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AbstractAbstractAbstractAbstract    
When eucaryotic genes are expressed, they are transcribed into pre-mRNAs (precursor-

mRNAs) that need extensive processing before they can be exported from the nucleus as mRNAs 
and translated into proteins in the cytoplasm. One central processing event is splicing, which 
means removal of intervening, non-coding sequences, introns and joining of functional 
sequences, exons. Splicing involves more than 50 different proteins and five snRNAs (small 
nuclear RNAs) that together form the active splicing complex, the spliceosome.  

This thesis focuses on how splicing is temporally and spatially coupled to transcription inside 
the intact cell nucleus. The model gene is BR3 (Balbiani Ring 3) which has 38 introns and is 
highly expressed in the salivary glands of the dipteran Chironomus tentans. Using 
microdissection of the nascent BR3 transcripts and RT-PCR (reverse transcription coupled to 
polymerase chain reaction), we have shown that splicing is closely coupled to transcription in 
vivo. Once an intron has been transcribed, the splicing machinery recognizes it and starts to work. 
There is a general 5´ to 3´ polarity of splicing; i.e., introns that are transcribed early are 
cotranscriptionally excised to a higher extent than introns that are transcribed late. However, a 
given intron is influenced by various local properties, meaning that neighboring introns can be 
removed in a non-random, non-5´ to 3´ order.  

We have further reconstructed the 3D structure of the active BR3 gene with electron 
tomography. Using antibodies against RNA polymerase II and a splicing factor, U2 snRNP (U2 
small nuclear ribonucleoprotein), we found that both are present in the same, dynamic complex. 
We call these complexes NTS complexes for nascent transcript and splicing complex. As the 
NTS complex moves along the gene there are extensive changes in overall shape, substructure 
and molecular mass (4.6-7.3 MDa) within it. Maximally one complete spliceosome is assembled 
on the multi-intron transcript at a given timepoint and the spliceosome is not a structurally well 
defined unit in situ but rather a functional entity. During transcript elongation, spliceosomal 
factors are probably continuously added to and released from the NTS complex. A full cycle of 
spliceosome formation and catalysis takes place in less than 25 seconds. 

Finally, we have cloned and characterized a novel SR-like protein, Ct-RSF (Chironomus 
tentans Repressing Splicing Factor). SR (Serine-Arginine rich) proteins are splicing factors 
important for both constitutive and alternative splicing. In contrast to SR proteins, Ct-RSF 
represses in vitro splicing. Ct-RSF represses an early step of spliceosomal formation. In vivo, Ct-
RSF binds extensively to BR1 and BR2 (Balbiani Ring 1 and 2 respectively) pre-mRNAs, which 
mainly consist of exon sequences, and little to BR3 pre-mRNA, half of which are introns. In 
contrast, the splicing factors U1 and U2 snRNPs bind more to BR3 than to BR1 and BR2 pre-
mRNAs. Our hypothesis is that Ct-RSF binds to exons sequences and represses splicing at cryptic 
splice sites. 

 

 
Keywords: Gene expression, pre-mRNA processing, transcription, in situ, electron tomography 
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AbbreviationsAbbreviationsAbbreviationsAbbreviations    
 
2D   2-Dimensional 
3D   3-Dimensional 
ASF/SF2  Alternative Splicing Factor / Splicing Factor 2 (SR protein) 
BBP   Branch-point binding protein 
bp   basepairs 
BR1   Balbiani Ring 1 
BR2   Balbiani Ring 2 
BR3   Balbiani Ring 3 
COMET  Constrained Maximum Entropy Tomography 
CPSF   Cleavage and Polyadenylation Specificity Factor 
CstF   Cleavage stimulation Factor 
CTD   C-Terminal Domain (of RNA polymerase II) 
Ct-RSF  Chironomus tentans-Repressing Splicing Factor 
dsx   doublesex 
ESE   Exonic Splicing Enhancer 
fru   Fruitless 
GRS domain Glycine-Arginine-Serine rich domain 
hnRNP   heterogenous nuclear ribonucleoprotein  
kb   kilobasepairs  
kDa   kiloDalton 
MDa   MegaDalton 
mRNA  messenger RNA 
nm   nanometer 
NTS complex Nascent Transcript and Splicing complex 
PRE   Purine-Rich Enhancer 
pre-mRNA  precursor-messenger RNA 
pre-mRNP  precursor-messenger ribonucleoprotein 
PTB   Polypyrimidine Tract Binding protein  
RBD   RNA Binding Domain 
RBP1   RNA Binding Protein 1 (SR protein) 
RNA pol II  RNA polymerase II 
RNA pol IIA RNA polymerase II, hypophosphorylated 
RNA pol IIO RNA polymerase II, hyperphosphorylated 
RNP   Ribonucleoprotein 
RS domain  Arginine-Serine rich domain (of SR proteins) 
RT-PCR  Reverse transcription - Polymerase Chain Reaction 
S   Svedberg 
SCAF   SR-related CTD-Associated Factor 
SELEX  Systematic Evolution of Ligands by Exponential enrichment 
SFC   Splicing Factor Compartment (speckles) 
SR protein  Serine-Arginine rich protein 
Sxl   Sex-lethal 
TF   Transcription Factor 
Tra   Transformer 
Tra2   Transformer 2 
U snRNA  Uridine-rich small nuclear RNA (U1, U2, U4, U4atac, U5, U6, U6atac, U11, U12) 
U snRNP  Uridine-rich small nuclear ribonucleoprotein  
U2AF   U2 snRNP Auxiliary Factor  
UTR   Untranslated Region 
Å   Ångström (0.1 nm) 
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Populärvetenskaplig sammanfattningPopulärvetenskaplig sammanfattningPopulärvetenskaplig sammanfattningPopulärvetenskaplig sammanfattning 
Arvsmassan och generArvsmassan och generArvsmassan och generArvsmassan och gener    

Nyligen annonserades under stor uppståndelse att människans arvsmassa (även kallad genom) 
var fullständigt kartlagd. Detta var en milstolpe som kunde jämföras med den första 
månlandningen. Dock har arvsmassan successivt kartlagts och studerats under mycket lång tid. I 
mitten av 80-talet initierades HUGO-projektet av forskare från en rad olika länder. HUGO´s mål 
var att kartlägga människans (och andra organismers) arvsmassa och sprida informationen i 
samma stund som den blev tillgänglig.  

Arvsmassan innehåller gener och innehåller alla instruktioner som behövs för att bygga celler, 
vävnader, organ, och organismer. Den är uppbyggd av DNA-kedjor organiserade i kromosomer, 
se figur 1. Gener är en del av DNA-kedjan och de kodar för proteiner (se mera nedan). 
Byggstenarna i DNA-kedjan kallas baser och benäms A, T, G, och C och det är deras 
ordningsföljd som har kartlagts. Alla celler i en organism innehåller identisk arvsmassa. Vilken 
typ av cell som bildas beror på vilken delinformation, dvs vilka gener, i arvsmassan som 
aktiveras i en given cell. Att aktivera (uttrycka) gener, kallas genexpression och är en 
grundläggande molekylärgenetisk process. Processen är likadan i alla organismer, från encelliga 
bakterier till komplexa multicellulära organismer såsom människa. Flera nobelpris har delats ut 
för viktiga upptäckter inom genexpressionforskningen. År 1993 fick två amerikanska forskare 
medicinpriset för sina upptäckter rörande geners komplexa struktur och splitsningsprocessen som 
sker när gener aktiveras (se mera nedan). Denna avhandling handlar om splitsningsprocessen. 
 

 
 
Figur 1: Arvsmassan och gener. 
Arvsmassan är organiserad i kromosomer. En kromosom innehåller en DNA-kedja. Generna är en del av DNA 
kedjan och de kodar för proteiner. 

