been described in Graham  et al (1992). 
Briefly, the minigene was produced by replacing a portion corresponding to exons 
IV through to VI (inclusive) of the skeletal form of TMnm cDNA w ith genomic 
sequence from exons IV through to VI (i.e. including the three introns flanking 
and separating exons NM and SK). This cDNA-genomic DNA hybrid was cloned 
into an expression vector under the control of the SV40 early prom oter and 
upstream  of an SV40 polyadenylation signal, and is represented diagrammatically 
in figure 2.1.

M utants SK1-15NM and SK61-75NM are the same as SKWT except that 
nucleotides 1-15 and 61-75, respectively, of the SK exon were substituted w ith the 
corresponding sequence from the NM exon. Similarly, SK16-30NM is the same as 
SKWT except that nucleotides 16-30 of exon SK have been substituted w ith the 
corresponding sequence from exon NM. The sequence of the other m utations at 
SK nucleotides 16-30 are as follows:

SK16-30R1 TCGCGCT AC ACGCTT 
SK16-30R2 ATTTATAAGCTCCAA 
SK16-30R3 CAAACCCAGAAAGAA 
SK16-30R4 TGTGTCATTTTATGA 
SK16-30R5 CCCTTTCTCACCAGC 

The w ild-type branch point sequence upstream  of exon SK (the SK BPS) was 
m utated from CAAUUCACGUCU to CAUACUAACGUGU (a consensus branch 
point sequence) to generate the bpup minigene. The SK16-30R1 m utation was 
m ade of the bpup m inigene so the TMnm minigene plasm id containing this 
m utation is referred to as SK16-30Rlbpup. The SK16-30R2, SK16-30R3, SK16-30R4, 
and SK16-30R5 m utations were all made using the SKWT TMnm minigene and 
are referred to as SK16-30R2, SK16-30R3, SK16-30R4, and SK16-30R5, respectively. 
The ANM5'ss m utant contains a deletion of the first two nucleotides (GT) of the 
NM-SK intron. The exon SK BPS is m utated to CAAGUUAGUA in the ASKBP 
m utant and in the NM5'ssC construct, the 5'ss sequence of exon NM is changed 
to A AG IGTAAGT (where " I" represents the exon-intron boundary). The SK2- 
4CGC minigene is identical to SKWT except that exon SK nucleotides 2 to 4 were 
altered from A AG to CGC.
The SKWT, SK1-15NM, SK16-30NM, SK61-75NM, bpup, ANM5'ss, ASKBP, and 
NM5'ssC were made previously (Graham et al, 1992, Ayres, unpublished).
The plasm ids SK16-30Rlbpup, SK16-30R2, SK16-30R3, SK16-30R4, SK16-30R5, 
SK2-4CGC were generated by inverse long PCR mutagenesis (see below) and were 
sequenced across the SK exon upto the SK branch point sequence.
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Figure 2.1 Schem atic diagram  of p la sm id s
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U1 snRNA-encoding plasmids
A fragm ent (-390 to +200, Lund and Dahlberg, 1984) of the hum an U1 snRNA 
gene was BamHI tinkered and then cloned into the polylinker of plasm id pGEM3 
downstream  of the SP6 prom oter sequence (Smith, unpublished). This is referred 
to as a U1 WT plasmid in the text and is shown schematically in figure 2.1.
A fragm ent (-384 to +295) of the hum an U1 snRNA pseudogene HSD2 (Manser 
and Gesteland, 1982) was amplified by PCR. One PCR primer, U lus, contained a 
H in d lll restriction enzym e site at its 5'-end. The other PCR prim er, U ld s 
contained an Xbal restriction enzyme site at its 5'-end. The amplified product was 
digested w ith H ind lll and Xbal, then cloned into the polylinker of plasm id 
pcDNA3 dow nstream  of the CMV and T7 prom oter sequences using standard 
cloning techniques (Sambrook et al, 1989). This is also referred to as a U1 WT 
plasmid in the text and is shown schematically in figure 2.1.
For each U1 WT plasm id, positions 4 to 6 of the U1 snRNA encoding sequence 
were m utated from CTT to GCG to generate the U l-aC G C plasm ids. This was 
done by inverse long PCR mutagenesis (see below).
The pcDNA3-based U1 WT plasmid and both Ul-aCGC plasmids were sequenced 
across the U1 snRNA-encoding sequence.

M utants of the fi-globin gene
The 6-globin gene was encoded by a plasm id called pfiCla which w as derived 
from p65'SVBglII. The pB5'SVBglII plasm id contains the entire rabbit fi-globin 
gene located dow nstream  of the SV40 early region, and part of the pBR328 
plasm id, including the sequence encoding ampicillin resistance (Grosveld et al, 
1982). pfiCla was made by m utating three nucleotides in the second intron of the 
fi-globin gene at positions 357 to 359 from TGT to CGA to create a Clal restriction 
enzyme site (Eperon, unpublished). pfiCla is shown schematicaly in figure 2.1. 
B-G/TM1 was m ade by PCR-amplifying sequence of the w ild-type TMnm gene 
from 85 nucleotides upstream  of the SK exon th rough  to six nucleotides 
dow nstream  of the SK exon. The primers used for the amplification (Clal SKBP 
and Clal SK3') each contained a Clal restriction enzym e site at the 5'-end. 
Following amplification, the PCR product was digested w ith Clal, purified and 
cloned into the C lal site of pfiCla. S tandard cloning m ethods w ere used 
(Sambrook et al, 1989).
6-G/TM 2 was m ade in the same way as B-G/TM1 except that sequence of the 
wild-type TMnm gene from 85 nucleotides upstream  of the SK exon through to 
20 nucleotides dow nstream  of the SK exon were PCR-amplified. The prim ers 
used for the amplification were Clal SKBP and Clal SKds.
Both the fi-G /TM l and B-G/TM2 plasm ids were sequenced across the inserted 
TMnm sequence.
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Site directed mutagenesis

Inverse long PCR m utagenesis was used to generate the TMnm m inigene 
plasm ids SK16-30R1, SK16-30R2, SK16-30R3, SK16-30R4, SK16-30R5, SK2-4CGC, 
and both U l-aCG C plasmids. The method used was an adapatation of the method 
described by Barnes (1993). For each m utant, two oligonucleotides that are 
com plem entary to one another at their 5'-ends were used to prim e inverse 
synthesis of the entire double stranded template plasmid (the wild-type TMnm 
m inigene plasm id or a w ild-type U1 snRNA-encoding plasmid). The desired 
m utation is contained in the overlap region of each primer. Each reaction (lOOpl) 
contained the two primers (20pmol each), template DNA (25ng), lx  Barnes buffer 
pH  8.55, Taq polymerase mixed w ith Pfu polymerase (160 units to 1 unit). The 
reactions were subjected to 30 amplification cycles each comprising 94°C, 20secs; 
68°C, 30secs; 72°C, 1 m inute per kilobase of template DNA. The products of the 
reaction were then precipitated and digested w ith Dpnl (per 20|il reaction: 1 unit 
Dpnl, lx  D pnl restriction enzyme buffer, 0.5x total precipitated PCR reaction). 
D pnl is specific to m ethylated DNA, and therefore only digests the tem plate 
DNA, not the linear products of the PCR reaction. The DpnI-digested reactions 
were then precipitated, resuspended in distilled water, and used to electroporate 
hom ologous recom bination-com petent D H 5a cells. The electroporated DH5a 
cells were then selected on ampicillin plates and screened for the presence of 
m utant plasm ids. Once high quality plasm ids were m ade, the sequence of the 
m utant region of each plasmid was checked.

Electroporation

H om ologous recom ination-com petent D H 5a cells were grown in 1 litre of TY 
m edium  to an OD A600 of 0.55-0.7. The cells were then pelleted and resuspended 
in 1 litre of distilled water. The cells were re-pelleted and suspended in 0.5 litre 
distilled w ater. The cells were pelleted again and resuspended in 20ml 10% 
glycerol, and then were pelleted for a final time and resuspended in 2ml 10% 
glycerol. Cells not for imm ediate use were frozen and stored at -80°C. l-5jxl of 
DNA (dissolved in d istilled  w ater) to be transform ed w as m ixed in an 
electroporation cuvette on ice w ith 40|il of the washed, concentrated cells. The 
cells w ere then  e lectroporated  at 2.48 KV, 25pF, 400Q using a BioRad 
electroporator. Im mediately after electroporation, the cells were diluted in 1ml 
TY m edium  and incubated at 37°C for 1 hour before being plated onto ampicillin 
plates (50|ig/ml).
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Preparation of plasmid DNA

For p reparation  of high quality plasm id DNA, 100ml TY m edium  containing 
ampicillin (25|ng/ml) was innoculated w ith the transfected bacterial colony of 
interest and incubated for ~8 hours at 37°C. After chloramphenicol was added 
(170|Lig/ml) the innoculated m edium  was mixed overnight at 37°C. The cultures 
w ere then  centrifuged for lOmins at 2,800g and the pelleted  cells were 
resuspended in 4ml GTE (50mM glucose, 25mM Tris-HCl, pH8, lOmM EDTA) and 
placed on ice. 8ml 0.2M sodium  hydroxide, 1%SDS were added, mixed in and the 
mixture was left on ice. After 5 minutes, 6ml potassium acetate (29.4g, plus 11.5ml 
glacial acetic acid in 100ml water) was added. The mixture was left on ice for 10 
m inutes then centrifuged at 2,800g for 15mins at 4°C. The supernatant was 
filtered through a 0.4|Lim Acrodisc into another tube and 22ml ethanol was added. 
The tube was placed on dry ice for 15 minutes, then centrifuged for 15 minutes at 
2,800g. The pellet was dried, then resuspended in 2ml TE.l. 2.5ml 4.4M lithium 
chloride was added and the mixture was left on ice. After ~ lh r the mixture was 
centrifuged as before, then 10ml absolute ethanol was added to the supernatant 
before a further centrifugation step. The resulting pellet was w ashed in 70% 
ethanol, dried and resuspended in 400|il TE.l. 100(ig RNaseA was added and left 
to d igest contam inating RNA for 15 m inutes at 37°C. The RNAse A was 
inactivated w ith 20pl 10% SDS followed by a 70°C incubation for 10 minutes. The 
plasm id DNA was then cleaned by two standard phenol/chloroform  extractions, 
precip itated  in absolute ethanol (2.5 volumes) and 3M sodium  acetate (0.1 
volumes) and resuspended in TE.l.
Poorer quality plasm id DNA prepared  for screening purposes was purified 
according to the m ethod of Stephen et al (1990). A single transfected bacterial 
colony was innoculated into 3ml TY m edium  containing ampicillin (25|xg/ml) 
and incubated at 37°C overnight. The overnight culture was then centrifuged at 
13000 rpm  in a benchtop centrifuge for 1 minute. The pellet was resuspended in 
200jil GTE (50mM glucose, 25mM Tris-HCl, pH8, lOmM EDTA) and 400pl 0.2M 
sodium  hydroxide/1%  SDS was added. The preparation was then mixed and left 
on ice for 5 minutes. 300pl 3M potassium  acetate (pH 4.8) was added and after 
m ixing, the p repara tion  w as left on ice for a fu rther 5 m inutes before 
centrifugation at 13,000 rpm  for 5 minutes. 1 volume absolute ethanol was added 
to the supernatant and the contents of the tube were mixed then centrifuged as 
before. The pellet was w ashed in 70% ethanol, dried and resuspended in 40|xl 
TE.l.
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Double-stranded DNA sequencing

Sequencing of high quality plasmid DNA was done with sequenase version 2.0 T7 
DNA polym erase according to the United States Biochemical Corporation (USB) 
protocol. Sequencing of poorer quality plasm id DNA was also carried out 
according to the USB protocol. The poorer quality plasm id DNA was alkali 
denatured and contam inating RNA hydrolysed by incubation w ith 2M sodium  
hydroxide (9 j l l 1 plasm id preparation, lp l sodium  hydroxide) for 10 m inutes at 
37°C. Then lOpmol of sequencing prim er was added followed by addition of 3|nl 
3M potassium  acetate to neutralise the sodium  hydroxide. The DNA was then 
precipitated  w ith  75jxl ethanol, w ashed in 75% ethanol and resuspended in 
distilled w ater and sequenase reaction buffer. After incubation at 37°C for 30 
m inutes, the labelling reaction and subsequent steps of the USB protocol was 
followed.

Culture of mammalian cells

Growth of mouse myoblast cells
Mouse C2-C12 cells (ECACC) cells were cultured in 10cm diam eter Nunc tissue 
culture dishes pre-treated w ith collagen (see below). DMEM culture m edium  was 
supplem ented w ith 10% foetal calf serum and 0.1% gentamycin. Cells were grown 
at 37°C in an atm osphere of 5% CO2 and high hum idity . W hen above 50% 
confluence, cells were removed from the surface of the culture dish by treatm ent 
w ith  trypsin-EDTA for 3 m inutes, before resuspension and dilu tion in fresh 
culture m edium  and application to fresh culture dishes.
Collagen treatm ent involved application of collagen solution (0.4m g/m l collagen 
in 150mM glacial acetic acid mixed w ith 1ml 3.6% sodium  chloride immediately 
before use) to the cell surface of each dish at 4°C overnight. Before use, each dish 
was rinsed several times with sterile water.
Growth of mouse mvotube cells
W hen m yotubes were required, mouse C2-C12 cells (ECACC) were grown to 
confluence using the same conditions for culture of myoblasts described above. 
A pproxim ately 24 hours after confluence had been reached, the m edium  was 
changed to 5% horse serum  in DMEM containing 0.1% gentamycin. The m edium  
was changed every day until differentiation was complete (typically five days). 
Growth of COS cells
COS-1 cells were cultured in 10cm diameter Nunc tissue culture dishes. DMEM 
culture m edium  was supplem ented w ith 10% new born calf serum  and 0.1% 
gentamycin. Cells were grow n at 37°C in an atm osphere of 5% CO2 and high 
hum idity. W hen above 50% confluence, cells were removed from the surface of 
the cu ltu re  dish  by trea tm en t w ith  trypsin-EDTA for 3 m inutes, before
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resuspension and dilution in fresh culture m edium  and application to fresh 
culture dishes.

Transfection of mammalian cell cultures

Mouse C2-C12 cells at -75%  confluence w ere transfected using a calcium  
phosphate-DN A coprecipitation method. 5|Lig of plasm id DNA w as diluted in 
450|li1 TE.l and 500jll1 of 2x HBS. The D N A /calcium  phosphate precipitate was 
formed by the addition of 50jxl of 2.5M calcium chloride and incubation on ice for 
15 minutes. The suspended precipitate was added, dropwise, over the surface of 
the culture dishes. After incubation at 37°C in 5% carbon dioxide for 5 hours the 
cells were washed twice with warm  lx  PBS. Uptake of DNA was promoted by a 90 
second glycerol shock (1ml of 20% glycerol in PBS) followed by two washes with 
lx  PBS and the addition of fresh culture medium. After 20 hours, total RNA was 
harvested from the cells as myoblasts, or the cells were induced to differentiate by 
the addition of differentiation m edium  (DMEM supplem ented w ith  5% horse 
serum and 0.1% gentamycin) as described above.
The cotransfection protocol was identical to the protocol above except that 15|ig of 
U1 plasm id DNA together w ith 5jxg of TMnm plasm id DNA w ere diluted in 
450|il TE.l and 500pl 2x HBS.
COS-1 cells w ere transfected using the same procedure as the transfection 
procedure described above, except that 5|Jg of plasmid was diluted to 60pl in TE.l 
and 0.6 ml calcium chloride (0.25M) were added. Precipitation was achieved by 
the addition of 0.66 ml 2x HBS.

Isolation of total RNA from transfected cell cultures

Total RNA was isolated by  one of tw o lith ium  c h lo rid e /u rea  extraction 
procedures:
1) A dapted from W alther et al (1982).
M edium  was removed from each 10cm tissue culture dish and the cells were 
washed w ith 2ml 0.9% NaCl. After removal of the wash solution and addition of 
2ml of a LiCl (3M )/urea (6M) solution each dish was left at room tem perature for 
5 m inutes. A ddition of 0.1 volum es of 3M sodium  acetate and 2.5 volumes of 
absolute ethanol was followed by a room  tem perature spin at 2,800g for 15 
m inutes. The pellet was resuspended in 400|xl TES and then extracted w ith an 
equal volum e of phenol/chloroform . The aqueous phase was precipitated w ith 
0.1 volum es of 3M sodium  acetate and 2.5 volumes of ethanol at -70°C for 15 
m inutes before a spin at 13,000g for 10 minutes. The pellet was washed in 70% 
ethanol and resuspended in 40|xl TE.l.
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2) A dapted from Eperon and Hamshere (1993).
M edium  was removed from each 10cm culture dish and the cells were washed 
w ith PBS. After removal of the w ash solution 2ml of ice cold lithium  chloride 
(3M )/urea (6M) solution was added to each plate and transferred, after repeated 
pipetting, to a Corex tube. This step was repeated and the samples were left 
overnight at 4°C. The next day sam ples were centrifuged at 12,000g for 15 
m inutes. The pellet was resuspended in 400|il TES then extracted w ith an equal 
volume of chloroform/isoamylalcohol (24:1). The aqueous phase was precipitated 
as in m ethod 1.

Selection of poly (A) RNA from total RNA

Scigen m agnetised cellulose oligo dT3o beads were used for the selection of 
poly(A) RNA from total RNA isolated from transfected cells (Scigen protocol, 
Scigen Ltd, Sittingbourne, UK). For each isolation, lOjxl total RNA (diluted to 50 j l l 1 
in TE.l) was used w ith 50|xl beads. The beads were washed twice in lx  binding 
buffer and mixed for 10 m inutes at room tem perature with the total RNA that 
had previously been heated to 65°C for 2 minutes and placed on ice. The beads 
were sedimented using a magnet and washed twice with 0.5x binding buffer, then 
once w ith O.lx binding buffer. Poly (A) RNA was eluted from the beads by mixing 
them at 65°C in lOjil distilled water for 10 minutes. This step was repeated w ith a 
further lOpl distilled water.

RT-PCR of hTM nm  mRNA

Reverse transcription
l/2 0 th  volum e total RNA sam ple or l /5 th  volume polyA RNA sam ple plus 
lOpmol RT-PSVR prim er were mixed in lx  PCR buffer in a total volume of IOjliI. 
Each sample was overlaid w ith mineral oil then heated to 95°C for 5 minutes and 
placed on ice. 5 units each of Murine-MLV reverse transcriptase and RNasin in a 
total volume of 5pl lx  PCR buffer were then added to each tube. All samples were 
incubated at 37°C for 1 hour followed by 5 minutes at 94°C.
First round PCR
lOpmol CAT 5015 prim er plus 2.5 units of Taq polymerase (RedHot) were mixed 
in lx  PCR buffer in a total volume of IOjliI and added to each completed reverse 
transcription reaction. Each sample was then heated to 94°C for two minutes 
followed by 30 cycles of: 94°C, 1 minute; 55°C, 30 seconds; 72°C, 1 minute.
Second round (nested PCR)
l/2 5 th  volume of the first round PCR sample, lOpmol exon IV prim er (labelled 
or cold, see below), lOpmol exon VI/VII prim er (labelled or cold, see below) and 2 
units of Taq polymerase were mixed in lx  PCR buffer in a total volume of 20|tl.
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Each sam ple was overlaid w ith mineral oil then heated to 94°C for two minutes 
followed by 20 cycles of: 94°C, 1 minute; 55°C, 30 seconds; 72°C, 1 m inute for 
amplification of first round products generated from m yoblast/m yotube RNA, or 
by 8 cycles of: 94°C, 1 minute; 55°C, 30 seconds; 72°C, 1 minute for amplification of 
first round products generated from COS RNA.
Radioactive labelling of PCR prim er
50|tCi y32P-ATP (10fxCi/|Lil), 5 units of T4 PNK, and 500pmol exon IV or exon 
V I/V II p rim er were m ixed in a total volum e of 50|il lx  kinase buffer and 
incubated at 37°C for 30 m inutes. The choice of prim er for kinase labelling 
depended on the restriction enzyme analysis to be carried out on nested PCR 
products. D igestion w ith  MboII required that exon IV prim er was labelled, 
digestion w ith Alul required that exon VI/VII primer was labelled.
Restriction enzyme digestion of nested PCR products
0.5pl nested PCR product and 0.25 units MboII or Alul were incubated in lx  
restriction enzym e digestion buffer in a total volum e of 5|tl for 2-4 hours. 
Reactions were then stopped by addition of an equal volume of formamide dyes. 
Digested and undigested samples (both in formamide dyes) were loaded onto a 
denaturing polyacrylamide gel (6-8%) containing 20% formamide.

RT-PCR of fi-globin, fi-G/TMl, and 6-G/TM2 mRNA

A sim ilar protocol to that for RT-PCR of hum an TMnm mRNA was followed 
except that different primers were used:
Reverse transcription primer: fi-globin 3'
First round PCR primer: PCR exon 1
Second round PCR primers: PCR 1 exon 3, PCR 2 exon 1.
The products of nested PCR were radioactively labelled bu t were not digested 
w ith  a restriction enzym e as the am plified products derived from different 
mRNA isoforms were of different lengths.

Generation of transcription templates by PCR

DNA tem plates for transcription were amplified from the plasmid containing the 
desired sequence by PCR. For each template the following reaction was set up: 

lx  PCR buffer 
lOpmol 5'-primer 
lOpmol 3'-primer 
l-10ng plasmid DNA 
1-5 units Taq polymerase
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The reaction was then overlaid w ith m ineral oil and heated to 94°C for two 
m inutes before undergoing 30 cycles of amplification in a PCR machine:

94°C, 1 minutes;
55°C, 30 seconds;
72°C, 1 minute.

A portion of the products of the reaction were checked by separation on an 
agarose gel (0.8-2% agarose, depending on the length of the product) containing 
eth id ium  brom ide (l-10|Lig/ml). The transcrip tion tem plate w as then  either 
purified away from the other reaction components using an appropriate Clontech 
C hrom a Spin Colum n or w as purified  by electroeluting the DNA after 
electrophoresis on an agarose gel.

The PCR prim ers used to generate 
NM -SKbpup pre-mRNA 
SK exon RNA 
NM exon RNA 
85 nucleotide RNA containing 
the SK exon

Gel purification of PCR generated transcription templates

Approximately half of the PCR reaction was loaded on an appropriate percentage 
agarose gel containing eth idium  brom ide (l-10|Xg/ml) and electrophoresed in 
TAE or TBE electrophoresis buffer. After electrophoresis, the template DNA was 
detected by exposing the gel to UV light and was excised from the gel. The 
resulting gel slice was placed in a section of dialysis tubing containing 0.4ml 
electrophoresis buffer. The tubing containing the gel slice was placed in the 
electrophoresis buffer used for the previous gel electrophoresis. The current was 
turned on once more until the DNA had m igrated out of the gel slice into the 
electrophoresis buffer w ithin  the tubing. This buffer was then rem oved and 
added to 1ml absolute ethanol. The DNA was pelleted by centrifugation for 10 
m inutes at 13,000 rpm  in a benchtop microcentrifuge. The pellet was washed in 
70% ethanol and resuspended in TE.l.

transcription templates are listed below: 
T7NM, SK3'
T7SK, SK3'
T7NM, NM3'
T7SKus, SK3'
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In vitro transcription of PCR generated templates

For a typical transcription to generate radioactively labelled RNA, the following 
were mixed, then incubated at 37°C:

2|il 5XTMS 
2|il low G NTPs 
0.5jxl 0.1M DTT 
l|xl RNasin 
0.25jil T7 RNA pol 
lp l a 32P GTP (lOpCi/pl)
1/50 PCR reaction product 
ljul 10mM Cap ()
Water to 10|il

After approximately 3 hours, an equal volume of formamide dyes were added to 
stop the reaction. The transcript was then purified after electrophoresis on a 
denaturing polyacrylam ide gel containing 20% formamide. The transcripts used 
in the in vitro splicing experiment described in figure 5.1 were labelled w ith a 32P 
UTP (lOjuCi/fxl)- The NTP mix was adjusted to low U NTPs accordingly.

Gel purification of radioactively labelled RNAs

The radioactively labelled transcrip t w as first visualised on the denaturing  
polyacrylam ide gel by autoradiography (1 to 5 m inute exposure). The band 
corresponding to the transcrip t w as then excised from the gel and eluted 
overnight at 4°C in 0.4ml RNA elution buffer. The next day, the RNA elution 
buffer containing the eluted transcript was transferred to a 1.5ml eppendorf tube 
containing 1ml absolute ethanol, incubated at -70°C for 10 m inutes, then 
centrifuged at 13000rpm in a benchtop microcentrifuge for 10 minutes. The pellet 
was w ashed w ith 70% ethanol, dried and resuspended in upto IOjliI TE.l. The 
purified transcript was then stored at -70°C.

Preparation of whole cell extracts

Whole cell extracts were prepared by a modification of the Jiang and Eberhardt 
method (1995). C2-C12 myoblasts or myotubes grown in 750ml culture flasks were 
w ashed twice in lx  PBS and were then harvested in 1.5ml lx  PBS by scraping 
using a rubber policem an. After a low speed spin for one m inute using a 
benchtop m icrofuge at 4°C, the supernatant was rem oved and the pellet was 
resuspended in three packed cell volumes of extraction buffer by vortexing. Cell 
lysis was achieved by freezing on dry ice and thawing at 37°C in a w ater bath. 
A fter a h igh  speed spin for 30 seconds using a benchtop m icrofuge the
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supernatant was removed and diluted w ith four volumes of dilution buffer. The 
extracts were then aliquoted and stored at -70°C.

Preparation of HeLa cell splicing extracts (based on the Dignam method)

HeLa cells were grown in suspension in DMEM or similar m edium , containing 
10% new born calf serum  and antibiotics (1% penicillin-streptamycin), to a density 
of approxim ately 5xl05- lx l0 6 cells per ml. 2xl09 cells were used for each extract 
preparation. All the subsequent extract preparation steps were carried out at 4°C. 
First, the cells were centrifuged at 75-300g for 10 m inutes and the pellet was 
resuspended in 80ml lx  PBS. The cells were then centrifuged at 450g for 5 
m inutes, resuspended in 30ml buffer A, centrifuged again at 450g for 5 minutes 
and resuspended in 14ml buffer A. The resuspended cells were homogenised in a 
Dounce hom ogeniser (tight fitting pestle). The nuclei w ere collected by 
centrifuging the hom ogenate at 4300g for 15 minutes. After the supernatant was 
removed, the tube was respun at 26000g for 15 minutes. The nuclear pellet was 
then resuspended in a total of 4ml buffer C and the nuclei were hom ogenised 
using the Dounce homogeniser. The nuclear homogenate was mixed gently for 
30 m inutes then  centrifgued for 30 m inutes at 26000g. The supernatan t was 
transferred to dialysis tubing (prepared in advance by autoclaving in water) and 
dialysed for several hours against 2-3 changes of buffer D (1 litre in total). Finally, 
the extract was centrifuged at 26000g and the supernatant was aliquoted and 
stored at -70°C.

Splicing reactions

For the experiment described in figure 5.1, the following components were mixed 
on ice:

HeLa splicing extract 125(il
RNAse inhibitor 300 units
80mM m agnesium  chloride 12|xl 
0.5M phosphocreatine 12pl

Approxim ately 3 fmol of each radioactively labelled RNA were mixed w ith 60|il 
of the above reaction m ixture on ice. The mixtures were then aliquoted into 5x 
lOjul. Two aliquots of each reaction were incubated for 3 hours at 30°C, two were 
kept at 4°C for 1.5 hours and were then placed at 30°C for 1.5 hours, and one was 
kept on ice for 3 hours. After the incubations were complete, 50pl proteinase K 
mixture was added to each aliquot before incubation at 37°C for 5 minutes. 150|il

13% polyvinyl alcohol 
Buffer D

0.1M ATP 5^1 
60|il 
to 295pl
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absolute ethanol were then added and the samples were centrifuged at 2800g for 
10 m inutes. The pellets were washed in 200j l l 1 70% ethanol then centrifuged at 
2800g for 5 minutes. The supernatants were removed, then the pellets were air 
dried and resuspended in 10|il formamide dyes. To analyse the splicing patterns, 
each sam ple was electrophoresed on a 6% denaturing  polyacrylam ide gel 
containing 20% formamide.
For the experiment described in figure 5.5, radioactively labelled adenovirus E la
2,1 pre-mRNA (described in Eperon et al, 1993) was added to a 70|il splicing 
reaction. This pre-mix was then split into five equal sized aliquots. One aliquot 
was kept on ice for one hour. To the other aliquots 0, 1.5, 3, or 7.5|ig SR proteins 
(purified from HeLa cells, supplied by A.Krainer) were added and then these 
aliquots were incubated for 1 hour at 30°C. After the incubations were complete, 
the samples were processed and analysed as above.

