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3RE IIIa repressor element 
3VDE IIIa virus-infection dependent splicing enhancer 
Ad-NE Nuclear extract prepared from adenovirus infected 

HeLa cells 
CTD Carboxy-terminal domain of the large subunit of 

RNA Pol II 
C-terminal carboxy-terminal 
�Ad-NE U2AF depleted Ad-NE 
�NE U2AF depleted NE 
E4-ORF4 Early region 4 – open reading frame 4 
ESE exonic splicing enhancer 
ESS exonic splicing silencer 
hnRNP Heterogeneous nuclear ribonucleoprotein 
L1 Late region 1 of MLTU of adenovirus 
L4 Late region 4 of MLTU of adenovirus 
L4-22K Protein of 22kDa expressed from the L4 region  
L4-33K Protein of 33kDa expressed from the L4 region 
MLP Major late promoter 
MLTU Major late transcription unit 
mRNA messenger ribonucleic acid 
NE Nuclear extract prepared from HeLa cells 
NLS Nuclear localisation signal 
N-terminal amino-terminal 
Pre-mRNA Precursor mRNA 
PUF60 Poly U binding factor of 60 kDa 
RNA ribonucleic acid 
RRM RNA recognition motif 
RS-domain Arginine (R)- and Serine (S)-rich domain  
SF1/BBP Splicing factor 1/ Branch point binding protein 
SR protein Serine and Arginine rich protein 
snRNA small nuclear RNA 
ss splice site 
UHM U2AF homology motif 
U snRNP Uridine-rich small nuclear ribonucleoprotein particle 
U2AF U2 snRNP auxiliary factor 
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Introduction 

The genetic information in eukaryotic organisms is stored in the cell nucleus 
as double stranded DNA. The DNA is transcribed by RNA polymerase II 
into precursor messenger RNAs (pre-mRNAs), which are processed and 
exported to the cytoplasm where they are translated into proteins. During the 
transcription process the growing pre-mRNA will undergo several types of 
modifications, including capping of the 5´-end, polyadenylation at the 3´-end 
and most important for this thesis, RNA splicing.  

Pre-mRNA splicing was first described in studies of adenovirus mRNA ex-
pression. Pre-mRNA splicing is the process where protein-coding sequences, 
exons, are ligated together and the intervening introns are excised, giving rise 
to the mature mRNA [8, 19]. By combining exons from one gene in different 
ways, a process known as alternative splicing, several different proteins can be 
produced from one gene and the coding capacity of the DNA is greatly in-
creased.  This process is carried out in the nucleus by a cellular macromolecu-
lar machinery called the spliceosome. If a pre-mRNA is not spliced it will 
usually not be exported to the cytoplasm and will be degraded in the nucleus. 
There are multiple lines of evidence that pre-mRNA splicing occurs co-
transcriptionally while the RNA polymerase is still transcribing the gene.  

Transcription 
Transcription is the process where an RNA transcript is produced by RNA 
polymerases (pol) using DNA as template. There are three eukaryotic RNA 
polymerases: RNA pol I and III transcribe rRNA- and tRNA-genes (ribo-
somal and transfer RNA, respectively), while RNA pol II transcribes protein 
encoding genes and snRNA (small nuclear RNA).  

A typical promoter 

Most RNA pol II transcriptional control regions contain a core promoter and 
local regulatory elements located 100-500 base pairs (bp) upstream of the start 
site that together are referred to as the promoter. In addition, distant sequences 
called enhancers and silencers, can affect transcription from a promoter. The 
core promoter extends approximately 35 bp upstream of the transcriptional 
initiation site but sometimes also approximately 35 bp downstream [reviewed 
in 102]. A common element of the core promoter is the TATA box (AT-rich) 
located 20-25 bp upstream of the initiation site.  
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General transcription factors recognize and bind to promoter elements. 
The TFIID complex contains the TATA-binding protein (TBP) and TBP-
associated factors (TAFs). TFIID associate with the promoter as the TBP 
binds the TATA-box. TFIIA and TFIIB enter and stabilise the promoter-
bound TFIID. TFIIF then recruits the RNA pol II, TFIIE, and TFIIH. The 
components of the general transcription machinery select the initiation site, 
affect different steps in promoter opening, promoter clearance, transcription 
initiation and elongation. The RNA pol II has a C-terminal domain (CTD) 
and the phosphorylation pattern of the CTD is important for the activity of 
the polymerase. 

Transcription factors 

Sequence specific proteins that regulate transcription are called transcription 
factors. They have structural and functional domains like the DNA-binding 
domain (DBD) and the trans-activation domain (TAD). Transcriptional acti-
vator factors can bind with sequence specificity to elements in the DNA and 
stimulate transcription by different mechanisms. They can stimulate the re-
cruitment of the basal transcriptional machinery, stimulate the activity of the 
preinitiation complex (PIC) or modify the DNA template by interaction with 
chromatin-modifying factors [reviewed in 101, 104]. Most transcription fac-
tors belong to large protein-families of related proteins with same type of 
DNA binding and dimerization domains and bind DNA as dimers. Examples 
of DBDs are Zn-finger, helix-turn-helix, and basic helix-loop-helix motifs. 
Leucine zipper is an example of a dimer formation domain that can form 
homo- and heterodimers of transcription factors. A transcription factor may 
contain more than one TAD and can have regulatory domains for ligand bind-
ing (nuclear receptors). The TAD does not necessarily contain a specific 
amino acid sequence but might be rich in certain amino acids like glutamine 
(Sp1), proline or isoleucine, or have general properties in common like acidic 
amino acids (p53 and VP16). There are also factors that counteract the effects 
of activators and repress transcription. These factors are known as repressors. 

Activation of transcription 

To activate transcription, rate-limiting steps need to be enhanced. This can 
be done by removing repressors, recruiting basal factors and pol II, induce 
conformational changes in the PIC, phosphorylation of the CTD, stimulation 
of promoter clearance or elongation.  

By wrapping around histones, the DNA is packed into chromatin. His-
tones act as transcriptional repressors by strongly binding to DNA. By loos-
ening up the chromatin structure and thereby opening the promoter, the bind-
ing of basal factors can increase. Modification of the acetylation pattern of 
the N-terminal tails of histones changes the structure of the chromatin. The 
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acetylation status of histones is regulated by histone acetyl transferases 
(HATs) and histone deacetylases (HDACs).  

Some TADs bind directly to basal factors, others interact with cofactors 
that in turn contact the basal machinery. Many activators bind directly to 
components of TFIID (TBP and TAFs), TFIIB, and TFIIH and enhance their 
recruitment or conformation and activity [reviewed in 63].  

Transcriptional activation domains can be divided into three functional 
classes, those stimulating initiation (type I), those predominantly stimulating 
elongation (type IIA), and those who stimulate both initiation and elongation 
(type IIB). Transcription factors of type I and IIA can synergize (more-than-
additive stimulation) with each other but not with type IIB, suggesting that 
stimulation of different rate-limiting steps leads to synergism [10]. A corre-
lation between the ability of transcriptional activators to stimulate elongation 
and their ability to bind TFIIH has been reported [10]. Other mechanisms of 
synergism are cooperative DNA binding, formation of multiple contacts with 
the general transcription factors, and derepression of chromatin.  

The RNA pol II CTD and coupling to splicing 

The human RNA pol II has a C-terminal domain (CTD) consisting of 52 
tandems repeats of the amino acid sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser 
(YSPTSPS). The phosphorylation status and pattern of the CTD influences 
the activity of the polymerase and its interactions with other factors. When 
the polymerase is recruited to the promoter, the CTD is in a hypophosphory-
lated state, but as it becomes phosphorylated at serine 5 through out the en-
tire CTD by kinases in the basal transcriptional machinery, pol II can leave 
the promoter. Then the CTD is heavily phosphorylated at serine 2, which 
promotes elongation [reviewed in 26].  

The coupling of transcription and splicing is extensive. As reviewed in 
[56, 78], transcription can affect splicing via the CTD interactions with splic-
ing factors. Also the rate of transcription can regulate alternative splicing 
and efficiency of constitutive splicing. The chromatin structure and acetyla-
tion, but also transcription factors and cofactors can affect splicing. It has 
also been shown that splicing components can affect transcription. Spli-
ceosomal U1 snRNA interacts with TFIIH and simulates initiation and re-
initiation of transcription [58], demonstrating that transcription and process-
ing of the RNA molecule produced is intimately coupled.  