En stor mängd olika organismer används som modellsystem för att studera genexpression. 
Vanligt använda modeller är bl a bakterien Escherichia coli, jästsvampen Saccharomyces 
cerevisiae, växten Arabidopsis thaliana, bananflugan Drosophila melanogaster, rundmasken 
Caenorabditis elegans, olika virus, musen samt odlade mänskliga celler. Dessa har olika för och 
nackdelar men tillsammans har de bidragit till att öka den molekylärgenetiska förståelsen 
avsevärt. Forskning inom molekylärgenetik kan användas till att förutsäga egenskaper hos gener, 
studera aktiveringen av gener, samt att kunna förstå och förhoppningsvis kunna bota genetiska 
sjukdomar och sjukdomar som utspelas på molekylär nivå.  
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GenexpGenexpGenexpGenexpression och splitsningression och splitsningression och splitsningression och splitsning    
Gener kodar för proteiner. Aktivering av en gen innebär att cellen producerar proteinet. Detta 

sker i en flerstegsprocess, se figur 2. Först kopieras genen till en pre-mRNA-molekyl genom 
transkriptionsprocessen. Ett enzym som heter RNA-polymeras II kopierar DNA till pre-mRNA. 
Gener består av funktionella bitar som kallas exoner och mellanliggande bitar som kallas 
introner. I genomsnitt är en mänsklig gen uppdelad i 8 exoner. Genom en process som kallas 
splitsning (eng. splicing), klipps introner bort från pre-mRNAt, exoner splitsas samman och en 
budbärarmolekyl, så kallad mRNA-molekyl, bildas. Splitsningsprocessen kräver många 
komponenter, de viktigaste kallas snRNP och SR-proteiner som tillsammans bildar det så kallade 
splitsningskomplexet, �spliceosomen�. Både transkription och splitsning sker i cellkärnan, där 
arvsmassan finns. mRNA-molekylerna transporteras ut ur cellkärnan till cytoplasman där de 
översätts till proteiner genom translationsprocessen. Translationen sker med hjälp av ribosomer. 
Proteiner är cellens �arbetare�. De har många olika uppgifter. Proteiner kan, t ex i form av 
enzymer, delta i kemiska reaktioner. I form av hormoner och signalsubstanser kan de signalera 
mellan celler. Proteiner kan även delta i uppbyggnaden av olika strukturer inom celler; såsom 
transportkanaler mellan cellkärnan och cytoplasman, samt utanför celler; såsom 
byggnadsmaterial mellan hudceller.  
 

 
 
Figur 2: Genexpression � aktivering av en gen.  
Exoner i DNA, pre-mRNA och mRNA är fyrkanter och introner i DNA och pre-mRNA är mellanliggande horisontella 
streck. Se text ovan för mera 

Det kan tyckas väldigt onödigt av cellen att först transkribera ett långt pre-mRNA som sedan 
klipps ner till mRNA genom splitsningsprocessen. Detta är särskilt anmärkningsvärt med 
vetskapen om att medellängden av introner i människa (1000-tals baser) oftast är 10 gånger 
längre än medellängden av exoner (100-tals baser). Det finns dock fördelar med detta, främst 
genom att det ger cellen en stor flexibilitet i finjustering av genexpression. Detta sker genom 
alternativ splitsning, där olika exonkombinationer kan sättas ihop. En specifik pre-mRNA-
molekyl (kopian av en enskild gen) kan sålunda ge upphov till ett flertal olika mRNA molekyler 
som i sin tur kodar för olika proteiner (vilka ofta har liknande men ändå olika molekylära 
egenskaper). Alternativ splitsning är mycket vanligt och i människa bildar nästan 60% av generna 
minst 3 olika splitsningsprodukter. Människans arvsmassa innehåller mellan 30-40.000 gener. 
Bananflugan har ca 13.000 och rundmasken ca 19.000 gener. Man tror att mycket av den ökade 
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komplexiteten hos högre organismer (som människa) kan bero på denna flitiga användning av 
alternativ splitsning.  

Genom att preparera fram olika cellextrakt har man kunnat rena upp och karakterisera olika 
komponenter som behövs för splitsningsprocessen. Det är en komplicerad procedur att med 
precision och specificitet känna igen intronet, klippa bort det samt splitsa samman exonerna. 
Spliceosomen innehåller bl a 50 olika proteiner. Dock är kunskapen om vad som faktiskt sker 
inuti levande celler, in vivo, fortfarande bristfällig. Vi har använt oss av ett unikt modellsystem, 
vilket möjliggör studier av splitsningsprocessen inuti hela celler.  

I denna avhandling har jag studerat splitsning av pre-mRNA. Jag har studerat hur splitsning 
förhåller sig till transkriptionsprocessen, dvs hur bildandet och splitsningen av pre-mRNA är 
relaterade till varandra. Genom högupplösningselektronmikroskopi har jag kunnat återskapa 3D-
strukturen av aktiva gener, genom att bokstavligen titta på gener i mikroskopet. Slutligen har jag 
också försökt förstå ett enskilt proteins roll i splitsningsprocessen. 
 

Mygglarver och spottkörtlarMygglarver och spottkörtlarMygglarver och spottkörtlarMygglarver och spottkörtlar 
Vi använder fjädermyggslarver (Chironomus tentans) som modellsystem för att studera 

splitsningsprocessen. Larverna har en speciell egenskap som vi utnyttjat, nämligen att 
spottkörtelscellerna är ovanligt stora celler. Celler är vanligtvis mycket små (ca 0,01 millimeter), 
men eftersom larven behöver producera stora mängder silkesprotein till sin puppa är dess 
spottkörtelsceller förstorade (ca 0,1-0,2 millimeter). Vanligtvis växer celler genom att arvsmassan 
först fördubblas och cellen sedan delas i två delar med halva nya arvsmassan var. I 
spottkörtelscellerna har arvsmassan fördubblats 12 till 13 gånger utan någon celldelning (kallas 
polytenisering). Detta ger mellan 8.000-16.000 kopior av DNA kedjorna vilket gör att förutom 
cellerna så är också cellkärnan och kromosomerna stora och lätt synliga i vanligt ljusmikroskop. 
Tre gener är särskilt aktiva i spottkörtlarna. De kallas Balbiani Ring 1, 2, och 3 (BR1, BR2, BR3) 
efter sin upptäckare Balbiani. För mer än 100 år sedan såg han uppluckringar på kromosomerna 
som såg ut som ringar, därav namnen. Dessa �puffar� är platsen för aktiva gener, dvs där DNA 
kopieras till pre-mRNA genom transkription. Jag har fokuserat på BR3-genen. Den består av 39 
exoner och 38 introner. 
 

Mikrodissektion och PCRMikrodissektion och PCRMikrodissektion och PCRMikrodissektion och PCR    
Eftersom spottkörtelscellerna är så stora och man klart kan utskilja kromosomerna och 

enskilda gener, kan man genom mikrodissektion isolera aktiva gener. Genom att använda ett 
vanligt ljusmikroskop kan man lokalisera generna och med hjälp av finkänsliga �joysticks� styra 
tunna glasknivar och skära ut de aktiva BR3-puffarna. Dessa puffar innehåller BR3-genen (DNA) 
samt de växande BR3-pre-mRNA. Molekylärbiologiska metoder används för att rena upp pre-
mRNA och studera dess struktur med avseende på närvaro eller frånvaro av introner. Upprenat 
pre-mRNA kan, med hjälp av isolerade enzymer, omvandlas till DNA och sedan mångfaldigas 
med hjälp av PCR-metoden för att slutligen analyseras med avseende på struktur. PCR-metoden 
är mycket använd metod för att mångfaldiga och studera DNA. 
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Elektrontomografi och 3D strukturElektrontomografi och 3D strukturElektrontomografi och 3D strukturElektrontomografi och 3D struktur    
För att studera celler används ofta ljusmikroskop (vanligvis mellan 200-1.000 gångers 

förstoring). För att studera preparat i ännu högre upplösning kan man använda 
elektronmikroskop. I elektronmikroskopet används en elektronstråle istället för en ljusstråle. 
Fördelen är att detta möjliggör en mycket högre förstoring (vanligvis mellan 20.000-50.000 
gångers förstoring). Nackdelen är att elektronstrålen är mycket energirik och därmed lätt 
bombarderar sönder preparatet. Trots detta är elektroner dåliga på att penetrera material, så 
preparat för elektronmikroskopi måste vara mycket tunna (50-100 nanometer, dvs miljondels 
millimeter). Dessutom kräver elektronerna vakuum, vilket gör att man inte kan titta på levande 
celler. Genom att vinkla preparatet och ta fotografier från olika vinklar, kan man samla in en så 
kallad tiltserie. Denna består av data från olika projektioner av preparatet som används för att 
återskapa den tredimensionella strukturen. Detta kallas elektrontomografi. Med hjälp av denna 
metod kan man undersöka 3D-strukturen hos enskilda molekylärbiologiska komplex inuti 
fixerade celler (kallas in situ). I mitt fall har jag studerat den aktiva BR3 genen, dvs DNA kedjan 
med växande pre-mRNA. 
 