Gel retardation assays

For the experiment described in figure 5.2, -0.5 fmol radioactively labelled NM- 
SKWTbpup or NM-SK16-30Rlbpup pre-mRNA was added to a lOjxl splicing 
reaction in the presence or absence of 5jxg yeast tRNA and incubated at 30°C for 30 
minutes. Native gel loading dye was added to each of the reactions before they 
were run  on a 0.8% agarose gel. The gel was run overnight at 4°C, then fixed, 
dried  and exposed to a Phosphorlm ager cassette before analysis using the 
Phosphorlm ager.
For the experiment described in figure 5.7, 5pmol radioactively labelled SKWT 
(85) or SK16-30R3 (85) RNA was added to 5|il reactions containing 6(xg SR 
proteins, 5(ig myoblast or myotube whole cell extract or 5jng HeLa cell splicing 
extract, or a combination of these (see figure 5.7 for combinations), magnesium 
chloride (3.5mM), and D buffer. The sam ples were incubated at 30°C for 
30 m inutes, then 0.25pg heparin was added. After 5 minutes, the samples were 
placed on ice, added to native gel loading dye and run on a 0.5% agarose/3%  
acrylamide gel at 4°C overnight. The gel was then fixed, dried and exposed to a 
Phosphorlm ager cassette before analysis using the Phosphorlmager.

Shortwave UV crosslinking

In the experim ent described in figure 5.4, -0.5fmol radioactively labelled NM- 
SKWTbpup or NM-SK16-30Rlbpup RNA was incubated at 30°C for 30 minutes 
w ith 3x IOjlxI splicing reactions containing one of three different HeLa splicing 
extracts, in the absence of ATP, creatine phosphate and polyvinyl alcohol. The 
samples were then placed on ice and irradiated for 30 seconds with shortwave UV 
light using a Spot-cure (UVP). 5pl of RNAse mix was then added to each
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incubation and the mixtures were placed at 37°C for 15 m inutes. The RNAse 
digestions were stopped by addition of an equal volume of SDS-polyacrylamide 
gel loading buffer to each sample. The products of crosslinking were separated on 
a 10% SDS polyacrylamide gel and the proteins in the gel were electroblotted onto 
a nitrocellulose filter. The filter was then dried and exposed to a Phosphorlm ager 
cassette before analysis by the Phosphorlmager.
In the experim ent described in figure 5.6A, radioactively labelled w ild-type SK 
exon RNA was incubated with SR proteins (purified from HeLa cells, supplied by 
A.Krainer) at 30°C for 30 m inutes under splicing conditions in the absence of 
ATP, creatine phosphate and polyvinyl alcohol. The reaction was then split into 
seven equal sized aliquots, each containing ~0.25pmol labelled RNA and ~0.2|j,g 
SR proeins. 0.25pmol or 2.5pmol unlabelled competitor RNA (wild-type SK exon 
RNA, SK16-30R3 exon RNA, or w ild-type NM exon RNA) was then added to 
each aliquot. No competitor was added to one control aliquot. After 5 minutes at 
30°C, each aliquot was placed on ice and irradiated with shortwave UV light for 
30 seconds. The samples were then processed and analysed as above.
For the experim ent described in figure 5.9, 5pmol radioactively labelled SKWT 
(85) or SK16-30R3 (85) RNA was added to 5(il reactions containing 6pg SR 
proteins, 5\ig myoblast or m yotube whole cell extract or 5pg HeLa cell splicing 
extract, or a combination of these (see figure 5.9 for combinations), m agnesium  
chloride (3.5mM), and D buffer. The sam ples were incubated at 30°C for 
30 m inutes, then 0.25|xg heparin was added. After 5 minutes, the samples were 
placed on ice and irradiated, processed and analysed as before.

Electroblotting onto nitrocellulose filter

Proteins crosslinked to RNA that had been separated on SDS polyacrylamide gels 
w ere electroblotted onto H ybond-C  Super nitrocellulose in b lot buffer at 
5m A /cm 2 for 40 minutes. The Hybond-C Super nitrocellulose was separated from 
the positive electrode, and the SDS polyacrylamide gel was separated from the 
negative electrode of the electroblotter by nine sheets of 3MM paper.

Affinity Purification (Adapted from Reed, 1990)

200pmol each biotinylated RNA were added to separate 5x splicing reactions (see 
above), incubated at 30°C for 30 minutes, then placed on ice. The reactions were 
diluted to 20ml with ice cold FSP buffer, 200|il avidin-agarose beads were added 
and w ere then mixed overnight at 4°C. After the overnight step the avidin- 
agarose beads were pelleted and most of the supernatant was rem oved. The 
pelleted avidin-agarose beads were resuspended in the rem aining supernatant 
and separated from the supernatant using a BioRad disposable spin column. The
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beads w ere w ashed in 5ml FSP buffer containing lOOmM sodium  chloride. 
Com ponents bound to the beads were eluted several times in 25-50jJ,l SDS- 
polyacrylamide gel loading buffer. Components of the purification were separated 
on a 12% SDS-polyacrylamide gel. The gel was then stained using the silver 
staining m ethod (Sambrook et al, 1989) to show the proteins and nucleic acids 
that had been purified.

Preparation of biotinylated RNA

Standard transcription reaction conditions containing 2.5mM each NTP (the UTP 
contained 15% biotin-ll-U TP) were used to transcribe RNA from a gel-purified 
PCR generated template.

Radioactive markers

Radioactively labelled m arkers for use on denaturing polyacrylamide gels were 
made according to the following protocol:

2jj1 pBR322 (0.5jig/Ml)
2jil lOx kinase buffer 
0.2pl H pall 
15.8jj1 water

The components were mixed then incubated at 37°C for 30 minutes, then heated 
to 95°C for 5 minutes. Then: 

lp l lOx kinase buffer 
ljil 32p dCTP (lOpCi/pl) 
lp l lOmM dGTP
0.5jil T7 DNA polymerase, Klenow fragment (5 units/jil)
6.5|il water

were added before incubation at 37°C for 30 minutes. 200jil formamide dyes were 
added to stop the reactions. Typically, ljil was loaded on each gel.

Gel electrophoresis

D enaturing polyacrylam ide gels were made up as 38% (w /v ) acrylamide, 2% 
(w /v ) N ,N '-m ethylene-bis-acrylam ide in water. An X% gel was m ade up by 
m ixing 16.8g urea, Xml of the above acrylam ide mix, 4ml lOx TBE, 8ml 
formamide, then adding water to 40ml. Samples were denatured in the presence 
of an equal volume of formamide dyes by incubation at 80°C for 8 minutes. Gels 
were 6, 7, or 8% and were run in lx  TBE electrophoresis buffer, typically at a 
constant voltage of 1100-1500V for 2-4 hours.
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The agarose/acry lam ide gel used in the experim ent described in figure 5.7 
contained 0.5% agarose, 3% acrylamide, 4.25% glycerol, 0.5x TBE and was run at 
4°C overnight in 0.5x TBE.
SDS polyacrylam ide gel electrophoresis and agarose gel electrophoresis was as 
standard (Sambrook et al, 1989).

Analysis using the Phosphorlm ager

Gels or nitrocellulose filters containing radioactively labelled RNA for analysis by 
the Phosphorlm ager were exposed to a Phosphorlm ager cassette overnight. The 
next day, the cassette was scanned and the image was analysed using Molecular 
Dynamics software.
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Chapter 3 
Role of cis-acting sequences in the regulation of human TMnm pre- 

mRNA splicing

In troduction

This study involves the hum an TMnm gene. The gene is over 42Kb long 
and contains 13 exons. It gives rise to two different protein isoforms which are 
expressed in a tissue-specific m anner. The non muscle isoform, TM30, is 240 
amino acids in length and the skeletal muscle isoform, skaTM.2, is 285 amino 
acids long. Five exons are common to both isoforms. The differences between the 
two isoforms arise from the use of two alternative prom oters and from three 
regions of m utually  exclusive alternative splicing (Clayton et al, 1988) (figure 
3.1A). In particular, this study is concerned w ith the tissue specific and mutually 
exclusive use of exons NM  and SK. and the m echanism s involved. Three 
questions arise:

1) W hat determ ines the splicing pattern in non muscle cells?
2) W hat determines the splicig pattern in muscle cells?
3) Why are exons NM and SK not spliced together?

As discussed above, Graham  et al (1992) and Hamshere (PhD thesis) identified cis- 
acting sequences involved in the tissue specific regulation of TMnm pre-mRNA 
splicing. The experim ents described in the present study were aimed at further 
investigating these sequences and trying to elucidate some of the ihechanisms by 
which they influence the TMnm splicing pattern in non muscle and muscle cells.

In their earlier work, Graham  et al and Hamshere, used a TMnm minigene 
in which the only intron sequences present were those separating and flanking 
exons NM and SK. Four mRNA isoforms can potentially be expressed from this 
minigene. These are show n in figure 3.IB. The TMnm minigene was transfected 
into non m uscle cells (COS-1 cells and m ouse myoblast cells) and show n to 
express only the non m uscle isoform (NM isoform) and an isoform in which 
both the NM  and SK exons were skipped (skipped isoform). In skeletal muscle 
cells (m ouse m yotube cells), expression of the SK isoform was dom inant to 
expression of the NM isoform. The skipped isoform was also observed (Graham 
et al, 1992; Hamshere, PhD thesis). Thus, all the pre-mRNA sequence required for 
regulated expression of the muscle and non muscle specific mRNA isoforms is 
encoded by the minigene.

Expression of the SK isoform was observed in non muscle cells from a 
m utant TMnm m inigene in which the branch point sequence upstream  of exon 
SK (the SK BPS) was altered to the consensus branch point sequence (this is 
referred to as the branch point upregulated, bpup, mutation below). Other m utant 
minigenes which contained the bpup m utation were tested which also contained 
m utations of the SK exon sequence itself. Two of these were shown to express
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SK WT

SK1-15NM

SK16-30NM/R1-R5

SK61-75NM

1 15

1
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76
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76

61 75

C) M utations of the SK exon
The position of mutations of the SK exon is shown schematically. The wild-type SK exon 

(SK WT) is represented as an open box. Mutated regions are shown by the cross-hatching. In each 

case, the numbers above the exon represent the first nucleotide (1) and the last nucleotide (76), 

respectively of the wild-type or mutant exon. The numbers below the exon represent the 

nucleotides that were mutated. In the SK1-15NM mutant, the first fifteen nucleotides of the 

wild-type exon were substituted with nucleotides corresponding in sequence to the first fifteen 

nucleotides of the NM exon. In the SK16-30NM mutant, nucleotides 16-30 of the wild-type exon 

were substituted with nucleotides corresponding in sequence with nucleotides 16-30 of the NM 

exon. The sequence of mutants SK16-30R1, SK16-30R2, SK16-30R3, SK16-30R4, SK16-30R5 (R1-R5 

in the figure) are given in table 3.2 below. In the SK61-75NM mutant, nucleotides 61-75 of the 

wild-type exon were substituted with nucleotides corresponding in sequence to nucleotides 61-75 of 

the NM exon (the NM exon is also 76 nucleotides long). The name given to each mutant in the 

figure refers only to the sequence of the SK exon. See text for details of whether the branch point 

sequence upstream of the mutant SK exon was the wild-type sequence or the consensus sequence.



Figure 3.1 The human TMnm gene
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A) The hum an TMnm gene and the mRNA isoforms expressed from it.
i) Structure of the TMnm gene drawn approximately to scale. Intron sequence is shown as a 

horizontal thin line. The exons are shown as vertical lines. The IXsk-VIIInm intron is shown 

with a double vertical line because it is much longer than the other introns.

ii) TMnm non muscle (TM30) and skeletal muscle (skaTM.2) mRNA isoforms. Exons unique to 

each isoform are shaded. The 3' untranslated sequences are indicated as 3-UTR.

i)

ii)

SK BPS

NM/SK isoform

NM isoform 

SK isoform

IV

IV

NM SK

IV NM VI

SK VI

VI

Skipped isoform IV VI

B) The TMnm minigene and potential mRNA isoforms
i) The central region of the TMnm minigene. Exon sequences shown as open boxes, intron sequence 

as thin lines. The only intron sequences present in the minigene are those separating and flanking 

the NM and SK exons. The branch point sequence upstream of exon SK (SK BPS) is shown as a 

short vertical line, and the polypyrimidine tract (PPT) is shown as a thick horizontal line. The 

dashed sequences represent exon sequence either side of exons IV and VI (Isk, Ilsk, II, III, VII, 

VUIsk, IXsk). For full details of the minigene, see chapter 2 and appendix 1.

ii) The four possible mRNA isoforms which can be expressed from the minigene are shown.



significantly higher levels of the SK isoform than the minigene containing the 
bpup m utation alone (Graham et al, 1992; Hamshere, PhD thesis). In one m utant, 
the first fifteen nucleotides of the SK exon were replaced w ith fifteen nucleotides 
identical in sequence to the first fifteen nucleotides of the NM exon. In the other 
m utant, SK exon nucleotides 61 to 75 were replaced w ith fifteen nucleotides 
identical in sequence to NM exon nucleotides 61 to 75 (see Figure 3.1C). Since 
both  the NM and the SK exons are 76 nucleotides in length, this m utation 
involved substitu tion  of 15 nucleotides at the 3'-end of exon SK w ith  15 
nucleotides identical in sequence to the 3'-end of exon NM. It was concluded that 
the SK isoform is not expressed from the wild-type minigene in non muscle cells 
because the SK BPS is suboptimal and because sequence located at the 5'-, and the 
3'-end of exon SK is inhibitory to its expression.

Repression of exon SK in non muscle cells

In the studies described above, no minigenes containing m utant SK exon 
sequence were tested that also retained a wild-type SK BPS. Thus, it was not 
known if the increase in the relative level of SK isoform expression observed 
w hen SK exon sequence w as m utated was dependent on the presence of a 
consensus SK BPS. Two TMnm minigenes containing the m utations w ithin exon 
SK that had been shown to enhance expression of the SK isoform were m ade that 
retained the wild-type SK BPS (K.Ayres). The minigene in which the first fifteen 
nucleotides of the SK exon were substituted w ith the corresponding sequence 
from the NM exon is referred to as "SK1-15NM" below. Similarly, the other 
m utant in which nucleotides 61 to 75 of the SK exon were substituted w ith the 
corresponding sequence of the NM exon is referred to as "SK61-75NM" below.

The SK1-15NM and SK61-75NM m utant minigenes were expressed in non 
muscle cells (mouse myoblast cells) and the relative level of each TMnm mRNA 
isoform expressed from these m utants was determined by reverse transcription- 
polym erase chain reaction (RT-PCR)/restriction enzym e analysis of RNA 
prepared  from the cells. Details of this procedure are given in chapter 2. It 
involves amplification of mRNA species expressed from the TMnm minigenes 
followed by restriction enzyme digestion of the amplified products to determine 
the mRNA isoform s that they originated from. A ppendix  1 explains the 
procedure and describes a control experiment showing that the relative levels of 
TMnm mRNA isoforms are not distorted during amplification. Figure 3.2 shows 
the Phosphorlm ager scan of the gel obtained after radioactively labelled nested 
PCR products (before and after digestion w ith MboII) had been separated by 
denaturing polyacrylamide gel electrophoresis. The relative levels of each mRNA 
isoform expressed were calculated using the Phosphorlm ager and are shown in 
table 3.1. The complete data and details of the calculations are given in appendix 
2.
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Figure 3.2. Kfffcct o f mutation of SK exon sequence on TM nm 111RNA 
isoform expression in myoblasts.

Total RNA isolated after transfection  o f  m yoblast  cells with the T M n m  w ild-type (SK 
W T), SK I I5N M , and S K 6 I-7 5 N M  m in igenes  was ana lysed  by RT-PCR. A proportion  
o f  the resulting radioactively labelled nested PCR products  were then digested  with the 
restriction en zy m e  M boII. S am ples  before  and af te r  d igestion  with M boII were 
e lec trophoresed  on  a denaturing  po lyacry lam ide  gel. T he  gel was then fixed, dried , and 
analysed  using the Phosphorlm ager.  The figure show s the three P h o sp h o r lm ag er  scans 
that were ob tained. B ands resulting from am plifica tion  o f  par ticu lar  T M n m  m R N A  
isoform s are labelled on e ither side o f  each  scan.
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Isoform

TMnm plasmid NM/SK NM SK Skipped

SKWT 0 (0) 59 (2) 0 (0) 41 (2)
SK1-15NM 1 (1) 48 (3) 38 (2) 13 (3)

SK61-75NM 0 (0) 47 (1) 48 (2) 5 (1)

Table 3.1 Expression of TMnm minigenes containing m utations w ithin 
exon SK in non muscle cells (mouse myoblasts).

Values are shown in percent and are averages of triplicate transfections. Standard 
deviations are shown in brackets. SKWT refers to the wild-type TMnm minigene.

Table 3.1 shows that SK isoform expression was activated in non muscle 
cells w hen 15 nucleotides at the 5’-, or the 3'-end of exon SK were substituted 
with the corresponding sequence from exon NM. When nucleotides 1-15 of exon 
SK were substituted (SK1-15NM), SK isoform expression increased to 38 (2)% and 
w hen nucleotides 61-75 of exon SK were substituted (SK61-75NM), SK isoform 
expression increased to 48 (2)%. In com parison, results from earlier work 
dem onstrated that the relative level of SK isoform expression from a TMnm 
m inigene in which the SK branch point sequence had been m utated  to the 
consensus sequence (the bpup  TMnm minigene) was 58%. W hen SK1-15NM or 
SK61-75NM exon m utations were also m ade in the bpup m inigene (the SK1- 
15NMbpup, and the SK61-75NMbpup minigenes, respectively), the relative level 
of SK isoform expression further increased to 97% (Hamshere, PhD thesis). Thus, 
m utation of sequence at the 5'-, or 3'-end of exon SK caused the relative level of 
SK isoform expression to increase by 39% over that from the bpup minigene. This 
increase approxim ates to the relative SK isoform expression level observed from 
the SK1-15NM and SK61-75NM m utant m inigenes. It was concluded that 
substitution of sequence at the 5' and 3' ends of the SK exon with sequence from 
the corresponding regions of the NM exon significantly increased the relative 
level of SK isoform expression from the TMnm minigene in non muscle cells, 
and that this effect did not depend on whether the sequence of the branch point 
sequence upstream  of exon SK was the wild-type or the consensus sequence.

It was noted that the effect on the relative level of SK isoform expression of 
substitution of sequence w ithin exon SK with sequence from the corresponding 
region of exon NM could be explained in two ways; either the deleted SK exon 
nucleotides contain sequence which is inhibitory to SK isoform expression, or the 
inserted NM  exon nucleotides contain sequence which is activatory to SK 
isoform expression.
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SK exon use in  non muscle cells

Previous experiments in non muscle cells dem onstrated that SK isoform 
expression observed from  the bpup  TMnm m inigene was lost if exon SK 
nucleotides 16 to 30 were replaced by sequence identical to exon NM nucleotides 
16 to 30 (Graham et al, 1992. This m utant is referred to as SK16-30NMbpup below, 
see table 3.2). It was concluded that SK exon nucleotides 16-30 were required for 
expression of the exon once it had been activated in non muscle cells by m utation 
of the SK BPS to the consensus sequence. However, it is possible that this effect 
was due, not to a loss of inherently activatory SK exon sequences, but instead, to 
the introduction of inhibitory NM exon sequence. To rule out this possibility, the 
SK exon sequence at nucleotides 16-30 was replaced by a sequence different to that 
of NM exon nucleotides 16-30 (see figure 3.1C). The minigene containing this 
m utation is referred to as SK16-30Rlbpup below and the sequence of the m utant 
SK exon nucleotides at positions 16-30 is given in table 3.2 (the SK16-30R1 
sequence). If the w ild-type SK exon contains inherently activatory sequence at 
nucleotides 16-30 it was predicted that the SK16-30Rlbpup minigene w ould not 
express the SK isoform in non muscle cells. However, if NM exon nucleotides 16- 
30 are inhibitory to expression of the SK isoform when located w ithin the SK 
exon (as in the SK16-30NMbpup m inigene), it was predicted that the SK16- 
30Rlbpup minigene w ould express the SK isoform in non muscle cells.

SK exon m utant SK BPS SK 16-34 sequence Pu
SKWT WT or C GGA GGA GGA GCT GAA GAA T 16
SK16-30NM WT o rC GGA TGA GCA GAT TAG GAA T 14
SK16-30R1 C TCG CGC TAC ACG CTT GAA T 8

SK16-30R2 W T ATT TAT AAG CTC CAA GAA T 1 0

SK16-30R3 W T CAA ACC CAG AAA GAA GAA T 14
SK16-30R4 W T TGT GTC ATT TTA TGA GAA T 9
SK16-30R5 W T CCC TTT CTC ACC AGC GAA T 6

Table 3.2 Sequence of mutations at SK exon nucleotides 16-34.

The name given to each mutant in the table refers only to the sequence of the SK exon. Mutant TMnm minigene 

plasmids containing these sequences are referred to below by the same name as that given in the table if the SK 

branch popint sequence (SK BPS) of the minigene is the wild-type sequence. If the SK BPS is the consensus sequence 

then the name of the mutant in the table is followed by "bpup". For example, two plasmids containing die SK16- 

30NM mutation were made. The mutant containing a wild-type SK BPS is referred to as SK16-30NM, and the 

mutant containing the consensus SK BPS is referred to as SK16-30NMbpup. WT and C in the SK BPS column 

denote the sequence of the SK BPS in the minigene plasmid (WT represents a wild-type SK BPS and C represents a 

consensus SK BPS). WT or C shows that two plasmids were made with the same mutant SK exon sequence. One 

containing the wild-type SK BPS, the other containing the consensus SK BPS. The number of purine nucleotides for 

each mutant sequence between SK nucleotides 16 and 34 is given in the Pu column.
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The SK16-30Rlbpup m utant m inigene was transfected into non muscle 
cells (COS cells) at the same time as the bpup and SK16-30NMbpup m utant 
TMnm minigenes. Expression of the relative levels of TMnm mRNA isoforms 
was determ ined, again by RT-PCR/restriction enzyme analysis of RNA purified 
from the cells after transfection. Figure 3.3 shows the Phosphorlm ager scan 
obtained. Products derived from the SK mRNA isoform are visible in the lanes 
representing expression from the bpup minigene (lanes 2, 4, and 6 ). However, 
these products are not visible in the lanes representing expression from the SKI 6 - 
30Rlbpup and SK16-30NMbpup minigenes (lanes 8 , 10, 12, 15, and 17). Thus, 
neither the SK16-30Rlbpup or the SK16-30NMbpup minigene was able to express 
the SK isoform. It was concluded that wild-type SK exon sequence at nucleotides 
16-30 is required for expression of the SK exon in non muscle cells.

SK exon use in muscle cells

The requirem ent of SK exon nucleotides 16-30 for expression of the SK 
isoform in non m uscle cells suggested that these nucleotides m ight also be 
required for expression of that exon in muscle cells, where SK isoform expression 
is dom inant to NM isoform expression (Hamshere, PhD thesis). To examine this 
possibility, the sequence at SK nucleotides 16-30 was replaced w ith four different 
m utant sequences. If the wild-type sequence is required for expression of the SK 
exon in muscle cells it was predicted that these mutants w ould all demonstrate a 
reduced ability to express the SK isoform compared to the wild-type minigene. 
The sequence of each m utan t replacing the wild-type SK exon sequence at 
nucleotides 16-30 is show n in table 3.2. The TMnm minigenes containing these 
m utations are referred to as SK16-30R2, SK16-30R3, SK16-30R4, and SK16-30R5 
below. The wild-type SK BPS was retained in these m utant minigenes because the 
relative level of SK isoform expression from the wild-type TMnm minigene in 
muscle cells is high and, therefore, does not need to be boosted by conversion of 
the SK BPS to the consensus sequence in order to see an effect on reduction of SK 
isoform expression.

The m utant minigenes were transfected into mouse myoblast cells at the 
same time as the SK16-30NM (containing a wild-type SK BPS) and w ild-type 
TMnm (SK WT) minigenes. The cells were caused to differentiate into myotubes 
(i.e. muscle cells), then the relative levels of TMnm mRNA isoforms expressed 
from the m inigenes were determ ined by RT-PCR/restriction enzyme analysis of 
RNA purified from the myotubes. The products resulting from the analysis are 
shown in figure 3.4A.

The products amplified from the NM and SK isoforms are identical in size 
and are digested w ith the restriction enzyme MboII to enable their relative levels 
of expression to be calculated. However, the MboII restriction enzyme site critical 
for distinguishing nested PCR products amplified from NM and SK isoform
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F igure  3.3. E ffect o f m u ta tio n  o f th e  p u rin e -r ic h  se q u e n c e  w ith in  
exon  SK on  T M n m  m R N A  iso fo rm  e x p re ss io n  in  C O S  cells

COS colls wore transfected with three mutant TMnm m inigenes. After transfection total KNA 
was isolated and TMnm mKNA was amplified by RT-PCR. A proportion of the labelled nested 
I’CR products were' were then digested with the restriction enzym e Alul. Samples before and 
after digestion with Alul were eloctrophorosod on a dentauring polyacrylamide gel. The gel was 
then fixed, dried and analysed using the I’hosphorlmagor. The figure show s the 
Phosphorlmager scan of the dried gel. Lines 1, 3, 5, 7, S, II, 14, 16 are undigested samples. Lines 
2, 4, 6, K, 10, 12, 15, 17 are digested samples. Radioactive markers were loaded in lane 13. 
Products representing different TMnm mRNA isoforms are labelled.
The TMnm m inigene mutants tested all contained a mutation of the branch point sequence 
(HI’S) located upstream of exon SK. The mutation converted the wild-type MI’S to the consensus 
MI’S. This mutation is known as branch point upregulated (bpup). Two of the mutants also 
contained a mutation of the SK exon sequence at nucleotides 16-30 (see text for details).

Mpup mutants SK W 1 SK16-30R1 SKIU-30NM
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Figure 3.4 Effect of m u ta tion  of the purine-rich  sequence w ith in  exon 
SK on TM nm  m RNA isoform  expression in m yotube cells

Mouse myoblast cells were transfected with the wild-type TMnm minigene and five 
other TMnm minigenes containing mutations of the punne-rich sequence in exon SK. 
The cells were caused to differentiate into myotubes, then RNA was purified from the 
cells and TMnm mRNA was amplified by RT-PCR. A proportion of the resulting 
labelled nested PCR products were then digested with the restriction enzyme MboII 
or Alul. S amples before and after digestion with MboII or Alul were electrophoresed 
on denaturing polyacrylamide gels. The gels were then fixed, dried and analysed 
using the Phosphorlmager.
A) TnePhosphorlmager scan of the MboII digested products. Products representing 
different isoforms are labelled for the SK WT and SK16-30R3 lanes (1-3, and 8-10, 
respectively).
B) The Phosphorlmager scan of the Alul digested products, only the products 
corresponding to amplification of the NM and SK isoforms are showm.
The undigested products o f amplification are not shown. M=marker lane.
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expressed from the SK16-30R2, SK16-30R4, and SK16-30R5 m utant minigenes is 
not retained by  the m utant sequence. Consequently, the expected size of the SK 
isoform-derived product after MboII analysis was different to that resulting from 
SK isoform  expression from the w ild-type and SK16-30R3 minigenes and the 
relative level of SK isoform expression from the SK16-30R2, SK16-30R4, and 
SK16-30R5 m utant minigenes was not calculated. The relative levels of isoforms 
expressed from the w ild-type and SK16-30R3 minigenes are shown in table 3.3. 
Again, appendix 2 gives details of the complete data and calculations. The data 
shows that the relative level of SK isoform expression was reduced by a factor of 
~9 when the wild-type SK exon sequence was m utated to the SK16-30R3 sequence.

Isoform
TMnm plasmid NM SK Skipped

SKWT 24 (2) 26 (1) 49 (1)
S K 16-30R 3 39 (5) 3 (1) 59 (4)

Table 3.3 Effect of mutation of SK nucleotides 16-30 on 
TMnm mRNA isoform expression in muscle cells.

Values are shown in percent and are averages of triplicate 
transfections. Standard deviations are shown in brackets.

In order to determ ine if SK isoform expression from the SK16-30R2, SKI 6 - 
30R4, and SK16-30R5 m utan t m inigenes was m uch reduced com pared to that 
from the w ild-type m inigene, the products of nested PCR amplification were 
analysed using A lul restriction enzyme. Figure 3.4B shows the products of Alul 
digestion resulting from amplification of the NM and SK isoforms. The wild-type 
lanes (1-3) clearly contain a product derived from the SK mRNA isoform. As 
w ith the MboII analysis, the expected size of the SK isoform-derived product after 
am plification/A lul restriction enzyme analysis of SK isoform expression from 
the SK16-30R2, SK16-30R4, and SK16-30R5 m utant minigenes is different to that 
resulting from SK isoform expression from the wild-type minigene. However, 
unlike the MboII analysis, a product specific for expression of the SK isoform is 
produced. The size of any A lul digestion product derived from amplification of 
the SK isoform expressed from the SK16-30R3, SK16-30R4, SK16-30R5, and SKI 6 - 
30NM m utant minigenes is expected to be 12 nucleotides longer than the product 
derived from SK isoform expression from the wild-type minigene. Figure 3.4B 
shows that there is no such product visible in lanes 8-19. The product derived 
from the SK16-30R2 minigene is expected to be only one nucleotide shorter than 
that from  the w ild-type m inigene. This product is not visible in the lanes 
representing expression from this minigene (lanes 4-6).