The CTD interacts with many factors and stimulates different processing 
events like capping, pre-mRNA splicing, and 3´ processing [33]. Hyper-
phosphorylated pol II (pol IIO) increases in vitro splicing [42], but also 
stimulates splicing and 3´ end processing in vivo [9]. In contrast, hypophos-
phorylated pol II (pol IIA) does not stimulate in vitro splicing [42], and 
splicing is inefficient when CTD phosphorylation is inhibited in vivo [9]. In 
addition, deletion of the CTD inhibits splicing and 3´ end processing when 
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coupled to transcription [9, 71]. Recombinant GST-CTD fusion protein is 
able to stimulate splicing if the exon is recognized via exon definition (see 
below) [112]. Furthermore, phosphorylated CTD is able to stimulate splicing 
when tethered to a heterologous protein that has the capacity to bind RNA 
[73]. Taken together, the CTD acts as a phosphorylation dependent cofactor, 
increasing splicing efficiency. 

In the C-terminus of the CTD there is a 10-residue motif, IPSDDSDEEN, 
which is phosphorylated and highly conserved among mammals. This 10-
residue motif is essential for high-level transcription, splicing and 3´ end 
processing, and increases the transcription and processing efficiency of pol II 
with fewer heptads repeats [34].  

pre-mRNA splicing 

Constitutive and alternative splicing 

In humans, essentially all cellular protein-coding genes are spliced and 95% 
are alternatively spliced. Both constitutive and alternative splicing are regu-
lated events (see below). Constitutive splicing produces one and the same 
type of mRNA from one pre-mRNA. During alternative splicing, two or 
more different mRNAs are produced from a single type of pre-mRNA, pro-
ducing mature mRNAs with alternative nucleotide sequence arrangement 
that can be translated into proteins with different amino acid sequences and 
hence different functions. In this way, different protein isoforms can be pro-
duced in response to different environmental stimuli or in specific tissues by 
regulation of gene expression at the level of alternative splicing. This is also 
a strategy that many small DNA viruses, like Adenovirus, make use of to 
increase the output of its limited genetic information.  

Alternative splicing usually occurs when splicing signals (sequence ele-
ments that direct the spliceosome and defines the intron and exon) are weak, 
and the usage of alternative splice sites are dependent on the abundance of 
different splicing factors that regulate splice site usage.  

There are a number of different types of alternative splicing events that 
may take place as illustrated in Figure 1: exon skipping, alternative 3´ splice 
site selection, alternative 5´ splice site selection, mutually exclusive exons 
also known as cassette exons, and intron retention [55]. All of these different 
types of splicing events can be regulated by trans-acting factors, post-
translational modifications, cell type specific factors, and even the rate of 
transcription. 
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5´ss 3´ss 3´ss

Alternative 3´ss selection

5´ss5´ss 3´ss

Alternative 5´ss selction

Exon skipping

5´ss 3´ss5´ss 3´ss

5´ss 3´ss5´ss 3´ss

Intron retention

5´ss 5´ss3´ss 3´ss3´ss

Cassette exons, mutually exclusive

5´ss

 

Figure 1. Different types of alternative splicing. Exons are illustrated as boxes and 
introns as horizontal lines. ss = splice site 

Splicing signals 

Splicing signals are sequences in the RNA that define the borders of exons 
and introns. The border between an exon and an intron is defined as the 5´ 
splice site and the downstream intron/exon border as the 3´ splice site (ss). 
There are two classes of introns that are spliced by two different spli-
ceosomes, the minor U12-dependent introns with AT-AC splice site consen-
sus sequences, and the major U2-dependent group of introns with GU-AG 
dinucleotides at the 5´ and 3´ splice sites, respectively. In this thesis splicing 
refers to the U2-dependent introns and spliceosome.  

The spliceosome is assembled on the pre-mRNA in a sequential order, by 
specific splicing factors recognising the 5´ and 3´ splicing signals. The con-
sensus sequence at the 5´ end of an intron acts as a splice donor site and con-
tains conserved AG/GU nucleotides at the exon/intron junction. The 3´ end 
of an intron contains three sequence elements, the branch point sequence, the 
pyrimidine tract and the conserved AG dinucleotide at the 3´ss. The branch 
point sequence is located 18–40 nucleotides upstream of the AG dinucleo-
tide with an invariable branch adenosine residue. A pyrimidine tract rich in 
U residues located in-between the branch point and the 3´ss AG dinucleo-
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tide. There are also other sequence elements that will affect the specificity 
and efficiency of the splicing reaction, namely splicing enhancer and splic-
ing silencer elements located in the exon and/or the intron [reviewed in 15]. 

Splicing catalysis 

Pre-mRNA splicing is a two-step process. The first step involves cleavage of 
the RNA at the 5´ss and a simultaneous formation of a 2´–5´ phosphodiester 
bond with the branch adenosine. This leads to the formation of an intermedi-
ate exon 2–intron-lariat structure and a “free” exon 1. During in vitro splic-
ing, this exon 2–intron-lariat intermediate and exon 1 can be resolved on a 
denaturing gel. The second step of splicing is initiated by a nucleophilic 
attack by the free 3´ hydroxyl of the first exon on the 3´ ss as the exons are 
positioned in close proximity. This leads to cleavage at the 3´ ss and a liga-
tion of the exons to form the mRNA and to release the intron as a lariat 
structure [reviewed in 16, 106]. 

The spliceosome 

The spliceosome is a macromolecular machine that contains many proteins 
and five uridine-rich small nuclear ribonucleoprotein particles (U snRNP): 
the U1, U2, U4, U5, and U6 snRNPs. The snRNPs consist of different 
uridine-rich small nuclear RNA molecules, called U1, U2, U4, U5 and U6 
snRNA and seven Sm or Sm-like proteins. The snRNP core particles differ 
from each other by having several additional particle-specific proteins.  

The snRNPs mediate the recognition and pairing of the 5´ and 3´ splice 
sites of an intron [107]. The spliceosome assembles on each intron de novo 
and the assembly of the spliceosome has well-defined steps in vitro. First, 
the E complex is formed where U1 snRNP binds to the 5´ ss in an ATP-
independent manner together with interaction of SF1/BBP with the branch 
point and U2AF65/35 with the pyrimidine tract and the 3´ss. U2 snRNP has 
also been found associated in the E complex without formation of the branch 
point interaction [23, 91]. U2AF65 interacts with the pyrimidine tract and 
with UAP56, which in turn appears to be required for A complex formation 
[32], probably by performing ATP-dependent conformational changes nec-
essary for U2 snRNP binding to the branch point thereby converting the E 
complex into the A complex. The U4 and U6 snRNP have extensive base 
paring with each other and arrives to the spliceosome in complex with U5 
snRNP as a tri-snRNP to form the B complex. After extensive ATP-
dependent rearrangements, U6 snRNP replaces U1 snRNP at the 5´ss while 
U6 and U2 interact. U5 snRNP bridges the splice sites as the U1 and U4 
snRNPs dissociate from the spliceosome and the catalytically active complex 
C is formed [reviewed in 15, 37, 91]. After each splicing reaction of an in-
tron, the spliceosome dissociate from the RNA.  
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Splicing factors 

Besides snRNPs, there are many proteins associated with the spliceosome 
and the splicing mechanism. These proteins can be required for spliceosome 
assembly, recognising enhancers, recruiting spliceosomal core components, 
or necessary for splicing catalysis by inducing structural rearrangements or 
affecting activity of proteins by post-translational modifications. Two groups 
of proteins that bind RNA and affect splicing are the SR protein family (ser-
ine and arginine rich proteins) and hnRNP protein family (heterogeneous 
nuclear ribonucleoproteins) of splicing factors. Protein kinases and phospha-
tases are also crucial factors involved in splicing by regulating SR proteins, 
spliceosome assembly, and splicing catalysis [98]. 

 
A complex

U1

SR
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A
F
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SR

U2
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U6

U5

U4 U2

U1

C complex

U6
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U2

SR

SR SR

SR

 
 

Figure 2. Spliceosomal complexes readily resolved on native gels. For simplicity, 
only core factors of the spliceosome and proteins of particular interest for this thesis 
are illustrated.  

SR proteins 

The SR family of proteins is a phylogenetically conserved and structurally 
related class of essential splicing factors. SR proteins have a C-terminal RS 
domain rich in arginine (R) and serine (S), hence the name. In the N-terminal 
part, SR proteins have one or two RNA recognition motifs (RRM), also 
known as RNA binding domains (RDB). SR proteins are key players con-
trolling spliceosome assembly. SR proteins are required for constitutive 
splicing but they also regulate alternative splicing. By binding to enhancer or 
silencer elements in the pre-mRNA, the RS domain mediated interaction 
with the RNA and other splicing factors to regulate recruitment of the spli-
ceosome to the pre-mRNA and thereby usage of specific splice sites.  