Rening och karakterisering av nya proteinerRening och karakterisering av nya proteinerRening och karakterisering av nya proteinerRening och karakterisering av nya proteiner    
För att studera själva mekanismen som reglerar och utför splitsningen, är det vanligt att man 

återskapar in vitro system. In vitro betyder �i glas�, dvs provrör och inte inuti levande celler. 
Mekanismstudier kräver att man isolerar de enskilda komponenterna, t ex proteiner, som är 
involverade. För splitsningsprocessen behövs ca 50 olika proteiner. Dessutom tillkommer ett 
flertal proteiner som reglerar enskilda alternativa splitsningshändelser. Vi har använt olika 
biokemiska och cellbiologiska metoder för att hitta och studera ett protein, Ct-RSF, som är 
involverat i splitsning. 
 

ResultatResultatResultatResultat    
Vi har kunnat visa att splitsningen är närmare sammankopplad med transkriptionen än tidigare 

trott. Genom mikrodissektion-PCR undersökte vi pre-mRNA som höll på att bildas och vi kunde 
visa att så fort ett intron transkriberades kändes det igen och togs bort. Den aktiva BR3-puffen 
bestående av DNA, växande pre-mRNA och splitsningskomponenter studerade vi med hjälp av 
elektrontomografi. Vi har visat för första gången att växande pre-mRNA bildar mycket 
dynamiska komplex tillsammans med splitsningskomponenter. Vi kallar dessa NTS-komplex. De 
sitter med jämna mellanrum längs genen och samordnar fysiskt de två processerna transkription 
och splitsning. Inuti NTS-komplexen sker en mycket snabb igenkänning och borttagning av 
intron samt splitsning av exon. Komponenter som använts för att ta bort ett tidigare intron 
återanvänds troligen direkt igen. Vi föreslår att enskilda mänskliga gener splitsas på ett liknande 
sätt. Slutligen har vi isolerat och studerat ett protein som vi kallar Ct-RSF. Proteinet har många 
biokemiska egenskaper gemensamt med proteiner som stimulerar splitsning. Ct-RSF verkar dock 
snarare ha en hämmande effekt på splitsning in vitro, vilket indikerar att det fungerar som ett 
�balansprotein�. Detta innebär att det förhindrar att splitsning sker på fel plats. Denna avhandling 
har betydelse för förståelsen av samordningen av de två processerna transkription och splitsning 
samt genreglering via alternativ splitsning. 
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mRNA Synthesis and ProcessingmRNA Synthesis and ProcessingmRNA Synthesis and ProcessingmRNA Synthesis and Processing    
RNA polymerase II (RNA pol II) transcribes eucaryotic genes into pre-mRNAs (precursor-

messenger RNA). During transcription, several RNA binding proteins bind directly to the 
growing pre-mRNA, forming a pre-mRNP (precursor-messenger ribonucleoprotein). These pre-
mRNAs need extensive processing before they become mature mRNAs that can be exported from 
the nucleus and translated into functional proteins in the cytoplasm. The processing events 
include capping of the 5´ end, splicing, and cleavage and polyadenylation at the 3´ end. Splicing 
is the process where introns (intervening sequences) are excised and exons ligated. Split genes 
were discovered 1977 (Berget et al., 1977; Chow et al., 1977) and since then extensive 
biochemical studies in HeLa extracts and genetic studies in yeast have contributed to our 
understanding of the process. However, less is known about the in situ situation, like how 
splicing is coupled to other processes inside the nucleus. More and more data, including work in 
this thesis, indicate extensive interactions between the synthesizing and processing components 
leading to a highly dynamic mRNA factory model.  

Transcription and RNA polymerase IITranscription and RNA polymerase IITranscription and RNA polymerase IITranscription and RNA polymerase II    
Pre-mRNA is synthesized by RNA pol II (RNA polymerase II), a multisubunit enzyme 

comprised of two large subunits (each greater than 140 kDa) and numerous small subunits 
(Young, 1991). In yeast, there are 12 subunits in total adding up to approximately 500 MDa. 
Together with the general transcription factors complexes (TFIIA -IIB, -IID, -IIE, -IIF and -IIH) 
and the Mediator complex, the polymerase assembles on the promoter to form a pre-initiation 
complex. It is not known whether the assembly is stepwise on the promotor or as a preformed 
holoenzyme (Lemon and Tjian, 2000). 

The largest subunit (in human 220 kDa) of the polymerase contains a heptapeptide repeat unit 
in its CTD (C-terminal domain; Dahmus, 1995; 1996). The consensus repeat (Tyr-Ser-Pro-Thr-
Ser-Pro-Ser) is highly conserved from yeast to human; however, the number of repeats varies. In 
humans, there are 52 heptapeptide repeats while yeast has 26 repeats. Genetic analysis in yeast, 
mouse cells and Drosophila have shown that the CTD is essential. The polymerase exists in two 
different forms: hypophosphorylated RNA pol IIA and hyperphosphorylated RNA pol IIO. RNA 
pol IIA, binds to the promoter in the pre-initiation complex. Crosslinking experiments have 
shown that TFIID, TFIIF and TFIIE directly interact with the CTD. Concomitant with 
transcription elongation and synthesis of nascent pre-mRNAs, the CTD is hyperphosphorylated, 
mainly on the serine residues and changed into RNA pol IIO and most initiation factors 
dissociate. Transcript elongation can occur in the absence of accessory factors in vitro although 
several factors are known to stimulate elongation (Reines et al., 1999).  

The crystal structures of the approximately 10 nm initiating and elongating yeast RNA 
polymerase II (Cramer et al., 2001; Gnatt et al., 2001) fail to resolve the CTD structure. This is 
because it is highly disordered. Fully extended the CTD would be 93 nm long, but this is unlikely 
as the free space in the crystal only allows for a conformation within a sphere with a 10 nm 
diameter (fully compacted CTD would be a sphere with a 5 nm diameter). Further, the data shows 
that the 10 RNA bases at the 3´ end of the pre-mRNA are in a DNA-RNA hybrid followed by 6 
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RNA bases within an exit groove. This exit groove is located near the last ordered residue of the 
largest subunit and therefore near the CTD.  Together, this locates the emerging 5´ end of the 
transcript with the disordered CTD, enabling a link between the polymerase and the processing 
machineries (see more below, �Linking transcription and processing�). 

It is not clear whether phosphorylation of the CTD is needed for promoter clearance or 
formation of stable elongation complexes. TFIIH is the strongest candidate for the physiological 
CTD kinase although there may be multiple kinases working together in vivo. Treatment with the 
protein kinase inhibitor DRB effects transcription initiation but not elongation in vivo (Egyházi et 
al., 1996). It is not known either when, where and by whom dephosphorylation of the CTD 
occurs. However, paused polymerases on several uninduced Drosophila genes are 
dephosphorylated (O´Brien et al., 1994) and this pausing and dephosphorylation are also 
suggested to be involved in transcriptional coupled nucleotide repair (Dahmus, 1996).  

Different promoters have different needs for and degree of CTD phosphorylation (Jiang and 
Gralla, 1994; O´Brien et al., 1994) and it is not needed for in vitro basal transcription (Serizawa 
et al., 1993). In addition, RNA pol IIA has been implicated in the elongation of a small number of 
genes, all of which identified so far are intron-less (O´Brien et al., 1994; Weeks et al., 1993). The 
phosphorylated CTD has been suggested to couple transcription and processing through direct 
interactions with capping, splicing and 3´ end cleavage and polyadenylation components 
(reviewed by Bentley, 1999; Hirose and Manley 2000; Steinmetz, 1997), see more below 
(�Linking transcription and processing physically and functionally�).  

RNA binding proteins and formation of preRNA binding proteins and formation of preRNA binding proteins and formation of preRNA binding proteins and formation of pre----mRNPmRNPmRNPmRNP    
Immediately coupled to the synthesis of the pre-mRNA, numerous RNA binding proteins bind 

the nascent transcript, forming a pre-mRNP particle (reviewed by Dreyfuss et al., 1993; Matunis 
et al., 1993). This RNA-protein complex is the substrate on which all processing machineries act.  

The most abundant and general RNA binding proteins are the hnRNPs (heterogenous nuclear 
ribonucleoproteins). In humans at least 20 different hnRNPs are known, ranging in size from 34 
to 120 kDa (Choi and Dreyfuss, 1984). In Drosophila there are at least 10 hnRNPs, varying from 
36 to 75 kDa (Matunis et al., 1992). They serve to package and stabilize the transcript as well as 
to interact with the various processing machineries (Mayeda and Krainer, 1992; Mayeda et al., 
1994) and export pathways (Daneholt, 1997; Nakielny and Dreyfuss, 1997). Their relative 
amounts vary between different cell types and developmental stages (Kamma et al., 1995).    