Thus, none of the minigenes in which the wild-type SK exon nucleotides 
at positions 16-30 were m utated were able to express a significant level of the SK 
isoform in muscle cells. It was concluded that wild-type SK exon nucleotides 16- 
30 contain sequence that is necessary for efficient expression of that exon in
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muscle cells and, for expression of the SK isoform from the bpup minigene in 
non muscle cells. This sequence of the SK exon from positions 16-30 is referred to 
below as the SK exon splicing enhancer, or SK ESE.

All six m utants of SK exon nucleotides 16-30 had a dramatic effect on SK 
expression. The w ild-type sequence in this region is very purine-rich (see table 
3.2). It m ight be expected that substitution of the wild-type sequence for other 
purine-rich sequences w ould not seriously affect the ability of this region to act as 
an enhancer of SK exon expression. However, the m utants which retain a high 
purine content (the SK16-30NM and SK16-30R3 m utants contain 11 purines out 
of 15 nucleotides) still do not support significant expression of the SK isoform. 
Therefore the exact sequence of the SK ESE is important to its function.

The wild-type SK exon sequence at positions 16-33 can be divided into two 
purine-rich sections: a (GGA)3 motif (SK exon nucleotides 16-24) and a (GAA)2 

motif (SK nucleotides 27-33), separated by CT. The smallest change in sequence 
needed to d is ru p t efficient SK exon expression was m utation  of only 12 
nucleotides ( the SK16-30R3 mutation). In this m utant the (GAA)2 motif remains 
intact. It is possible, therefore that this sequence is not required for efficient 
recognition of the SK exon and that the (GGA)3 CT sequence is sufficient. 
M utation of SK exon nucleotides 31-45 to sequence corresponding to NM exon 
nucleotides 31-45 (SK31-45NM) had no effect on SK expression in non muscle or 
muscle cells (Graham et al, 1992; Hamshere, PhD thesis). Thus, the 3'-half of the 
(GAA )2  motif (SK exon nucleotides 31-33) is not required for efficient recognition 
of exon SK by the splicing apparatus. No m utation has yet been made of the 5'- 
half of the (GAA )2 m otif (SK exon nucleotides 28-30) that does not also disrupt 
the (GGA )3  m otif. A role for the 5'-half of the (GAA)2  m otif in SK exon 
expression cannot, therefore be ruled out.

Switch to use of exon SK in muscle cells

In m uscle cells, SK isoform  expression is dom inant to NM isoform 
expression (Hamshere, PhD thesis). This switch in expression pattern from that 
in non m uscle cells could be explained by loss of the repression of exon SK 
specifically in muscle cells. The NM and SK exons would both then be available 
to the splicing apparatus and the relative level of use of these exons w ould be 
determ ined by the strength  of the splicing signals associated w ith each exon. 
Alternatively, more complex models would involve specific inactivity of the NM 
exon a n d /o r  specific enhancem ent of exon SK use in muscle cells. In order to 
distinguish these types of model, either the NM or the SK exon was inactivated 
by m utation. If the NM and SK exons are directly in competition w ith each other 
for recognition by the splicing apparatus, then inactivation of the SK exon is 
expected to result in an increase in the level of NM isoform expression. Similarly,
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inactivation of the NM exon is expected to allow the level of SK isoform 
expression to increase. If the NM exon is specifically inactive in muscle cells, then 
inactivation of exon SK should not alter the level of NM isoform expression.

The NM  exon w as inactivated by deleting nucleotides at its 5'ss (the 
corresponding m utant TMnm minigene plasm id is referred to as ANM5'ss and is 
identical to the w ild-type TMnm minigene except for the nucleotides deleted at 
the NM exon 5'ss), and the SK exon was inactivated by deleting the branch point 
sequence upstream  of the exon (the corresponding m utant TMnm m inigene 
plasmid is referred to as ASKBP and is identical to the wild-type TMnm minigene 
except for the nucleotides deleted at the SK BPS). These m utants have been 
described prev iously  (G raham  et al, 1992). The ANM5'ss and ASKBP m utant 
minigenes were expressed in myoblast and myotube cells. The results of the RT- 
PCR/ restriction enzyme analysis of RNA purified from myoblast cells are shown 
in figure 3.5. RNA purified from the myotube cells was analysed in another study 
(I. Eperon, unpublished) and the gel is not shown here. The quantified results of 
TMnm mRNA isoform expression in myoblasts and myotubes are shown in table 
3.4. Data from the myoblast transfections and details of the calculations are given 
in appendix 2 .

Myoblasts Myotubes

Isoform Isoform
TMnm plasmid NM/SK NM SK Skipped NM/SK NM SK Skipped

SKWT 0 (0) 56 (2) 0 (0) 44 (2) 0 ±0 24 ±2 20 ±2 54 ±1
ANM5'ss 0 (0) 0 (0) 9 (1) 91 (1) 0 ±0 0 ±0 25 ±3 75 ±3
ASK BP 0 (0) 52 (2) 0 (0) 48 (2) 0 (0) 16 (1) 18 (4) 65 (4)
NM5'ssC 0 (0) 89 (1) 0 (0) 11 (1) 1 ±0 79 ±3 18 ±1 3 ±1

Table 3.4 Effect of m utation of NM and SK exon splicing signals 
on TMnm mRNA isoform expression in myoblast and myotube

cells.
Values are shown in percent and are averages of duplicate or triplicate transfections. 
Standard deviations for triplcate transfections are shown in brackets. For the duplicate 
transfections difference of individual values from the mean is shown.

There w as no SK isoform  expressed from the ASKBP m inigene in 
m yoblasts (figure 3.5B, lanes 10-12; table 3.4), as expected. Unfortunately, in 
myotubes, this m utant minigene did support expression of the SK isoform (table 
3.4). It is likely that an alternative branch point upstream  of exon SK was 
recognised that allowed incorporation of the SK exon into the m ature mRNA. 
This was not investigated further. SK isoform expression is, however, disrupted 
in m yotubes by m utation of SK exon nucleotides 16-30 (figure 3.4). The relative 
levels of mRNA isoform s expressed from the SK16-30R3 minigene in muscle 
cells are show n in table 3.3.
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Figure 3.5 Effect o f m utation o f exon NM or SK splice site signals on 
TM nm  m RNA isoform  expression in myoblasts

Mouse myoblast cells were transfected with the wild-type, \M 5 ssC , ANMS'ss, and 
ASKBP TMnm minigenes. After RXA had been purified from the cells, TMnm mRNA 
was amplified by RT-PCR. A proportion of the resulting labelled nested PCR products 
were then digested with the restriction enzyme MboII. Products before and after 
digestion with MboII were electrophoresed oh a denaturing polyacrylamide gel. The 
gel was then fixed, dried and analysed using the Phosphorlmager.
A) Phosphorlmager scan of the undigested products.
B) Phosphorlmager scan of the MboII digested products.
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The relative level of the NM and skipped isoforms observed in the SK16- 
30R3 transfection was higher than in the wild-type transfection. However, care 
m ust be taken over the interpretation of these results. Because the level of SK 
isoform expression is reduced to 3% by the SK16-30R3 m utation, the relative 
levels of the NM and skipped isoforms will increase even if actual expression of 
these isoforms did not alter at all. If this is the case, the relative levels of these 
isoforms, in percentage terms, are expected to be 32% NM (i.e. [(24/73) x97]), 3% 
SK, and 65% skipped (i.e. [(49/73) x97]). Comparison of these relative levels with 
those calculated for expression from the SK16-30R3 minigene (39% NM, 3% SK, 
59% skipped), shows that the relative level of NM isoform expression is slightly 
higher than expected than if the actual level of expression of that isoform was 
unaffected by a significant reduction in SK isoform expression. It was concluded 
that, under w ild-type conditions in muscle cells, NM isoform expression is 
limited to some extent by the activity of the SK exon.

Activity of the SK exon does not appear to be the only limitation on use of 
the NM exon in muscle cells. W hen exon SK was inactivated, the relative level 
of NM isoform expression did not return to the level observed in myoblast cells 
(compare table 3.3: SK16-30R3, 39% NM with table 3.4: WT SK, 56% NM). It was 
concluded that NM exon use is reduced in muscle cells because of competition 
with exon SK for components of the splicing apparatus, but also because the NM 
exon is specifically inactivated, or because factors which enhance its expression in 
non muscle cells are inactive or absent in muscle cells. This is discussed further 
in chapter 6 .

Analysis of the relative levels of isoform expression in myoblast cells from 
the ANM5’ss minigene (figure 3.5B, lanes 7-9, table 3.4) showed that relative use 
of the SK exon did increase slightly in comparison w ith SK isoform expression 
from the wild-type TMnm minigene (compare WT SK, 0% SK w ith ANM5'ss, 9% 
SK). Therefore use of exon SK in non muscle cells does appear to be limited by 
activity of the NM exon, although the effect of sequence within the SK exon and a 
suboptim al SK branch point sequence is of prim ary importance in SK repression 
(Graham et al, 1992). In muscle cells, if inactivation of exon NM had no effect on 
actual expression of the SK and skipped isoforms, the relative level of these 
isoforms calculated from the analysis of wild-type expression levels is expected to 
be 27% SK (i.e. [((20/(20+54)) xlOO], and 73% skipped (i.e. [((54/(20+54)) xlOO]. This 
is very close to the actual values observed (25% SK, and 75% skipped). It was 
concluded tha t exon SK expression from the w ild-type TMnm m inigene in 
m uscle cells is no t lim ited by use of exon NM. This conclusion was also 
confirm ed by the expression pattern  observed from another m utant TMnm 
minigene (NM5'ssC) in which the 5'ss sequence of the NM exon was m utated to 
the consensus sequence. This minigene was expressed in myoblast and myotube 
cells (figure 3.5; I.Eperon, personal communication) and the relative levels of 
mRNA isoforms produced were determ ined (table 3.4). The data shows that the
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relative expression level of the NM isoform from the NM5'ssC minigene was 
much enhanced in both cell types compared to that from the wild-type minigene. 
However, despite the increase in the relative NM isoform expression level, no 
reduction in the relative level of SK isoform expression was observed.

It was concluded from the results described above that use of exon NM in 
is limited in muscle cells by the activity of exon SK and because the NM exon is 
specifically inactivated, or because factors which enhance its expression in non 
muscle cells are inactive or absent in muscle cells.

Residual repression of exon SK in muscle cells

Expression of the SK isoform from the TMnm w ild-type m inigene in 
muscle cells is dom inant to expression of the NM isoform, but is still not 100%. 
One lim itation on SK isoform expression in myotubes is the sequence of the 
branch point sequence upstream  of exon SK; the only isoform expressed from the 
TMnm bpup  m inigene in muscle cells was the SK isoform (Hamshere, PhD 
thesis). Thus, the SK BPS is suboptim al in non muscle and in muscle cells. In 
order to determ ine w hether the sequence of the 5'- or 3'-end of exon SK is also 
inhibitory to SK isoform expression in muscle cells, the SK1-15NM and SK61- 
75NM m utant m inigenes were transfected into myoblast cells. These cells were 
caused to differentiate into m yotubes and RNA purified from the cells was 
analysed by RT-PCR/restriction enzyme analysis as before. The resultsare shown 
in figure 3.6 and the quantified results are given in table 3.5. Appendix 2 contains 
the complete data.

TM plasmid NM/SK NM SK Skipped

SKWT 0 (0) 11 (1) 32 (2) 56 (0)

SK1-15NM 0 (0) 0 (0) 100 (0) 0 (0)
SK61-75NM 0 (0) 0 (0) 100 (0) 0 (0)

Table 3.5 Effect of m utation of SK exon sequence on TMnm mRNA
isoform expression in myotube cells.

Values are shown in percent and are averages of triplicate 
transfections. Standard deviations are shown in brackets.

Table 3.5 shows that both m utants of the SK exon allowed 100% use of that 
exon in muscle cells. It was concluded that SK isoform expression is limited in 
muscle cells by a suboptim al branch point sequence and by sequences at the 5'-, 
and 3-end of exon SK (assuming that NM exon sequence which replaced exon SK 
sequence in the SK1-15NM and SK61-75NM minigenes did not contain sequence 
activatory to SK isoform  expression, see below). Together the above results 
demonstrate that repression of exon SK is only partially lifted in muscle cells, but
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Figure 3.6 Effect of mutation o f SK exon sequence on TMnm mRNA 
isoform expression in myotubes

Mouse myoblast cells were transfected with the wild-type, SK1-15NM, and 
SKM-75NM TMnm minigenes and caused to differentiate. Alter RNA had been 
purified from the cells, TMnm mRNA was ar f 1 by RT-PCR. A proportion of the 
resulting labelled nested PCR products were then digested with tne restriction 
enzyme MboII. Products before and after digestion with MboII were electrophoresed 
on a denaturing polyacrylamide gel. The gel was then fixed, dried and analysed 
using the Phosphorlmager.
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that the activity of the SK exon in these cells and a reduction in the activity of 
exon NM is sufficient to allow the SK isoform to dom inate the expression 
pattern.

A nalysis of TMnm pre-m RNA splicing patterns in m yotube cells is 
potentially complicated by the possibility that myotube cells may be contaminated 
w ith undifferentiated myoblast cells. There is, however, no evidence that this has 
occurred in the results presented here. The SK1-15NM and SK61-75NM m utant 
minigenes supported high levels of NM isoform expression in myoblast cells (48 
(3)% and 47 (1)%, respectively) and no NM isoform expression in myotube cells. If 
the myotubes were contaminated with significant numbers of myoblast cells then 
the percent NM isoform expression in myotube cells w ould have been greater 
than zero. The influence of undifferentiated m yoblasts on these results can 
therefore be ruled out. The significant differences in isoform levels observed 
when the other m utant m inigenes were expressed in myoblasts and myotubes 
suggests that contamination effects in these transfections are also minimal.

Sequence spanning the SK exon and the SK branch point sequence is not 
sufficient to allow tissue-specific regulation of exon SK splicing in a heterologous 
environm ent

The w ork described above, together w ith previous experiments, identified 
sequences required for the regulation of SK isoform expression in non muscle 
and muscle cells. If these sequences are sufficient for that regulation they should 
be able to confer tissue specific splicing activity on the SK exon when it is placed 
in a different sequence environm ent. It was decided to insert TMnm sequence 
spanning the SK exon and the SK BPS, which contains all the cis-acting sequences 
identified so far, into the p-globin gene. Two m utants were created by insertion of 
d ifferent lengths of TMnm sequence into p-globin in tron  2. The inserted 
sequences differ in the length of TMnm sequence immediately downstream  of 
exon SK. One sequence contains only 6  nucleotides (6G/TM1) and the other 
contains 28 nucleotides (6G/TM2). The extra sequence was included because it 
contains a num ber of sequences which resemble 5'ss sequences. It was thought 
that these sequences m ay have a functional role in the regulation of SK exon 
expression. The basic exon arrangem ent of the heterologous constructs is shown 
in figure 3.7 and is very similar to that of the TMnm gene itself.
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Figure 3.7 The exon arrangem ent of the TMnm minigene and the p- 
globin/TM nm  heterologous genes

A) The central part of the TMnm minigene and the heterologous genes (represented as 

one gene here) are shown. Two heterologous genes were made which contained 

different lengths of TMnm sequence immediately downstream of exon SK (see text). 

Exon sequence is represented by open boxes, intron sequence by horizontal lines. The 

region of the heterologous genes that contains TMnm sequence is shown as the thick 

black line and by the filled box. The dominant splicing pattern in non muscle and 

muscle cells is shown for the TMnm gene by the diagonal lines. The predicted 

dominant splicing pattern is shown for the heterologous genes.

B) Possible mRNA isoforms that can be expressed from the heterologous genes.

Only the regions of the TMnm and fi-globin genes that are of interest are shown.
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If all the sequence necessary for regulation of TMnm SK exon expression is 
contained w ithin the TMnm sequence inserted into the p-globin gene, then the 
splicing pattern  of the heterologous genes should be similar to that of the TMnm 
minigene. The mRNA isoforms which can be expressed from the heterologous 
genes are show n schematically in figure 3.7B. In non muscle cells, expression of 
the 1 /3  and 1 /2 /3  isoforms is expected. The predicted pattern is more complicated
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in  m uscle cells. The m echanism  responsib le for the m utually  exclusive 
expression of exons NM and SK has not yet been elucidated. It is possible that 
sequences involved in the m utually  exclusive incorporation of these two exons 
are located w ithin the inserted TMnm sequence. If mutual exclusion is preserved, 
then 1 /3 , l /S K /3  and 1 /2 /3  isoforms are expected. If it is not, the 1 /2 /S K /3  
isoform is expected to be expressed in addition to these isoforms. In either case, 
the relative levels of SK exon-containing isoforms should be dom inant to the 
relative level of the 1 /2 /3  isoform just as expression of the SK isoform is 
dom inant to NM isoform expression from the TMnm minigene in muscle cells.

M essenger RNA isoform expression from the wild-type (3-globin gene and 
the two heterologous genes was determined in non muscle and muscle cells. This 
was done by RT-PCR analysis of RNA purified from cells transfected w ith these 
genes (the exact procedure is described in chapter 2). Figure 3.8 shows the results. 
Bands corresponding to products derived from different mRNA isoforms are 
labelled. It can be seen that the wild-type (3-globin gene predom inantly expressed 
an isoform containing all three exons in both non muscle and muscle cells (the 
isoform is labelled as 1 /2 /3  in the figure, lanes 3, 4, 9,10). A degree of skipping of 
exon 2 was also observed in each cell type (the 1/3  isoform, lanes 3, 4, 9,10). 1 /2 /3  
isoform  expression  w as also the dom inant isoform  expressed from  the 
heterologous genes (lanes 5-8, 11-14). However, bands corresponding in size to 
those expected from l /S K /3  and 1 /2 /S K /3  isoform expression are also visible for 
each hybrid gene in non muscle and muscle cells. There is no obvious increase in 
the relative level of isoforms containing exon SK in muscle cells compared to 
myoblast cells for either of the heterologous genes (compare lanes 4, 5 w ith 11, 12 
and 6 , 7 w ith 13,14).

It was concluded that TMnm sequence spanning the SK BPS and SK exon 
does not contain all the cis-acting elements required for the inhibition of exon SK 
use in non muscle cells, for the muscle-specific expression of exon SK, or for the 
m utually exclusive incorporation of the NM and SK exons. Alternatively, it is 
possible that the p-globin sequences surrounding the TMnm sequence had an 
inhibitory effect on the regulatory activity of the TMnm sequence.
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Figure 3.8. Sequence o f the TM nm gene required for regulated 
expression o f the SK exon in non muscle and muscle cells

Mouse myoblast cells were transfected with the wild-type jS-globin gene (CG) and the 
two mutant genes containing TMnm sequence spanning the SK branchpoint sequence 
and the SK exon (CG/TM1 and CG/TMl). 24 hours later, RXA was purified from the 
cells or, in a parallel experiment, the cells were caused to differentiate into myotubes 
before RXA was purified. mRXA expressed from the genes was amplified by 
RT-PCR. The products were electrophoresed on a denaturing polyacrylamide gel. The 
gel was then fixed, dried and analysed using the Phosphorlmager.
The identity of the 1 /2 /S K /3 , 1 /2 /3 , l /S K /3  and 1 3 isoforms are given in figure 
3.7. 1-2/3 represents amplified product thought to be derived from expression of an 
RNA in which exons 2 and 3 nave been spliced together, but in which the intron 
separating exons 1 and 2 remains.
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Chapter 4
Repression of exon SK in non muscle cells 

The 5f end of exon SK contains a pseudo 5'ss sequence

The results described in the previous chapter, as well as earlier work 
(G raham  et al, 1992; H am shere, PhD thesis), established that m utation of 
sequence at the 5'end of exon SK activates expression of that exon in non muscle 
cells. W hen the pre-mRNA sequence of the m utated region was examined it was 
noted (I.Eperon) that the three nucleotides immediately upstream  of the SK exon, 
together w ith  the first five nucleotides of the exon strongly resemble a 5'ss 
sequence:

TMnm SK exon .3CAGUAAGU5

Consensus 5'ss (A/C)AGGURAGU

Thus, the TMnm sequence contains an exact match to the consensus 5'ss except 
that the G nucleotide at position 3 of the consensus sequence is not present. One 
of the first steps in spliceosome assembly is recognition of the 5'ss sequence by U1 
snRNP. U1 snRNP is a large RNA-protein complex. The 5'-end of the RNA 
component of U1 snRNP (U1 snRNA) m ediates binding of this complex to 5’ss 
sequences and is exactly complementary to the consensus 5'ss sequence:

Consensus 5'ss CAGGUAAGU31

5'-end of U lsnRN A  GUCCAlj/Xj/CAUApppmsGs'

• represents Watson-Crick base-pairing 

represents pseudouridine 

The 5'-end of U1 snRNA ends with adenosine triphosphate (Appp) and a 

tri-methlyguanosine cap (ITI3G )

The TMnm sequence SK (-3 to +5) also base pairs well to the 5'-end of U1 snRNA:

5'-end of U lsnRN A  GUc CA\|/\|/CAUApppm3G
•  •  • • • • • • O *

Tropomyosin SK_3 t o +7 CA  GUAAGUGU3 '

There are six continuous Watson-Crick base pairs predicted to form between the 
TMnm pre-m RN A  and U lsnR N A . There is also a potential G-U base pair 
(marked"o") at position + 6  of the TMnm SK exon sequence. A further two base

4.1



pairs can be form ed w ith  positions -3 and -2 relative to the SK exon if a one 
nucleotide bulge occurs in U1 snRNA. Thus, in total 10 out of 11 nucleotides of 
U1 snRNA could pair w ith  the TM pre-mRNA sequence. The TM SK.3  to + 7  

sequence is referred to as the SK pseudo 5'ss (p5'ss) sequence below.
It was proposed (I.Eperon) that the inhibitory effect of sequences at the 5 - 

end of exon SK, on expression of that exon in non muscle cells, could be 
m ediated by the binding of U1 snRNP to the SK p5'ss. In muscle cells, U1 snRNP 
w ould  in som e w ay be p reven ted  from binding to the TMnm pseudo 5’ss 
sequence and the repression w ould be lifted. The m echanism  by which U1 
snRNP could inhibit SK splicing in non muscle cells might, in principle, involve 
steric inhibition of access of splicing factors to the SK 3'ss which is contained 
w ithin the SK p5'ss sequence, or of access of a factor(s) binding to the adjacent SK 
ESE:

Nonmuscle | 4 f— — | NM |

U1 snRNP

Muscle

Figure 4.1 Model for the regulation of TM expression by U1 snRNP

There are some attractive features to this model:
1) the factor proposed to m ediate repression of SK isoform expression in 

non muscle cells is constitutively expressed. It seems very unlikely that all non 
muscle cells w ould express a specific factor just to inhibit SK isoform expression. 
Instead it is more likely that an event specific only to muscle cells would lift the 
repression;

2 ) it is well known that m any sequences which contain a strong match to a 
5'ss consensus sequence are not used as splice sites, yet sequences with a weaker 
match are faithfully used. Thus, the machinery of the cell is well adapted for the 
selective use of sequences as 5'splice sites. In the model proposed here, the cell 
w ould exploit this ability for selecting 5'ss sequences in a tissue-specific way: in 
non muscle the SK pseudo 5'ss is recognised by U1 snRNP and in muscle it is not.

The Role of U lsnR N P in  repression of exon SK expression in non muscle cells

If U1 snRNP does m ediate repression of exon SK expression in non muscle 
cells, a TMnm m inigene containing m utations within the SK p5'ss that disrupt 
the proposed base-pairing interactions w ith U1 snRNA is predicted to express the
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SK isoform  in non muscle cells. It should then be possible to suppress this 
expression  in vivo by expressing  a U1 snRNA containing com pensatory 
m utations tha t restore the com plem entarity of base pairing w ith the m utant 
TMnm sequence (assum ing that the m utant U1 snRNA can assemble w ith U1 
snRNP proteins w ithin the cell). A similar experiment was used to demonstrate a 
functional interaction of U lsnRN A  w ith 5' splice sites in adenovirus E la  pre- 
mRNA (Zhuang and W einer, 1986).

The interaction betw een the SK pseudo 5'ss and U1 snRNA is predicted to 
be in the ratio 1:1. Any effect of a U1 snRNA carrying a suppressing m utation 
may not be observed if the levels of m utant TMnm RNA within the cell are 
significantly higher than the m utant U1 snRNA levels. This affected the choice of 
cell-type used for the suppression experiment. Two cell-types have been used in 
the laboratory for analysis of TMnm minigene splicing, COS cells and mouse 
myoblast cells. COS cells constitutively express T antigen. This protein is known 
to significantly enhance expression from SV40 prom oters. Expression of the 
TMnm m inigene is dependent on an SV40 prom oter (chapter 2), whereas the U1 
snRNA gene was cloned w ith its own promoter. Therefore COS cells are likely to 
express TM nm  m inigene RNA to m uch h igher levels than  U1 snRNA. 
However, myoblast cells, which do not express T antigen, are expected to express 
m uch low er levels of TMnm m inigene RNA (the difference in amplification 
conditions required for visualisation of radioactively labelled products amplified 
from TMnm mRNA isolated from myoblast and COS cells (20 compared with 8  

cycles of nested PCR, respectively) confirms this). It was decided therefore, to use 
myoblast cells for experim ents aimed at investigating the role of U1 snRNP in 
repression of exon SK splicing in non muscle cells.

If U1 snRNP does m ediate repression of exon SK it is predicted that:
1) m utations w ithin the SK p5'ss sequence that disrupt the proposed base-pairing 
interactions w ith  U1 snRNA will activate expression of exon SK in non muscle 
cells;
2) the relative level of SK isoform expression observed in non muscle cells from 
a TMnm minigene containing a m utation within the SK p5'ss will be the same as 
the relative level of SK isoform  expression observed from the SK1-15NM 
m inigene;
3) no SK isoform  expression will be observed from the TMnm m inigene 
containing a m utation of the SK p5'ss if U1 snRNA containing compensatory 
m utations that restore base pairing with the m utant SK p5'ss is present and is 
assembled as part of U1 snRNP in equim olar amounts w ith the m utant TMnm 
pre-m RN A ;
4) expression of U1 snRNA that does not contain compensatory m utations that 
restore base pairing w ith the m utant SK p5'ss should have no effect on the levels 
of SK isoform expression from the m utant TMnm minigene;
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5) expression of U1 snRNA that contains compensatory m utations that restore 
base pairing w ith the m utant SK p5'ss used in (3) above should have no effect on 
the relative level of SK isoform  expression observed from the SK1-15NM 
m inigene.
These predictions are sum m arised in table 4.1.

TMnm plasmid U1 snRNA plasmid SK exon expression

SK p5'ss mutant None orWT Yes

SK p5'ss mutant a-SK p5'ss mutant No

SK1-15NM None or WT or a-SK p5'ss mutant Yes

Table 4.1 Predicted SK expression patterns from TMnm minigene m utants in the 
presence of wild-type or m utant exogenous U1 snRNA.

SK p5'ss mutant represents a TMnm plasmid which expresses TMnm pre-mRNA 

containing a mutation of the SK p5'ss sequence. a-SK p5'ss mutant represents a plasmid 

expressing mutant U1 snRNA in which complementarity is restored with pre-mRNA 

expressed from the SK p5'ss mutant minigene in the region of the SK p5'ss.

A m utation of the SK p5'ss at positions 2-4 of the SK exon was made in the 
TMnm minigene (the resulting minigene is referred to as SK2-4CGC below). The 
5'-end of wild-type U1 snRNA is predicted to form only two continuous Watson- 
Crick base pairs w ith m utant TMnm pre-mRNA expressed from the SK2-4CGC 
m inigene in the region of the m utant SK p5'ss, com pared to six continuous 
W atson-Crick base pairs which are predicted to form with pre-mRNA expressed 
from the w ild-type TMnm minigene. A compensatory m utation was made in the 
U1 snRNA gene that restores the proposed base pairing of U1 snRNA expressed 
from this gene w ith  pre-m RNA expressed from the SK2-4CGC minigene (the 
resulting plasm id carrying this m utant U1 gene is referred to as U1 a-CGC below):
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W ild-type TMnm SK.3  to +7 pre-mRNA CA  GUAAGUGU3 '
O •

5'-end of w ild-type U lsnRN A GUCCA\|A|/C AU A pppm 3G5-

SK2-4CGC TMnm SK.3  to +7 pre-mRNA CA GUCGCUGU3 '
• •  M X X X « O i

5'-end of w ild-type U lsnRN A GUCCA\(AJ/ CAUApppmsGs

x represents loss of base-pairing

SK2-4CGC TMnm SIC3 to +7 pre-mRNA CA GUCGCUGU3’
o •

5-end of U1 a-CGC snRNA GUCCAGCGAUApppmsGs’

Figure 4.2 Proposed base pairing interactions between wild-type and m utant
TMnm RNA and UlsnRNA

The com pensatory U1 snRNA m utation was m ade from a w ild-type 
hum an U1 gene cloned into a pGEM3 plasmid which was kindly supplied by Dr 
C.J.W. Smith. An identical plasm id carrying a point m utation in the U1 snRNA 
sequence had been m ade from this construct and it was known that the m utant 
U1 snRNA could be expressed to detectable levels (CJW Smith, personal 
com m unication).