The criteria used to define the classical SR proteins are structural similar-
ity, dual function in constitutive and alternative splicing, presence of a phos-
phoepitope recognized by the antibody mAb104, and their purification using 
high concentration of magnesium chloride. Not all proteins that contain an 
RS domain are classified as SR proteins. In a splicing complementation as-
say with splicing deficient S100 cytoplasmic extracts, classical SR proteins 
have the ability to complement splicing. SR-containing proteins that do not 
posses this ability are divided into other families, like the SR-related proteins 
(see section below). 
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Figure 3. The mammalian SR proteins. RBD is short for RNA binding domain, G, 
glycine rich, R arginine rich, RS arginine and serine rich, P proline rich, Z zinc fin-
ger domain. 

The RRM of the protein will determine the RNA binding specificity, usually 
weak interactions with various but similar sequences [reviewed in 66]. These 
interactions are stabilised by protein-protein interactions made by the RS do-
main. The ability to interact with different sequences gives the SR proteins the 
ability to bind many different messengers and regulate splicing differently 
depending on the local amount and ratio of different splicing factors having 
opposing effects on a particular splice site. The RS domain itself has also been 
shown to interact with RNA during spliceosome assembly, namely the 5´ ss 
and the branch point [96, 97], and acts as a splicing activation domain [90]. 

The activity and subcellular localisation of SR proteins are highly regulated 
by serine phosphorylation of the RS domain [reviewed in 66]. While most SR 
proteins are nuclear, ASF/SF2, SRp20, and 9G8 shuttles between the nucleus 
and the cytoplasm [17]. The RS domain of these proteins is required for shut-
tling, but also binding of the proteins to RNA and dephosphorylation of the RS 
domain is necessary for nuclear export. In the cytoplasm, the RS domain of 
ASF/SF2 is phosphorylated by the SR protein specific kinase, SRPK1 [82]. 
Phosphorylation of the RS domain is required for association with the Trans-
portin-SR family of nuclear import receptors for SR proteins that re-import the 
SR proteins to the nucleus [51, 59, 60]. In the nucleus, SR proteins are stored 
in nuclear speckles, from where they are released by hyperphosphorylation by 
Clk/Sty [20] and recruited to sites of active transcription [74].   

SR proteins are also involved in processes other than splicing. For exam-
ple, SR proteins can act as adaptor proteins and recruit RNA export receptor 
proteins [44-46] and enhance NMD (nonsense mediated decay) of mRNAs 
with premature stop codons [114]. ASF/SF2 has been found associated with 
ribosomes, stimulating translation in an ESE-dependent manner [93]. SR 
proteins have also been found associated with RNA polymerase II CTD [22, 
54]. In addition to association with the transcribing polymerase, SC35 pro-
motes more efficient transcription elongation [65]. Therefore, SR proteins 
are one link that couple transcription with processing events and even trans-
lation [reviewed in 78]. 
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SR-related proteins 

Not all proteins that contain RS domains fall into the classical SR protein 
family. One important criterion of true SR proteins is their ability to com-
plement splicing deficient cytoplasmic S100 extracts. There are many pro-
teins involved in pre-mRNA splicing that contain an RS domain but does not 
fulfil this criteria. These proteins are grouped together into a family called 
SR-like proteins, or SR-related proteins. Many SR-related proteins do not 
contain an RRM. Some SR-related proteins are essential for constitutive 
splicing, others are alternative splicing factors and yet others can have in-
hibitory effects on splicing or SR protein activities [reviewed in 12, 66].  

Some examples of SR-related proteins are U1-70K of the U1 snRNP, 
U2AF35 and U2AF65 described below. SRp38 differs from the classical SR 
proteins in several ways. SRp38 is not able to rescue splicing in S100 ex-
tracts [21, 100], but rather antagonize classical SR proteins. Furthermore, 
dephosphorylation of SRp38 in mitotic cells and in response to heat shock 
makes it a potent, general repressor that inhibits splicing [99, 100]. SRrp86 
(SR-repressor protein of 86 kDa) is another example of proteins that can 
regulate the activity of SR proteins. While SRrp86 represses ASF/SF2, 
SC35, and SRp55,it activates SRp20 [5, 6].  

Function of U2AF
65

 and U2AF
35

 

The U2 snRNP auxiliary factor, U2AF, is a heterodimeric protein consisting 
of the U2AF65 and U2AF35 subunits [111]. U2AF is an essential splicing factor 
required for recruitment of U2 snRNP to the branch point [92], but reports 
about substrate-specific requirements have been published [38]. U2AF plays 
an important role in 3´ss definition. U2AF65 binds to the pyrimidine tract 
[111], with the highest affinity for uridine-rich sequences. The U2AF35 subunit 
binds to the 3´ss AG dinucleotide and help to stabilise U2AF65 binding to the 
pyrimidine tract [72, 108, 116]. Phosphorylated DEK interacts with U2AF35 
and provides a proofreading activity of the 3´ss AG dinucleotide. DEK is not 
required for spliceosome assembly, but is required for catalytic steps that re-
quire AG recognition [103]. The binding of U2AF35 to the 3´ss and its interac-
tion with U2AF65 is of great importance when the pyrimidine tract is weak 
(short and/or interrupted by cytosine or purines). These introns are said to be 
AG-dependent, as they need U2AF35 to bind the AG dinucleotide for early 
spliceosome assembly. In contrast, a strong pyrimidine tract that has high 
binding affinity for U2AF65 does not need the U2AF35 interaction for efficient 
spliceosome assembly and splicing catalysis. These introns are therefore said 
to be AG-independent [72, 108, 116]. In vivo splicing of weak introns is inhib-
ited by knockdown of U2AF35, but can be re-activated by overexpression of 
the U2AF65 subunit. It seems like U2AF35 is not required for splicing of all 
weak introns, but rather regulate a specific subset [88]. This suggests that there 
might exist weak introns that are spliced in an AG-independent manner, per-
haps even independent of the entire U2AF heterodimer.  
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U2AF65 has an N-terminal RS domain, two RRMs in the C-terminal part 
of the protein, and one RRM-like domain, also referred to as RRM3, the 
PUMP-domain [89] or the UHM (U2AF homology motif [53]). The UHM 
domain has been shown to be dispensable for U2AF65 RNA binding and 
splicing in vitro [4]. The UHM domain has been classified as a protein-
protein interaction domain despite of its similarity to an RRM, and has been 
found in other UHM candidate proteins like U2AF35, PUF60, the yeast 
U2AF-homolog Mud2, and Caper-� (HCC1) [53]. PUF60 is a pyrimidine-
tract binding factor [89] that promotes splicing of an intron with a weak 3´ ss 
[40]. It has been suggested that 3´ss recognition involves different U2AF-
like factors, and these factors might have different recognition sites and ef-
fects on splicing. 

Regulation of splicing 

Splicing is regulated during development, alternatively regulated in different 
tissues, and in response to cellular signals. The expression levels, splicing 
variants, post-transcriptional modifications, and subcellular localisation of 
different splicing factors like SR proteins and hnRNPs affect the ratio of 
these factors and regulates splice site choice. When the spliceosome assem-
bles on the RNA, it undergoes conformational changes that are dependent on 
phosphorylation and dephosphorylation of different protein components of 
the spliceosome. These events are regulated and the factors inducing the 
changes are also targets for regulation. 

Regulation of alternative splicing is coupled to transcription. Promoters 
affect exon skipping differently with correlation to the processivity (the abil-
ity to elongate through sites of pause or premature termination) of the po-
lymerase. Transcription factors, factors binding the gene downstream of the 
site of initiation, chromatin structure, and phosphorylation status of the CTD 
can affect alternative splicing by affecting transcription elongation [48, 84]. 

Regulatory elements   

Splicing regulatory elements located in the pre-mRNA are named after their 
location and the effect they have on splicing. Elements located in exons are 
therefore named exonic splicing enhancers (ESE) and exonic splicing silenc-
ers (ESS). The same is applied to intronic elements, therefore named intronic 
splicing enhancers (ISE) or intronic splicing silencers (ISS). Enhancers are 
usually bound by SR proteins and silencers by antagonizing hnRNP proteins. 
SR proteins usually have a positive effect on splice site usage. However, the 
effect of SR proteins on splicing is position dependent; Thus, SR proteins 
binding to an exon results in an activation of splicing whereas binding to an 
intron results in splicing repression [49]. 

ESSs show very little sequence similarity. Each ESS has a core motif that 
is bound by a number of cellular splicing factors like SR proteins or mem-
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bers of the hnRNP family, like PTB (also known as hnRNP I), hnRNP H and 
hnRNP A1. Many ESSs seems to antagonize ESEs and are often located 
downstream of an ESE. In most cases ESSs only functions on suboptimal 
splice sites, which are engaged in alternative splicing. ESSs may inhibit rec-
ognition of an upstream 3´ss and the definition of the exon by inhibiting 
recruitment of splicing factors to the 3´ss or interfering with the binding of 
SR proteins to an ESE [reviewed in 11, 115].  
 