Most hnRNPs are modulary proteins, consisting of one or more RNA binding motifs in the N-
terminal and one auxiliary domain in the C-terminal. The most common RNA binding motif is 
the consensus RBD (RNA binding domain), (Siomi and Dreyfuss, 1997; Varani and Nagai, 1998) 
consisting of 70-90 amino acids. This domain is also known as RRM (RNA recognition motif) or 
RNP motif. The RBD contains two highly conserved regions, denoted RNP1 and RNP2, 
containing aromatic amino acids together with a number of well conserved, mostly hydrophobic, 
amino acids. The regions are separated by about 30 amino acids. The RBD, although slighly 
modified, is also found in many factors important for splicing (Birney et al., 1993). Both RBDs 
and RS domains found in the SR protein splicing factors (see more below: �Splicing factors: SR 
proteins�) have RNA annealing activities (Valcárcel et al., 1996).  
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Another RNA binding motif is the RGG box which consists of a cluster of RGG repeats, first 
found in the hnRNP U protein (Kiledjian and Dreyfuss, 1992). KH domains (found in the BBP 
(branch-point binding protein)) as well as zinc knuckles (found in BBP and the SR protein 9G8) 
are other examples of RNA binding motifs (Berglund et al., 1998). hnRNPs have different 
preferences for specific sequences shown by in vitro binding studies. Together they coat the pre-
mRNA in a non-random fashion as revealed by the reproducible 3D structure of a specific in situ 
RNP particle (Lönnroth, 1993). Typically, hnRNPs auxiliary domains are enriched in a few 
amino acids. The hnRNPs A, B and G proteins have a glycine-rich domain, while the hnRNP C 
proteins have a domain rich in aspartic acid and glutamine.  

5´ capping5´ capping5´ capping5´ capping    
The 5´ cap is formed by the addition of a monomethylated guanosine in an inverted (5´ to 5´ ) 

direction to the first nucleotide of the pre-mRNA (Shatkin, 1976). Capping is a three-step process 
catalyzed by distinct enzymes (Shuman, 1995). In Drosophila, the 5´end is recognized and the 
cap structure added after an only 20-30 nucleotides long transcript has been synthesized 
(Rasmussen and Lis, 1993). The cap structure is then recognized by the CBC (cap binding 
complex), consisting of cap binding proteins CBP20 and CBP80. The cap is multifunctional; 
marks RNA polymerase II transcripts as splicing templates in vivo (Fresco and Buratowski, 1996; 
Inoue et al., 1989; Schwer and Shuman, 1996), protects the transcripts from exonucleases and 
interacts with the translational machinery (Shatkin, 1985). The CBC further facilitates nuclear 
export of RNA (Hamm and Mattaj, 1990; Izaurralde et al., 1992; Visa et al., 1996) and can 
influence splicing (Colot et al., 1996; Izaurralde et al., 1994; Lewis et al., 1996) and 
polyadenylation (Flaherty et al., 1997).  

SplicingSplicingSplicingSplicing    
Exons, introns and the splicing reactionExons, introns and the splicing reactionExons, introns and the splicing reactionExons, introns and the splicing reaction    

Analysis of the recently sequenced human (International Human Genome Consortium, 2001; 
Venter et al., 2001) and Drosophila (Adams et al., 2000) genomes have shown that exon and 
intron lengths as well as number of exons can vary between and within species, see Table 1. The 
average protein coding sequence is, however, similar in both organisms as well as in yeast 
(human 1,341 bp/447 aa; Drosophila 1,497 bp/499 aa; yeast 1,449 bp/483 aa).  

Human and Drosophila exons are usually short; most are between 50 and 200 bp. The few 
extremely short (less than 19 bp) human exons show an unusual base composition, showing a 
strong purine bias (International Human Genome Consortium, 2001). In contrast to exons, intron 
size varies enormously both between and within species. In Drosophila, there is a tight 
distribution with most introns near the preferred minimum of 60 bp with an extended tail giving 
an average value of 487 bp. In human, intron size peaks at about 87 bp, but a very long tail results 
in an average of 3,365 bp. There is a correlation between intron size and overall GC content, with 
intron size dropping noticeably with increasing GC content. Many human genes are over 100 kb 
long, with the extreme case of the 2,400 kb dystrophin gene in which only 0.6% is left after 
splicing. Only about 230 of the 6,000 yeast genes have introns, but these are all very highly 
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expressed genes, so splicing is still a common process (Ares et al., 1999). Yeast introns are 
usually short and located in the 5´ end of genes, just after or within initiator ATG codon or within 
the 5´ UTR (untranslated region; Dujon, 1996).  
 

 Number  
of genes 

Number 
of exons 
per gene 

Internal 
exon size

Intron 
size 

5´ UTR 
size 

3´ UTR 
size 

Coding 
sequence 
size 

Pre-
mRNA 
size 

Human 30-40,000 8.8 145 bp 3,365 bp 300 bp 770 bp 1,341 bp 
(447 aa) 

27 kb 

Drosophila 13,600 4 225 bp 487 bp N.A. N.A. 1,497 bp 
(499 aa) 

3 kb 

Table 1: Characteristics of human and Drosophila genes. 
Except for number of genes, the values are averages. N.A.: not analyzed; UTR: untranslated region; aa: amino 
acids; bp: basepairs; kb: kilobasepairs. 

The number of genes seems not, at a first glance, correlate with organism complexity.  
However, by the process of alternative splicing, where different combinations of exons are 
joined, the genetic diversity is greatly increased. Only three out of 6,000 yeast genes are 
alternatively spliced (Davis et al., 2000; Spingola and Ares, 2000) and these were found 
experimentally four years after the complete genome was sequenced. In contrast, at least 59% of 
the human genes are predicted to have on average three splice isoforms (International Human 
Genome Consortium, 2001). This value, 59%, is an extrapolation from human chromosomes 22 
and 19 and only considers known transcripts (EST and cDNA alignments to genomic sequence) 
and is therefore likely an underestimation. Of these splice isoforms, 70% affect the coding 
sequence and not the UTRs. In C. elegans, around 22% of the 19,000 genes are predicted to be 
alternatively spliced, with 1.3 variants per gene (International Human Genome Consortium, 
2001).  

There are several cis-elements, i.e. sequences in the pre-mRNA, important for defining exons 
and introns, which are used by the splicing machinery. These are known as the 5´ splice site, the 
branch-point and the 3´ splice site; see Table 2. 
 

 5´ splice site Branch-point 3´ splice site 

Human AG/GTRAGT YNCTRAY  (Y)10-15NYAG/G

Drosophila AG/GTRAGT WCTAATY  (Y)10-15NCAG/G

Yeast AG/GTATGT TACTAAC CAG/G

U12-dependent N/ATATCCTY TCCTTAAC YAC/N

Table 2: Cis-elements important for splicing. 
Intron/exon border are indicated by �/�, the most highly conserved nucleotides are in bold, the branch-point A is 
underlined. Symbols for alternative bases: R = G/A (purine), Y = C/T (pyrimidine), W = A/T, N = A/C/G/T. U12-
dependent introns are spliced by an alternative minor pathway and are absent from yeast and C. elegans. 

In higher eucaryots, these elements are not as conserved as in yeast. This is compensated 
partly by an additional element between the branch-point and the 3´ splice site, the 
polypyrimidine tract. The branch-point is usually located 15-40 bases upstream of the 3´ splice 
site. Regulated alternative splice sites tend to have suboptimal sequences at the splice sites and 
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require additional enhancer sequence elements. For discussion on U12-dependent introns, see 
more below (Spliceosome assembly: Minor U12-dependent spliceosome).  

Splicing is a two step transesterfication reaction, see Figure 1. In the first step, the branch-
point adenosine (A) 2´ hydroxyl makes a nucleophilic attack at the 5´ splice site, forming a lariat 
intermediate and a free 5´ exon. In the second step, the 3´ hydroxyl at the 5´ splice site attacks the 
3´ splice site, releasing the intron and joining the exons. The mechanism is the same as for group 
II self-splicing introns. 
 

 

Figure 1: The splicing reaction. 
Metazoan consensus sequence shown. Py(n): polypyrimidine tract. 

