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Abbreviations

RNA ribonucleic acid 
mRNA messenger RNA 
pre-mRNA pre-messenger RNA (mRNA precursor) 
snRNP small nuclear ribonucleoprotein particle 
U1 U1 snRNP 
U2 U2 snRNP 
U4 U4 snRNP 
U5 U5 snRNP 
U6 U6 snRNP 
U12 U12 snRNP 
U11 U11 snRNP 
U2AF U2 snRNP auxiliary factor 
ATP adenosine triphosphate 
CBC cap-binding complex 
SMN survival of motor neurons 
hnRNP heterogeneous nuclear ribonucleoprotein 
kDa kilo Dalton 
SR serine/arginine 
RBD RNA binding domain 
RS aginine/serine 
ASF alternative splicing factor 
SF2 slicing factor 2 
mM mili moles 
a.a. amino acid 
S100 cytoplasmic extract 
kb kilo base 
SRrps SR related proteins 
E1A early region 1A 
3RE IIIa repressor element 
3VDE IIIa virus-infection dependent splicing enhancer 
MLTU major late transcription unit 
L1 late region 1 
PP1 protein phosphatase 1 
PP2A protein phosphatase 2A 
E4 early region 4 
ORF4 open reading frame 4 
ESE exonic splicing enhancer 
ISS intronic splicing silencer 
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Introduction
The multistep pathway of eukaryotic gene expression involves a series of 
highly regulated events in the nucleus and cytoplasm. In the nucleus, genes 
are transcribed into pre-messenger RNAs (pre-mRNAs) which undergo 
series of nuclear processing steps. Mature messenger RNAs (mRNAs) are 
then transported to the cytoplasm, where they are translated into protein. 

Eukaryotic genes have a mosaic like structure consisting of exons and 
introns. During pre-mRNA processing, introns are removed from the pre-
mRNA by a process called splicing thereby assembling the exons into 
mature mRNA. Pre-mRNA splicing often allows alternative ways to join 
exons of the same pre-mRNA template. During alternative pre-mRNA 
splicing different exons are selectively joined to form mRNAs that encode 
proteins with distinct functions. The possibility to express multiple proteins 
from a single gene results in the greater protein diversity for an organism and 
may have contributed to the increase in the phenotypic complexity of 
metazoans during evolution. 

Mechanisms that increase protein diversity (in all metazoans) have been 
underestimated. It was believed that the complexity of an organism is 
determined by the number of it genes. However, the completion of the 
human genome sequencing project revealed an unexpectedly small number 
of genes. Comparison with other organisms (which genome sequences are 
available) points to an unexpectedly small difference in gene number in 
different organisms from yeast to humans. Thus, the small difference in gene 
number does not explain the difference in complexity between these 
organisms. Probable reasons for higher complexity of an organism are 
mechanisms increasing protein diversity and more complex regulatory 
networks.

Although it has long been assumed that only 5% of human genes are 
alternatively spliced, the initial analysis of a draft of a human genome 
increased this number to 60% (Sorek & Amitai, 2001; Modrek & Lee, 2002). 
By being more abundant than it was thought before, alternative splicing 
might be more functionally important than previously thought as well. 
Numerous examples describe how alternative splicing regulates gene 
expression in humans, but the mechanisms involved are poorly understood. 
Therefore studies on regulation of alternative splicing are a challenging area 
of research. 

The importance of alternative splicing is further illustrated by the 
increasing number of human diseases that have been attributed to defects in 
pre-mRNA processing in general and to misplacing events in particular. On 
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one hand this calls for the development of diagnostic resources. On the other 
hand the knowledge of the molecular mechanisms regulating pre-mRNA 
processing allows the development of rational therapies. Using a parallel of 
how the attention from a gene has been shifted to the pre-mRNA processing 
events one can ask how far away we are in shifting from gene therapy to 
splicing therapy. 

Nuclear pre-mRNA splicing 
Most eukaryotic genes contain intervening sequences (introns) which are 
removed from nascent transcripts (pre-mRNAs) by the splicing machinery 
prior to the export of mature mRNA from nucleus to the cytoplasm. Splicing 
of pre-mRNA is a critical step in gene expression, as precise recognition and 
removal of introns is necessary to place the coding sequences (exons) in 
frame for protein translation. 

Splicing signals 
Short conserved sequences mark the boundaries between the exons and 
introns at the 5’ and 3’ splice sites (Mount, 1982). In mammals, the 5’ splice 
site consists of an invariable GU dinucleotide which is surrounded by few 
conserved nucleotides (AG/GURAGU; where / denotes the exon-intron 
boundary; R=G or A; the invariable nucleotide is shown in bold). 

The 3’ end of the intron is defined by three distinct sequence elements: 
the branch point, the polypyrimidine tract and the 3’ splice site. The branch 
point sequence (YNYURAC; Y=C or T and N=A; G; U; C) contains an 
invariable adenosine residue (the branch point adenosine) which plays an 
important role in the first catalytic step of the splicing reaction (see below). 
It is usually found between 18 and 40 nucleotides upstream of the 3’ end of 
the intron and characterized by its weak consensus sequence in metazoans. 

The polypyrimidine tract is located between the branch point sequence 
and the 3’ end of the intron. It is rich in uridine residues and is variable in 
length. It serves as a binding site for the constitutive splicing factor U2AF 
which is required for the recruitment of U2 snRNP to the branch point 
sequence. Binding of U2AF facilitates the recognition of the 3’ splice site, 
which consists of an invariable AG dinucleotide (YAG/N) within a weakly 
conserved sequence environment. A 3’ splice site adjacent to a long 
pyrimidine tract are efficiently bound by U2AF and are therefore considered 
as “strong” splicing signals. 

Splicing signals serve as a binding site for the splicing factors or 
spliceosomal subunits, as will be discussed below. 
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Since the splicing signals consist of very short conserved sequences, point 
mutations of the 5’ or 3’ splice sites can disrupt them what leads to aberrant 
splicing and can be the reason for severe genetic disorders (reviewed in 
Faustino & Cooper, 2003). However, mutations within the branch point 
sequence usually do not block splicing, but result in the use of a “cryptic” 
branch point adenosines situated nearby. 

U12-type of introns 
The highly conserved GT and AG dinucleotides at the intron boundaries 
were identified when the first introns were discovered and sequenced 
(Mount, 1982). Some years later, a few exceptions to this major class of 
introns were found. A minor class of introns having AT and AC 
dinucleotides at the 5’ and 3’ end of the intron was discovered (Jackson, 
1991; Hall & Padgett, 1994). It appeared that in the genome of higher 
eukaryotes two distinct types of introns coexist (Sharp & Burge, 1997; 
Burge et al., 1998; Wu & Krainer, 1999). The major and better-studied class 
of introns is termed U2-dependent introns and the minor class of introns is 
called U12-dependent (also known as ATAC introns). Both classes are 
spliced through a similar chemical pathway in spliceosomes, which, 
although differing in their composition, are related in the organization of 
their cis- and trans-acting RNA components. 

U12 introns occur in the total population of introns at a frequency of 
about 1/5000 to 1/10000. This class of introns has been found in plants, 
Drosophila and vertebrate genes. All known examples of U12-dependent 
introns occur in genes containing multiple U2-dependent introns. The 
notable difference between the two classes of introns is the lack of 
documented cases of alternative splicing involving U12-dependent introns. 
This might be because such introns all contain strongly conserved sequences 
at their 5’ splice site and branch site that does not leave much opportunity 
for alternative splice-site choice. The structure of the 3’ splice site is also 
distinct for this class of introns. U12-dependent introns typically do not 
contain extensive polypyrimidine tracts, and a relatively small number of 
nucleotides, 10 to 16, is separating the branch point from the 3’ splice site. 

The original classification of the two types of introns based on their 
terminal dinucleotide sequences has recently been shown to be ambiguous. 
A more natural classification based on the type of spliceosome active in 
excision of the introns has been proposed (Dietrich et al., 1997), since not all 
introns that are excised by the U12-type spliceosome have the characteristic 
AT-AC sequences at their boundaries. The opposite, introns with AT-AC 
boundaries that are processed by the U2-dependent spliceosome have also 
been found in some genes (Wu & Krainer, 1996; Dietrich et al., 1997; Wu & 
Krainer, 1997). 



4

The mechanism of splicing 
Chemically, splicing consists of two coordinated transesterification reactions 
(Fig. 1). The first step is a nucleophilic attack by the 2’ hydroxyl group (OH) 
of the branch point adenosine (A) on the phosphodiester bond (p) spanning 
the 5’ exon/intron boundary (the 5’ splice site). When this bond breaks, the 
free 5’ exon is released and a new 2’-5’-phosphordiester bond is formed 
(GpA) in an intron-3’-exon intermediate. In the second step, the 3’OH group 
of the free 5’ exon attacks the 3’splice site. This results in the cleavage of the 
3’ intron/exon boundary, the release of the lariat intron, and the ligated 5’ 
exon-3’ exon product (the spliced messenger RNA). 

1 2
p pA

OH
E1 E2

BP 3'ss5'ss

pE1 E2

+
A
p

OH
OH

E1

pA
p

E2

Figure 1. Two-step chemical mechanism for pre-mRNA splicing. A pre-mRNA with 
a single intron is shown at left, with exons (E1, E2) shown as boxes and the intron 
shown as a line. The phosphodiester linkages that are broken or formed during the 
reaction are represented by the letter p. The branch point (BP), the branch adenosine 
(A), 2’ and 3’ hydroxyl groups (OH) and the 5’ and 3’ splice sites (5’ss and 3’ss) are 
indicated. The ligated exon product and released lariat intron are shown at right. 

The splicing reaction is dependent on ATP hydrolysis and is catalyzed by a 
large ribonucleoprotein complex called the spliceosome (see next chapter). 

The spliceosome 
The spliceosome is a machinery that catalyses the removal of introns from 
the pre-mRNA. It is formed from small nuclear ribonucleoprotein particles 
(U snRNPs) together with an additional group of spliceosome associated 
splicing factors. 

Each U snRNP particle consists of a U snRNA (uridine-rich small nuclear 
RNA) complexes with a common set of 7 core proteins (Sm and Sm-like 
(Lsm) proteins) and a set of specific proteins unique for each snRNP. U1, 
U2, U4, U5 and U6 are the major spliceosomal snRNPs. This type of 
spliceosome is responsible for splicing of the majority of pre-mRNA introns. 
The members of the U12-dependent group of introns are excised by the 
minor U12-type spliceosome, which is composed of the snRNPs U11, U12, 
U4atac/U6atac and U5 and is less abundant in the cell (Hall & Padgett, 
1996; Tarn & Steitz, 1996a, b; Kolossova & Padgett, 1997). 
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snRNP biogenesis 
The U snRNAs (with the exception of U6 and U6atac) are transcribed by 
RNA polymerase II and exported to the cytoplasm. Following their export to 
the cytoplasm, U snRNA precursors interact in an ordered, stepwise manner 
with seven Sm proteins, B/B’, D3, D2, D1, E, F and G to form the snRNP 
Sm core structure. In vertebrate cells, the SMN (survival of motor neurons) 
protein, present in the complex with other proteins, facilitates assembly of 
the U1, U2, U4 and U5 core snRNPs. Subsequent to U snRNP Sm core 
assembly, the m7G cap of the snRNA is converted to the 2,2,7-tri-methylated 
guanosine form (hypermethylation). At the same time the 3’ end of the U 
snRNAs undergoes maturation by trimming (removal of some extra 
nucleotides). Assembled core U snRNPs are imported to the nucleus. There 
they associate with U snRNP specific proteins. Biogenesis of the U6 snRNP, 
and presumambly also of the U6atac snRNP, differs from that of the other 
spliceosomal U snRNPs. The U6 snRNA is transcribed by RNA polymerase 
III and assembly of the U6 snRNP is thought to take place entirely in the 
nucleus. Less is known about the maturation process of the minor 
spliceosomal U snRNPs, but is it assumed that they follow the same pathway 
as the major spliceosome U snRNPs. 