5´ss 3´ss3´ss 5´ss

ESE

SR

U2AF

+
+

+ +
U1

 
 

Figure 4. Exon definition. Interactions between ESE bound SR proteins with com-
ponents of the spliceosome stabilise their binding and stimulates spliceosome as-
sembly. 

Exon definition 

Recognition of splice sites can be strengthened by cross-talk between splic-
ing factors at the splice sites. In higher eukaryotes exons are much shorter 
than introns; exons are usually 145–350 nt, while introns can be 50–100 000 
nt. Because of this difference in size, splicing enhancing interactions are 
more common over the exons than introns.  

By simultaneous interactions with spliceosomal components at both ends 
of the exon, SR proteins bound at an ESE can enhance splice site recognition 
and spliceosome assembly. An SR protein binding to an ESE can interact 
with the U1-70K subunit of the U1 snRNP and help to recruit and stabilise 
the binding of U1 snRNP to the 5´ss of the downstream intron. Simultane-
ously the SR protein can interact with the RS domain of U2AF, stabilizing 
its binding to the pyrimidine tract and the AG dinucleotide at the upstream 
3´ss. By forming these simultaneous interactions and enhancing the recruit-
ment of U1 snRNP and U2AF, the exon is the element that is defined for 
spliceosome assembly and excision of the intron, the so-called exon defini-
tion model [115]. It has also been reported that binding of U2AF65 to the 
pyrimidine tract can promote U1 snRNP recruitment to 5´ss [35]. Exon defi-
nition is important for regulation of alternative splicing. Alternative splicing 
can be regulated by binding of SR proteins to ESE and thereby stimulate 
inclusion of an alternative exon. Mutation of the ESE or binding of hnRNP 
proteins to competing ESS can cause exon skipping.  
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Viruses as model systems 
Viruses are intracellular parasites that are dependent on the host cell and its 
molecular machineries for replication of the viral genome and expression of 
the viral genes. Viruses use different strategies to regulate these cellular proc-
esses. Since viruses are relatively easy to modify and have specific factors that 
can interact with and regulate cellular proteins and complexes, studies of how 
viruses replicates have taught us a lot about transcriptional regulation, pre-
mRNA splicing and regulation of alternative splicing in mammalian cells.  

Adenovirus 

Adenovirus (Ad) is a small non-enveloped, linear double stranded DNA 
virus with a genome of approximately 30–38 kbp, and a coding capacity of 
30 to 40 genes depending on the subtype. Adenoviruses have a wide range of 
mammalian and avian hosts. Human adenoviruses are classified into six 
subgroups (A–F) based on several criteria, among them their ability to ag-
glutinate red blood cells and oncogenic potential in rodents. In this thesis we 
have worked with Ad serotype 2 and 5 (Ad2, Ad5), which are members of 
the non-oncogenic subgroup C, which is widely used in gene regulation and 
gene therapy vector research.  

The infectious cycle of viruses are divided into early phase and late phase, 
separated by viral DNA replication. The adenoviral genes are divided into 
early, intermediate and late genes dependent on when they are expressed 
during the infection cycle, see Figure 5. The early gene products are ex-
pressed when the virus is delivered to the cell nucleus, and continues to be 
expressed at various levels during the entire lytic cycle. There are six early 
pol II transcription units (E1A, E1B, E2A, E2B, E3, and E4). Adenovirus 
can infect resting cells, thus the early genes are needed to force the host cell 
into S-phase, transcriptionally activate other viral promoters to produce viral 
gene products required for replication of the viral DNA, processing of viral 
pre-mRNAs, and evasion of the host cell immune response. There are also 
two RNA polymerase III products expressed from the viral genome, named 
virus associated RNA I and II (VA RNAI and VA RNAII). These RNAs 
form highly stable hairpin structures and are important for the virus to avoid 
the cellular immune-responses triggered by dsRNA: the interferon [70] and 
the RNAi responses [3, 110].  

At the onset of viral genome replication, expression from the intermediate 
pIX and IVa2 promoters produces proteins that have the ability to stimulate 
transcription from the major late promoter, MLP [68, 105]. The MLP drives 
transcription of the major late transcription unit (MLTU; Figure 5), which 
generates more than 20 cytoplasmic mRNAs by alternative polyadenylation 
and alternative splicing of a common pre-mRNA. Most of the late genes are 
structural proteins that build up the virus particle, but some have regulatory 
functions.  
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Figure 5. The Adenovirus genome. Genes expressed during the early phase is la-
belled in red, the intermediate expressed genes in black, and the genes expressed late 
in yellow. Kindly provided by Göran Akusjärvi. 

The major late promoter 

The adenoviral MLP has been extensively studied. The MLP has several 
binding sites for factors that stimulate transcription. The core promoter con-
tains a TATA-box and two upstream activating elements, an inverted CAAT 
box (binding site for CP1, also referred to as CBF/NF-Y) and the upstream 
promoter element (UPE) that interact with the cellular upstream stimulatory 
factor, USF [94] (also named UEF, upstream element factor [75] and MLTF, 
major late transcription factor [18]). The MLP also contains elements down-
stream of the transcriptional start site, the so-called downstream elements 
(DE) (+86 to +116) [47, 64, 69]. The MLP transcriptional activity peaks 
after viral genome replication. This is correlated with an increased rate of 
initiation, which is dependent on virus-induced trans-acting factors, DEF-A 
and DEF-B and their interaction with the DE elements [47, 64, 77]. 

The major late transcription unit 

Most of the adenoviral late genes are transcribed from the MLTU, and are 
spliced from one approximately 29 000 nt long pre-mRNA into more than 20 
cytoplasmic mRNAs by extensive use of alternative 3´ss splicing. The 
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mRNAs are divided into five families with co-terminal 3´ ends. All MLTU 
mRNAs has a common set of three short 5´ leader segments, the tripartite 
leader, that is required for efficient translation in late infected cells. The ex-
pression of MLTU mRNAs, with the exception of the L1-52,55K mRNA, 
takes place after genome replication. The exclusive expression of the 
L1-52,55K mRNA at the early phase is regulated at the level of transcrip-
tional elongation, poly(A) site selection and regulated alternative 3´ss usage. 
Importantly, at a transient stage following the initiation of viral DNA repli-
cation there is selective expression of mRNAs from both the L1 and L4 re-
gions [62]. The significance of this initial expression of L4 mRNAs has been 
unclear until recently [reviewed in 1].  

The L4 region 

Four proteins are expressed from the L4 region of the MLTU. Today, three 
of these proteins have been shown to play important regulatory roles in virus 
replication. Protein pVIII is the only L4 product that today only appears to 
serve as a structural protein. L4-100K has been shown to act as a chaperon, 
enhancing assembly of viral hexon trimers and stimulating translation of 
MLTU mRNAs [41, 109]. In 2004 Farley et al. suggested that L4-33K and 
L4-100K are responsible for the early-to-late shift in protein expression [29]. 
It has also been suggested that L4-33K is required for virus assembly [30, 
31]. The most recently described L4 product is the L4-22K protein. L4-22K 
has been reported to bind both the A-repeats of the packaging element and 
the DE element together with IVa2 [28, 87]. Soon after, L4-33K in addition 
to binding the A-repeat and the DE element was shown to stimulate tran-
scription from the MLP [2].  

Regulation of L1 alternative splicing 

L1 alternative splicing is temporally regulated and is a good model to study 
repression and activation of alternative 3´ss selection. The L1 unit encodes 
two mRNAs, the 52,55K and IIIa mRNAs, which are produced by alterna-
tive 3´ss selection. During the early phase, the proximal L1 3´ss is the only 
splice site that is used, producing the 52,55K mRNA. This selective 52,55K 
mRNA expression is the combined result of an active suppression and the 
absence of a specific activation mechanism of the IIIa 3´ss. 

Upstream of the IIIa 3´ ss there are two regulatory elements, the 49 nt long 
IIIa repressor element (3RE) [49] and the 28 nt long IIIa virus infection-
dependent splicing enhancer (3VDE) [81]. Early during infection hyperphos-
phorylated SR proteins bind to 3RE and suppress IIIa 3´ss usage [49, 50]. The 
suppressive effect of hyperphosphorylated ASF/SF2 on the IIIa 3´ ss usage is 
specific. Thus, a more detailed mutational analysis demonstrated that a con-
served SWQDLKD motif in the ASF/SF2-RRM2 functions as a specific 
splicing repressor domain [24]. In late infected cells the viral E4-ORF4 pro-
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tein releases the block in IIIa splicing by inducing SR protein dephosphoryla-
tion [50]. E4-ORF4 induces this dephosphorylation by association with the 
cellular protein phosphatase 2A (PP2A), mediating simultaneous interaction 
between PP2A and ASF/SF2 [27].  

 

 
 

Figure 6. The splicing pattern of the L1 unit with the splicing regulatory cis-
elements in the IIIa intron. The two adenosine residues that functions as branch site 
are indicated in bold with asterisks. 