Splicing factorsSplicing factorsSplicing factorsSplicing factors    
From in vitro splicing in HeLa extracts and genetic experiments in yeast, many of the 

components involved in splicing are known (reviewed by Krämer, 1996; Reed 2000; Staley and 
Guthrie, 1998; Will and Lührmann, 1997). Splicing involves more than 50 different proteins and 
five small nuclear RNA (snRNA): U1, U2, U4, U5 and U6 snRNAs. The factors involved in 
splicing are remarkably conserved between human, Drosophila and yeast (Mount and Salz, 
2000). In general, the proteins involved in the mechanism rather than interpreting of signals (like 
alternative splicing) are even more conserved between different species. For example, U6 
snRNA, thought to be involved in the catalysis, is the phylogenetically best conserved component 
of the spliceosome. On the other hand, SR proteins, which are involved in early recognition of 



Ingela Wetterberg                                                         Biochemical and structural studies of pre-mRNA splicing, 2001 
______________________________________________________________________________________________ 

 20 

introns and alternative splicing, are missing from budding yeast, while there are 7 SR proteins in 
Drosophila and 10 SR proteins in human. 

U snRNPU snRNPU snRNPU snRNPssss    
The U snRNAs are transcribed by RNA pol II (except U6, which is transcribed by RNA pol 

III). In human, they vary from 106 bp in U6 to 189 bp in U2 snRNA. U1, U2, U4 and U5 
snRNAs all have a trimethylated cap structure while U6 snRNA has a γ-methyl phosphate cap. 
The primary sequence and the overall secondary structure of certain regions are highly conserved 
between species. They are called U snRNAs because they are all very uridine-rich. 

The U snRNAs form U snRNPs (uridine-rich, small nuclear ribonucleoprotein) complexes 
together with snRNP proteins, see Table 3 (reviewed by Kastner, 1996; Nagai et al., 2001; Will 
and Lührmann, 2001). There are seven core Sm proteins (recognized by a monoclonal antibody, 
Y12), ranging from 9 to 22 kDa, common to all snRNPs except U6 snRNP. These Sm proteins 
bind in an ordered and stepwise way to a conserved sequence in the snRNA, the Sm site (Raker et 
al., 1996). U6 snRNA, which lacks a Sm site, associates instead with seven so-called Like-Sm 
proteins (LSm2-8) (Achsel et al., 1999; Salgado-Garrido et al., 1999; Vidal et al., 1999).  
Another complex of LSm proteins, in which LSm8 is replaced by LSm1, is involved in mRNA 
degradation in the cytoplasm (Bouveret et al., 2000; Tharun et al., 2000). Following U6 snRNA-
LSm and U4 snRNA-Sm assembly, U4 and U6 snRNP interact through extensive basepairing and 
form the U4/U6 snRNP particle (Aschel et al., 1999). 

Each snRNP is then further associated with specific proteins, see Table 3. In humans, U1 
snRNP is associated with the specific proteins 70K, A and C, making a complex of 10S. Purified 
U1 snRNP from Drosophila also contain these proteins (Labourier and Rio, 2001). The human 
17S U2 snRNP consists of the specific proteins A´ and B´´, the heteromeric factors SF3a (3 
proteins) and SF3b (4 proteins) plus 3 more specific proteins. Human U5 snRNP has at least nine 
specific proteins; one protein called U5-220 kDa (yeast Prp8p) is one of the most well conserved 
spliceosomal proteins and is present in the catalytic core. U4/U6 snRNP have five specific 
proteins. However, U4/U6 and U5 are usually associated together and join the spliceosome as a 
U4/U6.U5 tri-snRNP complex. There are at least two tri-snRNP specific proteins. Almost all 
snRNP specific proteins are conserved between human and Drosophila and most are conserved in 
yeast as well (Mount and Salz, 2000). One difference between human and Drosophila, is that in 
the fly, U1A´ and U2B´´ are encoded as one polypeptide and associates with both U1 and U2 
snRNPs (Stitzinger et al., 1999).  The most noticeable difference between human and yeast is the 
composition of U1 snRNP. In yeast, U1 snRNP associates with nine specific proteins (Fabrizio et 
al., 1994; Gottschalk et al., 1998) compared to three in human. 
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 U1  
snRNP 

U2  
snRNP 

U5  
snRNP 

U4/U6 
snRNP 

U4/U6.U5 
(tri-) snRNP  

Core proteins 7 Sm 7 Sm 7 Sm 7 Sm (U4) 
7 LSm (U6) 

14 Sm (U4 + U5) 
7 LSm (U6) 

Specific 
proteins 

U1-70K, 
U1A, U1C 

U2A´,  
U2B´´,  
SF3a120 (SAP114), 
SF3a66 (SAP62), 
SF3a60 (SAP61), 
SF3b160 (SAP155), 
SF3b150 (SAP145), 
SF3b120 (SAP 130),  
SF3b53 (SAP49), 
U2-92,  
U2-35,  
U2-33  

U5-220 (hPrp8p),  
U5-200 (hBrr2p),  
U5-116 (hSnu114p),   
U5-100 (hPrp28p), 
U5-110,  
U5-102, 
U5-52,  
U5-40,  
U5-15 

U4/U6-90 (Prp3p), 
U4/U6-60 (Prp4p), 
U4/U6-61,  
U4/U6-20,  
U4/U6-15.5, 

All U5 specific,  
All U4/U6 
specific, and  
U4/U6.U5-63, 
U4/U6.U5-27 

Bases  
U snRNA 

165 189 120 144 (U4) +  
106 (U6) 

144 (U4) + 106 
(U6) + 120 (U5) 

Size (S) 10S 17S 20S 13S 25S 
Size (calculated 
MW of proteins) 

195 kDa 1035 kDa 1050 kDa 420 kDa 1560 kDa 

Table 3: Characterization of the human purified snRNP complexes. 
Alternative names for the specific proteins are in parenthesis. See text for more. 

The individual snRNPs from HeLa cells have been purified, uranyl acetate stained and 
examined in the electron microscope, for schematic representation see Figure 2 (reviewed by 
Kastner, 1996; Nagai et al., 2001). They all have a common core structure consisting of the core 
Sm proteins (Kastner et al., 1990). This structure is doughnut-shaped and about 8 nm in diameter. 
A model for the core structure was proposed based on the crystal structure of two Sm protein 
complexes (Kambach et al., 1999). In this model, the core is a seven-membered ring structure 
with the Sm site RNA-Sm protein contacts occuring on the inner surface of the proposed ring.  

Each snRNP is further characterized by specific protuberances corresponding to the specific 
proteins, see Figure 2. The 10S U1 snRNP looks like �Mickey Mouse� with the specific proteins 
U1A and U1-70K corresponding to the �ears� (Kastner et al., 1992). Recently, the human U1 
snRNP structure has been determined to 1 nm resolution by single particle cryo-electron 
microsopy (Stark et al., 2001). The snRNA, model core ring as well as the specific proteins could 
be fitted nicely in the structure. The 17S U2 snRNP has a bipartite structure with two equally 
sized round domains (diameter around 10 nm). One domain contains SF3b and the other contains 
SF3a, U2A´, U2B´´, and the core proteins (Behrens et al., 1993; Krämer et al., 1999). The 20S 
U5 snRNP is a large irregular shaped particle with the dimensions 20-23 nm long and 11-14 nm 
wide (Kastner et al., 1990). The 13S U4/U6 snRNP exhibits a bicycle-like structure with two 
round domains (probable U4-Sm and U6-Lsm cores) separated by what are probably parts of the 
two snRNAs duplex and U4/U6 specific proteins (Kastner et al., 1991; Will and Lührmann, 
2001). 
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Figure 2: Schematic U snRNP structures.  
All snRNPs display a characteristic core doughnut-shaped structure (8 nm diameter) and are further characterized 
by their specific proteins. The three-dimensional structure of U1 snRNP has recently been solved to 1 nm resolution 
(Stark al., 2001). * The new bicycle-like 13S U4/U6 snRNP complex is still unpublished (Will and Lührmann, 2001); 
shown in the figure is the 10S U4/U6 snRNP structure (Kastner et al., 1991). Modified from Kastner, 1996. 