An experiment was carried out to see if the SK2-4CGC minigene expressed 
the SK isoform in myoblast cells and if any such expression could be suppressed 
by expression of a-C G C  U1 snRNA. The SK2-4CGC m utan t m inigene was 
cotransfected into m ouse myoblast cells w ith the pGEM3-based plasmid coding 
for hum an wild-type U1 snRNA (the U1 WT plasmid) or for a-C G C  U1 snRNA 
(the U1 a -C G C  plasm id). Any U1 snRNA expressed from the transfected U1 
genes w as expected to assem ble w ith  m ouse U1 snRNP proteins to form 
functional U1 snRNPs. U1 snRNPs comprising expressed transfected wild-type 
U1 snRNA and  endogenous w ild-type m yoblast cell U1 snRNA w ere not 
expected to bind w ith high affinity to pre-mRNA expressed from the SK2-4CGC 
m inigene in the region of the m utated SK p5’ss sequence. The relative level of 
SK isoform  expression observed from the SK2-4CGC m inigene w hen this 
minigene was cotransfected w ith a plasmid expressing the wild-type U1 snRNA 
gene was therefore predicted to be the same as that observed previously from the 
SK1-15NM transfection (figure 3.2; table 3.1), i.e. 38 (2)%. U1 snRNPs assembled 
w ith  expressed transfected a -C G C  U1 snRNA were expected to bind to pre-
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mRNA expressed from the SK2-4CGC minigene in the region of the m utated SK 
p5'ss sequence and to inhibit SK exon expression. The relative level of SK 
isoform expression observed from the SK2-4CGC minigene when this minigene 
was cotransfected w ith a plasm id expressing a-C G C  U1 snRNA was therefore 
predicted to be less than  38%. The extent of repression would depend on the 
num ber of functional recom binant U1 snRNPs containing the suppressing U1 
snRNA sequence relative to the num ber of m utant TMnm pre-mRNA species.

The SK2-4CGC TMnm minigene was also transfected alone, as a control, so 
that a com parison could be m ade betw een the relative level of SK isoform 
expressed from the SK2-4CGC mingene in the absence and presence of exogenous 
w ild-type U1 snRNA. It was predicted that the presence of exogenous wild-type 
U1 snRNA w ould have no effect on the relative level of SK exon expression. 
Thus, the relative SK isoform  expression level from the SK2-4CGC minigene 
alone and from a SK2-4CGC/U1 WT cotransfection was expected to be the same as 
that from the SK1-15NM minigene, i.e. 38 (2)% (table 3.1).

It was im portant to show that any suppression effect was specific to the 
restoration of base pairing predicted to occur between the TMnm SK2-4CGC pre- 
mRNA and the a -C G C  U1 snRNA in the region of the m utant SK p5'ss. 
Therefore a m inigene expressing a different m utation of the SK p5'ss (SK1- 
15NM) was cotransfected w ith the pGEM3-based plasmid coding for a-CGC U1 
snRNA. The relative level of SK isoform  expressed from  the SK1-15NM 
m inigene in the absence of exogenous m utant U1 snRNA was determ ined by 
transfection of the SK1-15NM minigene alone. It was predicted that the relative 
level of SK isoform expression observed from the cotransfection w ould be the 
same as that from the transfection of the SK1-15NM minigene alone, i.e. 38%, the 
same as the level observed w hen the SK1-15NM minigene was transfected alone 
previously (table 3.1).

Figure 4.3 show s a Phosphorlm ager scan of the gel obtained after RT- 
PC R /restriction enzym e analysis of RNA purified from the transfections. The 
levels of each isoform calculated after quantification of the data are shown in 
table 4.2. The complete data and details of the calculations are given in appendix 
2.
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Figure 4.3. Analysis of TMnm mRNA isoform expression in myoblasts.
The SK2-4CGC and SKI-I5NM TMnm minigenes were transfected 

i 1 or cotransfected with a plasmid encoding wild-type or anti-CGC
IJ1 snRNA.

Poly(A)-selected mRNA isolated after the' transfections was analysed by RT-PCR. A proportion 
of tne radio.u lively labelled nested PCR produets were then digested with the Mboll restrietion 
enzym e. Samples before' and after digestion with Mboll wen' subjected to electrophoresis on a 
denaturing polyacrylam ide gel. The gel was then fixed, dried, and analysed using the 
Phosphor Imager. The ligure show s the' Phosphor I mager scan obtained. Bands resulting from 
amplification of particular TMnm mRNA isoforms are' lebelled on either side of the scan. 
Wild-type is abbreviated to WT.
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Isoform
TMnm plasmid U1 plasmid NM/SK NM SK Skipped

SK2-24CGC - 5.0 ±0.7 49 ±3 25 ±0.5 21 ±4
SK1-15NM - 8.6 ±0.5 39 ±0 32 ±2 20 ±2
SK2-4CGC U1 WT 7.9 ±2 46 ±3 22 ±2 24 ±1
SK2-4CGC U1 a-CGC 3.8 ±0.2 51 ±0.5 13.3 ±0.5 32 ±1
SK1-15NM U1 a-CGC 10 ±0.3 35 ±0.5 29 ±2 26 ±2

Table 4.2 Effect of transfection of wild-type and m utant U1 snRNA-expressing 
plasm ids on exon SK expression from the SK2-4CGC and SK1-15NM minigenes. 

Values are shown in percent and are averages from duplicate cotransfections. The 

difference of the individual values from the mean is shown.

It can be seen from  the results that the relative level of SK isoform 
expression from the SK2-4CGC minigene was comparable to that from the SK1- 
15NM m inigene (25±0.5% and  32 ±2%, respectively). Thus, tw o different 
m utations at the 5'-end of exon SK were able to activate expression of that exon 
in non muscle cells. The effect of substitution of the first fifteen nucleotides of 
exon SK w ith sequence identical to the first fifteen nucleotides of exon NM on SK 
isoform expression was due, therefore, to loss of inhibitory exon SK sequences 
rather than the introduction of activatory NM sequences.

The relative level of SK isoform expression from the SK2-4CGC minigene 
was not significantly affected by the presence of a pGEM3-based plasmid coding 
for w ild-type U1 snRNA (compare SK2-4CGC, 25 ±0.5% SK and SK2-4CGC/U1 
WT, 22 ±2% SK). However, the relative level of SK isoform expression from the 
SK2-4CGC m inigene w as m uch reduced when the pGEM3-based plasmid coding 
for a-CGC U1 snRNA w as present (compare SK2-4CGC/Ulwt, 22 ±2% SK and 
SK2-4CGC/U1 a-CGC, 13.3 ±0.5% SK). In contrast, the relative level of SK isoform 
expression from the SK1-15NM minigene was unaffected by the presence of the 
plasm id coding for a-CGC U1 snRNA (compare SK1-15NM, 32 ±2% SK; SK1- 
15N M /U la-CG C, 29 ±2% SK).

It was concluded from this experiment that a-CGC U1 snRNA had been 
expressed from the transfected m utant hum an U1 gene in myoblast cells and had 
assem bled w ith  m ouse U1 snRNP proteins to produce functional U1 snRNP 
particles. These recom binant U1 snRNPs had bound to the SK2-4CGC m utant 
TMnm pre-mRNA in the region of the SK p5'ss and had inhibited expression of 
exon SK. The suppression of exon SK expression was not complete, possibly 
because the num ber of functional recombinant U1 snRNP particles containing a- 
CGC U1 snRNA was less than the num ber of m utant TMnm pre-mRNA species 
expressed from the SK2-4CGC minigene. The effect, however, was specific to the 
SK2-4CGC/U1 a-CGC cotransfection: the relative level of SK isoform expression 
from the SK2-4CGC m inigene and the SK1-15NM minigene appeared to be
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unaffected by the presence of a plasm id coding for wild-type and a-CGC U1 
snRNA, respectively. It w as assum ed that the pGEM3-based plasmids encoding 
U1 snRNA were all able to express U1 snRNA (wild-type or m utant), although 
direct proof of this was not obtained.

As expected, the relative level of SK isoform expression from the SK1- 
15NM m inigene w as sim ilar to that obtained previously, although it was not 
identical (compare table 3.1: SK1-15NM, 38 (2)% SK; table 4.3: SK1-15NM, 32 ±2% 
SK). Com parison of the relative level of SK isoform expressed from the SK2- 
4CGC and SK1-15NM TMnm minigenes shows that the relative level was higher 
w hen the first 15 nucleotides of exon SK were m utated to the same sequence as 
the first 15 nucleotides of the NM  exon than w hen three nucleotides at positions
2-4 of exon SK were m utated (compare table 4.3 SK2-4CGC, 25 ±0.5% SK; SK1- 
15NM 32 ±2% SK). The three nucleotide change at positions 2-4 of exon SK was 
predicted to have the sam e effect on SK isoform expression as m utation of the 
first fifteen nucleotides of the SK exon if binding of U1 snRNP to the SK p5'ss is 
responsible for repression of SK exon splicing in non muscle cells. However, this 
was not observed. The difference could be explained in a num ber of ways:
1) The SK1-15NM and SK2-4CGC mutations may have had exactly the same effect 
on d isrup ting  b ind ing  of U1 snRNP to the SK p5'ss bu t the SK1-15NM exon 
sequence m ay have been spliced w ith  higher efficiency than the m utant SK2- 
4CGC exon sequence. Consistent w ith this proposal is the fact that the first 15 
nucleotides of the NM  exon contain a high proportion of purine nucleotides 
tow ards the 3 '-end  of the  sequence: CCGTTGCCGAGAGAT (NM exon 
nucleotides 1-15). The purine-rich  region of exon SK at positions 16-33 is 
therefore considerably extended in length w hen the first 15 nucleotides of the 
NM exon form the first 15 nucleotides of the SK1-15NM exon. This lengthened 
purine-rich stretch is not present in the SK2-4CGC m utant. Given the effect of 
purine-rich exon sequences on splicing efficiency (see introduction) it is possible 
that the SK1-15NM m utant exon is spliced more efficiently than the SK2-4CGC 
m utant exon;
2) Not all the proposed base pairing interactions between TMnm pre-mRNA and 
U1 snRNA have been disrupted by the 2-4CGC mutation. Some residual binding 
of w ild-type U1 snRNP to the m utant SK2-4CGC exon could therefore occur and 
allow partial repression of exon SK splicing;
3) U1 snRNP has no role in the repression of exon SK splicing in non muscle 
cells and the three nucleotide change has partially disturbed binding of some 
other factor.

It is very difficult to explain the specific effect of the plasmid encoding the 
a-CGC U1 snRNA m utation  on SK isoform expression from the SK2-4CGC 
minigene if explanation (3) above is true. It is also difficult to see how U1 snRNP 
could bind w ith  any specificity to the m utated SKp5'ss when only two contiguous
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W atson-Crick base-pairs can be form ed w ith  wild-type U1 snRNA. The most 
likely explanation is that the two m utant SK exons (SK1-15NM and SK2-4CGC) 
are spliced w ith  differing efficiencies. This could be confirmed if a different non 
purine-rich  m u tan t of SK nucleotides 1-15 was m ade. A TMnm m inigene 
containing such a m utant w ould be expected to express exon SK to a similar 
relative level as the SK2-4CGC m utant minigene.

The cotransfection experim ent was repeated in order to confirm the 
results. Again, the SK2-4CGC m inigene was cotransfected w ith a w ild-type or 
aCGC U1 snRNA-expressing plasm id. To test the specificity of any supression 
effect the SK1-15NM m inigene w as cotransfected w ith the aCGC U1 snRNA- 
expressing plasm id as before. As a control to m onitor the level of SK isoform 
expression from the SK1-15NM minigene in the absence of a plasmid coding for 
aCGC U1 snRNA, the SK1-15NM m inigene was also cotransfected w ith the 
pGEM3-based plasm id coding for w ild-type U1 snRNA. The results of RT-PCR 
analysis of RNA purified from the transfections are shown in figure 4.4. In the 
figure, the names of the SK2-4CGC and SK1-15NM TMnm minigene plasmids are 
abbrieviated to 2-4CGC and 1-15NM. The quantified results are given in table 4.3. 
The complete data and details of the calculations are given in appendix 2.

TM plasmid U1 plasmid NM/SK NM SK Skipped

SK2-4CGC U1 WT 1.4 ±0 59 ±10 27 ±4 12 ±6

SK2-4CGC U l a-CGC 1.2 ±0.6 58 ±0.5 12.5 ±1.5 29 ±2

SK1-15NM U1 WT 0 ±0 52 ±2 38 ±2 10 ±0.2

SK1-15NM U l a-CGC 2.3 ±0.2 40 ±2 42 ±2 16 ±0.5

Table 4.3 Effect of transfection of wild-type and m utant U1 snRNA-expressing 
plasm ids on exon SK isoform expression from the SK2-4CGC and SK1-15NM

m inigenes.
Values are shown in percent and are averages from duplicate cotransfections. The 

difference of the individual values from the mean is shown.

The results show that the relative level of SK isoform expression from the 
SK2-4CGC m inigene w as again lower in the presence of the aCGC U1 snRNA 
encoding plasm id than  in the presence of the wild-type U1 snRNA-encoding 
plasm id (compare SK2-4CGC/U1 a-CGC, 12.5 ±1.5% SK with SK2-4CGC/U1 WT, 
27 ±4% SK). This suppression effect was specific to the SK2-4CGC minigene: the 
relative level of SK isoform expression from the SK1-15NM minigene was not 
significantly affected by cotransfection w ith a plasm id coding for aCGC U1 
snRNA (compare SK l-15N M /aCG C U l, 42 ±2% SK with SK1-15NM/U1 WT, 38 
±2% SK). It w as concluded that the reduction in relative level of SK isoform 
expression from  the SK2-4CGC m inigene in the presence of the U l a -C G C
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F ig u re  4.4. A n a ly s is  o f  T M n m  m R N A  iso fo rm  
e x p re ss io n  in  m y o b la s ts . T h e  S K 2-4C G C  a n d  

S K 1-15N M  T M n m  m in ig e n e s  w e re  c o tra n s fe c te d  w ith  
a p la s m id  e n c o d in g  w ild - ty p e  o r  m u ta n t  U l sn R N A .

Poly(A)-sclected mRNA isolated alter the' cotransfections w as analysed by RT-PCR. A 
proportion of the radioactively labelled nested PCR products were then digested with Mboll. 
Sam ples before and after Mboll digestion wore subjected to electrophoresis on a denaturing  
polyacrylam ide gel. The gel was then fixed, dried, and analysed using the Phosphorlmagor. The 
figure sh ow s tw o Phosphorlm agor scans obtained. Tne sam ples in lanes 13-lb  were 
olectnm horesed at a different time to those in lanes 1-12. Bands resulting from amplification of 
partio

tm phoresed at a different time to those in lanes 1-12. Bands resulting fn>m amplification  
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plasm id compared w ith that from the same minigene in the presence of the U l 
WT plasm id observed in the previous experiment (figure 4.3, table 4.3) was also 
observed in this experiment and that repression of exon SK in non muscle cells 
by sequences at the 5'-end of the exon is mediated, at least in part, by U l snRNP.

Some of the cotransfections perform ed in the experiments of figures 4.3 
and 4.4 were identical. The relative levels of TMnm mRNA isoform expression 
observed in these cotransfections are given in table 4.4:

TM plasmid U1 plasmid Experim ent NM/SK NM SK Skipped
SK2-4CGC U1 WT A 7.9 ±0.2 46 ±3 22 ±2 24 ±1
SK2-4CGC U1 WT B 1.4 ±0 59 ±10 27 ±4 12 ±6
SK2-4CGC odOGC A 3.8 ±0.2 51 ±0.5 13.3 ±0.5 32 ±1
SK2-4CGC aOGC B 1.2 ±0.6 58 ±0.5 12.5 ±1.5 29 ±2

SK1-15NM odOGC A 10 ±0.3 35 ±0.5 29 ±2 26 ±2
SK1-15NM odOGC B 2.3 ±0.2 40 ±2 42 ±2 16 ±0.5

Table 4.4 Consistency of results from identical cotransfections 
perform ed at different times.

Experiment A refers to the experiment of figure 4.3, table 4.2. Experiment 

refers to the experiment of figure 4.4, table 4.3.

The relative levels of N M /SK  and skipped isoform expression are higher 
in experiment A than in experiment B. In contrast, the relative levels of NM and 
SK isoform expression are higher in experiment B than in experim ent A (with 
the exception  of SK isoform  expression  in the S K 2 -4 C G C /U la -C G C  
cotransfection). The reasons for these differences have not been investigated, but 
it seems likely that slight differences in transfection efficiency, conditions of RNA 
iso lation  and  RT-PCR analysis could be responsib le. This com parison 
demonstrates that it is im portant to compare results w ithin the same experiment 
rather than betw een experim ents when relatively subtle changes in expression 
pattern are being examined.

The relative level of NM isoform  expression observed in the SK1- 
15NM /U1 WT cotransfection (52 ±2%) is anomalous com pared to that in the 
other transfections using the SK1-15NM minigene (compare w ith table 4.3 SK1- 
15NM / U 1 a-CGC, 40 ±2%; table 4.4 SK1-15NM, 39 ±0%; SK1-15NM/Ula-CGC, 35 
±0.5%). Cotransfection of a plasmid coding for wild-type U l snRNA w ith the SK1- 
15NM minigene appears to have enhanced the relative expression of exon NM. 
The reason for this is not known. It may be that the level of wild-type U l snRNP 
in the myoblast cells was highest in the SK1-15NM/U1 WT cotransfection: in the 
other transfections either no, or m utant exogenous U l snRNA is present. An 
increase in U l snRNP concentration may favour use of the NM 5'ss over other 5' 
splice sites. Alternatively, the fact that the RT-PCR analysis of the SK1-15NM/U1 
w ild-type cotransfection w as done at a different time to that of the other

4.10



transfections in the experim ent m ay be im portant, as suggested by the above 
com parison of results from  cotransfections repeated in separate experiments 
(table 4.5). The explanation for this anomoly was not pursued further.
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Chapter 5
Identification of SK ESE binding proteins (SEBPs)

Effect of mutation of the SK ESE on in vitro  splicing efficiency

The in vivo transfection experim ents discussed in chapter 3 identified a 
sequence (the SK ESE) located adjacent to the SK p5'ss sequence that is required 
for SK isoform expression in muscle cells. In order to begin to understand the 
m echanism  of activation of SK isoform expression in muscle cells, it was first 
im portant to identify any factors binding specifically to the SK ESE and then to 
show that the binding of such factors to this sequence correlated with enhanced 
splicing to the SK exon. The SK enhancer sequence is purine-rich. As discussed in 
the introduction, several other examples of purine-rich exon splicing enhancers 
(ESEs) have been reported. In some cases these sequences have been shown to 
bind directly to SR proteins and for this binding to correlate with enhancement of 
splicing (Sun et al, 1993; Ramchatesingh et al, 1995). Therefore, a member of the 
SR protein family was a likely candidate to bind to the SK ESE and to stimulate 
splicing to the SK exon in muscle cells.

A num ber of in vitro b inding techniques are used to study the interaction 
of proteins w ith  RNA. The proteins are obtained by m aking extracts from 
cultured cells. The first choice of cell-type to study an exon enhancer active in 
skeletal muscle cells was the mouse myotube cell-type used in the laboratory for 
the in vivo transfection experim ents discussed above. Unfortunately it is very 
difficult to make extracts from these cells that retain activity in splicing assays in 
vitro . In addition, these cells do not grow in suspension, so a vast culture dish 
surface area is required to grow  enough cells from which to make sufficient 
quantities of extract. The in vivo transfection experiments (chapter 3) established 
that the SK ESE was active in non muscle cells once the SK exon had been 
activated by m utation of the branch point sequence upstream  of this exon (the SK 
BPS). It was assum ed that the SK ESE is recognised by the same factor(s) in non 
muscle and m uscle cells and that this factor(s) is expressed in all cell types. 
Therefore, in principle, extracts from any cell-type could be used to study the 
proposed SK ESE-protein interactions.

HeLa cells are the most common cell-type chosen to make splicing extracts. 
These cells are non m uscle in origin and can be grown to a high density in 
suspension to produce large quantities of active splicing extract. Before any in 
vitro b inding experiments were carried out to examine potential SK ESE-protein 
interactions it was first necessary to show that the SK ESE is functional in HeLa 
cell splicing extracts. This was tested by comparing the splicing efficiency in such 
extracts of a TMnm pre-mRNA containing the SK ESE with that of an identical 
pre-mRNA lacking this sequence. If the extracts contain an active component(s)
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that binds to the SK ESE and stimulates splicing to the SK exon, the efficiency of 
splicing of the w ild-type pre-m RNA should be greater than splicing of an 
identical pre-mRNA lacking the SK ESE. It was assumed that any factor(s) shown 
to bind to the SK ESE and stimulate splicing to exon SK would be the same as that 
involved in stim ulating SK isoform expression in muscle cells and in other types 
of non muscle cell.

Any reduction in splicing efficiency caused by the absence of the SK ESE 
w ould be more evident if the splicing efficiency of the wild-type sequence was 
high. In general, the efficiency of pre-mRNA splicing in vitro decreases w ith 
increasing in tron length and num ber. The entire TMnm minigene pre-mRNA 
contains three introns and is ~3 Kb long and was not suitable for use as an in 
vitro pre-mRNA. To maximise splicing efficiency, it was decided to use single- 
intron pre-mRNA and, specifically, to use pre-mRNA spanning the NM and SK 
exons and intervening intron sequence (referred to as NM-SK pre-mRNA below). 
This pre-mRNA is about 150 nucleotides shorter than pre-mRNA spanning the 
SK and VI exons and intervening intron sequence (referred to as SK-VI pre- 
mRNA below). O ther studies in vitro had revealed that the splicing efficiency of 
SK-VI pre-mRNA was very low (data not shown). Pre-mRNA spanning the IV 
and SK exons and intervening sequence was not used because it contains two 
introns: the exon IV-exon NM intervening intron, and the exon NM-exon SK 
intervening intron.

It was know n from earlier experiments using NM-SK pre-mRNA that the 
NM and SK exons could be spliced together in vitro despite their m utually  
expression use in vivo. W hen the branchpoint sequence (the SK BPS) within this 
pre-mRNA was m utated to the consensus sequence, the efficiency of splicing was 
m uch increased (Ayres, unpublished). Because any effect of m utation of the SK 
ESE on splicing efficiency w ould be more obvious if the splicing efficiency of the 
w ild-type pre-m RN A  w as high, it was decided to use NM-SK pre-mRNA 
containing a consensus SK BPS (this pre-mRNA is referred to as NM-SKWTbpup 
pre-m RN A  below ) in these studies. A nother reason for using transcrip ts 
containing the consensus SK BPS was that the SK ESE was only active in non 
muscle cells after the SK BPS had been changed to the consensus sequence 
(Graham et al, 1992; Hamshere, PhD thesis; and chapter 3 of this study). If HeLa 
cells regulate the expression of TMnm pre-mRNA in the same way as the cell 
types used in the previous experiments, the SK ESE is expected to be active only 
when the SK BPS is converted to the consensus sequence.

Two m utants of the SK ESE were used to examine the effect of the wild- 
type sequence on splicing efficiency of NM-SKWTbpup pre-mRNA in HeLa cell 
nuclear extracts. The sequence of these m utants was the same as the sequence of 
two m utants previously described in chapter 3 and tested in vivo. One m utant 
was referred to as SK16-30NM and the other as SK16-30R1. TMnm minigenes
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containing these m utant SK exon sequences did not express significant levels of 
the SK isoform in non muscle cells (the SK16-30NMbpup and SK16-30Rlbpup 
minigenes). Similarly, a TMnm minigene containing the SK16-30NM m utant SK 
exon sequence did not express a significant level of the SK isoform in muscle cells 
(the SK16-30NM m inigene). Pre-mRNA containing these m utant sequences is 
referred to below as NM-SK16-30NMbpup and NM-SK16-30Rlbpup pre-mRNA. 
It w as hoped that the efficiency of splicing of NM-SKWTbpup pre-mRNA 
containing a w ild-type SK exon w ould be higher than that of the NM-SK16- 
30NM bpup and NM-SK16-30Rlbpup pre-mRNAs if the SK ESE is active in HeLa 
cell nuclear extracts.

Radioactively labelled NM-SKWTbpup, NM-SK16-30NMbpup and NM- 
SK16-30Rlbpup pre-mRNAs were incubated with HeLa cell nuclear extract under 
splicing conditions. The p roducts of splicing were analysed by denaturing 
polyacrylam ide gel electrophoresis. The results are shown in figure 5.1. The pre- 
mRNAs are visible at the bottom  of the figure and the lariats (intermediates and 
products in the splicing reaction), which run  anomalously compared to their 
linear equivalents, are visible above them. Other intermediates and products of 
the splicing reaction are m uch shorter than the pre-mRNAs and lariat RNAs. 
They run  m uch faster on the gel and were too faint to quantify accurately. They 
are om itted from the figure.

It will be noted that there are a total of four different lariat RNAs visible 
for each pre-m RN A  instead  of the two expected lariat RNAs (the lariat 
interm ediate and lariat product). The extra lariats are likely to have arisen from 
use of two different branch point nucleotides in the splicing reactions or from 3'- 
exonuclease activ ity , resu lting  in lariats of different m obility or length, 
respectively. The exact explanation was not determined because the aim of the 
experim ent was to test only the activity of the SK ESE sequence in HeLa cell 
nuclear extracts; use of the correct branch point nucleotide was of secondary 
im portance.

The relative levels of lariats as a percentage of the total of lariats and pre- 
mRNA for each pre-mRNA was calculated using the Phosphorlmager. Table 5.1 
shows the averaged results for each pre-mRNA.
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Figure 5.1 Effect o f  m utation o f  the SK exon purine-rich seq u en ce  
on s in g le  intron TM  pre-m R N A  sp lic in g  in  vitro

Rad inactively labelled single intron pre-mRNA containing the NM exon, SK exon (w ild-type or 
SK16-30R1 mutation) and the intervening intron sequence (including a consensus branch point 
sequence, bpup) w as incubated with I lei .a cell nuclear extract, under splicing conditions lor 0, 
1.5, or 3 hours. The RNA w as then precipitated and analysed by denaturing polyacrylam ide gel 
electm phoresis. The* gel was fixed, dried and exposed to a Phosphorlmagor cassette. The figure' 
show s the Phosphor Imager scan obtained. Only the pre-mRNA and the* lariats are shown.

Pre-mRNA NM-SKWTbpup NM-SK16-30NMbpup NIV1-SKI 6-30R1 bpup

Time (hours) 0 1.5 3 0 1.5 3 0 1.5 3

Lariats

Pre-mRNA
-  f *  -  - m f f  f  -  "



Incubation time
Pre-mRNA 1.5 hrs 3 hrs

NM-SKWTbpup 1 9 4 9
NM -SK16-30NM bpup 9 1 0
NM -SK16-30R1 bpup 5 1 6

Table 5.1 Splicing efficiency of different pre-mRNAs in HeLa cell nuclear extract.
The level of lariat is shown as a percentage of the total of pre-mRNA and lariats. Values are 

averages from duplicate experiments.

The results show that the NM-SKWTbpup pre-mRNA was spliced much 
more efficiently than  the NM-SK16-30NMbpup and NM-SK16-30Rlbpup pre- 
mRNAs. 19% lariat form ation had  occurred w ith the NM-SKWTbpup pre- 
mRNA after 1.5 hours com pared w ith only 9% and 5% w ith the NM-SK16- 
30NM bpup and NM-SK16-30Rlbpup pre-mRNAs. After 3 hours, the percentage 
lariat fo rm ation  w ith  NM -SKW Tbpup pre-m RNA had  increased to 49% 
compared w ith an increase to only 10% and 16% with the NM-SK16-30NMbpup 
and NM -SK16-30Rlbpup pre-mRNAs, respectively (approximately 20% that of 
the NM -SKW Tbpup pre-m RN A  level). It was concluded that the HeLa cell 
splicing extract used in this experim ent contained com ponents that could 
recognise the SK ESE and that recognition of the SK ESE by these components 
stimulated splicing of the NM exon to the SK exon.