In addition to U snRNPs, the spliceosome contains many spliceosome 
associated splicing factors. Recently few large-scale analysis of the human 
spliceosome have been performed (Hartmuth et al., 2002; Jurica et al., 2002; 
Rappsilber et al., 2002; Zhou et al., 2002). They reported from 70 to 311 
distinct proteins being associated with the spliceosome. Interestingly, those 
studies pointed out that proteins with known or putative roles in gene 
expression steps other than splicing are associated with the spliceosome. 
This might be a sign of an extensive coupling among steps in gene 
expression.

It appears likely that splicing is catalysed by the RNA and not the protein 
parts of the spliceosome (Nilsen, 2000). U2 and U6 spliceosomal snRNAs 
have emerged as the most likely candidates to form the active site in the 
spliceosome. Recently it was shown that a protein-free complex of U2 and 
U6 snRNAs can predispose the small RNA, mimicking the branch site, to 
undergo a reaction, similar to the first step of splicing (Valadkhan & 
Manley, 2001). This provides further support to the notion that the 
spliceosome is a ribozyme, but it still has to be proven by determination of 
the structure of the spliceosomes’s active site. 

Interestingly, after the two transesterification reactions in splicing the net 
change of energy ( H) of the phosphodiester bonds is zero. Nevertheless, 
there is an absolute energy requirement in splicing (generally ATP), and this 
is usually attributed to the activities of DEAD-box proteins, who are 
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arranging proper RNA-RNA and RNA-protein interactions (see next 
chapters).

Spliceosome assembly 
The spliceosome assembles in a stepwise fashion upon recognition of 
splicing signals on the pre-mRNA substrate (Staley & Guthrie, 1998). The 
current model of the ordered assembly of the spliceosome comes from the 
extensive analyses of biochemically purified spliceosomes in a variety of 
systems. Spliceosome assembly is an ordered process with several distinct 
intermediates, called E, A, B and C. 

However, spliceosome assembly does not start on “naked“ RNA. The 
total population of the pre-mRNAs in the cell nucleus is found in association 
with the hnRNP group of proteins. Together they form the H 
(heterogeneous) complex (Frendewey & Keller, 1985; Grabowski et al., 
1985), which by definition is not a spliceosomal complex. Hovewer, a large 
percentage of pre-mRNA added to in vitro splicing reactions is held in the H 
complex and never becomes incorporated into spliceosomes. 

Spliceosome assembly is directed, in part, by the RNA sequences at the 
splice sites. The commitment of a pre-mRNA to the splicing pathway starts 
upon the ATP-independent formation of the E complex (early or 
commitment complex; see figure 2). The assembly of the E complex 
involves binding of U1 snRNP to the 5’ splice site in association with non-
snRNP splicing factors (like SR proteins). At the 3’ splice site splicing factor 
SF1 binds to the branch point sequence, and the polypyrimidine tract and the 
3’ AG are recognized by the 65 and the 35kDa subunits of U2AF (U2 
snRNP auxiliary factor) (Reed, 1996). U2 snRNP was recently identified as 
a component of the E complex, but its association with the pre-mRNA was 
an ATP-independent process, which did not require the branch point 
sequence (Das et al., 2000). 

When U2 snRNP is recruited to the branch point sequence and complex E 
is converted to complex A, the branch point adenosine becomes bulged out 
from the double-stranded region formed by base-pairing between the U2 
snRNA and the branch point sequence (Query et al., 1994). Complex A 
formation is the first ATP-dependent step in spliceosome assembly. 

The association of the tri-snRNP (U5:U4/U6) complex takes place in an 
ATP-dependent manner and results in the formation of the B complex 
(Cheng & Abelson, 1987; Konarska & Sharp, 1987). Additional RNA-RNA 
and RNA-protein rearrangements, as a result of which U1 and U4 snRNPs 
are released from the spliceosome, are required to establish formation of 
complex C. In this complex, the U2 and U6 snRNAs form a network of 
interactions with the branch point and 5’ splice site sequences (Madhani & 



7

Guthrie, 1994; Sun & Manley, 1995). Complex C is catalytically active and 
able to perform the first transesterification reaction. 

U6
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U5U2

U1

A
U2

U6 U4
U5

A
U1 U2AF
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exon 1 intron exon 2

A
U2
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U5

U4
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U5
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U2

U1non-snRNP protein
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U2
A

U1
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U2AF
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U1 U4
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U6

A
U5U2 +
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Figure 2. Simplified overview of spliceosome assembly. 

It is believed that the whole process of spliceosome assembly is driven by 
the so called DEAD-box family of proteins (Staley & Guthrie, 1998) 
believed to be helicases that uses the energy from ATP hydrolysis to unwind 
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double-stranded RNA. However, the helicase activity is thought to be 
dispensable for splicing, since only short base-paired regions are present in 
the spliceosome which could serve as a target for those proteins (reviewed in 
Hamm & Lamond, 1998; Tanner & Linder, 2001). From genetic and in vitro
assays the sites of action of individual helicases in splicing are becoming 
well established. Eight of DEAD-box RNA helicases are now implicated in 
splicing control, and most of them are essential in yeast (Staley & Guthrie, 
1998).

The stepwise spliceosome assemble model was recently challenged. 
Large particles, containing all five U snRNPs, have been purified from yeast 
extracts. The existence of these particles suggested that the spliceosome 
might exist as preassembled unit (Stevens et al., 2002). Other studies 
suggested the existence of a penta-snRNP complex showing that U1 snRNP 
can bind to the 5’ splice site while being within a penta-snRNP complex 
(Malca et al., 2003). Even more intriguing is the idea of the existence of a 
supraspliceosomal pre-mRNA processing machine, which provides a 
framework onto which the pre-mRNA is folded in order to be processed 
(Raitskin et al., 2002). 

Exon recognition in constitutively spliced pre-mRNAs 
The major problem that the spliceosome faces is the recognition of the 
correct splicing signals. Vertebrate exons are usually short, typically 50 to 
300 nucleotides in length. They are separated by long introns, which can be 
up to 500 000 nucleotides long, but have an average size of about 3000 
nucleotides (Lander et al., 2001). These observations led to the exon 
definition model, which proposes that the initial recognition of splice sites is 
enhanced by interactions between splicing factors binding to the 3’ and 5’ 
splice sites across the exon (Berget, 1995). Hovewer, it is not clear how the 
pairing across exons is subsequently turned into pairing of sites across 
introns. One suggestion is the mechanistic coupling of transcription and 
splicing (Maniatis & Reed, 2002). The alternative intron definition model 
derives from the observation that introns in some transcripts (especially in 
invertebrates) are quite short relative to exons, and therefore the splicing 
machinery may initially pair splice sites across introns rather than exons 
(Talerico & Berget, 1994). 

Another important question is how the terminal 5’ and 3’ exons are 
defined? The cap structure (m7Gppp, 7-methylguanosine) at the 5’ end of the 
transcript promotes recognition of the first 5’ splice site. The 5’ cap structure 
serves as a binding site for the cap-binding complex (CBC), which facilitates 
the recognition of the cap-proximal 5’ splice site by U1 snRNP (Izaurralde et 
al., 1994; Lewis et al., 1996). At the 3’ end of the transcript, polyadenylation 
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signals promote the use of the last 3’ splice site. It has been shown that 
processing of the last exon and removal of the last intron involve interaction 
between splicing components at the 3' splice site and the polyadenylation 
complex at the polyadenylation signal (Niwa et al., 1990; Niwa & Berget, 
1991).

In constitutive splicing all introns are excised and all exons are joined in 
the order in which they are present in the substrate pre-mRNA. In alternative 
splicing the selection of splice sites is flexible. Alternative splicing is 
regulated by the combination of cis-acting sequences and trans-acting
protein factors. The mechanism of alternative splicing will be presented later 
after the major trans-acting protein factors – the SR family of proteins – has 
been discussed in more detail. 

It is still an open question why cells have evolved such a huge and 
complicated machinery to catalyse two relatively simple transesterification 
reactions. Possible answer to this question might be the ability to recognize 
poorly conserved splice site consensus sequences; to overcome the 
mechanical problems during splicing of long (up to 400kb and more) introns; 
to regulate alternative splicing and to link splicing to upstream and 
downstream mRNA processing events. 

SR Proteins 
SR proteins belong to a family of essential splicing factors which are 
regulators of constitutive and alternative splicing. Until now, about 10 
different members of the human SR protein family have been discovered 
using different methodological approaches. Six SR proteins were identified 
using the monoclonal antibody mAb104 (Roth et al., 1991; Zahler et al., 
1992), that recognizes a phosphorylated epitope and reacts against active 
sites of RNA polymerase II transcription on lampbrush amphibian 
chromosomes, and at many small granules in the nucleoplasm (Roth et al., 
1990). The proteins recognized by mAb104 had an approximate molecular 
weight of 20, 30, 40, 55 and 75kDa and were identified as SRp20, 
SRp30a=ASF/SF2, SRp30b=SC35, SRp40, SRp55 and SRp75. A method 
was developed for purifying these proteins based on their differential 
solubility in MgCl2 (Roth et al., 1991). It is important to note that the 
prototype of the SR family of proteins, ASF/SF2, has been identified earlier 
(Ge & Manley, 1990; Krainer et al., 1990b) using a different methodological 
approach (see the ASF/SF2 part). Another human SR protein, SC35, was in 
parallel identified using a monoclonal antibody raised against mammalian 
spliceosomes (Fu & Maniatis, 1990, 1992). Subsequently, additional 
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members have been added to the SR protein family: 9G8 (Cavaloc et al., 
1994), SRp30c (Screaton et al., 1995), SRp54 (Zhang & Wu, 1996), SRp46 
(Soret et al., 1998). 

The above mentioned proteins have been attributed to the SR protein 
family on the basis of the following criteria: 1) SR proteins are recognized 
by a monoclonal antibody (mAb104) specific for a shared phosphoepitope; 
2) SR proteins copurify to apparent homogeneity in a two-step precipitation 
procedure (soluble in 65% ammonium sulphate and precipitated in 20mM 
MgCl2); 3) SR proteins are closely related in primary protein sequence and 
contain at least one RNA binding domain at the N-terminus and an RS 
domain at the C-terminus; 4) the apparent sizes of SR proteins on SDS-
PAGE are conserved in the animal kingdom; 5) SR proteins can complement 
a splicing-deficient cytoplasmic S100 extract (using different pre-mRNA 
substrates) (Zahler et al., 1992; Fu, 1995). About 10 proteins have been 
identified in humans to date which fulfills these properties. 

Structural organization of SR proteins 
Typically, SR proteins consists of one or two RNA binding domains (RBDs) 
at the N-terminus and RS/SR dipeptide repeats of different lengths at the C-
terminus, referred to as the RS domain (see fig. 3). The name SR comes 
from the abbreviations for these amino acids, serine (S) and arginine (R). 

The RNP-type RNA binding domain (Bandziulis et al., 1989) or the RNA 
recognition motif (RRM) (Kenan et al., 1991), is a conserved sequence of 
about 80 amino acids common to a large group of RNA binding proteins 
(Birney et al., 1993). The hallmark of this type of RBD is two submotifs, the 
octamer RNP-1 and the hexamer RNP-2 motif, consisting of predominantly 
aromatic and hydrophobic residues forming a hydrophobic core. Based on 
the crystal structure of RNA binding proteins (reviewed in Perez-Canadillas 
& Varani, 2001) RBD folds into a four-stranded antiparallel -sheet
structure, positioning the conserved submotifs at the center, and two -
helices lying on the opposite side. The highly conserved aromatic residues in 
RNP-1 and RNP-2 submotifs have been proposed to contact the RNA. 