SR proteins SR proteins SR proteins SR proteins     
An important group of non-snRNP splicing proteins is the SR (Serine-Arginine) protein family 

(reviewed by Fu, 1995). The classical SR protein family is characterized by 1 or 2 RBDs at their 
N-terminal, an Arg-Ser (RS) repeat domain at their C-terminal and recognition by a monoclonal 
antibody, mAb 104 (Roth et al., 1991). SR proteins are purified by a two-step precipitation in 
NH4SO4 and MgCl2 (Zahler et al., 1992) and their sizes on SDS-PAGE are conserved from 
Drosophila to human. They complement a splicing deficient cytoplasmic (S100) extract and have 
multiple roles in splicing: spliceosome assembly, splice site selection and enhancement of weak 
splice sites (reviewed by Blencowe, 2000; Graveley, 2000; Tacke and Manley, 1999). In humans, 
the classical SR proteins include SRp20, ASF/SF2 (SRp30a), SC35 (SRp30b), SRp30c, 9G8, 
SRp40, SRp46, SRp54, SRp55 and SRp75. In Drosophila, they are known as B52 (dSRp55), 
SRp30 (most probable dASF/SF2), SC35, 9G8, SRp54, RBP1, and RBP1-like. There are no SR 
proteins in budding yeast, but two SR proteins important for splicing have been cloned from 
fission yeast (Gross et al., 1998; Lutzelberger et al., 1999). In addition, a number of SR-related 
proteins have been purified and characterized (Blencowe et al., 1995; 1999). 

SR proteins have overlapping and partly redundant functions. However, both ASF/SF2 (Wang 
et al., 1996) and B52 are essential (Ring and Lis, 1994). Using RNA interference to knock out SR 
proteins in C. elegans, ASF/SF2 was shown to be essential, but all other single knock-outs gave 
no phenotype (Longman et al., 2000). Knocking out two SR proteins at the same time, in 
contrast, was lethal. Many snRNP factors (for example: U1-70K, U1A, U2-B´´, U5-100 kDa, tri-
snRNP-27 kDa) and non-snRNP factor (U2AF, U2 snRNP auxiliary factor) involved in splicing 
have RS domains (Birney et al., 1993). The domain is also found in several splicing regulators, 
like Tra and Tra2, and coactivators, like SRm160 and SRm300, and even in one SR protein 
kinase, Clk/Sty. The RS domain is thought to be important for protein-protein interactions and 
RNA annealing. It can even function to activate splicing when fused to a heterologous RNA 
binding domain (Graveley and Maniatis, 1998). 
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Other splicing factorsOther splicing factorsOther splicing factorsOther splicing factors    
One motif found in many factors important for splicing is the DExD/H box, found in the 

superfamily of ATPases (reviewed by Fuller-Pace, 1994). Some ATPases have been shown to 
have RNA unwinding activity. So far, eight yeast (Prp2p, Prp5p, Prp16p, Prp22p, Prp28p, 
Prp43p, Brr2p, Sub2p) and six human DExD/H members (Hrh1 (Prp22p), U5-200 kDa (Bbr2p), 
U5-100 kDa (Prp28p), UAP56 (Sub2p), hPrp16 (Prp16p), mDEAH9 (Prp43p)) essential for 
splicing have been identified (Staley and Guthrie, 1998). Recently, some have been shown to 
function as RNPases, i.e. remodel RNA-protein and not RNA-RNA interactions (reviewed by 
Linder et al., 2001; Schwer, 2001). 

A new class of spliceosomal proteins, belonging to the superfamily of GTPases has been 
found. The U5-specific 116 kDa protein (Snu114p) (Fabrizio et al., 1997) shares extensive 
sequence homology to the translation factor EF-2 needed for translocation of the ribosome during 
the elongation phase of protein synthesis. 

Spliceosome assembly Spliceosome assembly Spliceosome assembly Spliceosome assembly     
Based on in vitro studies, the spliceosome is a very dynamic structure, building anew on each 

intron in an ordered and stepwise way (reviewed by Hastings and Krainer, 2001b; Staley and 
Guthrie, 1998; Will and Lührmann, 1997), see Figure 4. Systematic studies of protein 
components in the different complexes (Bennett et al., 1992; Chiara et al., 1996) have revealed 
an ordered and dynamic binding of multiple proteins. In humans, more than 50 different 
spliceosomal proteins have been identified so far. In yeast, there are more than 40 essential 
proteins. All the pre-mRNA cis-elements are recognized several times by different proteins and 
snRNAs enhancing the fidelity of the loosely conserved sequences (Reed, 2000). 

EEEE----complex: commitment by U1 snRNP and SR proteinscomplex: commitment by U1 snRNP and SR proteinscomplex: commitment by U1 snRNP and SR proteinscomplex: commitment by U1 snRNP and SR proteins    
The intron is recognized by SR proteins, U1 snRNP and the splicing factors U2AF and BBP 

(also known as SF1), which together form the commitment or early (E) complex, see Figure 3. 
The formation of the E complex is energy (ATP) independent. SR proteins bind very early and 
help promote U1 snRNP to basepair with the 5´ splice site (Kohtz et al., 1994; Staknis and Reed, 
1994; Jamison et al., 1995), and U2AF to recognize the 3´ splice site (Zuo and Maniatis, 1996) 
either directly (RS domains in SR proteins interacting with U1-70K and U2AF-35) or through 
splicing coactivators like SRm160/300 (Eldridge et al., 1999). U2AF has 2 subunits, 65 and 35 
kDa respectively. U2AF-65 binds to the polypyrimidine tract (Zamore and Green, 1989) and 
U2AF-35 binds the AG dinucleotide at the 3´ splice site (Merendino et al., 1999; Wu et al., 1999; 
Zorio and Blumenthal, 1999). BBP binds to the branch-point (Berglund et al., 1997).  

Recent studies have shown that the U2 snRNP is present in this early E complex as well (Das 
et al., 2000). This association of U2 snRNP with the E complex is ATP independent and does not 
require interactions with the branch-point. Later, in the ATP dependent A-complex, U2 snRNP 
basepairs with the branch-point. In addition, the ATP dependency of U2 snRNP association can 
be bypassed in yeast, suggesting that some of the energy dependent steps may in fact be 
regulatory checkpoints (Kistler and Guthrie, 2001; Perriman and Ares, 2000).  
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Due to their modular structure, SR proteins can bind the pre-mRNA via their RBDs and 
interact with proteins via their RS domain simultaneously, see Figure 3. In this way, they help to 
bridge the two splice sites (Wu and Maniatis, 1993). Budding yeast does not have SR proteins, 
but instead the yeast U1 snRNP contains more specific proteins than the metazoan conterpart and 
these are thought to help define the 5´ splice site. The yeast commitment complex, E complex, 
contains at least eight proteins (Zhang and Rosbach, 1999). In yeast introns, as well as metazoan 
small introns, the ends of the introns are brought together at this stage by an intron defintion 
mechanism (Reed, 2000). In yeast, the Prp40p is involved in protein bridging, while in 
metazoans, SR proteins are thought to play this role. However, most metazoan introns are large 
and probably the exons (which are usually between 50-200 bases) are defined instead by an exon 
definition mechanism (Berget et al., 1995), again mediated by SR proteins. Finally, SR proteins 
can bind to exonic splicing enhancer (ESE) and recruit factors to the upstream splice sites.  
 

 
Figure 3: Role of SR proteins in the E complex. 
SP proteins can interact with both U1-70K and U2AF-35 and in this way bridge the two splice sites either across the 
intron or across the exon. SR proteins can bind to (purine-rich) exonic splicing enhancers (ESE) within exons and 
recruit splicing factors to the upstream 3´splice site. BBP: branch-point binding protein; U1: U1 snRNP; 70K: U1 
snRNP specific 70K protein; U2AF: U2 snRNP auxiliary factor, 65 and 35 kDa subunits; SR: SR proteins; 5´ss: 
5´splice site; 3´ss: 3´splice sites. See text (�E complex�) for more details. 

The RS domain of ASF/SF2 is not required for in vitro splicing of several constitutively 
spliced pre-mRNAs with strong splice sites (Zhu and Krainer, 2000). From this result, two 
pathways for how SR proteins promote splicing have been proposed: one RS domain dependent 
(see Figure 3) and one RS domain independent. In the latter, binding of the RBD of ASF/SF2 to 
the pre-mRNA might be sufficient to promote splicing by competing with other factors for 
binding, such as some hnRNPs, that antagonizes SR proteins in splice site selection.  

U1 snRNP can be substituted in in vitro splicing reactions by excess of SR proteins, further 
showing the importance of SR proteins in splicing (Crispino et al., 1994; Tarn and Steitz, 1994). 
However, this is at the expense of fidelity in 5´ splice site; cryptic sites are often used instead. SR 
proteins have been shown to bind nascent transcripts (Alzhanova-Ericsson et al., 1996; Baurén et 
al., 1996; Neugebauer and Roth, 1997; paper III) again emphasizing their role in early 
recognition of introns.  