The 3VDE acts as a virus infection-dependent splicing enhancer. The 3VDE 
consists of the pyrimidine tract, the branch point and the IIIa 3´AG dinucleo-
tide. This element is the minimal element that is both necessary and suffi-
cient for activation of IIIa splicing in nuclear extracts prepared from adeno-
virus late infected cells (Ad-NE). The IIIa pyrimidine tract is relatively short 
and interrupted, making IIIa splicing inefficient in uninfected nuclear ex-
tracts (NE) with low binding efficiency of the cellular splicing factor 
U2AF65 [81]. The pyrimidine tract of IIIa is important for the virus induced 
splicing activation and the 3VDE and the pyrimidine tract of pV is bound by 
U2AF with a 10-50 times lower efficiency compared to the pyrimidine tracts 
of 52,55K and penton base [80]. It is interesting to note that there is an in-
verse correlation between the strength of the pyrimidine tract and the splic-
ing efficiency in infected versus uninfected nuclear extracts of the late pre-
mRNAs, with the IIIa and the pV pre-mRNAs being the most activated tran-
scripts in infected extracts. Since the 3VDE does not show an enhanced 
U2AF binding in Ad-NE under conditions where IIIa splicing is enhanced 
[81], IIIa splicing might be under control of an U2AF-independent splicing 
enhancing mechanism. This is the major question addressed in this thesis. 
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Viruses regulate splicing 

Many viruses that are dependent on splicing to maximise the output from 
their limited genomes express proteins that regulate splicing. Viral proteins 
can affect splicing directly or target cellular proteins that affect the activity 
of spliceosomal components, for example kinases and phosphatases. Viruses 
that do not depend on splicing can efficiently inhibit splicing to favour 
expression of their own intronless mRNAs.  

Vaccinia virus genes lack introns, and inactivates SR proteins by dephos-
phorylation [43]. Herpes simplex virus has mostly intronless genes. The 
herpes simplex virus ICP27 protein interacts with SRPK1 and modulates its 
localisation and kinase activity. This renders SR proteins hypophosphory-
lated, which downregulates cellular splicing [95]. The human papilloma 
virus E1^E4 protein interacts with SRPK1 and impairs its autophosphoryla-
tion [7]. The E2 protein of some human papilloma viruses interacts with 
components of the spliceosome and SR proteins like ASF/SF2, which may 
be a way to regulate viral splicing [61]. In addition to the E4-ORF4 protein, 
adenovirus expresses two other early proteins that regulate splicing. The E4-
ORF3 protein promotes i-leader inclusion of the tripartite leader, while E4-
ORF6 promotes i-leader skipping [85]. 
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Present investigations  

Paper I 

U2AF-independent splicing in Ad-NE  

U2AF65 interacts with the pyrimidine tract to facilitate the recruitment of U2 
snRNP to the branch point [92]. In introns like AdML (the first intron of the 
adenoviral tripartite leader that is commonly used as a model transcript to 
study splicing) and �-globin, which have strong pyrimidine tracts, addition of 
recombinant U2AF65 is sufficient to activate splicing in U2AF-depleted ex-
tracts. In contrast, binding of U2AF35 to the AG dinucleotide at the 3´ss is 
important for recognition and splicing of weak introns, containing short or 
interrupted pyrimidine tracts. In such introns, U2AF35 stabilises the interac-
tion of U2AF65 with the pyrimidine tract [108]. Splicing of the mouse IgM 
transcript in U2AF-depleted extracts, which has a weak pyrimidine tract, 
requires addition of both U2AF65 and U2AF35 for splicing activation. It is 
interesting to note that addition of high amounts of U2AF65 increases binding 
of the protein to the pyrimidine tract but has no stimulatory effect on IgM 
splicing. Under these conditions, splicing activation of IgM by U2AF35 does 
not correlate with changes in U2AF65 cross-linking to the pyrimidine tract 
[38]. Subsequent studies have shown that the U2AF35 dependency correlates 
with AG dependency [39]. Interaction of U2AF35 and the 3´AG dinucleotide 
is necessary before the first catalytic step of splicing. Also the first nucleotide 
of the second exon is important for U2AF35 binding, with G being more fa-
vourable than C. Peculiarly, U2AF35 simulates spliceosome assembly at a 
step subsequent to U2AF65 binding [39]. 

Earlier studies have shown that there is a big difference in the efficiency 
of splicing when comparing uninfected and adenovirus late-infected nuclear 
extracts. Non-consensus-type introns like IIIa and pV are highly activated in 
Ad-NE whereas consensus-type introns are not stimulated [80]. Taken to-
gether these results have suggested that the spliceosome undergoes major 
changes during an adenovirus infection. The 3VDE in the IIIa intron is the 
minimal element sufficient and necessary to activate a heterologous tran-
script in an in vitro splicing assay in Ad-NE. Further, the critical element 
within the 3VDE for this splicing enhancer activity has been shown to be the 
pyrimidine tract. Therefore it came as a surprise that the increase in IIIa 
splicing in Ad-NE did not correlate with an increased binding of U2AF65 to 
the 3VDE, but rather a diminished U2AF65 binding [81]. Collectively, these 
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results indicated that the splicing enhancer activity of 3VDE might be 
U2AF-independent. In this study we wanted to further study the significance 
of U2AF in Ad-NE splicing.  

By mutating the 3´ss AG/G to GA/C, the second step of splicing is inhib-
ited, but the first step of splicing producing free exon 1 and the exon 2–
intron-lariat intermediate can still occur. In addition, the GA/C mutation will 
also prevent binding of U2AF35 to the 3´ ss and thereby providing an ex-
perimental approach to study the requirement of U2AF35 for the first cata-
lytic step of splicing [39]. To investigate whether IIIa is an AG-dependent 
substrate or not, the 3´ss AG/A nucleotides were changed to GA/C. This 
mutation completely abolished IIIa splicing in nuclear extracts prepared 
from uninfected HeLa cells (NE), suggesting that IIIa is an AG-dependent 
splicing substrate in NE, requiring U2AF35 binding to the 3´ss for spli-
ceosome assembly. On the other hand, splicing in Ad-NE efficiently pro-
duced free exon 1 and exon 2-lariat intermediate, which suggests that IIIa is 
an AG-independent substrate in Ad-NE. We also demonstrated that the weak 
IIIa pyrimidine tract was responsible for the AG-dependency in NE, and that 
its replacement by a strong pyrimidine tract converted IIIa into an AG-
independent substrate also in NE. 

 To examine if there is a viral strategy to enhance splicing of substrates 
with weak 3´ splice sites, we used the mouse IgM transcript, which also has 
been characterized as an AG-dependent substrate. Mutation of the IgM 3´ss 
from AG/G to GA/C (IgM-GA/C) abolished splicing in NE. In contrast, 
incubation of the IgM-GA/C pre-mRNA in Ad-NE resulted in accumulation 
of step 1 splicing intermediates, indicating that IgM had been converted into 
an AG-independent splicing substrate in Ad-NE. This observation supports 
the suggestion that the spliceosome has undergone a major shift in activity 
during the virus infection, and further shows that this shift is not specific for 
viral substrates but also affects cellular transcripts with weak 3´ splice sites. 

Since previous work have suggested an inverse correlation between the 
efficiency of IIIa splicing and the cross-linking of U2AF65 to the IIIa 
pyrimidine tract [80], and furthermore that splicing in Ad-NE seems to be 
U2AF35-independent, we wanted to investigate whether splicing or spli-
ceosome assembly in Ad-NE in fact might be U2AF-independent. For this 
experiment we depleted NE and Ad-NE of the U2AF heterodimer by 
oligo(dT)-cellulose chromatography. To our great disappointment, the IIIa 
splicing in �NE and �Ad-NE was totally abolished and no combination of 
supplementing fractions could restore the splicing activity. This result sug-
gests that IIIa splicing may require one or several additional splicing factors 
that are lost or functionally inactivated during the depletion procedure. Since 
we could not restore IIIa splicing we continued our analysis using the IgM 
pre-mRNA. The IgM transcript resembles the IIIa pre-mRNA in that both 
contain a weak non-consensus type pyrimidine tract and both become AG-
independent transcripts in Ad-NE. Interestingly, incubation of the IgM pre-
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mRNA in �Ad-NE resulted in accumulation of exon 1 and exon 2-lariat 
intermediate. Complete splicing could be restored by addition of eluted 
U2AF. This finding suggests that the first step of IgM splicing is totally 
U2AF-independent in adenovirus-infected extracts, but that the second step 
of splicing requires U2AF. Using the IgM-GA/C transcript, we found that 
accumulation of splicing intermediates was not increased by addition of 
eluted U2AF to the �Ad-NE extract. This result supports our conclusion that 
the first step of IgM splicing is U2AF-independent in Ad-NE.  