All ten SR proteins have the first RBD (I will refer to it as RBD1) 
containing the conserved submotifs RNP-1 and RNP-2 and the highly 
conserved signature sequence RDAE/DDA (see the alignment of SR proteins 
peptide sequences given in fig. 4). The five SR proteins consisting of two 
RBDs contain a homologous RBD, the RBD2. This domain does not contain 
typical RNP submotifs, but displays the invariant sequence SWQDLKD. The 
C-terminal region of SR proteins consists of alternating RS/SR dipeptides of 
different arrangement and of different length, forming the RS domain. The 
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RS domain is characteristic for metazoan splicing factors and splicing 
regulators (Birney et al., 1993). 

Highly divergent among the SR proteins are the regions connecting the 
RBD1 with the RS domain or the RBD1 with the RBD2 domains. These 
regions are rich in glycine, arginine and proline residues. In this connecting 
region the SR protein 9G8 contains a putative zinc knuckle of the CCHC 
family (Cavaloc et al., 1994). Using the SELEX approach evidence was 
presented that the RBD and the zinc knuckle in 9G8 cooperate in defining 
the specificity in RNA binding (Cavaloc et al., 1999). 

RSRBD

164

SRp20 RP

RBD RS

221

SC35 PG

RSZ9G8 RBD

238
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RBD2 RSSRp30c RBD1 G
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Figure 3. Schematic diagram of the domain structure of human SR proteins.RBD, 
RNA binding domain; Z, zinc knuckle; RS, arginine/serine-rich domain. The regions 
between the RBDs and RS domains are rich in glycine (G), arginine (R) and proline 
(P) residues. 



12



13

Figure 4. Sequence similarities between members of the SR protein family. The alignment above shows complete sequences of five 
SR proteins containing single RBD. In the picture below, five SR proteins with two RBDs are aligned. Residue positions of each 
protein are shown at the right. Black shaded areas indicate identical amino acids, grey shaded areas indicate similar amino acids. 
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RNA binding specificity of SR proteins 
The presence of different SR proteins in mammalian cells suggests that they 
regulate RNA splicing specifically. Attempts to identify the RNA binding 
specificity of each SR protein were made using the SELEX approach 
(Systematic Evolution of Ligands by EXponential enrichment) (Tuerk & 
Gold, 1990). This method allows the selection of high-affinity binding sites 
from pools of random RNA sequences. These studies established that SR 
proteins are sequence-specific RNA binding proteins with distinct RNA 
binding specificities (Heinrichs & Baker, 1995; Tacke & Manley, 1995; Shi 
et al., 1997; Tacke et al., 1997; Cavaloc et al., 1999). On the other hand, 
conventional SELEX revealed that SR proteins can bind a broad range of 
sequences, mainly purine-rich, resembling 5’ splice sites or splicing 
regulatory elements, and do not display distinct RNA binding specificities to 
a particular substrate. 

More evidence came from attempts to identify specific SR proteins 
binding to certain splicing regulatory sequences (exonic splicing enhancer 
(ESE) motifs) using functional SELEX approach. Using this method, sorting 
from the randomized sequences is made employing either in vitro (Tian & 
Kole, 1995) or in vivo (Coulter et al., 1997) splicing assays for selection 
rather than binding. This approach led to the identification of both purine- 
and pyrimidine-rich SR protein-specific ESE (Schaal & Maniatis, 1999). 
Those studies supported the idea that distinct SR proteins posses specificity 
when binding such RNA sequences (reviewed in Tacke & Manley, 1999). 

SR protein phosphorylation/dephosphorylation 
A number of studies have shown that the serine residues within the RS 

domain of SR proteins are subjected to phosphorylation/dephosphorylation 
reactions which can alter the function of SR protein (reviewed in (Manley & 
Tacke, 1996; Misteli, 1999; Graveley, 2000). It is assumed that a function of 
SR protein phosphorylation is to prevent nonspecific SR protein interactions 
with RNA (Tacke et al., 1997) and to modulate specific protein-protein 
interactions (Xiao & Manley, 1997, 1998). During the splicing reaction cycle 
this SR protein phosphorylation has to be precisely regulated as both hypo- 
or hyperphosphorylated SR proteins have been shown to be inhibitory for 
splicing (Kanopka et al., 1998; Prasad et al., 1999). Indeed, regulation of SR 
protein phosphorylation appears to occur during the catalytic steps of 
splicing since phosphorylated SR proteins have been shown to be needed for 
spliceosome assembly and SR proteins become dephosphorylated during 
splicing catalysis (Mermoud et al., 1994; Cao et al., 1997). It has been 
shown that pre-mRNA splicing, like other biological processes, can be 
regulated both positively and negatively by reversible protein 
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phosphorylation (Mermoud et al., 1994). Also, the subcellular localization of 
SR proteins can be modulated by phosphorylation (Misteli et al., 1997; 
Yeakley et al., 1999). 

Modulation of the status of SR protein phosphorylation is achieved 
through the combinatorial work of protein kinases and protein phosphatases. 
Three types of protein kinases that phosphorylates RS domains in vitro have 
been identified. These include the SR protein kinase family, SRPK1 (Gui et 
al., 1994b) and SRPK2 (Wang et al., 1998a), the Clk/Sty family (Colwill et 
al., 1996) and DNA topoisomerase I (Rossi et al., 1996). Protein 
phosphatases PP1 and PP2A are required for the catalytic steps of pre-
mRNA splicing, but are not needed for efficient assembly of splicing 
complexes (Mermoud et al., 1992). PP2A and PP1 were suggested to 
contribute differentially to the two separate catalytic steps of splicing, as 
inhibition of PP2A predominantly inhibited the second step of splicing, 
while inhibition of both phosphatases blocked both steps of splicing 
catalyses (Mermoud et al., 1992). 

Earlier studies suggested that SRPK1 and Clk/Sty uses SR proteins as 
substrates in vitro, without having any preference for neither of them 
(Colwill et al., 1996). Hovewer, a more closer look at the Cly/Sty kinase 
uncovered that its substrate specificity (different SR proteins) is regulated by 
autophosphorylation (Prasad & Manley, 2003). 

From the distribution of SR protein kinases in the cell, it appears more 
likely that Clk/Sty is the kinase that regulates SR protein phosphorylation 
during splicing. Recent evidence show that Clk/Sty is found in the nucleus of 
several different cell types (Prasad & Manley, 2003). On the other hand, 
SRPK members are predominantly cytoplasmic in interphase cells (Wang et 
al., 1998a), suggesting that they can regulate splicing indirectly, for example 
by influencing intracellular localization of SR proteins. It is possible that the 
SRPK1 guides SR proteins not through the splicing cycle, but through the 
cell cycle. A higher activity of SRPK1 was reported during mitosis (when 
splicing is shut down) and a partially purified fraction from mitotic cells was 
shown to hyperphosphorylate SR proteins (Gui et al., 1994a). Therefore it 
was suggested that the main role for SRPK1 might be to turn SR proteins off 
during mitosis. 

Interestingly, a new mechanism for splicing repression by protein 
dephosphorylation was recently described (Shin & Manley, 2002). This 
splicing repression was performed by an SR-like protein, SRp38, which 
contains the typical domain structure observed in SR proteins, but does not 
fulfil other requirements attributed to the SR family of proteins (i.e., cannot 
activate splicing in S100). SRp38 was observed to be dephosphorylated 
specifically in mitotic cells, and this dephosphorylation was shown to 
convert SRp38 to a general splicing repressor protein. This example 
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establishes a cell cycle-specific dephosphorylation of SR-like proteins as a 
mechanism for gene silencing during mitosis. 

Functions of SR proteins in constitutive splicing 
SR proteins are required already at the earliest steps in spliceosome 
assembly (Fu & Maniatis, 1990). They promote complex E formation by 
stabilizing U1 snRNP interaction with the 5’ splice site and U2AF binding to 
the polypyrimidine tract of the 3’ splice site (Kohtz et al., 1994; Staknis & 
Reed, 1994). By establishing protein-protein interactions between RS 
domain containing proteins (themselves, U1 snRNP specific 70K protein and 
the small subunit of U2AF, the U2AF35) SR proteins have been suggested to 
serve a “bridging role” in helping to bring the 5’ and the 3’ splice sites 
together (Wu & Maniatis, 1993; Kohtz et al., 1994). Such a bridging 
between splice sites is thought to facilitate looping out of the intron during 
pre-spliceosome assembly. Interestingly, it was shown that in vitro high 
concentrations of SR proteins might overcome the need for U1 snRNP 
(Crispino et al., 1994; Tarn & Steitz, 1994). SR proteins can also function as 
repressor proteins in splicing. When positioned on the adenoviral MLTU L1 
substrate in the proximity of the branchpoint, ASF/SF2 was shown to inhibit 
complex A formation (Kanopka et al., 1996). SR proteins also function at 
subsequent stages of splicing by facilitating the recruitment of U4/U6-U5 tri-
snRNP into the spliceosome (Roscigno & Garcia-Blanco, 1995; Tarn & 
Steitz, 1995). This was suggested to be mediated through the interactions 
between SR proteins present in the partially assembled spliceosome and 
components of the tri-snRNP (Fetzer et al., 1997). Also, SR proteins have 
been suggested to promote the second transesterification step (Chew et al., 
1999).

Regulation of alternative splicing by SR proteins 
Alternative pre-mRNA splicing is the process by which multiple mRNAs 
can be generated from the same primary transcript by the differential joining 
of 5’ and 3’ splice sites. Figure 5 shows several examples of the different 
modes of alternative splicing: alternative 5’ and 3’ splice site selection, exon 
skipping, mutually exclusive exon inclusion and intron retention/inclusion. 

Regulation of these events is mediated by trans-acting factors that 
recognize cis-acting sequence elements. Binding of these factors to these 
elements is thought to influence (positively or negatively) spliceosome 
assembly. 

SR proteins are the best studied class of trans-acting factors regulating 
alternative splicing and only examples involving SR proteins will be 



17

discussed here. However, regulation of alternative splicing can also be 
achieved by proteins from other families antagonizing SR protein activity. A 
short overview about the characteristics of these protein families is given at 
the end of this section. 

1)

2)

3)

4)

5)

alternative 5' splice sites

alternative 3' splice sites

exon skipping

mutually exclusive exon
inclusion

intron retention/inclusion

Figure 5. Schematic illustration of different modes (scenarios) of alternative 
splicing. Constitutively spliced exons are shown in white, alternatively spliced exons 
in grey and black, introns by thin lines. Splice sites are indicated by brackets above 
and below. 
1) and 2) – multiple 5’ or 3’ splice sites can be alternatively used; 3) cassette exon 
can be situated in between two constitutively used exons and can be included or 
excluded; 4) multiple cassette exons can be situated between constitutively used 
exons and a choise has to be made by a splicing machinery which of cassette exons 
should be used; 5) introns can be retained in the mRNA and become translated. 

Regulation of 5’ splice site selection through the interference with U1 
snRNP recruitment 
In the case of alternative 5’ splice site selection an increasing amount of SR 
proteins tends to select the intron-proximal 5’ splice site. This activity is 
antagonized by the hnRNP A/B proteins in such a way that their excess 
promotes the selection of intron-distal 5’ splice site (Mayeda & Krainer, 
1992; Caceres et al., 1994; Mayeda et al., 1994; Yang et al., 1994). This type 
of regulation derives from studies of alternative 5’ splie site selection in the 
adenoviral E1A pre-mRNA, the SV40 virus early pre-mRNA and on the 
model transcripts with artificially duplicated 5’ splice sites. It has been 
proposed that relative amounts of these antagonistic proteins in different 
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tissues or at different stages of development are a key factor controlling 
alternative 5’ splice site selection (Mayeda & Krainer, 1992). 