Splicing of exon NM to exon SK is not norm ally observed in vivo . 
However, the relevance of the above results to splicing in vivo is suggested by the 
fact that m utation of the SK ESE had a similar effect on splicing to the SK exon in 
vitro  as was observed in vivo. It was assum ed that the factor(s) involved in 
recognising the SK ESE and stimulating splicing to exon SK in HeLa cell splicing 
extract was the same as the factor(s) that recognises the SK ESE when the SK exon 
is expressed in muscle cells and in other types of non muscle cell.

Binding of components of HeLa cell splicing extract to RNA containing the SK 
ESE

Having show n that the SK ESE was able to function in splicing in vitro as 
part of NM-SKW Tbpup pre-mRNA, it was decided to carry out experiments 
using HeLa cell splicing extracts in order to try to identify any components which 
specifically recognise the SK ESE. The differences in splicing efficiency of the NM- 
SKWTbpup transcript containing wild-type SK exon and the equivalent transcript 
containing m utant exon suggested that the two types of pre-mRNA would differ 
in their ability to assemble spliceosome complexes in HeLa cell splicing extract. 
Purification of any complexes specific to SK ESE-containing pre-mRNA would
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then provide a way of identifying factors that bound directly to the SK ESE or 
were stim ulated to assemble onto the NM-SKWTbpup RNA as a result of the 
presence of the SK ESE.

Complexes formed w hen radioactively labelled RNAs are added to splicing 
extract can be visualised after electrophoresis under non denaturing conditions. 
In these experim ents labelled RNA is run  on agarose gels at the same time as 
similar labelled RNA that has been incubated w ith splicing extract. The mobility 
of any RNA which has components stably associated with it is retarded relative to 
the free RNA. This technique is known as a gel retardation, or gel mobility shift 
assay. A ny complexes specific to the SK ESE-containing RNA could then be 
identified and potentially purified from the gel. The NM-SKWTbpup and NM- 
SK16-30Rlbpup pre-mRNAs used in the in vitro splicing assays described above 
were incubated under splicing conditions, in the presence or absence of yeast 
tRNA. The yeast tRNA acts as a non specific competitor RNA and binds any 
proteins that w ould otherw ise bind non specifically to the labelled RNAs and 
may obscure the results. Complexes formed on each RNA were then analysed by 
non denaturing gel electrophoresis. The result is shown in figure 5.2.

The distribution of radioactivity in lanes 2, 3, 5, and 6  of figure 5.2 is shown 
in figure 5.3. This provides a representation of the complexes formed on the 
labelled pre-mRNAs. The profile from left to right represents complexes w ith low 
to high m obility on the non dentauring agarose gel, and therefore, w ith high to 
low molecular weight. Com parison of the distribution of radioactivity in lanes 2 
and 5  shows that there is possibly a high molecular weight complex (marked by 
the arrow) which is formed m ore efficiently on NM-SKWTbpup pre-mRNA than 
on NM-SK16-30Rlbpup pre-mRNA in the absence of yeast tRNA. This complex 
was apparently not stable to the presence of 5 pg yeast tRNA (lanes 3, 6  figures 5.2 
and 5.3). However, because the resolution of the native gel was so poor, it was 
concluded that this experiment gave no strong evidence that the SK ESE was able 
to stim ulate the form ation of specific complexes on NM-SKWTbpup pre-mRNA.

It is clear from figure 5.2 (lane 2) that the resolution obtained on the native 
gel was not good enough to allow purification of the complex that was possibly 
specific to SK ESE-containing RNA. An alternative in vitro b inding technique 
was used therefore to look at the differences in components binding to the NM- 
SKWTbpup w ild-type and m utan t SK exon pre-mRNAs. Proteins in direct 
contact w ith RNA can be crosslinked to that RNA using shortwave UV light. In 
this way proteins binding specifically and directly to the SK ESE could potentially 
be identified. Com ponents that are part of complexes assembled onto the RNA 
bu t w hich are no t in direct contact w ith  the RNA are invisible using this 
technique. It is possible that proteins binding specifically to the SK ESE would be 
more easily identified by a crosslinking experiment than by a gel retardation 
experim ent. Therefore, radioactively labelled NM-SKWTbpup or NM-SK16-
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Figure 5.2 Effect o f m utation of the SK ESE on the ability of 
N M -SK bpup pre-m R N A  to form com plexes in HeLa cell nulcear

extract
Continuously labelled NM-SKWTbpup and NM-SK16-30Rlbpup pre-mRNAs were 
incubated under splicing conditions, in the presence or absence of veast tRNA, for 30 
minutes at 30*0The samples were then placed on ice and loaded onto*a 0.8C< agarose gel. 
The gel was run overnight at 4 ^  then fixed, dried and analysed using the Phospnorlmager. 
The figure shows the Phosphorlmager scan of the dried gel. ’

c K WT SK16-30R1 NM-SKhpup RNA
- + + - + + Extract

0 5 - 0 s Yeast tRNA(ug)
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Figure 5.3 Phosphorlm ager profile for d istribution of radioactivity 
in lanes 2, 3, 5, and 6  of figure 5.2

The level of radioactivity is shown on an arbitrary scale to facilitate comparison between 
profiles. The significance of the complex labelled" by the arrow is discussed in the text.
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30Rlbpup pre-m RNA was incubated under splicing conditions w ith HeLa cell 
splicing extract. The incubations were then irradiated on ice with shortwave UV 
light, digested w ith  RNase to rem ove RNA not protected by bound protein, and 
run on an SDS-polyacrylamide gel. Proteins present on the gel were blotted onto 
nitrocellulose. Figure 5.4 show s the Phosphorlm ager scan of the nitrocellulose 
filter obtained.

Three different HeLa cell nuclear extracts were tested. There are no clear 
differences betw een the p ro teins cross-linked to the NM-SKWTbpup or NM- 
SK16-30Rlbpup pre-m RNA s in any of the extracts. Thus, the UV cross-linking 
technique gave no inform ation as to the identity of a factor(s) binding specifically 
to the SK ESE. H ow ever, the efficiency of shortwave UV crosslinking of proteins 
to RNA is know n to be w ell below 100% and crosslinking is thought to occur 
specifically to urid ine residues in the RNA. A possible explanation for the lack of 
any visible differences in pro teins crosslinking to the NM-SKWTbpup or NM- 
SK16-30Rlbpup pre-m R N A s in the experim ent described above is that the 
factor(s) that b inds to the SK ESE is not abundant enough for it to be observably 
crosslinked to the SK ESE under these conditions and that any signal specific to 
binding of proteins to the SK ESE is swamped by signals from proteins binding to 
uridine-rich sequence elsewhere in the RNA. Thus, an SK ESE binding protein(s) 
is expected to be best v isualised  using extract preparations w hich contain 
enhanced am ounts of proteins thought to bind to the SK ESE (i.e. SR proteins) 
and shorter RNA than  was used above.

B inding of com ponents of an SR protein preparation to RNA containing the SK 
ESE

SR proteins can be purified  from HeLa cells using a two-step magnesium 
sulphate precipitation procedure (Zahler et al, 1992). These preparations contain 
much higher concentrations of SR proteins than HeLa splicing extract. Given that 
the SK ESE is likely to be recognised by an SR protein (see introduction and 
above), specific binding of a component to the SK ESE was much more likely to be 
visible in a crosslinking experim ent using a preparation of purified SR proteins 
than HeLa splicing extract.

A preparation of SR proteins purified from HeLa cells was kindly supplied 
by A.M ayeda. The activity of these proteins was tested by their effect on the 
splicing pattern  of a m utan t of the adenovirus E la pre-mRNA transcript (Ela 2,1). 
The splicing pattern  of this substrate had previously been shown to be affected by 
the concentration of active SF2/ASF (Eperon et al, 1993). Thus, E la 2, 1 pre- 
mRNA w as incubated under splicing conditions w ith HeLa cell splicing extract 
and increasing am ounts of the SR pro tein  preparation. After one hour the 
reactions w ere stopped and the spliced products were analysed by denaturing
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Figure 5.4 Effect of m utation of the SK ESE on shortwave UV 
crosslinks formed betw een radioactively labelled NM-SKbpup 

pre-mRNA and com ponents of HeLa cell nuclear extract

Continuously labelled NM-SKWTbpup or NM-SK16-30Rlbpup pre-mRNA was incubated in 
HeLa cell nuclear extract under splicing conditions for 30 minutes at 30“C. The incubations were 
then irradiated for 30 seconds on ice using shortwave UV light and digested with RNAse. The 
samples were then run on a 10f> SDS-polacrvlamide gel and blotted onto a nitrocellulose filter. 
The tilter was dried and analysed using the Phosphorlmager. The figure shows the 
Phosphorlmager scan of the dried filter.
Three different preparations of HeLa cell nuclear extract were used. They were prepared using 
the same method, but at different times and from different batches of HeLa cells

SK \VT SK16-30R1 NM-SKbpup RNA
1 I 2 I 3 Extract

i : 4 5 6



polyacrylamide g e l  electrophoresis. The result is shown in figure 5.5. The figure 
shows that increasing  the am ount of the SR protein preparation in the splicing 
reaction caused a  change in the pattern  of bands obtained. In particular, bands B 
and C are p resen t in higher relative am ounts in lane 5 than in the other lanes. 
This change c o u ld  be explained by the addition to the splicing extract of SR 
proteins active in  splice site switching ability, or by the presence of a nuclease in 
the SR protein preparation . The identity of each band was not confirmed, but they 
are consistent w ith  their identification as linear intermediates and products of the 
splicing reaction. I t  w as concluded that the SR protein preparation possibly had 
an active ability to  switch relative use by the splicing apparatus of two alternative 
splice sites. It w as assum ed that if the SR proteins were active, any ability of these 
proteins to in te rac t w ith exon enhancer sequences, such as the SK ESE, was also 
intact. This SR p ro te in  preparation was used, therefore to determine whether any 
SR proteins could b e  observed to bind specifically to the SK ESE.

The specificity  of the interaction betw een proteins and a radioactively 
labelled RNA can  be dem onstrated by the ability of unlabelled RNA to compete 
w ith the labelled RNA for b inding to those proteins. If binding to the labelled 
RNA is specific, un labelled  RNA of the same sequence as the labelled RNA will 
be a more effective com petitor than unlabelled RNA of similar length that lacks 
the sequences re q u ire d  for specific binding. The SR protein preparation was 
incubated w ith  rad ioactively  labelled w ild-type SK exon RNA under splicing 
conditions. The incubation  w as then split into seven equal-sized aliquots and 
either water, or un labelled  wild-type SK exon SK16-30R1 exon, or NM exon RNA 
at a low or h ig h  concentration w as added to each aliquot. Each sample was 
irradiated w ith sho rtw ave  UV light, digested w ith RNase then run  on an SDS- 
polyacrylamide g e l  and blotted onto nitrocellulose as before. Figure 5.6A shows 
the Phosphorlm ager scan of the dried nitrocellulose filter.

Any p ro te in s  b ind ing  specifically to the SK ESE were expected to be 
competed off the  labelled RNA more effectively by unlabelled wild-type SK exon 
RNA than by u n lab e lled  SK16-30R1 m utant SK exon RNA or NM exon RNA. 
Proteins b in d in g  specifically to SK exon sequences other than the SK ESE 
sequence were expected  to be competed off the labelled wild-type SK exon RNA 
more effectively b y  the unlabelled wild-type or SK16-30R1 SK exon RNA than by 
the unlabelled N M  exon RNA. The effect of the competitor RNAs was therefore 
predicted to d is tin g u ish  proteins binding specifically to the SK ESE from those 
binding specifically to other sequences in the SK exon.

Three rad ioactively  labelled bands (A, B, and C) are visible in lane 1 of 
figure 5.6A (no com petito r RNA). These bands were interpreted to represent 
proteins that c rosslinked  to the labelled wild-type SK exon RNA. The relative 
levels of the th re e  bands, as determ ined using the Phosphorlmager, are shown in 
table 5.2 and fig u re  5.6B.
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Figure  5.5 E ffect o f in c reas in g  am oun ts of an  SR p ro te in  
p re p a ra tio n  on  sp lic in g  of a d en o v iru s  E la 2,1 pre-m R N A

Radioactively labelled Ela 2,1 pre-mRNA was incubated with HeLa cell nuclear 
extract, and increasing amounts of an SR protein preparation, under splicing 
conditions for one hour. The RNA was then precipitated and analysed by 
denaturing polvacrvlamide gel electrophoresis. The gel was fixed, dried and 
exposed to a Phosphorlmager cassette. The figure shows the Phosphorlmager 
scan obtained. Products and intermediates of the splicing reaction are labelled
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F igu re  5.6. E ffec t o f  u n la b e l le d  c o m p e t ito r  R N A  on  c r o s s l in k in e  o f  
c o m p o n e n ts  o f  an  SR  p r o te in  p r e p a r a tio n  to r a d io a c t iv e ly  la b e lle d

w ild - t y p e  SK  e x o n  R N A .

A> A n SR p ro te in  p rep a ra tio n  w as incubated  w ith  con tinuously  labelled w ild-tvpe SK exon 
RNA u n d e r  sp lic ing  co n d itio n s fo r 30 m in u tes  at 30-C. The incubation w as then split into 
seven  equal a liq u o ts  and  e ith e r w a te r o r un labelled  com petito r RNA at a low or high 
concen tra tion  w as ad d ed  to  each aliqout. Each sam ple  w as irrad ia ted  w ith  shortw ave L V 
light for 30 seconds, d iges ted  w ith  R N A se, then  ru n  on  an  SD S-polacrvlam ide gel and  blo tted  
on to  n itrocellulose. The filter w as d ried  and  analysed  using  the Phosphorlm ager. The figure 
show s th e  P h o sp h o rlm ag e r scan  of the  d ried  filter. A, B, and  C refer to the bands produced. 
The n u m b ers  are  the  sizes (in k ilodaltons, Kd> of rad ioactively  labelled m arker p ro te ins 
loaded  in lane S.
W T =w ild-tvpe SK exon RNA. R1=SK16-30R1 SK exon RNA. N M =w ild-tvpe NM exon RNA. 
The am o u n t of each co m p e tito r used  w as e ither the  sam e as the labelled w ild-tvpe SK exon 
RNA (lx>, o r a  10-fold increase (10x>.

B> G rap h  of rela tive levels of b a n d s  A, B. and  C. Values w ere  calculated  using  the 
P h o sp h o rlm ag er (see text'.
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Competitor RNA A (% of A+B+C) B (% of A+B+C) C (% of A+B+C)

None 7 7 9 1 3

1xWT SK 1 1 7 2 1 8

10xWT SK 1 1 6 9 2 0

1 xSK 16-30R 1 1 0 7 6 1 4

10xS K 16-30R 1 1 3 71 1 6

1xWT NM 9 7 6 1 6

10xWT NM 1 1 7 0 1 9

Table 5.2 Effect of unlabelled competitor RNAs on the crosslinking of 
components of an SR protein preparation to labelled wild-type SK exon RNA 

Figures represent the levels of each band (A, B, or C) relative to the total and are shown 

in percent. The amount of unlabelled competitor RNA added, relative to the amount of 

labelled SK exon RNA, is shown as lx , and lOx. Wild-type SK exon RNA is referred to 

as WT SK. SK exon RNA in which nucleotides 16-30 have been mutated is referred to as 

SK16-30R1. Wild-type NM exon RNA is referred to as WT NM.

It is clear from  figure 5.6A that as the concentration of unlabelled 
com petitor RNA w as increased, the level of crosslinking to the labelled RNA 
decreased for each com petitor (compare lanes 2 and 3, 4 and 5, 6  and 7). The 
relative levels of the three labelled bands are largely unaffected by any of the 
unlabelled  com petitor RNAs. It w as concluded that the p ro teins in this 
preparation of SR proteins do not bind specifically to wild-type SK exon RNA, to 
the SK ESE or to w ild-type NM  exon RNA. Specific binding of all three proteins 
to the labelled RNA w ould result in the relative levels of the three proteins 
remaining the same w hen specific competitor RNA was added. However, in this 
situation, the am ount of each protein crosslinked to labelled RNA would be 
expected to be significantly reduced by the presence of specific competitor 
com pared to the am ount of each p ro tein  in the presence of non-specific 
com petitor. The levels of each protein  crosslinked to the labelled RNA are 
sim ilar in all the lx  com petitor lanes (lanes 2, 4, 6 ) and also in all the lOx 
competitor lanes (lanes 3, 5, 7), so such an explanation is unlikely.

Effect of com bining an SR protein  preparation w ith  cell or splicing extract on 
b ind ing  of com ponents to SK ESE-containing RNA

There are a num ber of possible explanations for the lack of specific binding 
by SR proteins to the SK ESE, some of which are given below:

5.8



1) SR proteins do not interact w ith the SK ESE to stimulate splicing
to exon SK;

2) The SR protein(s) required for b inding  to the SK ESE is not 
active/present in the SR protein preparation that was tested;

3) SK exon RNA w as folded in a conform ation that did not allow 
recognition of the SK ESE by any of the SR proteins in the preparation;

4) The purified SR proteins tested have lost a modification (such as a 
phosphorylation) during the purification procedure that has affected their ability 
to bind specifically to the SK ESE;

5) SR proteins do not bind directly to the SK ESE but interact with a 
non SR protein that binds specifically to the SK ESE;

6 ) RNA used for the crosslinking experim ent did not contain the 
branch point sequence upstream  of the SK exon (the SK BPS). The SK ESE was 
only active in non muscle cells in the presence of a consensus SK BPS (chapter 3) 
so it is possible that the consensus sequence is required before any specific binding 
to the SK ESE can occur.

The add ition  of a sm all am ount of splicing extract to the SR protein 
p reparation  could, in theory, overcom e the po ten tial problem s outlined by 
explanations (3), (4) and (5) above. Helicase enzymes w ithin the splicing extract 
would unw ind any RNA secondary structure which blocked binding to the ESE, 
kinase enzym es w ould re-phosphorylate de-phosphorylated SR proteins, and if 
an adaptor protein is required it m ust be present in the extracts otherwise the SK 
ESE w ould not have been able to stimulate splicing of NM-SKbpup pre-mRNA. If 
any of these three explanations are true, specific binding of SR proteins to the SK 
ESE could potentially  be observed if the in vitro b ind ing  experim ents were 
repeated using SR proteins combined w ith a small am ount of splicing extract. An 
SR protein(s) bound to the SK ESE via an adaptor protein m ay not directly contact 
the RNA. Such interactions w ould not be identified by crosslinking of proteins to 
RNA bu t should be detected by gel retardation of complexes associated with 
labelled RNA. The gel re tardation  assay was used therefore to examine the 
binding of SR proteins in the presence of HeLa cell splicing extract to the SK ESE.

A technical d ifficu lty  associated  w ith  the  p rev ious gel retardation  
experim ent (figure 5.2) was that the resolution was too poor to allow accurate 
purification of any SK ESE-specific complexes. Resolution m ay be improved if the 
length of the labelled RNA is kept to a minim um. For this reason, a shortened 
substrate containing only a few nucleotides upstream  of the SK exon and the 
exon itself (i.e. the SK ESE and  its im m ediate sequence environm ent, 106 
nucleotides in to tal length) w as used for the experim ent. U nfortunately, the 
activity of the SK ESE in this shortened sequence could not be tested in the same 
w ay th a t the effect of the SK ESE on NM -SKbpup splicing activity was 
determ ined, because the truncated sequence does not contain a complete intron.
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Therefore it could only be assum ed that the SK ESE was active as part of this 
RNA.

The gel retardation assay was also used to determine whether HeLa cell 
splicing extract, m yoblast or m yotube extracts contained components that bind 
specifically to the SK ESE. This was feasible because only small quantities of 
extract are required  for such experiments. Whole cell m yoblast and myotube 
extracts were used. These are not active in splicing but were made using a very 
rapid procedure designed to minimise denaturation of proteins and breakdown 
of components by RNAses and proteases released after cell lysis (see chapter 2). It 
was hoped that the m yotube extracts may have retained an ability to assemble 
complexes specifically on, or to stimulate SR protein binding specifically to, the 
106 nucleotide SK ESE-containing RNA described above, in comparison with 
complexes form ed in m yoblast extracts on identical RNA, or in myotube extracts 
on similar RNA lacking the SK ESE.

The 106 nucleotide RNA that was used contained either wild-type SK exon 
sequence (referred to as SK WT (85) RNA below) or m utant SK exon sequence 
lacking the SK ESE and identical to the m utant SK exon sequence in the SK16- 
30R3 TMnm m inigene (referred to as SK16-30R3 (85) RNA below). Labelled wild- 
type or SK16-30R3 85 nucleotide RNA was incubated under splicing conditions 
w ith SR proteins, HeLa cell splicing extract, myoblast cell extract, or myotube cell 
extract, e ither alone or in combination. The combinations used are shown in 
table 5.3. Assem bled complexes were analysed by native gel electrophoresis (the 
gel used contained agarose and  acrylam ide because it was thought that the 
resolution m ight be im proved by the presence of acrylamide). The result is 
shown in figure 5.7.

RNA SRs HeLa Mb Mt RNA SRs HeLa Mb Mt

SK WT (85) _ SK 16-30R3 (85) _

+ . _ II
+ _ _

_
+ . . il _

+
. .

_ .
+

- II _ .
+ -

_ _ +
il _ . -

+

+ +
- - II

+ + - .

+ +
- ll

+ + .

+ - - +
il

+ - - +

Table 5 .3  Combinations of SR proteins and extracts used in the gel retardation
experiment of figure 5.7.

The resolution obtained by the agarose/acrylam ide gel was again poor, but 
despite this several interesting observations were made.
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Figure 5.7. Effect o f  com bining SR proteins with extracts on assem bly o f  com plexes onto labelled
RNA containing w ild-type or mutant SK exon.

I lhfllod RNA comprising wild-type or SKI6-30R3 mutant SK exon RNA and —10 
nucleotides of the preceding intron (SKWT (85) and SK16-30R3 (85) RNA) was incubated 
under splicing conditions with various extract combinations for 30 minutes at 30‘X/. The 
samples were then incubated for a further five minutes ill 30°C" in the presence of heparin, 
placed on ice, and loaded onto an agarose/acrylamide gel. t he gel w.is run at 4‘X/ 
overnight then fixed, dried and analysed using the Phosphorlmager. The figure shows tin* 
Phosphorlmager scan obtained.
The dashed boxes show regions of the scan in which Phosphorlmager radioactivity 
profiles were taken (figure 5.8).
SR SR protein preparation; Mb myoblast whole cell extract; Mt myotube whole cell 
extract; I leLa I leLa cell splicing extract.
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1) The figure shows that a relatively large amount of radioactivity is 
present in the region of the w ells of lanes 2 and 10. These lanes represent 
incubation  of SR p ro te in s w ith  w ild -type  and m utan t labelled RNAs, 
respectively. The location of th is radioactivity was interpreted to m ean that 
complexes containing labelled RNA had formed that were too large to enter the 
gel. It is likely that these complexes are the result of coagulation of positively 
charged denatured  proteins w ith  the negatively charged labelled RNA and not 
b ind ing  of functional p ro te ins to the RNA. U nfortunately some degree of 
denaturation is inevitable in preparations of proteins m ade from cells. For this 
reason it is essential to check that these preparations contain some active protein 
before use. It w as concluded that proteins in the SR preparation do not form 
stable native complexes w ith the labelled wild-type or m utant RNAs under the 
conditions of the experiment.

2) Lanes 3, 4, 1 1 , and 12, representing incubation of the wild-type or 
m utant labelled RNAs w ith  either m yoblast or myotube extracts alone, do not 
differ significantly from the RNA only lanes (1 and 9). Thus, components of these 
extracts were not capable of binding stably to either of the labelled RNAs under 
these conditions. The low am ount of radioactivity in the wells of these lanes 
suggests that the level of denatured protein in the myoblast and myotube extracts 
was very low com pared to that in the SR protein preparation.

3) The m obility  of the labelled RNA was retarded  in the lanes 
containing wild-type or m utant RNA and HeLa splicing extract alone (lanes 5 and 
13). The Phosphorlm ager radioactivity profiles of the boxed regions of these lanes 
are shown in figure 5.8 and reveal differences in the complexes assembled on the 
two RNAs. As w ith the previous gel retardation experiment (figure 5.2) wild-type 
RNA was able to support m ore efficient assembly of higher molecular weight 
complexes than  RNA lacking the SK ESE. Again, the resolution was not good 
enough to allow purification of the complexes specific to the SK ESE-containing 
RNA from the gel.

4) A ddition  of m yoblast or m yotube extracts to the SR protein 
preparation had  a dram atic effect on the assembly of complexes on the labelled 
RNAs (lanes 6 , 7, 14, 15). SR proteins alone or myoblast or myotube extracts alone 
were not able to support form ation of stable native complexes on either of the 
labelled RNAs (lanes 3, 4, 11, 12). However, combination of either of the extracts 
w ith the SR protein preparation stim ulated complex assembly onto the wild-type 
and m utant RNAs. This confirms that the SR protein preparation contains some 
activity, although it does not confirm that the preparation is active for splicing. It 
was not possible to determ ine from the gel w hether the wild-type and m utant 
RNAs or the m yoblast and m yotube extracts differed in their ability to assemble 
complexes.
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Figure 5.8 Phosphorlm ager profile for d istribution of radioactivity 
in lanes 5, 8,13, and 16 of figure 5.7

The level o f  radioactivity is show n using an arbitrary scale to facilitate 
com parison between profiles. The com plex labelled by the arrow is discussed  
in the text.
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5) The radioactivity profile of the boxed regions of lanes 8  and 16 is 
show n in figure 5.8. The profile corresponding to lane 8  (containing wild-type 
RNA, HeLa cell nuclear extract and SR proteins) has a peak m arked w ith an 
arrow. This peak is specific to the wild-type RNA (compare the profile of lane 8  

w ith  tha t of lanes 13 and 16). The am ount of radioactivity in this peak is 
specifically enhanced by the presence of SR proteins (compare the profile of lane 8  

w ith that of lane 5).
It w as concluded that combination of SR proteins with HeLa cell splicing 

extract facilitated the formation of a complex specific to RNA containing the SK 
ESE. This effect is consistent w ith the proposal that a component(s) of HeLa cell 
splicing extract allowed the specific interaction of an SR protein(s) with the SK 
ESE. H ow ever, other explanations are also consistent w ith  this result. For 
example, it is possible that a component(s) of the SR protein preparation was able 
to facilitate the binding of a HeLa cell splicing extract component(s) to the SK ESE, 
or that an extract component(s) had stimulated the binding of a non SR protein 
component(s) of the SR preparation to the SK ESE. This is discussed further in 
chapter 6 .

The resolu tion  of the agarose/acry lam ide gel was too poor to allow 
purification of the SK ESE-specific complex formed in the incubation w ith wild- 
type RNA, SR proteins and HeLa cell splicing extract (figure 5.7, lane 8 ; marked 
with the arrow  in figure 5.8). It was not clear whether there were any differences 
in the complexes form ed on w ild-type and m utant RNA in the lanes that 
included SR proteins and myoblast or myotube extract (lanes 6 , 7, 14, and 15) or 
w hether the m yotube extracts in comparison w ith the m yoblast extracts had 
shown any difference in ability to assemble complexes on the wild-type RNA. In 
order to see if any such differences did exist, the incubations were repeated as 
before, followed by shortw ave UV crosslinking and SDS-polyacrylamide gel 
electrophoresis of each sam ple. The results obtained using shortw ave UV 
crosslinking of proteins to RNA were expected to be clearer than the results from 
the gel retardation experim ent because only components bound directly to the 
RNA are visible. D isadvantages of this method are that components of complexes 
that are not directly associated w ith the RNA are invisible and complexes 
assembled on the RNA cannot be purified. However, the approximate sizes of 
proteins crosslinked to the RNA can be deduced from their mobility on SDS- 
polyacrylam ide gels relative to m arker proteins. The actual results obtained are 
shown in figure 5.9.