To demonstrate that the accumulation of IgM exon 1 in �Ad-NE was due 
to splicing and not a degradation product, we functionally inactivated the U2 
snRNP by incubating the extracts with a DNA oligonucleotide complemen-
tary to the 5´ end of U2 snRNA that induces its degradation by RNase H. In 
addition to in vitro splicing assays, we also studied spliceosome assembly in 
�Ad-NE. The results showed that spliceosomal A complexes assembled on 
the IgM-GA/C transcript in �Ad-NE. Taken together these results suggest 
that IgM-GA/C undergoes the first step of splicing in U2AF-depleted Ad-
NE. In support of our observations, an U2AF-independent spliceosomal E 
complex has been reported, requiring SF1, U1 snRNP and a 5´ss [52]. 

We made an interesting observation while reconstituting 52,55K splicing 
in �NE and �Ad-NE. First, depletion of U2AF from both types of extracts 
completely abolished 52,55K splicing. This is in contrast to IgM splicing, 
which occur in �Ad-NE. Second, addition of recombinant GST-U2AF65 
activated 52,55K splicing in �Ad-NE but not in �NE, suggesting that recon-
stitution of 52,55K splicing in �NE requires additional factors that are de-
pleted with oligo(dT). This additional factor is likely to be U2AF35, which is 
present in the reconstitution competent U2AF elution fraction. Collectively 
these results suggest that 52,55K splicing require both U2AF subunits in 
�NE but only U2AF65 in �Ad-NE. If this reflects the need of U2AF35 for 
stable binding of U2AF65 to the pyrimidine tract or for splicing catalysis 
cannot be answered at the present time. Since U2AF35 is not required for 
IgM or 52,55K splicing in �Ad-NE this further supports our conclusion that 
3´ss recognition in Ad-NE is altered to be U2AF35-independent.  

Paper II 

L4-33K, a virus encoded alternative splicing factor 

L4-33K is a phosphoprotein expressed at the earliest stages of the late phase 
of infection, and is located predominately in the nucleus. The coding regions 
of L4-33K and L4-100K overlap, with the 33K reading frame residing in the 
+1 reading frame of the C-terminal part of 100K [36, 86]. The L4-33K gene 
is unusual among adenovirus genes in that the translational reading frame is 
interrupted by an intron and therefore requires splicing to produce the func-
tional L4-33K mRNA.  
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Previous studies have implicated L4-33K in virus assembly since stop 
codons introduced in the N-terminal part of the L4-33K reading frame re-
sulted in reduction of virus yield [30]. Similarly, introduction of stop codons 
in the C-terminal part of L4-33K was lethal and appeared to exclude infec-
tious virus particle formation [31].  

L4-33K was shown to activate cytoplasmic accumulation of several 
mRNAs from the MLTU in a transient transfection assay [29]. We repro-
duced this result by showing that co-transfection of increasing amounts of an 
L4-33K expressing plasmid resulted in a dose dependent increase in IIIa 
mRNA accumulation. Interestingly, in vitro splicing of an alternative L1 
splicing construct in NE only produced 52,55K mRNA, but addition of re-
combinant L4-33K protein activated the distal IIIa 3´ss in a concentration 
dependent manner, without any significant effects on 52,55K splicing. Taken 
together these results suggest that L4-33K acts at the level of pre-mRNA 
splicing and further implicates L4-33K as a virus-encoded alternative RNA 
splicing factor both in vivo and in vitro. Since the splicing pattern of L1 and 
the level of IIIa splicing activation with L4-33K were approximately the same 
as seen in Ad-NE, we conclude that L4-33K is the minimal viral factor neces-
sary for converting a NE to an extract with the same splicing properties as 
Ad-NE. 

L4-33K primarily activates weak 3´ splice sites 

To study the specificity of L4-33K activation of splicing we used a number 
of different splicing substrates with differences in their 3´ss strength. The 
tested substrates could be divided into three groups based on their respon-
siveness to L4-33K in vitro; strongly activated, weakly activated or non-
responsive substrates. The strongly activated substrates were the late viral 
IIIa, pV and pVII pre-mRNAs. These substrates have non-consensus type 
pyrimidine tracts that have been shown to (IIIa and pV) or expected to 
(pVII) bind U2AF65 inefficiently [80]. The non-responsive substrates contain 
long pyrimidine tracts and most of them are efficiently spliced in NE, sug-
gesting a reasonably good correlation between the strength of the 3´ss and 
L4-33K responsiveness. Splicing of IgM, which we in paper I showed was 
AG-independent in Ad-NE, is actually stimulated by L4-33K in NE. This 
indicates that L4-33K might be the factor, or one of the factors responsible 
for the AG-independent splicing in Ad-NE.  

We next wanted to map the element/s responsible for L4-33K splicing ac-
tivation. We used IIIa-�-globin hybrid constructs, where 3RE and/or 3VDE 
was replaced by the corresponding sequences from �-globin, or inserted into 
a �-globin reporter construct. Importantly, �-globin splicing was found to be 
non-responsive to L4-33K. Therefore, any effect of L4-33K on �-globin 
splicing should be mediated via the IIIa sequence. By using chimeric �-
globin constructs with 3RE or 3VDE we could show that the 3VDE is suffi-
cient to mediate L4-33K splicing activation. Collectively, our results suggest 
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that 3VDE is the major element in the IIIa pre-mRNA mediating the L4-33K 
splicing enhancer phenotype. 

To gain further support that L4-33K activates splicing directly, we studied 
the effect of L4-33K on spliceosome assembly. By addition of recombinant 
L4-33K to NE, A complex formation on the IIIa transcript increased dramati-
cally, and even slower migrating complexes corresponding to spliceosomal 
complex B and C were observed. By oligonucleotide directed RNase H 
cleavage of U2 snRNA, the A complex was indeed confirmed to be U2 
snRNA dependent, and depletion of ATP also eliminated complex formation. 
Taken together these results support our conclusion that L4-33K stimulates 
splicing at an early step of spliceosome assembly. A complex formation was 
observed on the IgM transcript in �Ad-NE (paper I), thus it is possible that 
L4-33K is responsible for the U2AF-independent A complex formation in 
�Ad-NE. Since L4-33K primarily stimulates splicing via the 3VDE and splic-
ing in adenovirus-infected cells appears to be U2AF independent (paper I), 
we hypothesized that L4-33K may be a viral factor that functionally substi-
tutes for U2AF. In such a model one would expect L4-33K to be an RNA 
binding protein. However, since we so far have not been able to detect L4-
33K binding directly to the RNA (unpublished data), it appears likely that L4-
33K acts via a cellular factor that binds or interacts directly with 3VDE. This 
factor, together with L4-33K, is according to the definition the 3VDF (3VDE 
binding factor). Good candidates are proteins depleted by oligo(dT) cellulose, 
like the U2AF65-related factor PUF60 (see paper III).  
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Figure 7. Hypothesis of the L4-33K splicing enhancing mechanisms. L4-33K as a 
part of the 3VDF binding to 3VDE, mediating U2 snRNP recruitment to the branch 
point. 

The cellular component of the 3VDF might be the same factor that binds the 
other responsive pyrimidine tracts, or it could be a different alternative splic-
ing factor that has the ability to interact with L4-33K. L4-33K might stabi-
lise the binding of 3VDF to the 3VDE and thereby enhance 3´ ss recogni-
tion. It is possible that the splicing enhancing mechanism of L4-33K resem-
bles that of the SRm160/300 coactivator proteins. SRm160/300 enhances 
splicing by interaction with SR proteins, U1 and U2 snRNP and a pyrimidine 
tract-binding factor [13]. Another possibility is that the cellular component 
of 3VDF is bound by some inhibitory factor and that L4-33K releases this 
inhibitory protein-protein interaction. 
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We also analysed a rare but naturally occurring splice variant of the 
L4-33K protein, L4-33K-DS, which lacks a region of the well-conserved C-
terminus. We found that this region is essential for the L4-33K splicing en-
hancer phenotype. The DS region of the L4-33K protein contains all RS/SR 
dipeptides of the protein, motifs that are signatures for cellular splicing fac-
tors and splicing related factors. From the mutational analysis we conclude 
that the serine residues of the RS motifs are important for the L4-33K splic-
ing enhancer activity, with S192 being essential and S176, S189 and S196 
having redundant functions.  

L4-33K is not a classical SR protein since it does not complement S100 
extracts in an in vitro splicing assay. However, it may be defined as an 
SR-related protein since it contains a short, atypical RS domain. The SR 
protein-specific kinases Clk/Sty and SRPK1 do not phosphorylate L4-33K, 
further supporting the conclusion that it is not a classical SR protein (our 
unpublished data). 