The dose-dependent enhancement of proximal 5’ splice site selection by 
SR protein ASF/SF2 has been explained by an occupancy model where 
ASF/SF2 stimulates U1 snRNP recruitment to all 5’ splice sites (Eperon et 
al., 2000). As all sites are filled, splicing occurs between the 5’ splice site 
closest to the 3’ splice site. At the same time increasing concentrations of 
hnRNP A1 reduces U1 snRNP binding to all 5’ splice sites and the affinities 
of U1 snRNP for the individual sites determine the site of splicing. 

ASF/SF2s ability to increase and hnRNP A1s ability to reduce U1 snRNP 
binding to a 5’ splice site is thought to be mediated through the competitive 
binding of these proteins to the pre-mRNA (Eperon et al., 2000). ASF/SF2 
was shown to bind directly to the 5’ splice site, but not to a mutant 5’ splice 
site (Zuo & Manley, 1994) and to promote U1 snRNP binding to the 5’ 
splice site to form a ternary complex (Kohtz et al., 1994; Jamison et al., 
1995). However, for hnRNP A1 a specific binding site is not needed and 
cooperative, nonspecific binding to pre-mRNA is the most likely mechanism 
by which it interferes with the binding of U1 snRNP to a 5’ splice site 
(Eperon et al., 2000). 

Regulation through binding to exonic/intronic splicing enhancers/silencers 
SR proteins appear to play a role in the function of most of the splicing 
enhancers and silences characterized. A splicing enhancer/silencer is a 
regulatory sequence element that is situated within exons/introns and 
regulates the activity of nearby splice sites. SR proteins have been found to 
associate specifically with many of these elements (reviewed in Manley & 
Tacke, 1996). The more widely documented function of splicing 
enhancers/silencers is to promote recognition of alternative splice sites. 

Several models have been proposed to explain the mechanisms by which 
an ESE (exonic splicing enhancer) functions. The recruitment model 
suggests that SR proteins activate 3’ splice site usage by promoting 
recruitment of U2AF to the adjacent polypyrimidine tract (they are usually 
suboptimal in those cases) (Tian & Maniatis, 1993; Wu & Maniatis, 1993; 
Zuo & Maniatis, 1996). This function is mediated through RS domain 
interactions between SR proteins and the constitutive splicing factor U2AF35

(U2AF recruitment model, Zuo & Maniatis, 1996). A variant of the 
recruitment model suggests that SR proteins bound to an ESE function by 
establishing interactions with the splicing coactivator SRm160/300 complex 
(consisting of two SR-related nuclear matrix proteins of 160 and 300 kDa) 
(coactivator model, Blencowe, 2000). Adjacent 5’ splice sites can be 
activated by SR proteins bound to an upstream ESE. The suggested 
mechanism is that SR proteins help to recruit U1 snRNP to the downstream 
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5’ splice site through interaction with U1-70K. However, the exact 
mechanism remains to be shown (Bourgeois et al., 1999; Cote et al., 1999; 
Selvakumar & Helfman, 1999). 

An alternative mechanism by which SR proteins binding to an ESE may 
function is by antagonizing the negative effect of exonic splicing silencer 
elements (inhibitor model, Kan & Green, 1999; Graveley, 2000; Hastings & 
Krainer, 2001). 

Usage of the adjacent 3’ splice site can be activated when the splicing 
machinery is recruited by a complex of proteins bound to individual ESEs 
within the downstream exon. Such heterotrimeric protein complexes form on 
ESEs in the Drosophila doublesex (dsx) pre-mRNA exon 4 in females 
(Lynch & Maniatis, 1996; Hertel & Maniatis, 1998). This splicing enhancer 
consists of two classes of regulatory elements, six 13-nucleotide repeat 
sequences, and a single purine-rich element (PRE). The Drosophila
regulatory proteins Transformer (Tra) and Transformer 2 (Tra2) recruit 
different members of the SR family of splicing factors to the repeats and the 
PRE. In Drosophila Kc cell extract such a protein complex consists of SRrps 
Tra, Tra2 and the SR protein RBP1 (possibly the homolog of SRp20, see 
Manley and Tacke, 1996). Only in the presence of all three proteins can a 
stable enhancer complex be formed. Assembly of the complex facilitates 
recruitment of splicing factors on the weak female-specific 3’ splice site. 

It has been suggested that SR proteins binding to an intronic splicing 
silencer (ISS) inhibits splicing by interfering with the recruitment of U2 
snRNP to the branch site (Kanopka et al., 1996). Depending on its place on 
the pre-mRNA, this ISS can be converted to ESE if positioned downstream 
of the 3’ splice site (Kanopka et al., 1996). Interestingly, for this ISS it was 
shown that the inhibitory function of SR proteins depends upon their 
phosphorylation state (Kanopka et al., 1998). 

How to regulate the regulators? 
Specific binding of SR proteins to a pre-mRNA and specific protein-

protein interactions are affected by the phosphorylation status of SR 
proteins. Reversible phosphorylation-dephosphorylation of SR proteins was 
suggested to have a role in regulation of alternative splicing regulation 
(Mermoud et al., 1992; Mermoud et al., 1994). Viruses have evolved 
strategies to regulate alternative splicing by changing the phosphorylation 
status of SR proteins (Kanopka et al., 1998; Huang et al., 2002; Sciabica et 
al., 2003). It has been shown that adenovirus induces SR protein 
dephosphorylation during the late phase of the virus life cycle, which 
consequently reduces their affinity to the ISS and leads to a shift in 
alternative 3’ss usage (Kanopka et al., 1998). 
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The relative abundance of SR proteins and their antagonists in splicing 
(members of the hnRNP A/B family of proteins) can vary in different tissues 
and can be different during developmental stages (Zahler et al., 1993; 
Hanamura et al., 1998). It has been suggested that changes in the relative 
levels of splicing regulatory proteins can be an important mechanism 
regulating alternative splicing. 

One way to change the relative concentration of splicing factors is to 
affect their subcellular localization. This can be achieved by changing the 
phosphorylation status of splicing factors. It has been shown that stress 
induces hnRNP A1 phosphorylation by the p38-MAP kinase pathway (van 
der Houven van Oordt et al., 2000). This in turn leads to a relocalisation of 
the hnRNP A1 protein to the cytoplasm, and changes in the relative amounts 
of hnRNP A1 and SR proteins influences the outcome of alternative splicing. 

It has been shown that other cellular signal transduction pathways leads to 
the production of splicing factors in response to extracellular stimuli. SR 
proteins appear to be the downstream effectors in the complex signal-
transduction pathway induced during T-cell activation and a new 
combination of SR proteins is produced upon T-cell activation. Their 
binding to the CD45 pre-mRNA (encoding a transmembrane protein tyrosine 
phosphatase) changes its splicing pattern. Thus, in response to T-cell 
activation the CD45 pre-mRNA is alternatively spliced and produces 
proteins with distinct extracellular domains (Lynch & Weiss, 2000; ten Dam 
et al., 2000; Wang et al., 2001). 

Another way to influence the abundance of splicing regulators is to 
control their recruitment at the promoter level. The transcription machinery 
was suggested to recruit SR proteins to the ESE in the case of alternative 
splicing of the fibronectin EDI exon (Cramer et al., 1999). EDI 
inclusion/skipping is regulated by a purine rich ESE. SR proteins ASF/SF2 
and 9G8 stimulates EDI inclusion in vivo. When transcription of the 
fibronectin pre-mRNA was driven by different promoters, distinct mRNAs 
(EDI included or skipped) were produced. Sensitivity to EDI inclusion 
promoting SR proteins was dependent on the promoter structure, suggesting 
that the decision of recruitment of these proteins to the ESE was made 
already at the promoter level. 

Further investigations on the coupling between transcription and splicing 
has opened up another interesting mechanism for regulation of alternative 
splicing. Using the same fibronectin pre-mRNA substrate it was shown that 
the processivity of RNA polymerase II control exon inclusion or skipping 
(Kadener et al., 2001). Thus, it was demonstrated that the SV40 T antigen, 
which causes a decrease in the processivity of RNA polymerase II, favours 
EDI exon inclusion, while the transcription activator VP16 led to exon 
skipping. These effects were independent of the abundance of SR proteins 
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(Kadener et al., 2001). Supporting experiments have been performed in vivo,
where a “slower” version of RNA polymerase II supported fibronectin EDI 
exon inclusion and usage of the distal 5’ splice sites of adenovirus E1A pre-
mRNA (Mata et al., 2003). 

The heterogeneous nuclear ribonucleoproteins (hnRNP) family 
hnRNP proteins are a diverse family of highly abundant nuclear RNA-
binding proteins (Dreyfuss et al., 1993). hnRNP proteins binds rapidly to the 
nascent RNA polymerase II transcripts in vivo. hnRNP proteins contain 
various types of RNA-binding motifs (RRM; KH), as well as domains rich in 
glycine and other amino acids (but not RS domains). hnRNP proteins are 
involved in multiple functions in the cell, the best documented would be 
“packaging” of the RNA and regulation of alternative pre-mRNA splicing. 

SR-related proteins (SRrps) 
These are the proteins that have an RS domain, but does not share functional 
characteristics of SR proteins (Blencowe et al., 1999). They participate in 
various aspects of pre-mRNA metabolism. Examples of SRrps include both 
subunits of U2AF, snRNP components U1 70K, U5 100K, splicing 
regulators Tra and Tra2, splicing coactivators SRm160 and SRm300, RNA 
helicases (Prp16) and the Clk/Sty protein kinase (reviewed in Fu, 1995; 
Graveley, 2000). 

Redundant or unique functions of SR proteins? 
The similarity in structure and functions of SR proteins has led to the idea 

that SR proteins in certain assays are functionally redundant: i.e. 
degenerated, overlapping RNA binding sites, interchangeability of the RS 
domains, function of RS domains when fused to a heterologus RNA binding 
domain, ability to complement S100 extract, etc. However, there are cases 
when only a single SR protein can fulfil required functions. This can be 
exemplified by the unique capacity of individual SR proteins to commit 
certain pre-mRNAs to splicing or to regulate alternative splicing (Caceres et 
al., 1994; Wang & Manley, 1995; Chandler et al., 1997). 

Experiments where genes encoding certain SR proteins have been deleted 
indicated that not all SR proteins are functionally redundant. A B52
(homolog to human SRp55) null allele resulted in lethality during 
development in D.melanogaster (Ring & Lis, 1994). Conditional depletion 
of ASF/SF2 in chicken DT40 B-cells resulted in cell death and its depletion 
could not be rescued by overexpression of other SR proteins (Wang et al., 
1996). A mouse model based on the conditional deletion of SC35 in T cells 
was used to show that SC35 is important for T cell development, as well as 
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for alternative splicing of the receptor tyrosine phosphatase CD45 (Wang et 
al., 2001). This study established a role for an SR protein in a physiological 
process and in alternative processing in vivo. SRp20 was shown to be 
essential for mouse development (Jumaa et al., 1999). 

Until recently, these examples were supporting the idea that SR proteins 
are encoded by essential genes in metazoan cells. However, recent results 
using RNAi mediated depletion of C.elegans SR proteins have questioned 
this idea. A late embryonic lethal phenotype was observed when the ortholog 
of the mammalian ASF/SF2 protein was depleted, but no phenotype was 
observed when the other six SR proteins were individually targeted by 
RNAi. Developmental defects or lethal effects were observed only when 
combination of SR proteins were targeted simultaneously (Longman et al., 
2000). This suggests that some SR proteins are functionally redundant, at 
least in C.elegans. Experiments in yeast further support the notion that not 
all SR proteins are essential. The homologs of SR proteins in S.pombe the 
Srp2 gene was shown to be essential in vivo (Lutzelberger et al., 1999), 
while the Srp1 gene was not essential for cell growth (Gross et al., 1998). 
However, it should be pointed out that no phenotype doesn’t necessarily 
indicate that the protein is redundant. It can still be essential under certain 
physiological conditions, for example splicing of a specific substrate. 