AAAA----complex: U2 snRNPcomplex: U2 snRNPcomplex: U2 snRNPcomplex: U2 snRNP    
Pre-spliceosomes, or A-spliceosomes, are formed by U2 snRNP stably basepairing to the 

branch-point, bulging out the adenosine involved in the first step of splicing, see Figure 4. This, 



Ingela Wetterberg                                                         Biochemical and structural studies of pre-mRNA splicing, 2001 
______________________________________________________________________________________________ 

 25 

and all subsequent, steps of splicing need ATP. U2 snRNP binding is facilitated by the RS 
domain of U2AF-65, which is thought to reduce the electrostatic repulsion from the phosphate 
backbone and help anneal the loosely conserved branch-point with U2 snRNA (Valcárcel et al., 
1996). Also, two DExD/H box proteins, Prp5p and UAP56, are required for this step, perhaps by 
helping to displace BBP from the branch-point (Fleckner et al., 1997). The U2 snRNP interaction 
is strengthened by binding of the SF3a and SF3b subunits to a 20-nucleotide region upstream the 
branch-point (Gozani et al., 1996).  

BBBB----complex: U4/U6.U5 tricomplex: U4/U6.U5 tricomplex: U4/U6.U5 tricomplex: U4/U6.U5 tri----snRNPsnRNPsnRNPsnRNP    
The mature B-spliceosome is formed when the preassembled U4/U6.U5 tri-snRNP joins. New 

data shows that the tri-snRNP can interact with the 5´ splice site and exon before U2 snRNP 
addition (Maroney et al., 2000). Following the stable association of the tri-snRNP, there are 
extensive rearrangements of the snRNA:snRNA and snRNA:pre-mRNA basepairing as well as 
protein interactions, see Figure 4. Most rearrangements are mutually exclusive; that is, the 
formation of one RNA duplex requires disruption of another (Staley and Guthrie, 1998). U6 
snRNA dissociates from U4 snRNA (which is not needed for catalysis) and forms a new duplex 
with U2 snRNA and the 5´ splice site intronic sequences. U5 snRNA basepairs to a few 
nucleotides in the upstream exon close to the 5´ splice site. Together U5 snRNA and U6 snRNA 
replaces U1 snRNA at the 5´ splice site. SR proteins are important for recruiting the tri-snRNP 
and stimulating the basepairing between U2 and U6 snRNP (Roscigno and Garcia-Blanco, 1995; 
Tarn and Steitz, 1995).  

CCCC----complex: catalysiscomplex: catalysiscomplex: catalysiscomplex: catalysis    
When all rearrangements described above are done, the catalytic C-spliceosome is formed 

consisting of U2, U5 and U6 snRNPs, see Figure 4. For the first catalytic step, U2 and U6 
snRNAs position the attacking group, the 2´ hydroxyl of the branch-point adenosine, close to the 
5´ splice site and U5 snRNA holds on to the 5´ exon. This catalytic core, formed by U6 and U2 
snRNAs and the intron (Madhani and Guthrie, 1992), has big similarities to the core in group II 
self-splicing introns, suggesting a role for RNA in catalysis. Recently, yeast U6 snRNA has been 
shown to coordinate a metal ion, providing more evidence for RNA based catalysis (Yean et al., 
2000; review by Collins and Guthrie, 2000).  

Before the second catalytic step can be carried out, new rearrangements are needed to position 
the new reactants, the 5´ exon 3´ hydroxyl and the AG at the 3´ splice site (Moore and Sharp, 
1993). U5 snRNA is suggested to interact with both the 5´ and 3´ exons, aligning them for the 
second transesterfication (reviewed by Newman, 1997; Umen and Guthrie, 1995). Also, a U5 
snRNP specific protein, U5-220 kDa, (yeast Prp8p), appears to interact directly with both the 5´ 
and 3´ splice sites and may play a direct role in both catalytic steps of splicing (Collins and 
Guthrie, 1999; O´Keefe et al., 1996; Reyes et al., 1996; Siatecka et al., 1999). U5-220kDa/Prp8 
is one of the most conserved spliceosomal proteins. Finally, the human protein, hSlu7 (yeast 
Slu7), has been shown to hold the 5´ exon properly for attack on the correct and pre-specified AG 
at the 3´ splice site (Chua and Reed, 1999; 2001). Following the second step, the intron lariat is 
released together with U2, U5 and U6 snRNPs and quickly degraded. The snRNPs are restored to 
their original conformations. Specific proteins mark the exon-exon junctions after splicing. These 
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proteins include the splicing coactivator SRm160, the mRNA associated shuttling protein Y14, 
and the mRNA export factor Aly/REF (Kataoka et al., 2000; Le Hir et al., 2000a; 2000b; Zhou et 
al., 2000). Splicing is required for rapid and efficient export of mRNA (Luo and Reed, 1999). 

 
 

 
 

Figure 4: Stepwise spliceosome assembly, rearrangements and catalysis 
For simplicity, the only splicing factors shown are the snRNPs. To the left, general overview and to the right, details 
highlighting specific snRNA:snRNA and snRNA:pre-mRNA interactions. Pre-mRNA and snRNA sequences are from 
yeast. See text (�Spliceosome assembly�) for more details. Modified from Nagai et al., 2001. 



Ingela Wetterberg                                                         Biochemical and structural studies of pre-mRNA splicing, 2001 
______________________________________________________________________________________________ 

 27 

Intraspliceosomal rearrangementsIntraspliceosomal rearrangementsIntraspliceosomal rearrangementsIntraspliceosomal rearrangements    
There are at least seven RNA rearrangements for the forward splicing cycle, see Figure 4. For 

this, members of the DExD/H box RNA-dependent ATPase proteins (RNA unwindases) are 
probably needed (Will and Lührmann, 1997, Staley and Guthrie, 1998). The physiological 
substrates for most of them, however, are still not known. Prp28p (U5-100 kDa) has been 
implicated in disrupting the U1 snRNA � 5´ splice site interaction (Staley and Guthrie, 1999). 
Surprisingly, Prp28p may function (as a RNPase and not helicase) to disrupt the protein-RNA 
interaction that stabilizes U1 snRNP binding, namely the interaction between U1C and the 5´ 
splice site (Chen et al., 2001). Prp8 (U5-220 kDa) has further been shown to play a role in 
unwinding U4/U6 snRNP and U1 snRNP release (Kuhn et al., 1999) apart from being in the 
catalytic core (Collins and Guthrie, 1999; Siatecka et al., 1999). The U5 snRNP specific 200 kDa 
protein (yeast Brr2p) contains two putative DExD/H boxes (Lauber et al., 1996, Xu et al., 1996). 
The yeast Brrp2 knock-out is lethal and the protein has been cloned independently by four groups 
screening for distinct phenotypes indicating that it may function at several steps of splicing. 
Brr2p has been shown to unwind U4/U6 duplex in vitro (Laggerbauer et al., 1998). RNA 
annealing proteins, like the yeast protein Prp24p (3 RBDs), seems to antagonize Brr2p by 
reannealing U4/U6 snRNP, which is needed for recycling (Raghunathan and Guthrie, 1998). 
Finally, the human RNA helicase I (Hrh1, yeast Prp22p) and mDEAD9 (yeast Prp43p) have been 
shown to be important for the second catalytic step and for releasing the RNA from the 
spliceosome (Arenas and Abelson, 1997; Ohno and Shimura, 1996; Schwer and Meszaros, 2000). 

The U5 snRNP specific 116 kDa protein (yeast snu114p) belongs to the superfamily of 
GTPases and is highly homologous to the translational translocation factor EF-2 (Fabrizio et al., 
1997). U5-116 kDa has been shown to bind GTP and a point mutation in the GTP binding 
domain is lethal in yeast. Speculations of its functions include rearrangement of the substrate with 
respect to the catalytic core for the second reaction step or recycling of the tri-snRNP complex. 