Paper III 

Characterization of L4-33K in vivo and L1 splicing regulation 

Serines are important for activity and nuclear localisation 

Previously, we showed that the serine residues in the RS repeat are important 
for the splicing enhancing activity of L4-33K in vitro. From a collection of 
mutants with serine to glycine substitutions of the RS repeats, only one sin-
gle mutation (S192G) had a negative effect on the splicing enhancer activity 
of the L4-33K protein. With S192 intact, simultaneous mutation of the other 
RS positions were required to suppress splicing enhancer activity (paper II). 
When we investigated the activity of the SG mutants in vivo, we obtained 
unexpected results. While the S192G mutation killed the splicing enhancer 
activity in vitro, in vivo this mutant retained almost half of its activity. Also 
the triple mutant retained activity in vivo. These results suggest that different 
properties the protein is required for splicing activation in the two systems. 
One can speculate that the serine residues might be directly linked to the 
activity status of the protein, perhaps regulated by phosphorylation. The RS 
domain of L4-33K might be involved in protein-protein interactions, enhanc-
ing the kinetics of the splicing reaction, for which the serine residues as such 
are required. Splicing in the in vivo system occur in living cells and will be 
coupled to be co-transcriptional events, where splicing factors and the com-
ponents of the spliceosome interact with the CTD of the RNA polymerase II 
and assembles on to the pre-mRNA during the transcription process. In sev-
eral reports it has been shown that co-transcriptional splicing is enhanced by 
the CTD and is more efficient than post-transcriptional splicing [9, 42]. 
However, it should be mentioned that the splicing substrates used in the two 
systems are different. In the in vitro system, the pre-mRNA used only has 
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one 3´ss and the 3´ exon is shortened to 35 nt. This exon does not contain 
any characterized enhancers or downstream 5´ss that would make it possible 
for the spliceosome to recognize the exon by exon definition, which most 
probably would increase the splicing efficiency. Exon definition is however 
possible in the in vivo system, where the L1 region is complete with poly(A) 
signals. Poly(A) signals have been shown to increase the efficiency of last 
intron/exon recognition [83]. Therefore, splicing of the IIIa 3´ss in the two 
systems might differ considerably in the mechanism by which they are rec-
ognized. This can be of great importance for the activity of L4-33K, which 
might require different properties in the two different mechanisms.  

A second level of protein activity control is the sub-cellular localisation of 
the protein. We went on to characterize the cellular distribution of the 
L4-33K protein. Using bioinformatic predictions, L4-33K would be expected 
to be cytoplasmic. Previous studies have shown that during a virus infection, 
L4-33K is located in the nucleus and associates with ring-like structures that 
are sites of viral late gene transcription and pre-mRNA processing [14, 36]. 
This indicates that other viral factors are responsible for the nuclear localisa-
tion of L4-33K. Our results showed that L4-33K localised to the nucleus also 
in transient transfections. However, the L4-33K-DS mutant was predomi-
nantly localised in the cytoplasm while the SG mutant proteins were located 
both in the nucleus and the cytoplasm. The importance of the serine residues 
for the nuclear localisation of the protein is implied by the discrete differ-
ences in distribution of the L4-33K-S192G protein, which was detected both 
in the nucleus and in the cytoplasm, and the L4-33K-S176,189,196G protein, 
which was mainly located in the cytoplasm with some detection also in the 
nucleus. This is manifested by the observation that the L4-33K-DS protein 
lacking all serines was located in the cytoplasm. Therefore we conclude that 
there is a nuclear localisation signal (NLS) in the DS region, and that the 
serine residues cooperatively act together as important components of the 
NLS. It is interesting to note that the RS domain of cellular SR proteins act as 
a phosphorylation dependent NLS. Although L4-33K does not act as a classi-
cal SR protein (see paper II), the RS repeat might contain some of the func-
tions similar to the RS domain of SR proteins. 

The search for 3VDF 

By overexpressing cellular 3VDF candidate proteins we hoped to find the 
cellular factor that interacts with 3VDE and L4-33K. The hypothesis was 
that by overexpression of the cellular 3VDF component, the splicing effi-
ciency of IIIa would increase, at least in the presence of L4-33K. U2AF65 
has been shown to bind 3VDE inefficiently also under conditions of efficient 
splicing [81]. The hypothesis predicts that another pyrimidine tract binding 
protein might interact with the 3VDE. The main candidate proteins belong to 
the family of U2AF-related proteins. However, none of the tested proteins 
(U2AF65, PUF60, Caper �, and Caper �) were able to increase the effect of 
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L4-33K on IIIa splicing, suggesting that they are not the cellular component 
of the 3VDF complex. It is possible that the endogenous amount of the cellu-
lar 3VDF component is not limiting the efficiency of L4-33K in our extracts, 
and hence we would not be able to see any stimulatory effect.  

Regulation of the IIIa 3´ splice site 

Cis-competition between the 52,55K and the IIIa 3´ss has not been regarded 
as necessary for the temporal activation of IIIa splicing. While IIIa splicing in 
vitro is efficiently repressed in the absence of the 52,55K 3´ss [57], it has 
been shown to be somewhat activated in transient transfections when the 
52,55K 3´ss is absent, but not to the same level as in late-infected cells [25]. 
In our assays, deletion of the 52,55K 3´ss resulted in a constitutive IIIa splic-
ing activity that equalled what was observed in the wild type L1 reporter acti-
vated by L4-33K. In this construct, IIIa splicing was only enhanced 1.5-2 fold 
by co-transfection with L4-33K, indicating that the IIIa splicing efficiency 
was close to maximal already in the absence of L4-33K. Thus, IIIa splicing 
indeed seems to be actively repressed by an upstream 3´ss in vivo. By replac-
ing the 52,55K 3´ss with the �-globin 3´ss, we restored the regulation of IIIa 
splicing. This implies that an upstream splice site can down regulate IIIa 
splicing and restore its responsiveness to L4-33K. If the response to L4-33K 
is due to low basal splicing or if L4-33K preferentially activates distal splice 
sites is not possible to determine from these set of experiments. Preliminary 
results suggests that both distal and proximal splice sites can be activated by 
L4-33K, however we can not at the present time conclude whether this is 
dependent on low basal splicing efficiency of the activated splice site. 

Paper IV 

Adenovirus L4-22K stimulates transcription  

L4-22K is a protein translated from an mRNA that is spliced to the same 3´ss 
as the L4-33K mRNA, but retains a downstream intron that is spliced away in 
the L4-33K mRNA. The two proteins are translated using the same transla-
tional start codon. Therefore the two proteins share the first 105 N-terminal 
amino acids, but due to the frame shift induced by the removal of the internal 
intron from the L4-33K mRNA, the proteins has unique C-terminal sequences 
[87]. Both proteins have been implicated in packaging of the viral genome and 
transcriptional enhancement of the MLP [2, 28, 30, 31, 79, 87].  

Sequence homology between the A-repeats of the packaging element (con-
sensus 5´-TTTGN8CGNC-3´) and the DE elements of the MLP, along with 
mobility shift and competitions assays have suggested that the complexes 
bound at the two elements contain some of the same proteins. Indeed, IVa2 
has been shown to bind both the A-repeats [113] and to the DE elements 
[105]. The identity of the protein complexes that binds to the DE elements 
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has been of great interest and when purified was termed DEF-A and DEF-B 
interacting with DE1 and DE2a, and DE2b, respectively [47, 77]. DEF-B was 
found to be a homodimer of the adenoviral IVa2 protein, while DEF-A is a 
heterodimer of IVa2 and an unidentified protein with transcriptional enhancer 
activity [67, 105]. Both L4-22K and L4-33K has been suggested as DEF-A 
candidates based on their binding to the A-repeats and the DE elements [2, 
87], and their ability to stimulate MLP transcription [2, 79]. Hence, we were 
interested to determine whether L4-33K or L4-22K functioned as the tran-
scription factor activating the MLP, or if they have overlapping functions. 

To investigate the transcriptional stimulatory effect of the L4 products we 
used a luciferase reporter driven by the MLP containing all the characterised 
upstream and downstream regulatory sequences. By using cDNA expression 
constructs expressing both L4-22K and L4-33K, or constructs with a prema-
ture stop codon in either reading frame, we found that only constructs able to 
express full-length L4-22K could stimulate MLP transcription. We further 
strengthened this observation by using in vitro transcription assays with re-
combinant L4-22K and L4-33K proteins. The results showed that L4-22K 
but not L4-33K stimulated transcription from the MLP promoter. Interest-
ingly, a virus lacking L4-22K have dramatically reduced expression levels of 
pIX and IVa2 proteins [79]. We also found that transcription from the inter-
mediate pIX promoter was stimulated by L4-22K. This is an interesting ob-
servation because pIX has been shown to stimulate MLP transcription [68], 
and IVa2 is required for the dramatic transcriptional activation observed 
during the late phase of infection [67, 77, 105]. The finding that L4-22K also 
stimulates transcription from the pIX promoter suggests that L4-22K may 
have the potential to greatly stimulate the MLP activity by a feed-forward 
mechanism. Hence, expression of L4-22K stimulates MLP transcription and 
would thereby be expected to increase its own expression. This adds to the 
complexity of regulation and feed-forward stimulation of adenoviral gene 
expression. The observation that the other promoters tested (E1A, E1B, E4 
and VA RNA I) were not stimulated by L4-22K strengthens the conclusion 
that the stimulation of MLP and pIX transcription is specific.  