Multiple functions of SR proteins 
It is becoming increasingly clear that some regulatory proteins are not 
restricted to a single function in a single compartment. Some transcription 
factors possess the additional ability to regulate translation, splicing factors 
have been shown to be involved in translation regulation (reviewed in 
Wilkinson & Shyu, 2001). Examples are accumulating showing that the SR 
family of proteins are involved in processes in the cell other than splicing 
regulation.

The SR protein ASF/SF2 was shown to directly affect the stability of 
PKCI-r (closely related to the protein kinase C interacting protein gene) 
mRNA (Lemaire et al., 2002). In this case ASF/SF2 had a negative effect, as 
transcript levels were increased in ASF/SF2 depleted cells. At the same time 
it was shown that the effect was not at the splicing or transcriptional level. 

A novel function for members of the SR protein family in mRNA export 
has been uncovered. Nucleocytoplasmic shuttling proteins SRp20 and 9G8 
have been shown to bind specifically to an export element in an intronless 
mRNA export element and promote the export of the mRNA (Huang & 
Steitz, 2001). Recently a role for SR proteins in the export of intron-
containing RNAs was demonstrated (Huang et al., 2003). SR proteins 9G8, 
SRp20 and ASF/SF2 have been implicated to serve as adapter proteins for 
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TAP-dependent mRNA export (Huang et al., 2003). TAP is believed to be 
the major receptor for the export of bulk mRNAs to the cytoplasm through 
the nuclear pore complex (NPC) and is thought to promote this export 
through interaction with RNA binding adapter proteins rather than by direct 
RNA binding. Interestingly, at least for the 9G8 tested, the RS domain was 
not essential for interactions with TAP in vitro. 

There are indications that shuttling SR proteins might have other 
cytoplasmic functions apart from participation in mRNA export. Analysis of 
HeLa cytoplasmic extracts fractionated by sucrose gradient centrifugation 
revealed that ASF/SF2 and SRp20 cosediment with the 80S ribosome and 
also with polysomes, suggesting a role of shuttling SR proteins in translation 
(Caceres group, RNA 2002, Madison, USA). The same authors reported that 
ASF/SF2 stimulated translation and suggested that it might interact with the 
translation machinery as part of an mRNP complex. Notably, splicing 
regulators, like Drosophila sex-lethal, already has an established role in 
regulation of translation (represses translation of msl-2 mRNA) (Gebauer et 
al., 2003). 

The SRp38 protein was recently shown to have a function in gene 
silencing during mitosis (Shin & Manley, 2002). SRp38 becomes a splicing 
repressor protein when dephosphorylated, inhibiting splicing at an early step 
of spliceosome assembly. It is questionable whether SRp38 should be 
attributed to the SR protein family, as it possesses only a strong sequence 
similarity to SR proteins, but cannot activate splicing in S100 extracts and is 
essentially inactive in splicing assays. U1 70K has similar structural 
organization as SRp38, but is not considered being an SR protein. Therefore, 
SRp38 should be regarded as an SR-related protein. 

ASF/SF2
ASF/SF2 (alternative splicing factor/splicing factor 2) is the prototype 
member of the SR protein family. It was isolated by virtue of two properties 
that are characteristic of SR proteins: it acts both as a constitutive and 
alternative splicing factor. 

Splicing experiments in HeLa cell extracts had been pointing to the 
existence of a factor activating early steps in spliceosome assembly and 
subsequent first cleavage-ligation reaction (Krainer & Maniatis, 1985). The 
factor was purified to homogeneity using a biochemical complementation 
assay (reconstitution of splicing in splicing-deficient S100 extract) from 
HeLa cells (Krainer et al., 1990b). Characterization of this protein has shown 
that it influences alternative 5’ splice site and 3’ splice site selection in a 
concentration-dependent manner by activating proximal sites in vitro
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(Krainer et al., 1990a). However, the results of this study indicated that SF2 
does not strongly influence the selection of competing 3’ splice sites as it 
does for the competing 5’ splice sites (Krainer et al., 1990a). At 
approximately the same time Manley and co-workers reported about the 
existence of a cell-specific factor, influencing alternative splicing of the 
SV40 pre-mRNA (Fu & Manley, 1987). They showed that the ratio of small 
t to large T mRNAs produced in 293 cells was 10-20 fold higher than in any 
other mammalian cell line (Fu & Manley, 1987). Using an in vitro
complementation assay they purified and characterized this protein from 293 
cells that gave an increase in small t splicing at the same time reducing the 
large T splicing (Ge & Manley, 1990). The protein identified by this strategy 
was termed alternative splicing factor (ASF) (Ge & Manley, 1990). It proved 
to be identical to SF2, as confirmed by cDNA sequence (Ge et al., 1991; 
Krainer et al., 1991). The protein is therefore referred to as ASF/SF2 or 
SF2/ASF, depending on laboratory. 

Phosphorylated ASF/SF2 is detected as a band (frequently a double band) 
of approximately 33kDa (Ge et al., 1991; Krainer et al., 1991). The mobility 
of ASF/SF2 on SDS-PAGE is affected by its phosphorylation state. 
Dephosphorylation increases ASF/SF2 mobility, but the protein still 
migrates slower than predicted from its calculated molecular mass of 
27,7kDa. 

Two additional isoforms of ASF/SF2, called ASF-2 and ASF-3, can be 
generated from the ASF/SF2 pre-mRNA in human and mouse by alternative 
splicing (Ge et al., 1991). Both lack the RS domain of ASF/SF2. 

Function of ASF/SF2 structural domains 
Human ASF/SF2 consisits of 248 amino acids and is composed of four 

structural domains (see figure 6). The N-terminal part of ASF/SF2 consists 
of two RNA binding domains, RBD1 (a.a. 1-98) and RBD2 (a.a. 106-201) 
which are separated by a glycine-rich domain (a.a. 98-106). The C-terminal 
part of ASF/SF2 consists of an RS domain (a.a. 201-248). Amino acids 184-
201 of ASF/SF2 turned out to be essential for its activity as a splicing 
regulator and I will refer to this region as the hinge region. 

RBD1 RBD2G RS
1 98 106 184 201 248

hinge region

Figure 6. Schematic diagram of ASF/SF2 structural domains. The four main 
structural domains are shown in white bars, the hinge region is indicated as a dashed 
pattern, numbers above represent the amino acid residues of the protein. 



25

ASF/SF2 has been subjected to extensive mutational analysis. Each RBD has 
been shown to posses RNA binding activity by itself, albeit with a reduced 
affinity compared to the native protein (Caceres & Krainer, 1993; Zuo & 
Manley, 1993). Mutant proteins lacking the RS domain selected purine-rich 
sequences in SELEX experiments (Tacke & Manley, 1995). Since RBD1 
alone selected different sequences, most probably both RBDs cooperate to 
determine the RNA binding specificity of the full length protein. 

Both RBDs were found to be essential for the constitutive splicing 
activity of ASF/SF2 in vitro (Caceres & Krainer, 1993; Zuo & Manley, 
1993). Using a commitment assay, RBD1 was shown to function in 
constitutive splicing as a single RBD when joined to an RS domain 
(Chandler et al., 1997). In another, S100 complementation assay, ASF/SF2 
RBD1 and RBD2 were shown to function in constitutive splicing only in the 
context of a two RBD protein (Mayeda et al., 1999). Interestingly, in the 
context of chimeric proteins the RBDs of ASF/SF2 behaved as functional 
modules with the RBD2 possessing a dominant role in determining substrate 
specificity (Chandler et al., 1997; Mayeda et al., 1999). In alternative 
splicing, both RBDs are necessary and sufficient for selection of the 
proximal 5’ splice sites (Caceres & Krainer, 1993; Zuo & Manley, 1993). 
Deletion of the glycine-rich domain had no effect on any of ASF/SF2 
activities (Wang & Manley, 1995). 

The hinge region consists of a sequences just upstream of the RS domain, 
but downstream of the position where ASF/SF2, ASF-2 and ASF-3 diverge 
(a.a. 184). Deletion of the hinge region inactivated ASF/SF2 as a splicing 
factor and as a regulator of alternative splicing both in vitro and in vivo (Zuo 
& Manley, 1993; Wang & Manley, 1995). 

Initial studies established that the RS domain is essential for the 
constitutive splicing activity in vitro (Caceres & Krainer, 1993). However, a 
more recent study show that processing of several substrates in vitro,
including constitutive and enhancer-dependent pre-mRNAs, can occur in the 
absence of an RS domain (Zhu & Krainer, 2000). The requirement for the 
RS domain appears to be substrate specific and correlates with the strength 
of the splicing signals. Perhaps reflecting the presence of such substrates, the 
RS domain was found to be essential for the in vivo function of ASF/SF2 
(Wang et al., 1996). However, the RS domain of ASF/SF2 was shown to be 
interchangeable with the RS domain from another SR protein, SC35, in 
constitutive splicing both in vitro and in vivo (Wang et al., 1998b; Mayeda et 
al., 1999). Also, the RS domain was shown to function in splicing activation 
when tethered to the RNA through a heterologous RNA binding domain 
(Graveley & Maniatis, 1998). Although the RS domain is essential for 
splicing of some substrates with weak splicing signals, the RS domain of 
ASF/SF2 is not required for the splice site switching function of the protein 
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(Caceres & Krainer, 1993; Zuo & Manley, 1993). Since the RS domain 
mediates the subcellular localization of ASF/SF2 that can be the other reason 
why it was found to be essential in vivo (Caceres et al., 1997). 

ASF-2 and ASF-3 are inactive as constitutive splicing factors and as 
regulators of alternative splicing. However, ASF-3 can function as a 
dominant inhibitor of ASF/SF2 (Zuo & Manley, 1993). So far, there are no 
evidence for the expression of ASF-2 and ASF-3 isoforms as stable proteins 
in vivo (Hanamura et al., 1998). 

The adenovirus model system 
Human adenovirus became a model system for studies of RNA splicing in 
1977 when it was discovered that its mRNAs were encoded as discontinuous 
segments on the viral genome (Berget et al., 1977; Chow et al., 1977). The 
demonstration that the majority of the adenovirus transcription units produce 
alternatively spliced mRNAs and that this production is a regulated process 
raised the possibility to create a set of model substrates to study various 
aspects of alternative splicing regulation. Two model substrates, derived 
from the E1A and the L1 transcription units, have been used in this study 
and are described here in more detail. 

12S
13S
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Late

BSE ESE

Figure 7. Schematic representation of alternative splicing events occurring in the 
E1A transcription unit. The positions of identified splicing enhancers (BSE, 
bidirectional splicing enhancer and ESE) are indicated. 

The adenovirus E1A transcription unit is probably the best characterized 
substrate used to study splicing in vitro. It is one of the few natural splicing 
substrates that allows scientists to study alternative 5’ss selection. E1A gives 
rise to three major mRNAs, the 13S, 12S, and 9S mRNAs, by joining of 
three alternative 5’ splice sites to a common 3’ splice site (Berk & Sharp, 
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1978) (see fig. 7). A second minor alternative splicing reaction has been 
discovered that utilizes the 9S 5’ splice site and a novel 3’ splice site located 
216 nt downstream (the resulting intron is called the upstream intron). This 
splicing reaction produces the 10S and the 11S mRNAs. Whereas the 13S 
and 12S mRNAs are produced early, the 11S, 10S and 9S mRNAs are 
generated late during infection. A model exists explaining the temporal shift 
from 13S mRNA splicing early during adenovirus infection to 9S mRNA 
splicing late during infection. At early times of infection, SR proteins bind to 
the E1A 5’ splice sites which leads to the almost exclusive selection of the 
proximal 13S and 12S 5’ splice sites, based on their intrinsic strength. Late 
during infection SR proteins become sequestered by the RNAs synthesized 
from the MLTU (major late transcription unit), resulting in a decrease of 13S 
and 12S 5’ splice site selection and in an increase of 9S 5’ splice site 
selection (Gattoni et al., 1991; Himmelspach et al., 1995). 