The bands visible in figure 5.9 w ere interpreted to represent protein 
crosslinked to radioactively labelled RNA. The am ount of the band which 
correlates to a protein running w ith a mobility of ~35Kd is shown in table 5.4A 
for lanes 1-3, 5-7, 9 ,10 ,12 , and 13. The relative levels of the bands in lanes 4, 8 ,11, 
and 14 are show n in table 5.4B. Tables 5.4A and B show that the pattern of
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Figure 5.9 Specific crosslinking of components of an 
SR protein preparation and extracts to radioactively  

labelled TM nm  RNA containing the SK ESE.
An SR protein preparation and or extract were incubated under splicing conditions with 
continuouslv labelled RNA containing the SK exon (wild-type or SK16-30R3 mutant) and 
~10 nucleotides of the preceding intron (,SK WT (83) and$Kle>-30R3 (85) RNA). After 30 
minutes, heparin was added to remove non specifically bound proteins and the samples 
were incubated for a further five minutes. The samples were then irradiated with 
shortwave UV light, digested with RNAse, and the crosslinked products were analysed as 
described before. The tigure shows the Phosphorlmager scans of the nitrocellulose filter 
obtained.
Sizes, in Kd, of radioactively labelled marker proteins are shown. The labels A-E refer to 
bands present in Ians 4, 8,11’ and 14 and are discussed in the text.
SR=SR protein preparation; Mb=mvoblast whole cell extract; Mt=mvotube whole cell 
extract; HeLa=HeLa cell splicing extract.
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The relative levels of bands A-E formed after incubation of w ild-type RNA 
w ith SR proteins and HeLa cell nuclear extract were different to those form ed in 
sim ilar incubations using m utan t RNA (table 5.4B). In particular, the relative 
level of the ~35Kd band (band C, figure 5.9A) was 71% in the wild-type RNA lane 
(11) compared w ith only 52% in the m utant RNA lane (14). This is in contrast to 
the relative levels of bands A-E formed after HeLa cell nuclear extract alone was 
incubated w ith wild-type or m utant RNA (lanes 4, 8 ). The relative levels of these 
bands are very sim ilar in the w ild-type and m utant lanes (table 5.4B). It was 
concluded that addition of m yoblast or myotube cell extract or HeLa cell splicing 
extract to the SR protein preparation had allowed a ~35Kd protein to crosslink 
specifically to SK ESE-containing RNA. The presence of a band of similar mobility 
to the ~3 5 Kd band in the SR protein preparation only lanes (1, 5) and its absence 
from the myoblast or m yotube extract only lanes (2, 3, 6 , 7) suggests that a ~35Kd 
protein present in the SR protein preparation was able to interact specifically with 
RNA containing the SK ESE only in the presence of extract. The apparen t 
mobility of this protein is consistent w ith its identity as an SRp30 protein. There 
are, how ever a num ber of other possible interpretations of the data. These are 
discussed further in chapter 6 .

Two different m ethods w ere used in the experiments described above to 
detect proteins which bind specifically to SK ESE-containing RNA (figures 5.7 and 
5.9A). Similar conclusions can be draw n from each experiment:

1 ) com ponents of the m yoblast and m yotube extracts did not form stable 
complexes w ith  either of the labelled RNAs used (figure 5.7, lanes 3, 4, 11, 12; 
figure 5.9A, lanes 2, 3, 6 , 7);

2) com ponents of the SR preparation did not bind specifically to RNA 
containing the SK ESE (figure 5.7, lanes 2,10; figure 5.9A, lanes 1, 5);

3) com bination of m yoblast or m yotube cell extract w ith the SR protein  
preparation stim ulated binding of complexes to both labelled RNAs (figure 5.7, 
lanes 6 , 7,14,15; figure 5.9A, lanes 9,10,12,13);

4) addition of SR proteins to HeLa cell splicing extract stimulated a change 
in the relative levels of complexes formed on labelled RNA containing the SK 
ESE (figure 5.7, lanes 8,16; figure 5.9A, lanes 11,14).

The crosslinking experim ent also identified a difference in the level of 
com ponents crosslinked to w ild-type and m utant RNAs which was no t easily 
detectable from the results of the gel retardation experiment (table 5.4).

A ffinity purification of HeLa cell splicing extracts using wild-type and m utan t SK 
exon RNA

One interpretation of the results described above is that a com ponent of 
HeLa cell splicing extracts present also in myoblast and m yotube cell extracts
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facilitates binding of an SRp30 protein to the SK ESE. If this component was only 
present in small quantities in these extracts it would not have been detected by 
the crosslinking experim ents. A m ethod by which components of extracts that 
recognise specific RNA sequences can be purified  is know n as affinity 
purification. The m ethod is suited to purification using large quantities of extract 
and can therefore be used to purify components of extracts that are present only 
in small am ounts.

According to the affinity purification method, RNA containing the specific 
RNA sequence of interest is labelled with biotin. Biotin is not thought to interfere 
w ith the recognition of RNA sequences by proteins and binds with high affinity 
to avidin. The biotinylated RNA is incubated with splicing extract under splicing 
conditions. Agarose beads that are covalently linked to avidin are then mixed 
w ith the RNA and splicing extract. The biotin-RNA binds to the avidin-agarose 
beads. This biotin-RN A  w ill include biotin-RNA that has been bound by 
com ponents of the splicing extract during  the initial incubation. The avidin- 
agarose beads are far larger than any of the other components of the incubation 
and are separated from the incubation by a simple filtration step. Biotin-RNA 
bound to the avidin-agarose beads w ith associated components of the splicing 
extract can then be eluted from the beads. The components of the splicing extract 
that have been eluted off the beads along w ith the biotin-RNA are visualised by 
SD S-polyacrylam ide gel electrophoresis followed by silver stain ing  of the 
resulting gel (see chapter 2 ).

Affinity purification w as perform ed using HeLa cell splicing extract and 
biotinylated w ild-type SK exon RNA. The com ponents of HeLa cell splicing 
extract that were purified w ere compared with those of two parallel purifications 
using m utan t biotinylated  SK exon RNAs that contained the SK16-30NM or 
SK16-30R1 m utations. The results are shown in figure 5.10. The arrow in figure
5.10 is directed to a protein running with a mobility of ~24Kd (p24) that is specific 
to lane 4. This lane represents components purified using biotinylated wild-type 
SK exon RNA. Lanes 2 and 3 represent components purified using biotinylated 
m utant SK exon RNA lacking the SK ESE sequence. Thus, p24 was only purified 
using b io tiny lated  w ild-type SK exon RNA and not RNA containing two 
different m utations of the SK ESE. It was concluded that p24 binds to SK exon 
RNA containing the SK ESE sequence. Control reactions in which parallel 
purifications w ere done in the absence of biotinylated RNA in other similar 
experiments did not purify any components that were visible after silver staining 
(not shown). Thus, there appears to be no background binding to the avidin- 
agarose beads using this m ethod. Some of the other bands visible in the affinity 
purifications show n in figure 5.10 were assigned in another study (Taylor, PhD 
thesis) to components of U1 snRNP.
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Figure 5.10. Affinity purification of com ponents of HeLa cell splicing extract 
using biotinylated wild-type and m utan t SK exon RNA

YVild-type or mutant biotinvlated RNA was incubated with HeLa cell splicing extract under 
splicing conditions. Then avidin-agarose beads were added and the mixture was incubated 
overnight at -LC. The avidin-agarose beads were separated from the mixture, washed, and 
extract components that remained associated with the biotinvlated RNA were eluted. The 
eluted components were separated on an SDS-polyacrylamide gel. The protein and RNA 
components were then visualised by silver staining.
Sizes of marker proteins, in kd, are "shown to the left of lane 1. The arrow marks tire position 
of p24 in lane 4.
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SR proteins do not rem ain associated w ith biotinylated RNA during 
affinity purification (Staknis and Reed 1994). None of the components purified in 
the above experim ent w ere expected therefore to be SR proteins. This was 
confirm ed by w estern  blot analysis w ith  an anti-SR protein antibody of the 
com ponents purified  using  b iotinylated w ild-type SK exon RNA (data not 
shown). Thus, p24 is not an SR protein.

The results of the affinity purification experiment are consistent w ith the 
identity of p24 as a protein that recruits an SRp30 protein to the SK ESE. Other 
interpretations of the results are discussed in chapter 6.
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Chapter 6 
Discussion

TM pre-mRNA splicing regulation

Three im portant questions m ust be answered in order to understand the 
regulation of hTMnm alternative pre-mRNA splicing:

1) W hat determ ines the splicing pattern in non muscle cells?
2) W hat determ ines the splicing pattern in skeletal muscle cells?
3) W hy are exons NM and SK not spliced together?

In theory, the absence of SK isoform expression in non muscle cells could be 
explained by specific inihibtion of use of the SK exon or by a model in which both 
the NM and SK exons are active but splicing to the NM exon is* dominant because
it is associated w ith  stronger splicing signals. These two explanations can be
differentiated if splicing to the NM exon is inactivated (either by removing the 
exon or inactivating splicing signals associated w ith it). If the SK exon is in 
com petition w ith the NM exon then inactivation of the NM exon should allow 
splicing to the w eaker SK exon to occur. If, however, the SK exon is specifically 
repressed in non muscle cells, then inactivation of the NM exon should have no 
effect on splicing to exon SK. The results of these experiments were obtained 
before this study using a TMnm minigene (Graham et al, 1992, Hamshere, PhD 
thesis) and established that the SK exon is specifically repressed in non muscle 
cells.

Role of exon sequences

G raham  et al (1992) and Ham shere (PhD thesis) also determ ined the cis- 
sequence requirem ents for regulation of TMnm m inigene expression in non 
muscle cells. Expression of the SK isoform was observed in non muscle cells 
w hen the branch point sequence upstream  of exon SK (the SK BPS) was changed 
to the consensus sequence. SK isoform expression was further increased in these 
cells w hen both the branch point sequence upstream of exon SK (the SK BPS) was 
changed to the consensus sequence and sequence w ithin the SK exon was 
m utated. In these studies, all the m utants tested which contained m utant SK 
exon sequence also contained a consensus SK BPS instead of the wild-type SK 
BPS. An aim  of this study  w as to determ ine w hether SK isoform expression 
occured in non muscle cells if the SK exon sequence was m utated as before, but 
the w ild-type SK BPS w as retained. Thus, m utations of the TMnm minigene 
were m ade in w hich 15 nucleotides at the 5'- or 3'-end of the SK exon were 
substituted w ith 15 nucleotides of sequence from the NM exon.
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M utation of 15 nucleotides at the 5'- or 3'-end of exon SK activated 
expression of the SK isoform  to significant levels in non muscle cells. These 
m utations could either have rem oved wild-type sequence from the SK exon that 
is inhibitory to SK exon expression, or they could have introduced sequence into 
the SK exon w hich is able to enhance its expression. Another m utant in which 
three nucleotides at the 5 '-end of exon SK were m utated  (SK2-4CGC) also 
expressed the SK isoform in non muscle cells. This result confirmed that wild- 
type sequence at the 5'-end of exon SK is inhibitory to SK isoform expression. No 
other m utations of sequence at the 3'-end of the SK exon have yet been tested, so 
it is not know n w hether the w ild-type sequence of this region of the exon 
contains inh ib ito ry  sequence or w hether the only m utan t sequence tested 
contained activatory sequence. Consistent w ith the latter possibilty, it was noted 
that the m utant sequence which replaced the wild-type sequence at the 3'-end of 
exon SK w as purine-rich . The requirem ent of purine-rich sequences for the 
expression of some exons is well documented (see introduction).

It w as concluded that repression of exon SK in non muscle cells is 
m ediated, at least in part, by inhibitory sequences at the 5'-end, and possibly at the 
3'-end, of the exon itself and by a sub-optimal branch point sequence upstream of 
the SK exon. The effect of the SK exon sequence m utations is not dependent on 
w hether the SK branch  po in t sequence is the w ild-type or the consensus 
sequence.

The earlier experim ents of Graham et al (1992) had also indicated that SK 
exon nucleotides 16-30 m ay be required for expression of the SK exon. In the 
present study, a series of m utant mingenes each containing a different m utant 
sequence at SK exon positions 16-30 were tested in non muscle and muscle cells. 
The m utan ts tested  in non m uscle cells also contained a consensus SK BPS 
(m utation of SK exon nucleotides 16-30 would not be expected to disrupt SK exon 
expression if the w ild -type  SK BPS was retained because no SK isoform 
expression is observed under these conditions). Several conclusions were drawn 
from the effect of these m utants on SK isoform expression:

1) Substitution of the wild-type SK exon sequence at positions 16-30 with a 
num ber of other sequences disrupted SK isoform expression in non muscle and 
in muscle cells. Therefore wild-type sequence in this region of the SK exon (the 
SK exon enhancer sequence, or SK ESE) is required for expression of that exon.

2) The activity of the SK ESE in non muscle and muscle cells suggests that 
it is recognised by constitutively active components;

3) The nucleotide sequence, rather than just the purine content, of the SK 
16-30 region is im portant;

4) M utation of sequence either side of the 16-30 region either activated 
(SK1-15NM) or had no effect (SK31-45NM) on SK isoform expression (this study; 
G raham  et al, 1992; H am shere, PhD thesis). The location of the nucleotides
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required for expression of the SK exon is therefore limited to the 16-30 sequence.
5) M utation of SK nucleotides at positions 16-27 was able to inactivate SK 

isoform expression in m yotubes. Thus, it is possible that the enhancer element is 
only 12 nucleotides long or less.

Switch to use of exon SK in muscle cells

In m uscle cells, SK isoform  expression is dom inant to NM isoform 
expression (Hamshere, PhD thesis). This switch in expression pattern from that 
in non m uscle cells could be explained if the repression of exon SK is relieved 
specifically in muscle cells. The NM and SK exons w ould both then be available 
to the splicing apparatus and the relative level of use of these exons would be 
determ ined by the strength  of the splicing signals associated with each exon. 
Alternatively, m ore complex models w ould involve specific inactivity of the NM 
exon a n d /o r  specific enhancem ent of exon SK use in muscle cells. In order to 
distinguish these types of model, either the NM or the SK exon was inactivated 
by m utation of one of their respective splicing signals. If the NM and SK exons 
are d irectly  in com petition w ith  each other for recognition by the splicing 
apparatus, then inactivation of the SK exon is expected to result in an increase in 
the level of NM  isoform expression. Similarly, inactivation of the NM exon is 
expected to allow the level of SK isoform expression to increase. If the NM exon 
is specifically inactive in m uscle cells, then inactivation of exon SK should not 
alter the level of NM isoform expression.

W hen the SK exon was inactivated in muscle cells, the relative level of 
NM isoform expression observed was slightly higher than expected if the actual 
level of expression of that isoform was unaffected by a significant reduction in SK 
isoform expression. It was concluded that, under wild-type conditions in muscle 
cells, NM isoform expression is limited to some extent by the activity of the SK 
exon. However, activity of the SK exon in muscle cells is not the only limitation 
on NM  isoform expression in these cells. W hen the SK exon was inactivated in 
muscle cells, the relative level of NM isoform expression was not restored to the 
level seen in non m uscle cells where the SK isoform is not expressed (compare 
table 3.3: SK16-30R3, 39% NM with table 3.4: WT SK, 56% NM). Thus, there are 
additional reasons for the decline of NM expression in muscle cells. One possible 
explanation is that muscle cells lack a factor(s) present in non muscle cells which 
enhances expression of the NM isoform. Alternatively, NM isoform expression 
m ay be specifically inhib ited  in m uscle cells. C onsistent w ith the former 
explanation, NM  expression was dem onstrated to be dependent in non muscle 
cells on the w ild-type exon NM sequence at position 62 (data not shown). If a non 
m uscle-specific factor(s) enhances NM isoform expression and recognises 
sequence in this region of the NM exon, this m utant is not expected to have any
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effect on expression of exon NM in muscle. The dependence of NM isoform 
expression on this sequence in muscle cells has not yet been tested.

W hen the NM exon was inactivated in muscle cells (ANM5'ss) the relative 
level of splicing to exon SK rem ained approximately constant. Thus SK exon use 
is no t lim ited by NM  exon use. Even high relative levels of NM isoform 
expression did not reduce the relative level of SK exon use in muscle cells. SK 
exon use in muscle cells is, however, limited by sequence within exon SK and by 
a suboptim al SK BPS, as in non muscle cells. It was concluded that repression of 
exon SK is only partially lifted in muscle cells, but that the levels of muscle cell 
SK isoform expression are sufficient to compete with NM isoform expression and 
to dom inate the splicing pattern. This is aided by a reduction in the activity of the 
NM exon in muscle cells compared to non muscle cells.

Sequences sufficient for the tissue-specific regulation of exon SK splicing

The studies described here, and others (Graham et al, 1992; Hamshere, PhD 
thesis) have identified cis-acting sequences that are necessary for mediating 
repression or use of the SK exon in non muscle and muscle cells, respectively. 
H aving identified such sequences it was im portant to determ ine w hether they 
were sufficient for tissue-specific regulation of TMnm pre-mRNA splicing. This 
was done by placing these sequence elements in a heterologous environment. 
Thus, TMnm sequence containing a region spanning just upstream  of the SK BPS 
to beyond the 3'-end of the SK exon was inserted into the second intron of the P- 
globin gene. The four-exon structure of this heterologous gene was then similar 
to that of the TMnm minigene. Analysis of the splicing patterns obtained after 
transfection of this TM /P-globin hybrid construct in non muscle and muscle cells 
dem onstrated that no regulation of SK exon splicing had occurred. This contrasts 
w ith data obtained using rat p-TM sequences. Here, the corresponding RNA 
sequence from the rat P-TM gene (sequence imm ediately upstream  of the BPS 
through 25 nucleotides downstream  of the muscle-specific exon) when flanked by 
exons derived  from  adenovirus pre-mRNA was sufficient to regulate the 
suppression of the muscle-specific exon in non muscle cells (Guo and Helfman, 
1993).

Two conclusions can be draw n from this experiment. Either:
1) sequences sufficient for the tissue-specific regulation of SK exon 

expression are not present w ithin the region that was inserted into the P-globin 
gene; or,

2) sequences in P-globin pre-mRNA were able to suppress the effect 
of the TMnm sequences on the tissue-specific regulation of SK exon splicing.
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The first conclusion w ould be strengthened if the same region of TM 
sequence w as placed in a different heterologous context and was still unable to 
confer tissue-specific splicing.

M echanism  of action of sequence at the 5'-end of exon SK on SK isoform  
expression

It w as of interest that two adjacent sequence elements located at the 5'-end 
of the SK exon (the first 15 nucleotides of the SK exon and the SK ESE) had 
opposite effects on SK isoform expression. Examination of the sequences of these 
tw o elem ents p rov ided  clues as to their possible m echanism s of action. SK 
nucleotides 1-15 contain p art of a sequence that strongly resembles a 5'ss. This 
pseudo-5'ss sequence (the SK p5'ss sequence) begins three nucleotides upstream 
of the SK exon and continues into the first six nucleotides of the exon. Thus, a 
potential U1 snRNP binding site overlaps w ith a sequence known to inhibit the 
expression of exon SK in non muscle cells. It was proposed that U1 snRNP 
m ediates the repression of exon SK via these sequences. SK nucleotides 16-30 are 
purine-rich and contain three repetitions of the consensus GAR motif common 
to o ther m am m alian  exon enhancer sequences (see in troduction). It was 
proposed that the SK enhancer element could function in the same way as these 
sequences.

Role of U1 snRN P in  repression of splicing to exon SK

Im m unoprecip itation  studies in HeLa cell nuclear extracts using RNA 
containing the SK exon and surrounding intron sequence established that U1 
snRNP does in fact bind to the 5' end of the SK exon in vitro (Taylor, PhD thesis). 
The aim of experim ents described here was to show, in vivo that repression of 
splicing to exon SK is m ediated by U1 snRNP. Consistent w ith this model, a 
TM nm m in igene con ta in ing  three m utations w ith in  the SK p5'ss which 
d isrup ted  proposed  base-pairing interactions w ith the 5'-end of wild-type U1 
snRNA (the SK2-4CGC minigene) expressed the SK isoform in non muscle cells. 
It w as proposed  that w ild-type U1 snRNA, and consequently U1 snRNP, was 
unable to bind to the m utant SK p5'ss and that repression of splicing to the SK 
exon w as lifted. A m utant plasm id encoding U1 snRNA was made in which the 
three nucleotides which no longer base-pair w ith the m utant SK p5'ss sequence 
were altered to restore complem entarity (the U1 a-CGC plasmid). Expression of 
the SK isoform  from the SK2-4CGC TMnm minigene in non muscle cells was 
significantly lower in the presence of the U1 a-CGC plasmid than in the presence 
of a plasm id encoding wild-type U1 snRNA. The U1 a-CGC plasmid had no effect 
on the relative levels of SK isoform expression observed from the SK1-15NM
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TMnm m ingene. It w as concluded that m utant U1 snRNA was expressed from 
the U1 a-CGC plasm id and that U1 snRNP proteins had been able to assemble on 
this RNA and to bind to the m utant SK p5'ss. Interaction of the recombinant U1 
snRNP w ith  the m utant SK p5'ss was then able to mediate repression of splicing 
to the SK exon. The specificity of this effect was demonstrated by the fact that SK 
isoform expression from the SK1-15NM minigene was unaffected by the presence 
of the U1 a-CGC plasmid.

The resu lts of this study  w ould be confirmed if the effect of another 
m utation in the SK p5'ss sequence was suppressed by expression of a m utant 
U1 snRNA in w hich the com plem entarity of base pairing  w ith  the m utant 
SKp5'ss was restored.

The role of SR proteins in SK isoform expression

SR p ro te ins have been show n to bind  specifically to a num ber of 
m am m alian purine-rich splicing enhancers and in some cases binding has been 
dem onstrated to correlate w ith enhancer activity (see introduction). Involvement 
of a m em ber of the SR protein family in activity of the SK ESE was therefore a 
likely possibility.

It w as decided  to look for com ponents of cell extracts w hich bound 
specifically to the SK ESE. Ideally, active muscle cell splicing extracts would have 
been used because the activity of the SK ESE, within wild-type pre-mRNA, is 
confined to m uscle cells. H ow ever, these extracts w ere not chosen initially 
because such extracts have very low splicing activity, if any, and can only be 
produced in small quantities. It was known from the effect of mutations of the SK 
ESE in non m uscle cells (Graham et al, 1992; this study) that this element can be 
recognised by factors present in these cells. Large quantities of active splicing 
extract are routinely  m ade from HeLa cells which are non muscle in origin. 
Extracts from  such cells w ere chosen therefore for use in in vitro b inding 
experiments aim ed at identifying a specific factor(s) binding to the SK ESE. Before 
any b inding  experim ents w ere carried out the activity of the SK ESE in these 
extracts w as first tested. The splicing efficiency of a single intron pre-mRNA 
substrate containing the SK exon was significantly reduced when the SK ESE was 
m utated. It was concluded that the SK ESE was effective in these extracts and that 
they could be used to look for a factor(s) binding specifically to the ESE.

B inding experim ents using  the gel re tardation  and shortw ave UV 
crosslinking techniques w ere unable to identify any components of HeLa cell 
nuclear extract b inding  specifically to the SK ESE. Similarly, only non specific 
b inding of purified HeLa SR proteins to RNA containing SK exon sequence was 
observed using  the gel retardation  and shortw ave UV crosslinking assays. 
How ever, w hen SR proteins were combined w ith HeLa cell nuclear extracts, or
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m yoblast or myotube whole cell extracts (the myoblast and myotube extracts were 
inactive for splicing b u t sufficient quantities w ere available for lim ited 
crosslinking and gel retardation experiments) a protein running w ith a mobility 
of ~35Kd w as observed to crosslink specifically to RNA containing the SK ESE. 
This specificity was dependent on components of the SR protein preparation and 
extract components. It was proposed that the ~35Kd protein was an SRp30 protein 
w hich w as able to b ind  specifically to the SK ESE in the presence of extract 
com ponents. Several questions rem ain  to be answ ered  concerning this 
interpretation of the results:

1) Based on its apparent molecular weight and presence when SR proteins 
alone w ere crosslinked to RNA containing SK exon sequences, it is possible that 
the ~35Kd protein is an SRp30 protein. However, this interpretation is difficult to 
confirm  experim entally. U nfortunately the nitrocellulose filter containing the 
crosslinked ~35Kd protein  cannot be probed w ith an anti-SR antibody to show 
that this protein is a m em ber of the SR family because other SR proteins are also 
present on the filter. It w ould therefore be very difficult to distinguish binding of 
an anti-SR antibody at the position of the ~35Kd labelled signal from binding to 
unlabelled SR proteins. A ttem pts to immunoprecipitate complexes bound to SK 
ESE-containing RNA in the presence of splicing extract using an anti-SR protein 
antibody were unsuccessful. The presence of an SR protein in the complex visible 
on native gels w hen SR proteins and extracts were combined could, in theory, be 
dem onstrated using a supershift assay. If an SR protein is present then addition of 
an anti-SR antibody to the incubation prior to electrophoresis w ould be expected 
to inhibit the mobility of the complex relative to parallel incubations without the 
anti-SR antibody (a supershift). However, only the presence of an SR protein 
w ould be confirm ed. The exact identity of the ~35Kd protein  w ould remain 
uncertain. The supersh ift approach w ould also be associated w ith practical 
problems because the resolution of complexes on native gels was poor. A possible 
way to confirm  that the ~35Kd protein is an SR protein could be to repeat the 
crosslinking experim ent using radioactively labelled RNA that was also labelled 
w ith  biotin. The RNA, some of which w ould be covalently crosslinked to the 
~35Kd pro tein , could then  be purified away from other com ponents of the 
incubation  u sing  beads coupled to strep tav id in . The b io tin -strepatv id in  
interaction is extrem ely strong and w ould allow very stringent washing of the 
RNA and consequent rem oval of all other components not covalently associated 
w ith  the RNA. The presence of an SR protein crosslinked to the RNA would 
then be determ ined by SDS-PAGE analysis and imm unoblotting after the RNA 
had been eluted off the beads.

2) If it is assum ed that the same ~35Kd protein was responsible for the 
labelled crosslinked product visible w hen SR proteins alone or in combination 
w ith  extract com ponents w ere crosslinked to RNA, an im portant question

6.7



concerns the source of extra protein  visible when SR proteins were combined 
w ith extract components. Above it was proposed that extract components could 
stim ulate the specific binding of a protein present in the SR preparation (possibly 
an SR protein) to the SK ESE. However, it is possible that the extra protein came 
instead from  the extracts. These possibilities could, in theory, be distinguished 
using an SR protein  p reparation  in which the proteins had been radioactively 
labelled (for exam ple w ith  35S). If extract components were able to stimulate 
binding to the SK ESE of a protein present in the SR preparation then the level of 
radioactive signal should  be higher w hen crosslinks are formed between SR 
proteins and RNA in the presence of extract compared w ith those formed with 
SR proteins alone and RNA. In order to avoid masking of this potential signal by 
other labelled proteins present in the SR preparation, the RNA would have to be 
purified aw ay from other components after crosslinking. This could be achieved 
using beads coupled to streptavidin and biotinylated RNA.

3) The exact binding site of the ~35Kd protein to RNA containing SK exon 
sequence has no t been determ ined. The increase in am ount of crosslinked 
product in the presence of RNA containing the SK ESE suggests that the ESE itself 
is the binding  site, but this is not necessarily so. For example, RNA secondary 
structure effects m ay be im portant. The SK ESE may be required to destroy or 
create a secondary structure that either inhibits or allows binding, respectively, of 
the ~35Kd protein. Specific binding to the SK ESE could be determ ined using 
RNA w hich has been radioactively labelled in a site-specific m anner at one or 
m ore nucleotides w ithin  the SK ESE. Formation of a visible ~35Kd crosslinked 
p roduct only to RNA labelled in this region w ould dem onstrate a specific 
interaction w ith  the SK ESE.

4) It is not know n if the crosslinking efficiency of the ~35Kd protein to SK 
ESE-containing RNA is representative of the interaction of this protein with 
RNA. The effect of unlabelled  w ild-type and m utan t com petitor RNA on 
crosslinking of the ~35Kd protein to SK ESE-containing RNA in the presence and 
absence of extract should determine whether actual binding of the ~35Kd protein 
to SK ESE-containing RNA is specific.

5) If b inding of an SRp30 protein to SK ESE-containing RNA is facilitated 
by components of extract this could potentially be achieved in a number of ways.

a) The extract com ponents may contain a protein(s) which binds 
specifically to the SK ESE and also interacts with the ~35Kd protein (similar to the 
GAA-binding protein  identified by Yeakley et al, 1996). In this way the extract 
components could serve to recruit the ~35Kd protein to the SK ESE.

b) The RNA containing SK exon sequence used for the binding 
experim ents could  form  a secondary structure in vitro that m ade the ESE 
inaccessible to specific binding proteins. The extracts are likely to contain active
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helicase enzym es which w ould unravel any secondary structure and could then 
allow binding of the ~35Kd protein to the ESE.

c) SR proteins are known to be phosphorylated at residues present in 
their RS dom ains. The degree of phosphorylation could affect RNA binding 
specificity. If th is w as the case, and the purified SR proteins were under- 
phosphorylated, then addition of extract containing active kinase enzymes could 
restore the specificity of binding.

Identification of the extract and SR protein  com ponents required for 
form ation of the specific ~35Kd crosslinked product could potentially be achieved 
by fractionation of these preparations using formation of the specific crosslinked 
product as an assay for purification.