The experiment described above was done in the absence of the viral 
IVa2 protein. IVa2 stimulates cooperate binding of the second DEF-A factor 
that is required for transcription stimulation [2, 77, 105]. We therefore tested 
if IVa2 could enhance the transcriptional activation capacity of the L4 pro-
teins. Co-transfection of IVa2 with L4-22K did enhance transcription, but 
only moderately as the activation was increased from approximately 4 fold 
to 6 fold. This is a very low stimulation compared with the observations in 
late phase infected cells [64]. Therefore we conclude that IVa2 does not 
contribute significantly to the stimulatory effect of L4-22K on MLP activity. 
IVa2 was not able to enhance transcription alone or together with L4-33K, 
supporting our conclusion that L4-33K is not the DEF-A component that 
enhances MLP transcription.  
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DEF-A acts via the DE elements so we wanted to test whether L4-22K 
stimulation of MLP transcription was dependent on the DEF binding se-
quences. First we deleted the DE elements and found 1.5-2 fold stimulation 
by L4-22K in the absence of the DE elements. This residual activation is 
low, which indicates that L4-22K primarily stimulates MLP transcription via 
the DE elements. Interestingly, in addition to the DE elements, a partially 
protected element upstream of the DE sequences has been observed [64]. 
This element could be responsible for the residual activation by L4-22K. In 
vitro experiments have suggested that the DE elements and the UPE se-
quence cooperatively stimulate MLP transcription [76]. By using a reporter 
construct with a mutated UPE element, we found that as reported before, 
UPE is important for basal transcription activity, but mutation of the element 
did not reduce the activation capacity of L4-22K. 

By using a fusion protein of L4-22K and the DNA binding domain of bo-
vine papilloma virus type 1 E2 protein (BPV1 E2), we wanted to test if DNA 
binding of L4-22K was sufficient for transcription activation in the absence 
of the DE elements. The L4-22K/E2 fusion protein was able to stimulate 
transcription from the wild type MLP reporter, but did not stimulate the 
MLP reporter lacking the DE elements. This showed that the fusion protein 
as such was active and had the same properties as the wild type protein. 
When a BPV1 E2 binding site replaced the DE elements, transcription was 
efficiently activated. Also when the BPV1 E2 binding site was located at a 
position 200 bp upstream of the transcriptional initiation site, transcription 
was stimulated. Taken together these results suggest that binding of the L4-
22K protein to the MLP promoter is required for its activity. The observation 
that the L4-22K/E2 fusion protein activates the MLP promoter with E2 bind-
ing site more efficient than the normal MLP with the DE elements, suggests 
that the fusion protein interacts more stably with DNA. Furthermore, the 
increase of transcription that were observed when IVa2 and L4-22K were 
cotransfected, suggests that the interaction of L4-22K with the DE elements 
was stabilised, supporting L4-22K as a DEF-A candidate. However, the in-
crease in transcription was not as great as expected. Interestingly, binding of 
L4-33K to the DE elements and stimulation of MLP transcription has been 
shown to be efficient also in the absence of IVa2 [2]. It should be mentioned 
that Ali et al. performed many experiments identical to ours, but came to a 
different conclusion regarding the identity of the L4 protein that stimulated 
MLP transcription [2]. They used an expression vector containing the ge-
nomic DNA sequence for L4-33K that also has the possibility to express L4-
22K. Even though they showed that their construct did not express detect-
able levels of the L4-22K mRNA in the cytoplasm, and that L4-22K protein 
specific fragments in the mass spectrometry analyses could not be detected, 
it is not excluded that a low amount of L4-22K protein was expressed. In 
support of such reasoning, it has been reported that the relative amount of 
L4-22K protein compared with L4-33K protein is low in infected cells [87].  
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One promoter that was not stimulated by L4-22K was the E1A promoter. 
This was unexpected since there are seven A-repeats upstream of the E1A 
initiation site. The A-repeats does contain binding sites for the L4-22K pro-
tein, but it has been shown by different groups that L4-22K binding to the A-
repeats requires IVa2 [28, 87]. To begin to investigate whether transcription 
activation by L4-22K was promoter specific or if it was sufficient to tether 
the proteins to a promoter, we used an adenoviral E1B-CAT reporter with an 
E2 binding site, and the natural BPV1 promoter driving a luciferase gene 
(BPV1URR-Luc). The E1B promoter was not activated in vitro by the re-
combinant L4-22K protein, but the E2-E1B-CAT reporter was stimulated 
approximately 3.5-fold by co-transfection with the L4-22K/E2 fusion pro-
tein. On the contrary, the L4-22K/E2 fusion protein did not stimulate the 
BPV1URR-Luc reporter. This result suggests that L4-22K requires addi-
tional DNA elements or factors at the promoter to stimulate transcription 
besides its own binding to the promoter.  
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Conclusions and future plans 

In this thesis we show that splicing in Ad-NE is U2AF35-independent, and 
that splicing of certain weak introns are U2AF65-independent. We find that 
L4-33K activates splicing of weak pyrimidine tracts of both viral and cellu-
lar origin. IIIa splicing is mainly activated by L4-33K via the 3VDE, an acti-
vation that appears to require a cellular component for RNA interaction. 
Also, our data suggests that L4-33K is the only viral component necessary 
for the activity of the splicing enhancer complex we refer to as the 3VDF. 
Furthermore, we show that the serine residues in the DS domain of L4-33K 
are important for splicing enhancing activity and for the nuclear localisation 
of the protein. We also found that the U2AF-related splicing factors tested 
did not behave as expected of the cellular 3VDF component. We show that 
L4-22K but not L4-33K act as a transcription factor stimulating transcription 
from the MLP and pIX promoters. The transcription stimulation is independ-
ent of the adenoviral IVa2 protein.  

Adenovirus encodes for many proteins with an ability to take control over 
cellular machineries and use them for enhancing virus growth. The L4 region 
encodes two interesting products that seem to be key players in the early-to-
late shift of gene expression [29] by enhancing transcription from the MLP 
[2, 79] and shifting substrate preference of the spliceosome (paper I and paper 
II). Efforts of understanding the selective expression from the L4 region at 
the onset of viral genome replication would bring further knowledge about 
yet another level of temporal, selective gene expression. This regulation must 
in part be at the level of poly(A) site usage and transcriptional elongation. 
Expression of L4-22K increases expression of the pIX and the IVa2 proteins 
[79]. pIX can stimulate transcription from the MLP [68] and IVa2 has been 
shown to stimulate MLP transcription during the late phase of infection [105]. 
The observation that transcription from the pIX promoter is stimulated by L4-
22K suggests that pIX might be needed for the large transcriptional enhance-
ment from the MLP observed at the late phase of infection. Stimulation of 
transcription from the MLP would increase expression also of the more ex-
tensively spliced L4-33K mRNA. L4-33K can then in addition to activating 
splicing of its own mRNA, activate splicing of other weak splice sites of the 
MLTU and generate production of viral capsid proteins. In addition to tran-
scriptional enhancement, L4-22K has been associated with the packaging 
element, playing a second important role in the viral life cycle. 
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Ongoing projects connected to the work in this thesis are characterisation 
of the L4-33K and L4-22K proteins. The mechanism by which L4-33K is 
activating IIIa splicing is under investigation. By isolation of L4-33K acti-
vated spliceosomes we hope to learn if L4-33K is a stable component of the 
spliceosome, or if it acts in a hit-and-run mechanism. The isolation of spli-
ceosomes will hopefully also give answers about the cellular component of 
3VDF and if U2AF is a component of these spliceosomes. In addition, we 
hope to identify 3VDF candidates.  

Beside a role in genome packaging and the ability to stimulate transcrip-
tion, not much is known about L4-22K. We want to characterise the DBD 
and the TAD domains of L4-22K. Although the DE elements seems to be the 
natural DNA binding elements for L4-22K, some transcriptional stimulation 
still remain in their absence. Mapping L4-22K binding sites will show if 
there are other binding sites within the promoter that contributes to the tran-
scriptional stimulation. Elements that infer promoter specificity will be of 
great interest. Transcription from the E1A promoter will be investigated 
further to see if it is binding deficiency of L4-22K in the absence of IVa2 or 
lack of some other DNA elements that rendered E1A transcription unrespon-
sive. The future holds many interesting answers.  
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