The activity of the whole family of SR has been tested using the E1A unit 
as a model substrate, either in vitro and/or in transient cotransfection assays 
(Zahler et al., 1993; Screaton et al., 1995; Wang & Manley, 1995; Zhang & 
Wu, 1996). The results show that many SR proteins have unique activities to 
activate one of the three 5´ splice sites in the E1A pre-mRNA (for more 
details, see the present investigation, paper III). E1A has also served as an 
important model system to study the function of splicing factors that 
antagonizes the activity of SR proteins. Thus, hnRNP A1 has been shown to 
counteract the stimulatory activity of ASF/SF2 on 13S mRNA splicing and 
to enhance 9S 5’ splice site selection (Mayeda & Krainer, 1992; Caceres et 
al., 1994). Mechanistically hnRNP A1 appears to compete with ASF/SF2 for 
RNA binding which results in a general reduction of U1 snRNP binding to 
the 5´ splice site (Eperon et al., 2000). 

The second adenoviral model substrate used in this study is derived from 
the major late transcription unit (MLTU). The mRNAs produced from the 
MLTU are grouped into five families, where each family consists of multiple 
alternatively spliced mRNAs ending at the same poly(A) site. The common 
feature for all mRNAs produced from the MLTU is that they have a common 
201nt long non-coding tripartite leader sequence at their 5’ end. The 
tripartite leader can contain an extra exon (the i-leader exon). 
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Figure 8. Schematic drawing representing the splicing pattern of the L1 pre-mRNA 
at early and late times of infection. The nucleotide sequence of the IIIa 3’ss is shown 
below, with the position of 3RE indicated. Asterisks indicate the two A residues 
which are used as branch sites in IIIa splicing. 

The L1 unit is an example of an alternatively spliced gene where the last 
intron is spliced using a common 5’ splice site and two alternative 3’ splice 
sites, generating the 52,55K (proximal 3’ splice site) and the IIIa (distal 3’ 
splice site) pre-mRNAs respectively (see figure 8). L1 splicing is regulated 
in such a way that the 52,55K mRNA is generated both early and late during 
infection, while the IIIa mRNA is produced only late during infection. IIIa 
splicing is regulated by the repressor element (the 3RE) (Kanopka et al., 
1996). The 3RE is a 49 nucleotide long purine-rich RNA element located 
just upstream of the IIIa branch site. All tested members of the SR protein 
family have been shown to bind the 3RE and this binding represses IIIa 
splicing by blocking the recruitment of U2 snRNP to the IIIa branch point 
(Kanopka et al., 1996). Virus-induced SR protein dephosphorylation reduces 
their binding capacity to the 3RE, and the IIIa 3’ splice site becomes 
activated late during infection (Kanopka et al., 1998). The viral E4-ORF4 
protein, which recruits the cellular protein phosphatase 2A (PP2A) has been 
implicated as the factor inducing SR protein dephosphorylation late during 
infection (Kanopka et al., 1998; Estmer Nilsson et al., 2001). E4-
ORF4mediated activation of IIIa splicing was shown to require the 3RE 
element (Kanopka et al., 1998; Estmer Nilsson et al., 2001). Among the SR 
proteins, ASF/SF2 was shown to be the primary target for E4-ORF4 (Estmer 
Nilsson et al., 2001). 
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The 3RE is not the only element controlling IIIa pre-mRNA splicing. In 
fact, the IIIa virus-infection dependent splicing enhancer (the 3VDE), 
located at the IIIa branch site/pyrimidine tract, is the most significant 
element controlling activation of IIIa pre-mRNA splicing late during 
infection (Muhlemann et al., 2000). The 3VDE was shown to block splicing 
in HeLa-NE and to activate splicing in Ad-NE. The mechanism by which the 
3VDE activates splicing is currently not known. Possible mechanisms are 
that the 3VDE functions through a virus–encoded splicing factor(s) or that a 
viral infection induces modification of a cellular splicing factor(s) which in 
turn alters its/their function. 

Present investigation and discussion 
ASF/SF2 is a well characterised essential splicing factor and regulator of 
alternative splicing. Here we have investigated the function of the modular 
domains of ASF/SF2 in splicing regulation. Our general approach in this 
study was to construct mutants of ASF/SF2 different domains, and to 
examine their role in splicing regulation on several pre-mRNA substrates, 
using in vitro splicing assays. Mutants of ASF/SF2 were constructed as 
fusion proteins with the bacteriophage MS2 coat protein. This protein binds 
to a specific RNA stem-loop structure known as the MS2 operator. By 
inserting MS2 operator sequences into our pre-mRNA substrates we were 
able to tether our fusion proteins to the desired positions on the pre-mRNA. 

Studies on L1 splicing has identified a cis-acting regulatory element, the 
3RE (IIIa-repressor element) as an important regulatory element controlling 
IIIa pre-mRNA splicing (Kanopka et al., 1996). The 3RE is located 
immediately upstream of the IIIa branch site and contains three identical 
purine-rich sequences which are a good match to the ASF/SF2 consensus 
RNA-binding sequence (Tacke & Manley, 1995; Liu et al., 1998). UV 
crosslinking experiments using SR proteins purified from calf thymus 
demonstrated that the SRp30 fraction (includes ASF/SF2, SC35, 9G8 and 
SRp30c) crosslinked most efficiently to the 3RE. It was further shown that 
3RE functions as a IIIa splicing repressor element, by binding highly 
phosphorylated SR proteins (Kanopka et al., 1996; Kanopka et al., 1998). 
The effects seen with native SR proteins have been reproduced using 
recombinant ASF/SF2 and ASF/SF2 RS proteins. Also, moving the 3RE to 
the second exon in the IIIa pre-mRNA converted the 3RE from a repressor 
element to a classical splicing enhancer element. Collectively, the initial 
results suggested that dependent on where in the pre-mRNA SR proteins 
bind, they either activate or repress splicing. 
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These studies represented the starting point of my thesis project. Thus, we 
wanted to determine whether the activity of ASF/SF2 as a splicing enhancer 
or splicing repressor protein could be dissected and attributed to distinct 
domains of the protein. 

Paper I 
The function of the different domains of ASF/SF2 in the regulation of 
adenovirus IIIa pre-mRNA splicing was analyzed. The aim of this study was 
to determine whether a specific sequence element within the RBDs of 
ASF/SF2 was necessary for the splicing repressor phenotype of the protein. 
As a prerequisite for this type of experiments the MS2-ASF/SF2 fusion 
protein was shown to repress the IIIa splicing and tethering of the protein to 
the pre-mRNA through the MS2 operator site was shown to be necessary for 
the repression. 

In order to identify the minimal domain in ASF/SF2 required for splicing 
repression, MS2-RBD2+RS, MS2-RBD1, MS2-RBD2 and MS2-RS fusion 
proteins were created and tested for their effect on IIIa splicing in the in vitro
splicing assay. These experiments demonstrated that RBD2 was both 
necessary and sufficient to reproduce the ASF/SF2 splicing repressor 
phenotype on IIIa splicing. 

The repressor activity of RBD2 was shown to be a general activity of the 
domain and not specifically working in the context of IIIa splicing 
inhibition. Thus, tethering the MS2-RBD2 fusion protein upstream of the 
branch point in the rabbit -globin first intron resulted in a repression of -
globin splicing. 

The activity of the individual domains of ASF/SF2 was also tested for 
their activity as splicing enhancer domains. The same MS2-ASF fusion 
proteins were assayed for the second exon splicing enhancer activity by 
tethering them to the IIIa pre-mRNA, at the end of the second exon. At this 
position, RBD2 had no effect on splicing, whereas the RS domain showed a 
weak splicing enhancer activity. 

Our studies have further extended the view that ASF/SF2 is composed of 
modules with different domains of the protein responsible for distinct 
functions in splicing. Previously, the individual ASF/SF2 domains have been 
attributed to different functions in splicing. The RS domains of SR proteins 
have been shown to function as general splicing enhancer domains when 
tethered to a pre-mRNA via an MS2 RNA binding domain (Graveley & 
Maniatis, 1998). Our results show that the splicing enhancer and splicing 
repressor functions of ASF/SF2 can be separated and attributed to distinct 
domains in the protein. Thus the RS domain functions as the splicing 
enhancer domain, whereas the RBD2 encodes the splicing repressor domain. 
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Their functions in splicing regulation are opposite and position dependent. 
The RBD2 inhibits IIIa splicing when tethered to the IIIa intron, but has no 
effect when bound to the second exon. In contrast, the RS domain activates 
IIIa splicing when tethered to the IIIa second exon, but has no effect on 
splicing when bound at an intronic position. These findings enabled us to 
build a model on how ASF/SF2 can have a dual role in splicing regulation. 
The model was tested and proved in our second paper. 

A specific function of ASF/SF2-RBD2 in splicing regulation has been 
reported previously. In the context of chimeric proteins (consisting of 
domains from ASF/SF2 and SC35) this domain was shown to have a 
dominant role in giving a specificity to the chimeric protein (Chandler et al., 
1997; Mayeda et al., 1999). Thus, inclusion of ASF/SF2-RBD2 into 
chimeras activated HIV-tat, had no effect on -globin, but inhibited IgM 
constitutive splicing. Thus, when included in the chimeric proteins, the 
RBD2 possessed positive, neutral or negative effects on splicing dependent 
on the substrate RNA. In these studies, the pre-mRNA elements responsible 
for substrate specificity for all three constitutively spliced pre-mRNAs have 
been mapped to the second (or downstream) exon. The RBD2 effect on 
splicing regulation was shown in the presence of other domains in a chimeric 
protein. In our paper we show that ASF/SF2-RBD2 is both necessary and 
sufficient for the splicing repressor function of ASF/SF2. This is the first 
time that a splicing repressor function is attributed to this domain of 
ASF/SF2.

Our results imply that the splicing repressor phenotype of ASF/SF2 can 
be a more general mechanism, since tethering of RBD2 to an intronic 
position in the -globin pre-mRNA resulted in splicing repression. However, 
the repressing activity of another SR protein SRp30c was shown not to be a 
general property of this protein when bound to intron sequences (Simard & 
Chabot, 2002). Taken away from its natural context in the hnRNP A1 pre-
mRNA, the SRp30c was not functioning as a repressor of 3’ splice site 
utilization.

The dominant role of RBD2 in the chimeric proteins (Chandler et al., 
1997; Mayeda et al., 1999) is reminiscent of the role of SR proteins as 
second exon splicing enhancers. In such a model one functional RNA 
binding domain and the RS domain are sufficient for full SR protein activity. 
The RBD is thought to tether the protein to the pre-mRNA while the RS 
domain establishes interactions with the U2AF35. Our results show that 
RBD2 is sufficient for the splicing repressor function of ASF/SF2, when 
positioned at an intronic position in the pre-mRNA substrate. These 
differences in results suggest that different mechanisms are involved in 
regulation of these splicing events. Previous studies have shown that 
ASF/SF2 binding to the 3RE inhibits IIIa splicing by preventing U2 snRNP 
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recruitment to the spliceosome (Kanopka et al., 1996; Petersen-Mahrt et al., 
1999). One theoretical possibility is that this is caused by a simple steric 
interference. Thus, when binding of a large protein to a site close to the 
branch point in a pre-mRNA is not compatible with the simultaneous 
recruitment of U2 snRNP. Our results argue strongly against this hypothesis. 
Thus, a MS2-LacZ fusion protein, which has a size slightly exceeding that of 
the MS2-ASF/SF2 (about 15% larger), did not result in inhibition of IIIa 
splicing when tethered to the IIIa intron. Additional evidence that SR 
proteins do not repress IIIa splicing by steric hindrance comes from the 
experiments presented in paper II. The position of the 3RE in the intron was 
found to be not critical for its function as a repressor element. Thus, SR 
proteins retained their repressive phenotype when the 3RE was moved as far 
as to position -163 relative to the branch site (the natural position of 3RE is -
6).