In vivo, under wild-type conditions, the SK ESE is active in muscle but not 
non muscle cells, although the factors involved in recognition of the SK ESE in 
v iv o  are tho u g h t to be active in non m uscle cells. The in vitro  b ind ing  
experim ents, in w hich SR proteins were combined w ith myoblast or myotube 
extracts, revealed that both extracts were able to stimulate specific crosslinking of 
the ~35Kd pro tein  to SK ESE-containing RNA. It is possible that whatever 
prevents the activity of the SK ESE in non muscle cells is no longer able to 
function under the conditions used for the in vitro b inding experiments. For 
exam ple, RNA sequences other than those present in the binding experiments 
may be required. The proposal that the SK exon and surrounding sequence is not 
sufficient to m aintain tissue-specific regulation in an heterologous environment 
(chapter 3) is consistent w ith this. Alternatively, an activity may have been lost in 
the p rep a ra tio n  of the extracts. One attractive explanation is a possible 
involvem ent of U1 snRNP. If binding of U1 snRNP to the SK p5'ss was able to 
inhibit specific recognition of the adjacent SK ESE, for exam ple by steric 
interference, this w ould  explain the absence of SK ESE activity under normal 
conditions in non muscle cells. If U1 snRNP was unable to bind to the SK p5'ss in 
vitro  under the conditions used in the binding experiments this could account 
for the ability of both myoblast and myotube extracts to stimulate specific binding 
to RNA containing the SK ESE. Consistent w ith this proposal it was noted that 
the binding experim ents were all carried out in the presence of heparin. This is 
know n to prevent recognition of 5'ss sequences by U1 snRNP in vitro (Bindereif 
and Green, 1987).

Four bands w ere observed after analysis of the products formed when 
RNA in the presence of HeLa cell nuclear extract alone, or in combination with 
SR proteins, w as exposed to shortwave UV light. However, w hen myoblast or 
m yotube w hole cell extracts alone were exposed under similar conditions, no 
bands w ere visible after the products w ere analysed. The reasons for this 
difference are unknow n but may be connected to the inactivity of the myoblast or 
m yotube extracts in splicing or the fact that these extracts were made from whole
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cells rather than from nuclei. Also unexplained is the apparent reduction in 
intensity of three of the four bands visible after HeLa cell nuclear extracts were 
exposed to shortwave UV light in the presence of SR proteins and wild-type RNA 
com pared w ith the intensity of the bands visible under similar conditions using 
m utant RNA (table 5.4B). It is possible that the SK ESE acts as a recruitment site 
for SR proteins and that these proteins are then able to bind along the length of 
the RNA and remove non specifically bound proteins.

Significance of p24 identified by affinity purification

The requirem ent of an SR protein  preparation component(s) and an extract 
component(s) for specific crosslinking of an ~35Kd protein to RNA containing 
the SK ESE suggested that an extract component(s) could facilitate binding of an 
SRp30 protein  to the SK exon. The extract component(s) would be expected to 
bind specifically to the SK ESE or to RNA containing the SK ESE. Wild-type SK 
exon RNA was used therefore to affinity purify components of HeLa cell splicing 
extract that b ind  to SK exon RNA. One component running w ith a mobility of 
~24Kd (p24) on an SDS-polyacrylamide gel was purified that was not purified 
using two different m utan t SK exon RNAs, each lacking the SK ESE sequence. 
A ttem pts to sequence p24 were unsuccessful, but it was demonstrated that p24 is 
not recognised by an antibody directed against SR proteins.

It was proposed that p24 could be a non-SR protein that binds specifically to 
the SK ESE sequence and facilitates binding of an SRp30 protein to the SK exon. 
However, it w as not show n that p24 was a protein. The silver staining technique 
that w as used  to visualise the affinity purified com ponents also stains RNA. 
Thus, p24 could be an RNA resulting from partial digestion of the biotinylated 
RNA used  for affinity purification. Its uniqueness to the affinity purification 
using w ild-type SK exon RNA could be explained by the fact that the m utant SK 
exon RNAs do not form the same partial digestion products. This explanation 
does, however, seem unlikely as purification of p24 was repeated in a different 
affin ity  p u rifica tio n  experim ent. The activ ity  of nucleases in different 
experiments w ould not be expected to be repeatable.

P24 could be the same protein that was identified as the ~35Kd protein in 
the crosslinking experiments. The mobility of proteins that have been crosslinked 
to RNA is know n to be anomslously high. Alternatively, p24 was purified under 
conditions in w hich it is known that SR proteins do not remain associated with 
RNA. If an  SR pro tein  does bind directly to the SK ESE, p24 could merely 
represent a protein that is only able to bind to the SK ESE when that sequence is 
not bound  by an SR protein and that is not involved in stimulating splicing to 
exon SK. Clearly, sequencing and cloning of p24 would help to resolve some of
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these issues. Unfortunately, an attem pt to obtain enough p24 for sequencing was 
unsuccessful.

Models for tissue-specific regulation of SK isoform expression

Very little  is know n about the regulatory  m echanism s involved in 
m am m alian alternative pre-mRNA splicing. However, it seems likely that early 
steps in spliceosome assembly will be the target of regulation rather than later 
steps. The m echanism  by which U1 snRNP is able to mediate repression of exon 
SK in non m uscle cells via sequences at the 5'-end of the exon is unknown. 
Figure 6.1 illustrates two models for the regulation of TM pre-mRNA splicing. In 
the first m odel, SR proteins bound directly, or recruited to the SK ESE in muscle 
cells are able to stim ulate binding of U2AF to the upstream  polypyrimidine tract 
(PPT) by interacting w ith U2AF35 (see introduction). However, when U1 snRNP 
is bound  to the SK p5'ss in non muscle cells recognition of the SK ESE is 
prevented , interaction of U2AF w ith the PPT upstream  of exon SK is much 
w eaker, and  E com plex form ation is inhibited. This m odel predicts that 
recognition of the SK p5'ss sequence and SK ESE sequences is m utually exclusive. 
Thus the SK ESE binding  protein (SEBP) may be expressed and active in non 
muscle cells bu t is unable to interact w ith the SK ESE because U1 snRNP is bound 
to the adjacent SK p5'ss sequence. Consistent w ith this explanation, SK isoform 
expression from the bpup  m utant TMnm minigene is dependent on the SK ESE, 
suggesting that the SEBP is active in non muscle cells.

In order to establish w hether formation of the SK ESE-specific crosslinked 
product is dependent on the absence of an interaction of U1 snRNP with the SK 
p5'ss these crosslinking experiments could be repeated, bu t in the presence and 
absence of heparin. An alternative approach would be to compare the crosslinked 
products form ed (in the absence of heparin) using extracts in which the 5'-end of 
U1 snRNA had  been cleaved or mock cleaved. U1 snRNA lacking 5'-end 
sequences does not bind to 5' splice site sequences and, therefore, U1 snRNPs 
assembled on such RNA w ould not be expected to interact w ith the SK p5'ss. If 
the SEBP is only able to interact w ith the SK ESE when U1 snRNP is not bound to 
the SK p5'ss, it is predicted that the ~35Kd specific crosslinked product will only 
be able to form w hen the experiment is carried out in the presence of heparin or 
of extract in w hich the 5'-end of U1 snRNA has been cleaved. If, however, 
b inding of the SEBP is not m utually exclusive with binding of U1 snRNP to the 
SK p5'ss sequence, the presence of heparin or of extract in which the 5'-end of U1 
snRNP has been cleaved, is not expected to affect form ation of the ~35Kd 
crosslinked p roduct (assum ing that this crosslinked product is representative of 
the SEBP-SK ESE interaction).
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Figure 6.1 M odels for regulation of TM pre-mRNA splicing

1) Mutually exclusive binding of U 1 snRNP and the 2) Inhibition of E complex assembly by U1 snRNP
SEBP (shown here as an SR protein)
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In the second m odel, SR proteins are able to bind directly to the 3'ss 
sequence of exon SK in muscle cells and stimulate the interaction of U2AF with 
the PPT. Recognition of the 3'ss sequence by SR proteins in adenovirus pre- 
mRNA has been proposed by Staknis and Reed (1994) (see introduction). When 
U l snRNP is bound to the SK p5'ss in non muscle cells, SR proteins are no longer 
able to interact w ith  the 3'ss sequence, U2AF-PPT binding is weakened, and E 
complex form ation is inhibited.

The dependence of splicing to exon SK on the AG dinucleotide at the 3' 
splice site is relevant to the second model. AG -independent pre-mRNAs were 
first identified by  Reed (1989). Introns containing a short polypyrim idine tract 
(PPT) of only 14 nucleotides did not undergo the first step of the splicing reaction 
in the absence of the 3' splice site AG dinucleotide. If the PPT was longer (26 
nucleotides) the first step of splicing was no longer dependent on the 3'ss AG 
dinucleotide. If the second model is correct it is likely that the first step in splicing 
to exon SK is dependent on the AG dinucleotide at the 3' splice site of exon SK. If 
splicing to exon SK was not dependent on the SK exon 3'ss AG dinucleotide, the 
early stages of spliceosom e assembly w ould not be expected to be affected by 
interaction of U l snRNP w ith the SK p5'ss. The second step of splicing would, 
however, be inhibited by such an interaction but control of alternative splicing at 
later stages of the splicing process does not seem likely.

The AG-dependence of splicing to exon SK has not been investigated but 
the length of the PPT upstream  of exon SK (approxiamately 80 nucleotides) is 
consistent w ith  AG-independence. This argues against the mechanism proposed 
in the second m odel for regulating TMnm alternative pre-mRNA splicing. AG- 
dependence could be determ ined experimentally in vitro by examining the effect 
of m utation  of the SK exon 3'ss AG dinucleotide on the efficiency of the first 
cleavage step.

All the proposed  m odels to explain regulation of TMnm alternative pre- 
mRNA splicing require that the interaction of U l snRNP w ith the SK p5'ss 
sequence is reduced in muscle cells. In theory, this could be achieved in a variety 
of ways:

1) Steric block to interaction of U l snRNP w ith the SK p5'ss. As 
described above, m odel 1 predicts that the SK ESE and SK p5'ss are recognised 
m utually exclusively. It is possible that recognition of the SK ESE by the SEBP in 
m uscle cells is able to prevent the interaction of U l snRNP with the SKp5'ss. If 
this is the case, TMnm pre-mRNAs in non muscle cells should display a high 
occupancy by U lsnRN P at the SKp5'ss and a low occupancy by the SEBP at the SK 
ESE. In contrast, TM nm pre-m RNAs in muscle cells should display a low 
occupancy by U l snRNP at the SKp5'ss and a high occupancy by the SEBP at the 
SK ESE. Experiments described in chapter 5 suggested that the SEBP may be an SR 
protein. The levels of these proteins are known to vary between non muscle and
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m uscle tissues (Zahler et al, 1993a and b). Thus, expression of an SR protein to 
higher levels in muscle tissue than  non muscle tissue could stimulate increased 
occupancy at the SK ESE and a reduction in the interaction of U l snRNP with the 
SKp5'ss;

2) Reduction in the levels of U l snRNP in muscle cells. Potentially 
the splicing of all muscle pre-mRNAs would be affected by a reduction in the 
levels of functional U l snRNP. The w ide-ranging effects of such a reduction 
m ake this an unlikely mechanism. However, the level of U l snRNA expressed 
in  non m uscle cells com pared w ith  muscle cells could be determ ined by 
N orthern  blotting. The level of U l snRNP proteins in the different cell types 
could be determ ined by Western blotting;

3) The presence of Ul-specific snRNP proteins has been shown to 
affect the affinity of U l snRNP for 5'ss sequences (Heinrichs et al, 1990). Thus, 
in te rac tion  of U l snRN P w ith  the SK p5'ss could be regulated  by the 
rem oval/inac tiva tion  of a Ul-specific snRNP protein  in muscle cells or the 
e x p re ss io n /a c tiv a tio n  of such a factor in non m uscle cells. Activation- 
inactivation of U l snRNP proteins could potentially be regulated by post- 
tran s la tio n a l m od ifica tions such as phopshory la tion  by a kinase(s) or 
dephosphorylation by a phosphatase(s). Again, it is more likely that any factor 
involved has a specific effect on the U l snRNP-SK p5'ss interaction than a more 
general effect on in teraction  of U l snRNP w ith all 5'ss sequences in all 
transcripts;

4) The affinity of U l snRNP for 5'ss sequences has been shown to be 
enhanced by ASF/SF2 (see introduction). Thus, the affinity of U l snRNP for the 
SK p5'ss could be regulated by a reduction in the expression level/activity of 
SF2/ASF in muscle com pared w ith non muscle tissue. Interestingly, the sequence 
at SK exon nucleotides 27-34 strong resembles a sequence shown in vitro to have 
high affinity for ASF/SF2 (Tacke and Manley, 1995):

SK 27-34 TGAAGAAT
High affinity sequence (A/G)GAAGAAC

The SK exon sequence at positions 27-34 could act as a recruitm ent site for 
SF2/ASF in non muscle cells. In muscle cells, a reduction in the level/activity of 
SF2/ASF w ould decrease the affinity of U l snRNP for the SK p5'ss. If recognition 
of the SK p5'ss by U l snRNP was able to prevent SK ESE activity, then weakening 
of the U l snRNP SK-p5'ss interaction would allow the SEBP to bind the SK ESE 
and activate splicing to exon SK (figure 6.2).
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Figure 6.2 Possible role for an SF2/ASF-T(GAA)2T interaction in the tissue- 
specific regulation of hum an TMnm pre-mRNA splicing 

The SK exon and some upstream intron is shown. The SK ESE is represented by the striped 

box and the 5'-end of the black box. The TGAAGAAT sequence is represented by the black 

box. SEBP= SK ESE binding protein.

This m odel could be tested by examining the splicing activity of a mutant 
in which only SK nucleotides 27-34 were m utated. If the model is correct then 
m utation of these nucleotides would be expected to activate expression of exon 
SK in non muscle cells.

M utually  exclusive use of exons NM and SK

M utually  exclusive alternative pre-mRNA splicing is involved in the 
regulated expression of several of the tropomyosin genes (see introduction). The 
m utually exclusive behaviour of rat a-TM exons 2 and 3 is enforced by the close 
proxim ity of the exon 3 branch point to exon 2 (42 nucleotides). Insertion of 
spacer sequence to increase the distance between the 3'-end of exon 2 and the 
branch point adenosine upstream  of exon 3 to greater than 51 nucleotides allowed 
splicing of exon 2 to exon 3 (Smith and Nadal-Ginard, 1989). This steric block to 
splicing of m utually  exclusive exon pairs does not appear to be a general 
m echanism , at least in the tropom yosin family: the distance betw een the 
upstream  exon and the branch point within intron sequence separating mutually 
exclusive exon pairs has been established in the chicken and rat p-TM, and
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hTM nm genes and is m uch greater than 51 nucleotides (Helfman et al, 1989, 1990; 
Goux-Pelletan et al, 1990; Graham et al, 1992).

In non muscle cells, under w ild-type conditions, the hum an TMnm SK 
exon is inactive, so m utual exclusion w ith the NM exon is easily explained. 
How ever, under some conditions in non muscle cells and in muscle cells, both 
exons are active yet m utual exclusion is maintained. There is no intrinsic block to 
rem oval of the intron separating the NM and SK exons: the NM and SK exons 
w ere spliced together in vivo when the introns separating exon IV and exon NM 
and exon SK and exon VI w ere rem oved leaving no other splicing choice 
(Graham et al, 1992). Some evidence suggests that splicing of exon NM to exon SK 
is very inefficient. W hen the strength of the splicing signals associated with exon 
SK w ere enhanced, some splicing of exon NM to exon SK was observed 
(Ham shere, PhD thesis). The equivalent intron separating the central mutually 
exclusive exon pair in the chicken p-TM gene is also spliced inefficiently. The 
position of the branch point sequence w ithin this intron is important: splicing of 
the in tron  w as m uch enhanced in vitro w hen it w as m oved from over 100 
nucleotides upstream  of the skeletal muscle exon to w ithin 40 nucleotides of that 
exon (Goux-Pelletan et al, 1990). The BPS within the intron separating hum an 
TMnm exons NM and SK is also positioned far upstream  of the skeletal muscle 
exon. This positioning  m ay function to ensure that rem oval of the intron 
separating exons NM and SK does not occur efficiently.

The activity of the NM  exon is lower in muscle cells than in non muscle 
cells; w hen the SK exon was inactivated in muscle cells, the relative level of NM 
isoform expression observed in muscle cells was lower than in non muscle cells 
w here the SK exon is naturally  inactive (table 3.3). This reduction in exon NM 
activity in m uscle cells combined with a low efficiency of removal of the intron 
separating the NM  and SK exons may ensure that there is a low probability that 
exon NM will splice to exon SK.

N o cis-acting sequences, other than known splicing signals, have been 
show n to affect the m utually exclusive pattern of splicing in hum an TMnm pre- 
mRNA. A role for such sequences, however, cannot be ruled out. The splicing 
p a tte rn  ob tained  from  expression of the heterologous T M /p-g lob in  gene, 
described in chapter 3, dem onstrated that m utual exclusion was not preserved 
w hen the hum an TMnm SK BPS, its position relative to the SK exon 3' splice 
site, and the splicing signals associated w ith the SK exon were retained in the 
heterologous environm ent. Therefore, either the NM exon 5'ss sequence is also 
required or sequences in addition to those already identified m ust be involved. 
Future w ork

Several questions rem ain unansw ered  concerning the regulation of 
hum an TMnm pre-mRNA splicing and will need to be addressed in the future:
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1) The experiments described in chapter 4 demonstrate the involvement of 
U l snRNP in the inhibition of SK isoform expression in non muscle cells. 
Models to explain the mechanism by which U l snRNP is able to achieve this and 
experiments to test these m odels have been discussed above;

2) The specific factor(s) required for the change from repression of exon SK 
in non muscle cells to its activation in muscle cells has not been identified. The 
approach to identification of such a factor(s) will depend on the mechanism by 
which the U l snRNP-SK p5'ss interaction is reduced. For example, a reduction in 
the level of U l snRNA or of one or more U l snRNP proteins will involve factors 
concerned w ith  the expression of these components, whereas a reduction in the 
activity of U l snRNA or of any of the U l snRNP proteins will involve a factor(s) 
acting at the post-translational level. Experiments to differentiate between these 
different m echanisms were discussed above. The levels or activity of one or more 
of the SR proteins could also play a role in the activation of exon SK. The levels 
and activity of all the known SR proteins in non muscle and skeletal muscle cells 
have not yet been determ ined. Such information may be useful in identifying 
possible candidate regulatory factors in hum an TMnm expression;

3) The experim ents described in chapter 3 suggest that all the cis-acting 
sequences required for the tissue-specific regulation of exon SK splicing have not 
yet been identified. O ther sequence requirem ents could be investigated by 
expanding the region of the hum an TMnm gene which is inserted into the |3- 
globin gene;

4) The identity  of the ~35Kd protein is not known. A possible way to 
determ ine w hether this p ro tein  is an SR protein was discussed above. The 
am ount of the ~35Kd crosslinked product obtained w as dependent on SR 
proteins, extract com ponents and RNA containing the SK ESE. The reason for 
this dependence is not known, but identification of the factor(s) required using 
specific form ation of the crosslinked product as an assay for purification would be 
an im portant step to answering this question;

5) The functional significance of the ~35Kd p ro te in  has not been 
established. The results described here have shown a correlation between the in 
vitro  splicing efficiency of pre-mRNA containing m utant sequence at SK exon 
nucleotides 16-30 and the ability of a shorter RNA containing the m utant 
sequence to interact w ith  a ~35Kd protein (assuming that the crosslinking results 
are representative of interaction of the ~35Kd protein with RNA). However, this 
does not dem onstrate that the ~35Kd protein is functional in splicing or that it is 
responsible for the activity of the SK exon in muscle cells. Once the identity of the 
~35Kd protein  is know n it should be possible to obtain it in pure form and to 
investigate its ability to enhance SK splicing and to bind to the SK ESE in vitro.

6) A ttem pts to sequence the p24 protein purifed by affinity purification of 
HeLa sp licing  extracts using  biotinylated w ild-type SK exon RNA were
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unsuccessful because not enough protein could be purified. More recent protein 
analysis techniques requ ire  only very sm all am ounts of pro tein  to obtain 
sequence information. Thus, re-purification of p24 should enable the protein to 
be sequenced and eventually cloned. The possible role of p24 in splicing to exon 
SK could then be investigated.

Relevance of m echanism s proposed to be involved in  regulation of hum an 
TM nm  pre-mRNA splicing to other alternatively spliced pre-mRNAs

The chicken a-TM  and rat and chicken p-TM pre-mRNAs share extensive 
sequence hom ology w ith  hum an TMnm pre-m RNA. They also contain a 
centrally located m utually  exclusive exon pair. These exons are expressed in a 
sim ilar tissue-specific m anner to the hum an TMnm NM and SK exons (see 
introduction). The sequence of each pre-mRNA at the 5'-end of the skeletal 
muscle-specific exon is shown in figure 6.3.

Human TMnm: CAG IUAAGUGUUCUGAGCUGGAGGAGGAGCUGAAGAAU

Chicken a-TM: CAGI UAAAUGUUC£GAGCUGGAGGAGGAGCUGAAGAAU

Chicken P-TM: HAG IUAAAUGUGGUGACCUAGAGGAGGAGCUGAAAAUU

Rat p-TM: CAG IUAAAUGUGG GGACCUAGAGGAGGAGCUGAAAAUU

Figure 6.3 Com parison of hum an TMnm pre-mRNA sequence from 
positions -3 to +34 w ith equivalent sequence from chicken a-TM and 

chicken and rat p-TM pre-mRNAs 
Differences in each sequence from the human TMnm pre-mRNA sequence are 

shown underlined. The vertical line represents the intron-exon boundary.

The sequence of the chicken a-TM  and the chicken and rat p-TM pre- 
mRNAs is alm ost identical to the hum an TMnm exon Vsk sequence in the 
region corresponding to the SK p5'ss of hum an TMnm exon SK (-3 to +6). This 
suggests that U l snRNP m ay also play a role in the inhibition of splicing to the 
skeletal muscle-specific exon in these pre-mRNAs. Consistent with this proposal, 
m utation of the pre-mRNA sequence at the 5'-end of the skeletal muscle-specific 
exon has been show n to activate use of that exon in non muscle cells for both the 
ra t and chicken p-TM pre-mRNAs (Guo et al, 1991; Gallego et al, 1992). The 
sequence at positions 16 to 30 of the muscle-specific exon of the chicken a-TM and 
the chicken and rat p-TM pre-mRNAs is also almost identical to the hum an 
TMnm sequence (figure 6.3). Thus, it is likely that an exon splicing enhancer is 
also located in this region of these pre-mRNAs.

A lthough  the  cis-acting sequences involved in the tissue-specific 
regulation of the rat and chicken p-TM pre-mRNAs appear to be very similar,
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there is some evidence that the mechanism s involved may be quite different. 
Differences in the requirem ents for regulated tissue-specific splicing have been 
dem onstrated for the chicken and rat p-TM pre-mRNAs. When a chicken p-TM 
m inigene w as transfected into quail myoblasts and myotubes, regulated tissue- 
specific splicing w as observed. W hen the same minigene was transfected into 
m ouse m yoblasts and  m yotubes the m utually  exclusive behaviour of the 
regulated exon pair was lost and the same splicing pattern was observed in both 
cell types. The rat p-TM pre-mRNA was spliced as expected in mouse myoblast 
and m yotube cells, bu t in quail myoblasts and myotubes neither of the mutually 
exclusive exons w as recognised (Balvay et al, 1994). Further work is needed to 
understand the reasons for these differences.

The chicken a-TM  and the chicken and rat p-TM pre-mRNAs all contain 
an 'A' nucleotide at position four of the skeletal muscle-specific exon. This 
nucleotide d isrup ts the run  of six continuous base pairs predicted to form 
betw een this region of the pre-mRNA and the 5'-end of U l snRNA. Instead, only 
four continuous base pairs are predicted to form. This difference may well be 
critical to the involvem ent of U l snRNP in the inhibition of skeletal muscle 
exon splicing in non muscle cells w ith these pre-mRNAs. Similar experiments to 
those described in chapter 4 should determine whether U l snRNP is involved in 
regulation of the non m uscle splicing pattern  of the chicken a-TM  and the 
chicken and rat p-TM pre-mRNAs.

Some o ther pre-m RN A s have been described in  w hich positive and 
negative cis-acting exon elements are located adjacent to each other. The equine 
infectious anem ia v irus (EIAV) pre-mRNA undergoes regulated alternative 
splicing. Exon 3 has been show n to contain an exon splicing enhancer (ESE) 
which interacts specifically w ith SR proteins. In the absence of EIAV Rev protein 
exon 3 is expressed. However, when Rev is expressed, exon 3 is skipped. Exon 3 is 
know n to b ind  Rev so it has been proposed that EIAV Rev prom otes exon 
skipping by interfering w ith SR protein binding to the exon 3 ESE (Gontarek and 
Derse, 1996). Similarly, the HIV-1 tat-rev terminal exon contains an ESE and an 
exon splicing silencer (ESS), separated by 20 nucleotides. This proximity has been 
show n to have an effect on the levels of m ature mRNA produced. It has been 
proposed that the level of splicing to this exon could be m odulated by altering the 
abundance of ESE and ESS binding factors (Staffa and Cochrane, 1995).

The location of positively and negatively acting exon splicing elements 
w ithin  close proxim ity of each other may turn  out to be a relatively common 
m echanism  by which the level of m ature mRNAs is regulated. The involvement 
of U l snRNP in the negative regulation of splicing of other pre-mRNAs remains 
to be established.
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Appendix 1 
Analysis of TM nm splicing patterns by RT-PCR

In the first step of this analysis, mRNA expressed from the TMnm 
m inigene w as reverse transcribed using an oligodeoxyribonucleotide prim er 
(RTPSVR, figure A1.1A) that annealed to SV40 mRNA sequence derived from 
the expression vector. In this way only mRNA produced from the expression 
vector, and not endogenous TMnm mRNA, was reverse transcribed. A DNA 
strand com plem entary to the reverse transcribed strand was then synthesised by 
Taq po lym erase , p rim ed  from  another o ligodeoxyribonucleotide prim er 
(CAT5015, figure  A1.1A). This p rim er annealed to sequences that are 
com plem entary to sequences in TMnm exon IV. The double stranded product 
from these reactions was then amplified by Taq polymerase using a further pair of 
oligodeoxyribonucleotide prim ers (nested primers) that annealed internally to 
the first pair (exon IV and exon VI/VII, figure A1.1A). This pair of nested primers 
were chosen so that they w ould allow amplification of all four possible TMnm 
m inigene isoforms (figure A1.1B).

The non m uscle and skeletal muscle exons NM and SK are both 76 
nucleotides long. Therefore, PCR products derived from the NM and SK isoforms 
are indistinguishable  from  each other w hen they are run  on a denaturing 
polyacrylam ide gel. The relative incorporation of exon NM and exon SK was 
determ ined using a restriction enzyme that cleaves exon SK sequences but not 
exon NM  sequences. Two different restriction enzym es were used: Alul and 
MboII. The approxim ate location of the restriction enzym e recognition sites 
w ithin the products of the nested PCR reactions are show n in figure A1.2. In 
order to visualise the products of the nested PCR reactions one of the nested PCR 
prim ers w as radioactively labelled at its 5'-end. It can be seen from figure A1.2. 
that the restriction enzymes which cut w ithin exon SK, but not within exon NM, 
also cut sequences outside of exon SK (Alul within exon IV, MboII within exon 
VI). This affected w hich prim er was radioactively labelled. If the exon VI/VII 
prim er was end-labelled, only Alul could be used to analyse the splicing patterns. 
Similarly, if the exon IV prim er was end-labelled only MboII could be used, 
otherwise identical length digestion products would be obtained for each isoform. 
Figure A1.2 illu stra tes the expected nested PCR products resulting from 
amplification of spliced TMnm isoforms before and after digestion with Alul or 
MboII. Table A l.l  gives the expected lengths, in nucleotides, of these products.
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A) ExonVI/VII RTPSVR

IISK
SV40 
O&LP AUG

II III IV Vnm VsK VI VII VIII SK 3-UTR T
AAUAAA

CAT ExonlV 
5015

B)
NM/SK isoform

NM isoform

ISK IISK n hi IV Vnm Vsk VI VII VIII SK 3-UTR

ISK IISK n in IV Vnm VI VII vm sK 3-UTR

■AAAA.

■AAAA.

SK isoform ISK IISK n in IV Vsk VI VII v ih sk 3-UTR ■AAAA.

Skipped isoform ISK Hsk n m IV VI VII v ih sk 3-UTR ■AAAA.

Figure A l.l  The hum an TMnm minigene
A) Schematic representation of the human TMnm minigene cloned into a eukaryotic expression vector. Intron sequences are represented by a thin line, 
exon sequences by open boxes. Transcription is driven by the SV40 late promoter (shown with SV40 origin sequences as a black rectangle). The thick black 
line represents further SV40 vector sequences. The position of the AAUAAA polyA signal is shown. The AUG initiation codon is located within exon 
ISK/ the 5' sequences of that exon are therefore untranslated. At the 3'-end of the minigene untranslated sequence is shown as 3-UTR (3'-untranslated 
region).
The position of binding of DNA oligo sequences used for RT-PCR analysis of spliced isoforms is shown by arrows above and below the minigene. RT-PCR 
analysis, with reference to these oligos, is described in detail in the text.
B) The potential variety of mRNA isoforms expressed from the TMnm minigene. Mature mRNA is shown schematically. The open boxes represent TMnm 
sequence, and the thick horizontal line represents vector sequence. The poly(A) tail added during the polyadenylation reaction is represented as 
"AAAA ”.



Figure A1.2 RT-PCR Products before and after digestion with MboII or Alul 
Undigested products resulting from reverse transcription, PCR and nested PCR of spliced 
isoforms are represented as boxes. ^2p end-labelled nested RT PCR products before and after 
digestion with MboII or Alul are represented as lines. The labelled end is shown with an 
asterix. The positions of the MboII (M) and Alul (A) restriction enzyme sites are represented by 
the arrows. The length in, nucleotides, of each labelled nested product before and after 
digestion is shown.
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Nested product Undigested Alul digest Alul partial MboII digest MboII partial

IV /N M /SK /V I 253 126 138,238,243 106 142,203,218

IV /N M /V I 177 162 167 106 127,142

IV /SK /V I 177 126 138,162,167 66 127,142

IV /V I 101 86 91 51 66

Table A l .l  Sizes, in nucleotides, of products of nested RT-PCR analysis before and 
after digestion with MboII and Alul (sizes of partial digestion products are also

given)

Q uantification of radioactive nested PCR products

It w as im portant to show that the RT-PCR analysis did not distort the 
relative levels calculated for the spliced isoforms from their respective levels in 
the RNA preparation. To see how  the levels of the different isoforms varied 
relative to each other during the course of the PCR analysis an aliquot of a nested 
reaction w as rem oved after successive cycles of amplification of first round 
products generated from m yoblast RNA. Each aliquot was then loaded onto a 
denaturing polyacrylamide gel. After electrophoresis the gel was fixed, dried and 
analysed using a Phosphorlm ager. The scan of the relevant part of the gel is 
show n in figure A1.3A. The am ount of radioactivity and the relative levels, in 
percent, of the NM  and SK and skipped isoforms as determ ined by the 
Phosphorlm ager are shown in table A1.2. The change in am ount of radioactivity 
for each isoform in the successive cycles is shown graphically in figure A1.3B.

Amount of radioactivity Relative evel (%)
Cycle number NM and SK Skipped NM and SK Skipped

X 9 1 0 9 5 0 4 9 51
x + 1 1 6 4 4 1 8 9 5 4 6 5 4
x + 2 3 5 9 2 3 3 2 4 52 4 8
x + 3 6 5 0 3 6 2 4 7 51 4 9
x + 4 1 3 5 0 7 1 4 2 5 8 4 9 51
x + 5 2 4 1 1 4 2 4 3 3 6 5 0 5 0
x + 6 6 0 2 3 9 5 8 8 5 9 51 4 9

Table A1.2 Relative levels of the NM and SK and skipped isoforms in successive
nested PCR cycles (x=14)

It can be seen that the relative levels of each isoform are maintained over 
seven cycles of nested PCR. The am ount of radioactivity increased by over 60 
times for each isoform during this amplification. Other experiments confirmed
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Figure A1.3 Relative levels of TMnm mRNA isoforms 
in successive cycles of nested PCR

A) Aliquots from successive cycles of the PCR reaction were taken and then 
loaded on a denaturing polacrvlamide gel. The figure shows the 
Phosphorlmager scan obtained after the gel had been fixed, dried and exposed 
to a Phosphorlmager cassette. The \M  and SK isoforms are not distinguishable 
on the gel because thev are the same length.

Xumber of cycles of nested PCR
x x+ 1 x+2 x+3 x-4 x+5 x+6 Isoform

XM andM M * SK

Skipped

B) Graph showing the amount of radioactivity for the skipped and XM and 
SK isoforms in successive cycles of PCR as determined using the Phosphorlmager.

H  Skipped 
■  XM and SK6“

\+3

Cvcle number



that the relative levels of isoforms were also not distorted during the first PCR 
reaction (data not shown: Raymond, unpublished).

In all the reverse-transcription/PCR amplification experiments described 
in chap ters 3 and 4, controls were perform ed in which RNA from mock 
transfections w as purified  and subsequently amplified in parallel w ith the 
experim ental sam ples. For each control no amplified products were detected, 
confirm ing that the amplified products visible after analysis of the experimental 
sam ples w ere derived  from expression of transfected DNA and not from 
endogenous cellular mRNA.
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Appendix 2 
Phosphorlm ager data

Phosphorlm ager data for chapters 3 and 4
The P hospho rlm ager w as used  to calculate the relative level of 

radioactivity  resulting from nested PCR/restriction enzyme analysis of TMnm 
m inigene mRNA isoform expression in each lane of figures 3.2, 3.5, 3.6, 4.2, 4.3, 
and  4.4 and for lanes 1-3, 8-10 of figure 3.4A. The relative levels (shown as 
percent) are given in tables A2.2-A2.8 below. Table A2.1 gives the expected sizes of 
p roducts resulting from the nested PCR/restriction enzyme analysis before and 
after digestion w ith Alul or MboII.

Isoform Undigested Alul digest Alul partial MboII digest MboII partial

NM /SK 253 126 138,238,243 106 142,203,218

NM 177 162 167 106 127,142

SK 177 126 138,162,167 66 127,142

Skipped 101 86 91 51 66

T able A2.1 Expected sizes, in nucleotides, of nested PCR products from nested 
PC R /restriction enzyme analysis of TMnm minigene isoform expression in vivo 
before and after digestion w ith restriction enzyme.

Table A2.1 shows that some of the digested and partially digested nested 
PCR products derived from restriction enzyme analysis of different amplified 
isoforms are the same size. Despite this fact, the relative levels of each amplified 
isoform can still be calculated even if partial digestion occurred:

For each transfection, the contribution to the relative isoform level by the 
skipped isoform and by the NM /SK isoform (if any) can be determined from the 
undigested nested PCR products. Table A2.1 shows that the skipped isoform is 
am plified as a 101 nucleotide band by the nested PCR procedure. Thus, the 
relative level of this band in each lane was taken as the relative level of the 
sk ipped  isoform  expressed in the corresponding transfection. The N M /SK  
isoform is amplified as a 253 nucleotide band by the nested PCR procedure. Thus, 
the relative level of this band in each lane was taken as the relative level of the 
N M /SK  isoform  expressed in the corresponding transfection. The NM and SK 
isoform s are each amplified as 177 nucleotide products. The relative levels of 
these isoforms can, therefore, only be determined from the digested nested PCR 
products.

Table A2.1 shows that the NM isoform-derived 177 nucleotide nested PCR 
product is digested to a 106 nucleotide product and partially digested to 127 and 
142 nucleotide products by MboII. The SK isoform-derived 177 nucleotide nested
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PCR product is digested to a 66 nucleotide product and partially digested to 127 
and 142 nucleotide products by MboII. Thus, the 106 and 66 nucleotide products 
are distinctive for expression of the NM and SK isoforms. However, the 106 
nucleotide p roduct can also arise from MboII digestion of the 253 nucleotide 
N M /SK  isoform -derived nested PCR product and the 66 nucleotide product can 
also arise from  partial MboII digestion of the 101 nucleotide skipped isoform- 
derived nested PCR product.

In order to calculate the amount of the 66 nucleotide product that results 
from com plete digestion of the SK isoform-derived 177 nucleotide nested PCR 
p roduct, the relative level of the 101 nucleotide band determ ined from the 
und igested  sam ples was subtracted from the total relative level of the 66 
nucleotide band  and the 51 nucleotide band (this band results from complete 
digestion of the 101 nucleotide skipped isoform-derived nested PCR product by 
MboII). For those experim ents where no 253 nucleotide band representing 
expression of the N M /SK  isoform was visible, the 106 nucleotide band was due 
solely to MboII digestion of the NM isoform-derived nested PCR product. When 
the 253 nucleotide band was visible, the amount of the 106 nucleotide band that 
resulted from MboII digestion of the 177 nucleotide NM isoform-derived nested 
PCR product was calculated by subtracting the relative level of the 253 nucleotide 
band in the undigested samples from the relative level of the 106 nucleotide band 
in the MboII digested samples. In this calculation it was assumed that complete 
digestion of the 253 nucleotide band had occurred and that any 142 nucleotide 
band visible after analysis of the digested samples was derived only from partial 
digestion of nested PCR products derived from the NM and SK isoforms. This 
assum ption  is unlikely to have significantly affected the results because the 
relative level of the N M /SK  isoform-derived nested PCR product and of the 142 
nucleotide partial digestion product was always low.

Once a value for the 106 and 66 nucleotide products resulting from 
complete digestion of the NM and SK isoform-derived nested PCR products had 
been  calculated , the ratio  of NM isoform to SK isoform  expression was 
determ ined. This ratio w as then used to calculate the relative contribution of 
partially  M boII-digested NM and SK isoform-derived 177 nucleotide products to 
the 142 and 127 partially digested products. The relative levels of the NM and SK 
isoform s expressed in the transfections were then determ ined by adding the 
values obtained from this calculation to those obtained for the contribution of the 
NM  and  SK isoform -derived 177 nested PCR products to the 106 and 66 
nucleotide digestion products, respectively.

The above assum ption that the relative contribution to the 142 and 127 
partially  digested products by digestion of the NM and SK isoform-derived 177 
nucleotide products was directly proportional to the calculated ratio of NM to SK 
isoform  expression was based on the observation that incomplete digestion may
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be due to heteroduplex formation between the undigested products before they 
are d igested w ith  MboII restriction enzyme. It is proposed that heteroduplexes 
form  betw een the NM and SK isoform-derived products, but also between the 
sk ipped isoform -derived product and the NM or SK isoform-derived products; 
partial digestion is evident in results where NM and skipped isoforms only were 
expressed (for example, figure 3.2, lanes 4-6. There are no examples in the gels 
show n w here SK and skipped isoforms only were expressed). Thus, the 
heterodup lex  populations are likely to contain NM and SK isoform -derived 
products proportional to the total amounts of those products in the undigested 
samples. The 142 and 127 nucleotide products of partial MboII digestion will then 
contain am ounts of the NM and SK isoform-derived products proportional to the 
total am ount of those products. In the samples analysed the proportion of the 
partia l d igestion  products relative to the total is low. Thus, any error in 
assignm ent of the partial digestion products is likely to be small.

In the section of the figures show ing undigested  sam ples, the 253 
nucleotide band is indicated as the "NM/SK" isoform, the 177 nucleotdie band is 
indicated as the "NM and SK" isoforms and the 101 nucleotide band is indicated 
as the "skipped" isoform. In the section of the figures showing MboII digested 
sam ples, the 142 and 127 nucleotide bands are indicated as the "NM and SK" 
isoform s, the 106 nucleotide band is indicated as the "NM" isoform, the 66 
nucleo tide  band  is indicated  as the "SK and skipped" isoform s and the 
51 nucleotide band is indicated as the "skipped" isoform.

The calulations for each experiment can be represented by the following 
equations:

A=142+127 (partial digestion of nested PCR products derived from NM/SK, 
NM  and SK isoforms. The contribution to the 142 nucleotide band from partial 
d igestion  of N M /S K  isoform -derived PCR p roduct w as ignored in the 
calculations because it was considered to be negligible);

B=106 (complete digestion of NM and complete digestion NM /SK isoform- 
derived PCR products);

C=66 (complete digestion of SK and partial digestion of skipped isoform- 
derived PCR products);

D=51 (complete digestion of skipped isoform-derived PCR product);
E=106-253 (complete digestion of NM isoform-derived PCR product);
F=[66+51]-101 (complete digestion of SK isoform-derived PCR product);
G=253 (derived from NM /SK isoform);
H=101 (derived from skipped isoform); 

w here each num ber refers to the relative level of the corresponding nested 
p roduct or MboII digestion product. The relative levels for expression of each 
mRNA isoform are then given by:

NM /SK=G
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NM=E+[A x (E/(E+F))]
SK=F+[A x (F/(F+E))]
Skipped=H

For each experiment, the results were calculated for each lane. If duplicate 
transfections w ere done, averages were calculated and the difference of each 
value from the m ean given. If triplicate transfections were done, averages were 
again calculated and standard deviations were given according to the formula:

V{[I(x-x)2]/n)
w here  x rep resen ts each value, x represents the average of the values, n 
represents the num ber of values.

For some of the m utations tested, the restriction enzyme sites critical for 
d istinguish ing  the NM and SK isoform-derived nested PCR products are no 
longer present in the m utant sequence. These are referred to specifically in the 
text relevant to those experiments.

Values for the relative expression of TMnm minigene mRNA isoforms in 
the experim ents illustrated in figures 3.3 and 3.4B were not calculated. In these 
experim ents, the samples were analysed using Alul restriction enzyme. If partial 
digestion occurs using this method of analysis (as in both experiments), there is 
no digestion product specifically derived from the NM isoform (see table A2.1). 
C onsequently , the relative contribution of the NM and SK isoforms to the 
177 nucleotide nested PCR product cannot be determined accurately.

Three bands are visible at the top of lanes 1-10 of figure 4.3. It was assumed, 
for the purpose  of quantification, that these three bands represent the 253 
nucleotide nested PCR product derived from the N M /SK spliced isoform. The 
trip le band ing  pattern  is likely to be due to incomplete denaturation of the 
sam pes before they entered the denaturing polyacrylamide gel or to renaturation 
of prev iously  denatu red  samples. W hen this occurs, the sam ples exist as a 
m ixture of single and double stranded DNA populations and consequently do not 
ru n  as a uniform  band on the gel. This interpretation is consistent w ith the 
m obility of the bands visible here. The fastest m igrating band has a mobility 
equivalent to a single stranded product 253 nucleotides long. The other bands 
have slower mobility, consistent with their identity as double stranded products.
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A)
Undigested PCR products Mboll-dic ested PCR products

TM plasmid Lane number, 
figure 3.2

NM/SK
( 2 5 3 )

NM and SK 
( 1 7 7 )

Skipped
( 1 0 1 )

Lane number, 
figure 3.2

142 127 1 0 6 6 6 51

SK WT 1 - 5 6 .6 4 3 .4 1 0 5.5 14 .4 4 0 .8 6 .9 3 2 .4
2 - 5 9 .2 40 .8 1 1 1.7 1 5 4 1 .8 5 .6 3 5 .9
3 - 6 2 .4 37 .6 1 2 4.1 15.5 4 5 .5 4 .3 30 .6

SK1-15NM 4 0.7 9 0 .3 9 1 3 1.4 12.2 4 4 .8 3 6 .8 4 .8
5 2 .6 8 3 14.4 1 4 2 .6 12.1 4 1 .9 34 .3 9.1
6 0 .0 8 3 .3 16.7 1 5 2.1 8 .6 3 8 .7 3 9 .6 1 1

SK61-75NM 7 - 94 .3 5 .7 1 6 0 2 .4 4 7 .2 4 4 .7 5 .7
8 - 9 5 .3 4 .7 1 7 0 3 .7 4 6 45 .5 4 .8
9 - 95 .6 4 .4 1 8 0 3 .6 4 3 .7 4 8 .7 4

B)
TM plasmid NM/SK NM SK Skipped

SK WT - 5 6 .7 - 4 3 .3
- 5 9 .2 - 4 0 .8
- 6 2 .4 - 3 7 .6

1-15NM 0.7 5 1 .9 2 3 8 .3 8 9
2 .6 4 7 .7 6 3 5 .2 4 14 .4
0 .0 4 4 .4 0 3 8 .9 0 16.7

6 1 - 7 5 - 4 8 .4 3 4 5 .8 7 5 .7
- 4 7 .8 6 4 7 .4 4 4 .7
- 45.41 5 0 .1 9 4 .4

Table A2.2 A) Data (as percent) from Phosphorlmager quantification of RT-PCR analysis shown in figure 3.2.
The numbers heading the columns refer to the size in nucleotides of the undigested and digested nested PCR products

B) Relative levels (as percent) of each TMnm isoform calculated from the Phosphorlmager data



A )
MboII-digested PCR products

TM plasmid NMand SK 
( 1 7 7 )

Skipped
( 1 0 1 )

Lane number, 
figure 3.4

127 106 6 6 51

SK WT 62 .0 3 8 .0 1 9.3 2 2 .2 2 0 .0 4 8 .5
59 .2 4 0 .8 2 10.6 19.3 2 1 .8 4 8 .4
56 .6 4 3 .4 3 11.2 16.3 2 1 .0 51 .5

SK 16-30R 3 40.1 5 9 .9 8 6 .4 3 1 .5 3 .5 5 8 .6
4 6 .7 5 3 .4 9 7 .0 3 8 .4 3.1 5 1 .6
37 .7 6 2 .3 1 0 9.0 25.1 3 .7 6 2 .2

B)
TM plasmid NM SK Skipped

SK WT 27.1 2 4 .4 48 .5
24 .3 2 7 .3 4 8 .4
21 .2 27 .3 51 .5

SK 16-30R 3 3 7 .4 2 .7 59 .9
45.1 1.6 5 3 .4
3 3 .0 4 .7 62 .3

Table A2.3 A) Data (in percent) from Phosphorlmager quantification of RT-PCR analysis shown in figure 3.4A 
The numbers heading the columns refer to the size in nucleotides of the undigested and digested nested 
PCR products

B) Relative levels (in percent) of each TMnm isoform calculated from the Phosphorlmager data



Undigested PCR products Mboll-digested PCR products
TM Plasmid Lane number, 

figure 3.5A
NM and SK 

( 1 7 7 )
Skipped
( 1 0 1 )

Lane number, 
figure 3.5B

127 106 6 6 51

SK WT 1 58 .8 41 .2 1 9 .4 50.1 0 40 .5
2 55 .6 44 .4 2 9.1 4 9 .5 2 .7 38 .7
3 54 .3 45 .7 3 8 .2 4 6 .2 1.9 4 3 .7

NM5'ssC 4 89 .3 10.7 4 4 8 9 .2 - 6.8
5 87 .6 12.4 5 4 .6 8 8 .4 - 7
6 89 .5 10.5 6 5.1 8 7 .4 - 7.5

ANM5'ss 7 9.2 90 .8 7 5.1 - 6 8 8 .9
8 7 .6 9 2 .4 8 4 .5 - 4 .7 90 .8
9 9.6 90 .4 9 5 .6 - 4 .8 8 9 .6

ASKBP 1 0 54 .7 4 5 .3 1 0 11 .4 5 3 .7 - 3 4 .9
1 1 4 9 51 1 1 10.1 4 7 .4 - 42 .5
1 2 52 .5 47 .5 1 2 10 .7 4 7 .5 - 41 .8

Table A2.4 A) Data (in percent) from Phosphorlmager quantification of RT-PCR analysis shown in figure 3.5 
The numbers heading the columns refer to the size in nucleotides of the undigested and digested nested PCR products



TM plasmid NM/SK NM SK Skipped

SKWT 0 5 8 .8 0 41 .2

0 5 5 .6 0 4 4 .4

0 5 4 .3 0 45 .7

NM5'ssC 0 8 9 .3 0 10 .7
0 8 7 .6 0 12.4

0 89 .5 0 10.5
ANM5'ss 0 0 9.2 90 .8

0 0 7 .6 9 2 .4
0 0 9 .6 90 .4

ASK BP 0 5 4 .7 0 4 5 .3
0 4 9 0 51
0 5 2 .5 0 47 .5

Table A2.4 B) Relative levels (in percent)of each TM isoform calculated from the Phosphorlmager data



A)
Undigested PCR products Mboll-digested PCR products

TM plasmid Lane number, 
figure 3.6

NM and SK 
( 1 7 7 )

Skipped
( 1 0 1 )

Lane number, 
figure 3.6

1 77 127 1 0 6 101 6 6 51

WT 1 43 .2 56 .8 1 0 5 .3 16.2 6 .5 7 2 2 .4 4 2 .6
2 4 3 .5 56 .5 1 1 3 .7 15.1 5 .4 5 .4 2 3 .7 4 6 .7
3 43 .9 56.1 1 2 4.1 16.1 6.5 8.1 2 2 .7 4 2 .5

1 - 1 5 4 100 - 1 3 - - - - 1 0 0 -

5 1 0 0 - 1 4 - - - - 10 0 -

6 1 0 0 - 1 5 - - - - 10 0 -

6 1 - 7 5 7 1 0 0 - 1 6 - - - - 1 0 0 -

8 1 0 0 - 1 7 - - - - 1 0 0 -

9 100 - 1 8 - - - - 10 0 -

B)
TM plasmid NM SK Skipped

SKWT 1 2 . 9 3 0 . 3 5 6 . 8

9 . 5 3 4 . 0 5 6 . 5

1 2 . 0 3 1 . 9 5 6 . 1

S K 1-15N M - 1 0 0 . 0 -

- 1 0 0 . 0 -

- 1 0 0 . 0 -

S K 6 1 - 7 5 N M - 1 0 0 . 0 -

- 1 0 0 . 0 -

- 1 0 0 . 0 -

Table A2.5 A) Data (in percent) from Phosphorlmager quantification of RT-PCR analysis shown in figure 3.6
The numbers heading the columns refer to the size in nucleotides of the undigested and digested nested PCR products

B) Relative levels (in percent) of each TM isoform calculated from the Phosphorlmager data



A)
Undigested PCR products Mboll-digested PCR products

TM plasmid U1 gene Lane number, 
figure 4.3

NM/SK NM and SK Skipped Lane number, 
figure 4.3

177 142 127 106 66 51

SK2-4CGC - 1 5.7 77.3 17 11 2.2 2.4 14.5 45.1 20.4 15.4
2 4.3 71.4 24.3 12 3.4 1.4 13.5 39.6 20.2 21.9

SK1-15NM - 3 8.1 69.8 22.1 13 7.8 1.5 13.5 35.2 22 20
4 9 73.2 17.8 14 3.6 1.3 12.9 39.2 23.2 19.8

SK2-4CGC WT 5 8 67.2 24.8 15 1.8 1.6 11.6 41.5 18.7 24.8
6 7.7 68.6 23.7 16 2 1.3 11.8 45.9 17.2 21.8

SK2-4CGC a-CGC 7 3.9 65.3 30.8 17 0 0.7 14.9 43.1 10.5 30.8
8 3.6 63.9 32.5 18 0 0 13.5 43.9 9.3 33.3

SK1-15NM a-CGC 9 10.2 62.7 27.1 19 3.3 2 11.3 36.1 25.3 22
10 9.7 66.3 24 20 1.2 2.1 12.8 36.9 23 24

B)
TM plasmid U1 gene NM/SK NM SK Skipped
SK2-4CGC - 5.7 52.1 25.3 17.0

4.3 46.8 24.6 24.3
SK1-15NM - 8.1 39.2 30.6 22.1

9 39.6 33.6 17.8
SK2-4CGC WT 8 42.8 24.4 24.8

7.7 48.6 20.0 23.7
SK2-4CGC a-CGC 3.9 51.5 13.8 30.8

3.6 51.1 12.8 32.5
SK1-15NM a-CGC 10.2 34.8 27.9 27.1

9.7 35.8 30.5 24.0

Table A2.7 A) Data (in percent) from Phosphorlmager quantification of RT-PCR analysis shown in figure 4.3
The numbers heading the columns refer to the size in nucleotides of the undigested and digested nested PCR products

B) Relative levels (in percent) of each TM isoform calculated from the Phosphorlmager data



A)
Undigested PCR products Mboll-diclested PCR products

TM plasmid U1 gene Lane number, 
figure 4.4

NM/SK
( 2 5 3 )

NM and SK 
( 1 7 7 )

Skipped
( 1 0 1 )

Lane number, 
figure 4.4

142 127 106 66 51

SK2-4CGC WT 1 1.4 80.1 18.6 7 0.6 13.5 42.3 26.4 17.2
2 1.4 92.3 6.3 8 0.3 9.1 63.4 22.8 4.4

SK2-4CGC a-CGC 3 1.7 68.3 29.9 9 0.6 13.7 47 15.2 23.5
4 0.6 72.1 27.3 10 0.3 12.7 48.4 14.5 24.1

SK1-15NM a-CGC 5 2.1 81.4 16.5 1 1 1 12.7 36.4 35 14.9
6 2.4 81.9 15.7 12 1 10.9 34.9 36.6 16.6

SK1-15NM WT 13 0 90 10 15 1.3 14 45.1 32.9 6.7
14 0 90.2 9.8 16 1.8 13.5 42 33.7 9

B)
TM plasmid U1 gene NM/SK NM SK Skipped
SK2-4CGC WT 1.4 49.65 30.35 18.6

1.4 69.03 23.27 6.3
SK2-4CGC a-CGC 1.7 57.27 11. 13 29.9

0.6 58.31 13.79 27.3
SK1-15NM a-CGC 2.1 41.24 40.16 16.5

2.4 38.03 43.88 15.7
SK1-15NM WT 0 54.34 35.66 10

0 50.58 39.62 9.8

Table A2.8 A) Data (in percent) from Phosphorlmager quantification of RT-PCR analysis shown in figure 4.4 
The numbers heading the columns refer to the size in nucleotides of the undigested and digested nested PCR products 

B) Relative levels (in percent) of each TM isoform calculated from the Phosphorlmager data



Phosphorlmager data for figure 5.1

The da ta  obtained from the Phosphorlm ager for lanes 1-12 of figure 5.1 is 
tabulated  below. The relative values for the lariats and pre-mRNA in each lane 
are show n in percent. The lariat intermediates were quantified as the top two 
lariat bands, and the lariat products as the lower two lariat bands.

Pre-mRNA NM-SKWTbpup
Time (hours) 1.5 1.5 3 3
Lariat intermediate 16.3 16.2 29.1 28.1
Lariat product 1.2 1.2 18.1 17.8
Pre-mRNA 82.5 82.7 52.9 54.1

Pre-mRNA NM-SK16-30NMbpup
Time (hours) 1.5 1.5 3 3
Lariat intermediate 6.3 8.3 4.4 4.3
Lariat product 1.1 1.3 4.3 4.4
Pre-mRNA 92.6 90.5 91.3 91.3

Pre-mRNA NM-SK16-30Rlbpup
Time (hours) 1.5 1.5 3 3
Lariat intermediate 4.1 4.5 5.2 5.4
Lariat product 0.4 0.5 12 7.4
Pre-mRNA 95.4 95 82.8 87.2

Table A2.9 Data for the relative levels (in percent) of lariat products, lariat 
intermediates, and pre-mRNA in figure 5.1.

The transcrip ts used for the in vitro splicing experim ent were continuously 
labelled w ith 32P'UTP. The lariat products, lariat intermediates, and pre-mRNA 
contain different num bers of uridine nucleotides to each other because they are of 
different lengths. The lariat intermediates should contain 228 uridines, the lariat 
p roducts 213, and the pre-mRNA 243. Thus, the am ount of radioactive label 
incorporated into these respective RNAs is different. Consequently, the relative 
level of radioactivity for these RNAs in each lane is not directly representative of 
the ir rela tive  m olar levels. For each mole of pre-m RNA, the am ount of 
radioactiv ity  recorded will be higher than for each mole of lariat product or 
interm ediate RNA. The relative molar values of each RNA were determined by 
correcting the values given in table A2.9. The corrected values are shown in table 
A2.10. The corrected values were calculated by scaling up the relative amount of 
radioactivity for the lariat intermediates and products by a factor of 243/228 and 
243/213, respectively. The relative molar values, in percent, for the pre-mRNA, 
lariat interm ediate and lariat product were then determ ined using the original 
value for the pre-mRNA given in table A2.9 and the corrected values for the 
lariat in term ediate and product RNAs. Table A 2 .ll gives the averages of the 
values show n in table A2.10. Table 5.1 shows the lariat interm ediates and
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products as a percentage of the total of lariats and pre-mRNA calculated from the 
average values given in table A 2.ll.

Pre-mRNA NM-SKWTbpup
Time (hours) 1.5 1.5 3 3
Lariat intermediate 17.1 17.0 29.7 28.7
Lariat product 1.4 1.4 19.7 19.5
Pre-mRNA 81.4 81.6 50.6 51.8

Pre-mRNA NM-SK16-30NMbpup
Time (hours) 1.5 1.5 3 3
Lariat intermediate 6.7 8.8 4.6 4.5
Lariat product 1.2 1.5 4.9 5.0
Pre-mRNA 92.0 89.8 90.5 90.5

Pre-mRNA NM-SK16-30Rlbpup
Time (hours) 1.5 1.5 3 3
Lariat intermediate 4.4 4.8 5.4 5.7
Lariat product 0.5 0.6 13.4 8.3
Pre-mRNA 95.2 94.7 81.2 86.0

Table A2.10 The relative molar values of pre-mRNA, lariat intermediate and 
lariat product for the experiment described in figure 5.1

Pre-mRNA NM-SKWTbpup
Time (hours) 1.5 3
Lariat intermediate 17.1 29.2
Lariat product 1.4 19.6
Pre-mRNA 81.5 51.2

Pre-mRNA NM-SK16-30NMbpup
Time (hours) 1.5 3
Lariat intermediate 7.8 4.6
Lariat product 1.3 4.9
Pre-mRNA 90.9 90.5

Pre-mRNA NM-SK16-30Rlbpup
Time (hours) 1.5 3
Lariat intermediate 4.6 5.6
Lariat product 0.5 10.8
Pre-mRNA 94.9 83.6

Table A 2 .ll Averages of the values given in table A2.10.
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