In an attempt to identify the mechanism by which ASF/SF2 RBD2 
inhibits IIIa splicing, mutations/deletions have been introduced into the 
RBD2. Sequence motifs that are conserved in all SR proteins containing two 
RBDs (the SWQDLKD motif and the KLD motif; see fig. 4) have been 
chosen for mutational analysis. Furthermore, it was previously shown that 
the SWQDLKD motif in RBD2 of Srp2, an SR protein family member of 
fission yeast, was essential for the proper function of the protein 
(Lutzelberger et al., 1999). Mutations have been created by introduction 
conservative amino acid changes which were predicted to preserve the 
secondary structure of the motifs. A deletion within RBD2 (a.a. 183-197), 
previously reported to abolish both the in vitro splicing and 5’ splice site 
switching activities (in vitro and in vivo) associated with ASF/SF2 (Zuo & 
Manley, 1993; Wang & Manley, 1995), was created as well (  hinge 
mutant). We found that the SWQDLKD motif located in a putative -helix 1 
and the hinge region (the 4 strand) were essential for the repressor activity 
of RBD2. Mutations affecting the RNP-1 motif ( 3 strand) or the KLD motif 
( -helix 2) had no effect on the splicing repressor activity of RBD2. Based 
on the known structures of proteins containing RBDs, neither -helix 1 nor 
the 4 strand is expected to be involved directly in RNA binding. Thus, they 
may provide an essential surface for ASF/SF2-RBD2 interaction with 
splicing components mediating splicing repression. However, in the  hinge 
mutant we can’t rule out the possibility that this small deletion disrupts the 
folding of the entire RBD2 and in such way inactivates its activity. Our 
results suggest an “active” model for the IIIa splicing repression, i.e. 
inhibition not by stericaly blocking U2 snRNP recruitment to the IIIa branch 
point, but through ASF/SF2-RBD2 mediated protein-protein interactions, 
preventing such recruitment. Future studies should be aimed at identifying 
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such interaction partners of ASF/SF2-RBD2 that prevent U2 snRNP 
recruitment to the IIIa branch point. 

Paper II 
The finding that the RBD2 and RS domains in ASF/SF2 are functional 
modules, with opposite activity on splice site choice, suggested that the 
activity of ASF/SF2 as a regulator of alternative splicing may be directional: 
i.e. resulting in activation of upstream 3’ splice site selection while 
simultaneously causing a repression of downstream 3’ splice site usage. 
ASF/SF2 was predicted to perform such a regulation by binding to the 3RE 
element. We tested this model using an adenovirus mini 52,55K-IIIa tandem 
construct. This construct represents an attempt to reconstruct a model 
transcript reproducing the splicing pattern in the adenovirus MLTU L1 
region where two competing 3’ splice sites (52,55K and IIIa) can be joined 
to a common 5’ splice site. The 3RE element in this construct is positioned 
at its natural position just upstream the IIIa branch site. In order to be able to 
handle the L1 unit in an in vitro splicing system the distance between the 
52,55K and the IIIa 3’ splice sites was shortened considerably. 

To test the relevance of the 3RE in L1 splicing the mini 52,55K-IIIa 
tandem pre-mRNA was incubated in HeLa-NE. This transcript was almost 
exclusively spliced to the proximal 52,55K 3’ splice site and usage of the 
distal IIIa 3’ splice site was almost completely repressed. The opposite 
picture emerged using the control transcript in which the 3RE was replaced 
with a neutral sequence taken from the rabbit -globin first intron. Using this 
transcript the IIIa 3’ splice site was preferably used. These results suggested 
that the control of L1 3’ splice site selection is regulated by splicing factors 
interacting with the 3RE element. The 3RE element contains three purine-
rich sequences that are potential binding sites for ASF/SF2 and other SR 
proteins.

To be able to determine whether ASF/SF2 functions in a directional 
manner in mini 52,55K-IIIa alternative splicing we tethered an MS2-
ASF/SF2 protein to the L1 pre-mRNA through an MS2 operator sequence. 
In the pre-mRNA construct the 3RE element was exchanged by a single 
MS2 operator sequence (52,3a(MS2) construct). When tethered to the pre-
mRNA through the MS2 operator, the MS2-ASF fusion protein activated 
proximal and repressed distal 3’ splice sites usage. 

The function of the individual domains of ASF/SF2 in the alternative 3’ 
splice site selection was examined using the 52,3a(MS2) pre-mRNA. A 
series of chimeric MS2-ASF/SF2 deletion mutant proteins (described in 
paper I) were incubated with the 52,3a(MS2) transcript in standard in vitro
splicing reaction. The MS2-RS, MS2-RBD1 fusion proteins activated the 
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52,55K splicing while the MS2-RBD2 protein inhibited IIIa splicing. We 
show that the RBD2 from SR protein SRp55 also functioned as an efficient 
inhibitor of IIIa splicing. Interestingly, this domain also showed a slight 
activation for the 52,55K splicing. This dual activity of SRp55-RBD2 needs 
to be further investigated. 

The results support the model and shows that ASF/SF2, when tethered to 
a pre-mRNA through the MS2 coat protein, functions as a classical second 
exon enhancer stimulating upstream 3’ splice site selection while at the same 
time functioning as a splicing repressor for downstream 3’ splice site usage. 
We show that at least on L1 alternative splicing a single protein can have 
dual and directional function in splicing regulation in vitro.

Different cis-acting splicing elements, falling into the category of splicing 
enhancers/silencers have been described. Most of them serve as binding sites 
for one type of splicing regulatory proteins, others are bound by different 
proteins of the same or opposite activity. The 3RE and the mechanism by 
which 3RE regulates splicing is an interesting example of a splicing 
enhancers/silencers element. To the best of our knowledge, the 3RE is the 
first example of a splicing regulatory element which possesses dual function. 
It activates splicing in the upstream direction while inhibiting splicing in the 
downstream direction. Individually purified SR proteins have been shown to 
inhibit IIIa splicing with different efficiency (SRp30a/b and SRp55 being the 
most efficient) and the total SR protein preparation was shown to be a very 
efficient activator of 52,55K splicing (Kanopka et al., 1996). These results 
suggests that other members of the SR protein family probably work by a 
similar mechanism as ASF/SF2 in regulating L1 alternative 3’ splice site 
selection. It would be interesting to test other purified SR proteins in the in
vitro splicing reactions programmed with the mini 52,55K-IIIa transcript. 
However, one is faced with experimental difficulties here, since IIIa splicing 
is very efficiently repressed by SR proteins binding to the 3RE. Thus, it is 
difficult to obtain sufficient efficiency of IIIa splicing in the NE to be able to 
observe repression caused by addition of an excess of SR proteins. To 
overcome these experimental problems it might be worthwhile to try time 
course experiments or perform the experiment in nuclear extracts prepared 
from adenovirus infected cells, where SR proteins are partially inactivated 
by a virus –induced dephosphorylation (Kanopka et al., 1998). 

Based on previous results, predictions can be made how different SR 
proteins would affect L1 alternative 3’ splice site selection. Results 
presented in our second paper show that the effect of ASF/SF2 in L1 splicing 
turned out to be the sum of the effects of separate domains of ASF/SF2. 
Thus, RBD2 was shown to be necessary and sufficient for the splicing 
repressor activity, while the RS domain and surprisingly the RBD1 
functioned as second exon enhancer domains. As 3RE in the L1 context 
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turns out to work as a second exon splicing enhancer in the activation of 
52,55K 3’ splice site usage, one would predict that SR proteins with the 
“strongest” RS domains would be the most efficient in activating 52,55K 3’ 
splice site selection. However, as we and others (Graveley & Maniatis, 
1998) have noted the RS domain in ASF/SF2 is a weak second exon splicing 
enhancer compared to the RS domains in SC35 or 9G8 (Graveley & 
Maniatis, 1998). On the other hand, ASF/SF2-RBD2 might turn out to be the 
most efficient splicing repressor domain. This prediction is based on the 
observation that the SRp30 fraction was most effective in repressing IIIa 
splicing (Kanopka et al., 1996). We have made one step towards establishing 
the general splicing inhibitory role of the RBD2 domain in SR proteins. 
Thus, we show that RBD2 from SRp55 is efficient in IIIa 3’ splice site 
repression. However, this experiment is preliminary and needs to be tested 
further using the assays we describe in paper I. 

Examination of the contribution of individual domains in L1 splicing 
regulation uncovered some unexpected results. We have previously shown 
that the RBD1 of ASF/SF2 has no effect on IIIa splicing repression. Here we 
show that RBD1 functioned, as efficient as the RS domain, as a second exon 
splicing enhancer domain. This is more reminiscent with the results in our 
third paper, where we show that the RBD1 alone is able to activate distal 
5’ss usage. However, that activity is most probably dependent on the binding 
properties of the domain. Thus, to study the activity of the domain in 
alternative 3’ splice site usage RBD1 was tethered to the pre-mRNA through 
the MS2 operator, while in alternative 5’ splice site selection the RBD1 was 
dependent on the intrinsic RNA binding capacity of the domain. The ability 
of RBD1 to activate splicing in both experiments probably indicates that the 
domain has an intrinsic splicing enhancer activity. 

It is interesting to note that, although the RBD2 of ASF/SF2 and SRp55 
both were active in IIIa splicing repression, they behaved differently towards 
the upstream 52,55K 3’ splice site. Thus, SRp55-RBD2 appears to function 
as an efficient second exon splicing enhancer domain, whereas ASF/SF2 is 
not. For the future it would be interesting to establish the role of RBD1s and 
the RBD2s from other SR proteins in splicing regulation. 

One question that remains unanswered for the moment is whether the 
3RE serves the same function in the regulation of L1 alternative splicing 
during virus infection, as it does in the mini 52,55K-IIIa tandem construct in
vitro. The probable answer is no and the main reason for this is that the 3RE 
is located 1400nt (versus 81nt in the mini construct) from the 52,55K 3’ 
splice site in the native L1 unit. Current models suggest that the activity of 
splicing enhancer elements diminish as the distance to the 3’ splice site 
increases (reviewed in Graveley, 2000). In fact, most natural splicing 
enhancers are located within 100 nucleotides of the 3’ splice site. This makes 
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me believe that most probably the 3RE element will not function as the 
second exon splicing enhancer at its natural position in the L1 unit. Evidence 
has also been presented that a classical second exon splicing enhancer, 
required for 52,55K splicing, during virus growth, is located 50-60nt 
downstream of the 52,55K 3’ splice site (Gustin & Imperiale, 1998). 

The distance between the 52,55K and IIIa 3’ splice sites was shortened 
considerably in order to be able to handle the mini construct in our in vitro
splicing system. It should be possible to evaluate the effect of the 3RE on 
alternative 3’ splice site selection at its natural position, using a coupled in
vitro transcription-splicing system (Ghosh & Garcia-Blanco, 2000). This 
method should allow us to use much longer templates (up to 2-3kb) for the 
splicing reaction. 

Paper III 
In the third paper we investigated the functional role of individual domains 
of ASF/SF2 in alternative 5’ splice site selection. A shortened version of the 
adenoviral E1A pre-mRNA was used as a model substrate, for convenience 
containing only two alternative 5’ splice sites (12S and 13S). 

ASF/SF2 domains, as fusion proteins with MS2, were tested on E1A 
alternative 5’ splice site selection in our in vitro splicing assay. Our results 
revealed that MS2-ASF efficiently activated proximal 5’ splice site 
selection, while the same molar amounts of the native MS2 protein had no 
effect on alternative splice site selection. Two MS2-ASF fusion proteins 
(MS2-RBD2+RS and MS2-RBD2), both containing the RBD2, had the same 
general effect as the full-length protein and stimulated proximal 5’ splice site 
usage (the activity was slightly reduced in comparison with the full-length 
protein). Even though the MS2-RBD1 fusion protein activated proximal 13S 
5’ss almost to the same extent as MS2-RBD2 and MS2-RBD2+RS, the most 
notable effect was its preferential activation of distal 5’ splice site usage 
resulting in 12S mRNA splicing. The MS2-RS fusion protein had no effect 
on alternative 5’ splice site selection on the E1A pre-mRNA. 

In order to prove that RBD1 and RBD2 in the MS2 fusion proteins were 
responsible for the splice site switching activity on the E1A pre-mRNA in 
vitro, we generated His-RBD1 and His-RBD2. These proteins are identical 
to MS2-RBD1 and MS2-RBD2, except that they lack the MS2 coat protein 
sequence. Testing His-RBD1 and His-RBD2 in the in vitro splicing assay 
proved that they have the same general activity as the corresponding MS2 
fusion proteins: His-RBD1 induced 12S 5’ splice site selection and His-
RBD2 stimulated 13S 5’ splice site usage. 

To characterise the structural motifs in ASF/SF2-RBD2 required for the 
proximal 5’ splice site switching activity we used a set of ASF/SF2 mutant 
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proteins designed to perturb specific motifs in RBD2 (described in paper I). 
Mutation of the KLD motif in -helix 2 did not have any negative effects on 
MS2-RBD2+RS as a regulator of proximal 5’ splice site selection. In 
contrast, mutating the RNP-1 motif or the completely conserved 
SWQDLKD motif in -helix 1 both completely abolished the activity of 
MS2-RBD2+RS as a regulator of E1A alternative splicing. 

To determine whether the splice site switching activity of the ASF/SF2-
RBD2 mutant proteins correlated with their RNA binding properties UV 
crosslinking experiments were performed. The 115nt fragment spanning the 
E1A 13S 5’ splice site was used in these experiments. Mutations of the 
SWQDLKD motif and the RNP-1 motif were shown to reduce significantly 
the RNA binding capacity of the mutant proteins. These mutations also 
completely inactivated the MS2-RBD2+RS fusion proteins as activators of 
E1A splicing. Thus, we concluded that loss of the splicing enhancer activity 
correlates with reduced capacity to bind RNA. 

SR proteins are well established regulators of alternative splicing. In 
many model transcripts increasing concentrations of these proteins tend to 
select the intron proximal 5’ splice site (Fu et al., 1992; Zahler et al., 1993; 
Caceres et al., 1994; Screaton et al., 1995; Wang & Manley, 1995). The E1A 
pre-mRNA is a natural substrate which is extensively used as a model to 
characterize the function of SR proteins as regulators of alternative 5’ splice 
site selection. It is well established that ASF/SF2 promotes proximal 5’ 
splice site utilization on the E1A pre-mRNA (Harper & Manley, 1992; 
Mayeda & Krainer, 1992). The function of the different ASF/SF2 domains in 
E1A alternative splicing has also been studied, but to our knowledge only in
vivo. The results show that the RS domain was dispensable for the 13S 5’ 
splice site switching activity of ASF/SF2 (Wang & Manley, 1995; Caceres et 
al., 1997). Further, ASF/SF2 mutant proteins lacking RBD1 or RBD2 were 
also active as regulators of E1A splicing (Caceres et al., 1997; van Der 
Houven Van Oordt et al., 2000). A mutant protein lacking RBD1 stimulated 
13S 5’ splice site selection whereas a mutant protein lacking RBD2 
enhanced 12S mRNA splicing. Here we dissected further the function of the 
individual ASF/SF2 domains on E1A alternative 5’ splice site regulation in
vitro. Our findings are in line with previous results showing that ASF/SF2 
proteins, lacking RBD1 or RBD2, are functional as regulators of E1A 
alternative splicing in transient transfection assays. Also, our results extend 
previous results by showing that the RBD2 domain alone is sufficient to 
reproduce the activity of the full-length protein on E1A 13S 5’ splice site 
activation in vitro.

A dose dependent enhancement of proximal 5’ splice site selection by 
ASF/SF2 has been explained by an occupancy model where ASF/SF2 
stimulates U1 snRNP recruitment to all 5’ splice sites (Eperon et al., 2000). 
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As all sites are filled, splicing occurs between the 5’ splice site closest to the 
3’ splice site, i.e. the proximal 13S 5’ splice site. These effects are position 
dependent rather than sequence dependent. This model does not require the 
recognition of specific target sequences. Analysis of ASF/SF2 deletion 
mutant proteins in splice site switching activity both in vitro and in vivo, on 
E1A and on other model transcripts, clearly established that both RBDs are 
necessary and sufficient for the selection of proximal 5’ splice site and that 
the RS domain was dispensable for this activity. This result suggests that 
RNA binding is required for the alternative splice site switching activity of 
ASF/SF2. Most likely ASF/SF2 binds to the 5’ splice site region (Eperon et 
al., 2000). However, it is not clearly established whether general and/or 
sequence-specific RNA binding by SR proteins is required for their activity 
in alternative splicing. The fact that individual SR proteins can activate 
different 5’ splice sites on E1A pre-mRNA most probably reflects 
differential binding properties involved in this selection. 

Previous studies have shown that purified ASF/SF2- RS can specifically 
bind to the E1A 13S 5’ splice site (Zuo & Manley, 1994). ASF/SF2- RS
was shown to bind directly to the 5’ splice site, but not to a mutant 5’ splice 
site. These findings support a model in which ASF/SF2 aids in the 
recognition of pre-mRNA 5’ splice site. 

Our results support the model that RBD2 facilitates proximal 5’ splice site 
selection through binding to the RNA. In our work we make the assumption 
that the mutations introduced into RBD2 did not disrupt the secondary 
structure of the mutated motifs and that the mutant proteins were not 
changed in their solubility or other biochemical parameters. However, we 
can not rule out that the mutations introduced have disrupted the RNA 
binding or the protein-protein interaction motifs simultaneously. To rule out 
such a possibility it would be interesting to see whether disturbing protein-
protein interactions during in vitro splicing (for example, using SWQDLKD 
peptide) would alter the effect of RBD2 on E1A splice site selection. The 
RBD2 does not activate constitutive splicing in S100 extracts. Therefore it 
appears unlikely that RBD2 activates 13S splicing by binding to the E1A 
pre-mRNA and recruiting via protein-protein interactions the trace amounts 
of ASF/SF2 or other SR proteins and/or other splicing factors present in the 
diluted NE. 

It is well established that ASF/SF2 facilitates U1snRNP recognition of a 
5’ splice site (Kohtz et al., 1994). ASF/SF2 was shown to stabilise the 
interaction of U1 snRNP with a model substrate containing a functional 5’ 
splice site. Stabilisation was suggested to be performed through protein-
protein interactions established between the ASF/SF2 RS domain and the RS 
domain in the U1 snRNP specific U1 70K protein. In the complex formation 
assay it was shown that ASF/SF2 mutants lacking the RS domain did not 



39

cooperate with U1 snRNP in 5’ splice site recognition demonstrating an 
absolute requirement for the ASF/SF2 RS domain for cooperation with U1 
snRNP.

The requirement for the RS domain in U1 snRNP recruitment is more 
reminiscent of an enhancer-dependent model of 5’ splice site activation. 
According to this model regulation of alternative 5’ splice site selection by 
SR proteins is performed thought their binding to ESEs and recruitment of 
the splicing machinery to adjacent introns via protein interactions involving 
the RS domain (Blencowe, 2000; Graveley, 2000). 

The fact that RBD1 or RBD2 from ASF/SF2 functions in alternative 
splicing, but not in an enhancer-dependent constitutive splicing assay 
suggest that the mechanisms by which SR proteins function in these two 
contexts could be distinct. Most probably, in the natural context these two 
mechanism function in cooperation with each other. 

SR proteins are regulators of alternative splicing and in many model 
transcripts tend to select the intron proximal 5’ splice sites (Fu et al., 1992; 
Zahler et al., 1993; Caceres et al., 1994; Screaton et al., 1995; Wang & 
Manley, 1995). However, individual SR proteins can sometimes have 
opposite effects on alternative splice site selection, something that is well 
documented for E1A alternative pre-mRNA splicing. ASF/SF2 and SC35 
enhances proximal 13S mRNA splicing (Mayeda & Krainer, 1992; Zahler et 
al., 1993; Caceres et al., 1994; Himmelspach et al., 1995; Screaton et al., 
1995), SRp20 enhances 12S mRNA splicing (Screaton et al., 1995; Caceres 
et al., 1997) and SRp54 stimulates 9S pre-mRNA splicing (Zhang & Wu, 
1996). SRp40 and 9G8 appears to stimulate both 13S and 12S mRNA 
splicing (Zahler et al., 1993; Cavaloc et al., 1994; Screaton et al., 1995; 
Zhang & Wu, 1996). In addition, the hnRNP A/B class of proteins have been 
shown to counteract the stimulatory activity of ASF/SF2 and enhance 
splicing to the more distal 5’ splice sites on E1A and other substrates 
(Mayeda & Krainer, 1992; Caceres et al., 1994; Yang et al., 1994). 
Mechanistically hnRNP A1 appears to compete with ASF/SF2 for RNA 
binding and causes a general reduction of U1 snRNP binding to a 5’ splice 
site (Eperon et al., 2000). All these above mentioned proteins are RNA 
binding proteins containing one or more RNP-type RNA binding domains. 
Keeping in mind that RBD1 and RBD2 of ASF/SF2 possess different 
activities in alternative 5’ splice site selection, it seems likely that the 
counteracting properties of the above mentioned splicing factors can lie in 
the nature of their RNA binding domains. In future studies it would be 
interesting to compare the activity of these RNA binding domains in 
alternative splice site selection. For example, an alignment of the RNA 
binding domains of ASF/SF2 and hnRNP A1 suggests that ASF/SF2-RBD1 
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is more similar to RBD1 and RBD2 of hnRNP A1 than to ASF/SF2-RBD2 
(Birney et al., 1993). 

An intriguing possibility is opened up by the recently reported crystal 
structure of the Drosophila Mago nashi-Y14 complex (Shi & Xu, 2003). 
Interactions between the exon junction complex proteins MAGO and Y14 
involves extensive protein-protein interactions between MAGO and the 
canonical RNA binding surface of the Y14 protein. Such a hypothetical 
interaction between RBD2 and an unknown protein could be essential for the 
function of RBD2 in 5’ splice site regulation. Obviously a characterization 
of the partner proteins that interact with ASF/SF2-RBD2 would be 
informative to uncover the mechanism by which this domain regulates 
proximal 5’ splice site activation. 

In summary, we show that the splicing enhancer and splicing repressor 
functions of ASF/SF2 can be separated and attributed to distinct domains in 
the protein. My results confirm the previous observation that these domains 
are functional modules in splicing. The RBD2 was, for the first time, 
established as a splicing repressor domain (paper I). However, it had no 
effect as a second exon splicing enhancer (paper I), but was functional as an 
enhancer of proximal alternative 5’ splice site usage (paper III). The RBD1 
was shown to be a weak second exon splicing enhancer, but functioning as a 
strong activator of distal alternative 5’ splice site selection (paper III). The 
RS domain of ASF/SF2 was confirmed to be a weak second exon splicing 
enhancer (papers I and II). Further, the effects of the modular domains of 
ASF/SF2 in splicing regulation have been shown to be position and substrate 
dependent. The results from my studies show that the different domains of 
ASF/SF2 are responsible for distinct functions in splicing regulation. 
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