Several interactions are probably regulated by phosphorylation. In vivo, all SR proteins are 
phosphorylated. Phosphorylation of ASF/SF2 significantly reduces the non-specific binding to 
RNA and enhances the binding to U1-70K (Xiao and Manley, 1997; 1998). At the same time, 
ASF/SF2 binding to itself or SRp40 is decreased by phosphorylation and the binding to U2AF-35 
is uneffected. This suggests that changes of phosphorylation states can modulate the network of 
binding partners during spliceosome assembly and catalysis. Further, spliceosome assembly 
requires protein phosphorylation (Mermoud et al., 1994; Parker and Steitz, 1997; Tazi et al., 
1993). Several kinases have been shown to phosphorylate RS domains in vitro (Colwill et al., 
1996; Gui et al., 1994; Rossi et al., 1996) but their in vivo roles are currently not clear. For 
splicing catalysis, dephosphorylation by serine/threonine phosphatases is needed (Mermoud et 
al., 1992; 1994; Misteli and Spector 1996). Protein phosphatase PP2C-γ has been identified as an 
spliceosome-associated factor that is required prior to A complex formation (Murray et al., 1999). 
It remains associated with the spliceosome throughout the splicing reaction and may catalyze 
other essential dephosphorylation steps as well.  
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 Minor U12 Minor U12 Minor U12 Minor U12----dependent spliceosomedependent spliceosomedependent spliceosomedependent spliceosome    
A class of introns with highly conserved, non-canonical consensus sequences, spliced by a 

second, minor spliceosome, has been identified (reviewed by Tarn and Steitz, 1997; Wu and 
Krainer, 1999). First, they were known as AT-AC introns since these were the dinucleotides at 
the intron ends (Hall and Padgett, 1994). Later, it was found that some GT-AG introns as well fell 
into this class, and now they are known as U12-dependent introns (Sharp and Burge, 1997). In 
addition, some introns with AT-AC ends (but otherwise fit the major intron consensus) are 
spliced by the major U2-dependent spliceosome (Wu and Krainer, 1997). All genes with U12-
dependent introns contain multiple major U2-dependent introns as well. Only 0.1% of all human 
introns are predicted to be U12-dependent introns (International Human Genome Consortium, 
2001). Compared with the major U2-dependent introns, the 5´ splice sites, the branch-points, and 
the 3´ splice sites are more conserved in U12-dependent introns, see Table 2. U12-dependent 
introns are absent from yeast and C. elegans but present in plants, frogs, Drosophila and 
mammals. 

U12-dependent introns are spliced by the minor U12 spliceosome where U11, U12, U4atac 
and U6atac snRNPs replace U1, U2, U4 and U6 snRNPs respectively (Hall and Padgett, 1996; 
Tarn and Steitz, 1996a; 1996b;). Both types of spliceosomes use U5 snRNP and the same two-
step mechanism of catalysis. In addition, several snRNP proteins are shared, like the Sm core 
proteins (Will et al., 1999). All subunits of the U2 snRNP factor SF3b (thought to bind the 
branch-point), but none of the SF3a subunits, are shared between U2 and U12 snRNPs. U11 
snRNP has one specific protein of 35 kDa. SR proteins are required for, and purine-rich splicing 
enhancers can promote, U12-dependent introns (Hastings and Krainer, 2001a; Wu and Krainer, 
1998). The secondary structure of the snRNAs, the assembly pathway, and the catalytic core are 
all conserved in both spliceosomes (Frilander and Steitz, 2001). This suggests a common 
evolutionary origin and several models for the divergence of the two spliceosomes have been 
proposed (Burge et al., 1998). One difference is that U11 and U12 snRNPs exist as a 18S 
diparticle and bind the intron as such (Frilander and Steitz, 1999). However, in the major 
spliceosome, it now seems that U2 snRNP binds at the same time as U1 snRNP (Das et al., 
2000). Intriguingly, despite exhaustive searching in the Drosophila genome sequence, no 
homologue of U11 snRNA (but U12, U4arac, U6atac) could be found (Mount and Salz, 2000). In 
addition, the U11-35kDa specific protein was not found. Since it is unlikely that both are within 
the unsequenced heterochromatin, it is possible that the minor spliceosome can function without 
U11 snRNP in Drosophila. 
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Alternative splicingAlternative splicingAlternative splicingAlternative splicing    
By the process of alternative splicing, great protein diversity is generated (reviewed by 

Graveley, 2001; Lopez, 1998; Smith and Valcárcel, 2000). Alternative splicing is used to express 
tissue or developmental specific proteins and at least 59% of the human genes are subject to 
alternative splicing, generating on average 3 isoforms (International Human Genome Consortium, 
2001). Depending on the gene structure, there are several different ways to alternatively splice a 
pre-mRNA, see Figure 5. Alternate 5´ or 3´ splice sites can be used, exons can be skipped and 
introns retained. Finally, mutually exclusive exons can be used. The consequence of the 
alternative splicing is either an on or off (due to production of nonsense mRNA) switch of a gene 
product or production of distinct isoforms with different functions.  
 

 

Figure 5: Different ways to alternatively splice a pre-mRNA. 
See text for more. 

The most remarkable example of diversity generated from alternative splicing is the 
Drosophila axon guidance receptor, Dscam (Schmucker et al., 2000). It has the potential to 
generate 38,016 different proteins (e.g. 3 times as many as the number of Drosophila genes) by 
combining mutually exclusive exons, see Figure 6. There are 12 alternatives for exon 4, 48 for 
exon 6, 33 for exon 9 and 2 for exon 17. Exons 4, 6, and 9 code for variants of immunoglobulin 
repeats 2, 3 and 7 respectively. Exon 17 codes for a transmembrane domain. Cloning and 
sequencing of 50 random cDNAs identified 49 unique combinations of exons 4, 6 and 9. Thus, it 
is clear that very many different exons are in fact expressed, and therefore, it is likely that this 
one gene produces many thousands of different protein products. 
 

 

Figure 6: Alternative splicing of mutually exclusive exons in the Drosophila Dscam gene.  
See text above for details. Modified from Schmucker et al., 2000. 
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The role of SR proteins in alternative splicing was first found in two widely used model virus 
genes: SV40 early pre-mRNA and adenovirus E1A pre-mRNA (Ge and Manley, 1990; Krainer et 
al., 1990). In both cases, SR proteins can shift alternative 5´ splice sites. In pre-mRNAs 
containing duplicated 5´ splice sites, SR proteins promote usage of the proximal (downstream) 
site (Fu et al., 1992; Mayeda et al., 1992). The functions of SR proteins can be antagonized by 
hnRNP A1 in vitro (Mayeda and Krainer, 1992) and in vivo (Cáceres et al., 1994; Wang and 
Manley, 1995). hnRNP A1 promotes usage of the distal site. Even ASF/SF2 lacking its RS 
domain can influence splice site selection (Cáceres and Krainer, 1993; Zuo and Manley, 1993). 
This suggests a competition for RNA binding between hnRNPs and SR proteins.  

The mechanisms that regulate alternative splicing are poorly understood. However, SR 
proteins have been found to be important in a concentration-dependent manner to enhance 
suboptimal sites by binding to ESEs (exonic splicing enhancers). They can also repress splicing 
when bound to splicing repressors or silencers (Kanopka et al., 1996). Mutations within an ESE 
can cause exon skipping showing the importance of these elements (Liu et al., 2001). Also, even 
constitutive exons have enhancers (Schaal and Maniatis, 1999a). 

SR proteins recognize a vast array of RNA sequences, see Table 4 for some examples 
(reviewed by Graveley, 2000; Tacke and Manley, 1999). Each SR protein has distinct RNA 
binding specificity, but the consensus sequences recognized are rather degenerate. In several 
cases, one binding site sequence can be recognized by other SR proteins. In particular, the SR 
protein 9G8 has, besides its RBD, a zinc knuckle motif that is involved in RNA recognition. The 
RBDs of 9G8 and SRp20 are highly similar (see more in paper III), except that SRp20 lacks the 
complementing zinc knuckle. Mutating the zinc knuckle in 9G8 before the SELEX experiments, 
changed the outcome of sequences selected to a pyrimidine-rich element that resembles SRp20 
specific sequences and readily is used by SRp20 (Cavaloc et al., 1999; see Table 4). 
 

Protein Binding site Method Reference 
RGAAGAAC SELEX Tacke and Manley, 1995 
AA(AGGACAA)2AA Dsx PRE (SRp30) Hertel and Maniatis, 1998 

 
ASF/SF2 

SRSASGA Functional SELEX Liu et al., 1998 
CCUCGUCC Functional SELEX Schaal and Maniatis, 1999b SRp20 
YWCUUCAU SELEX (mutant 9G8) Cavaloc et al., 1999 
AGACKACGAY SELEX Cavaloc et al., 1999 9G8 
GGACGACGA Functional SELEX Schaal and Maniatis, 1999b 

RSF1 CAACGACGA SELEX Labourier et al., 1999a 
Tra/Tra2 UCUUCAAUCAACA Dsx repeat Lynch and Maniatis, 1996 

Table 4: Selected SR protein binding sequences identified by in vitro methods.  
Functional SELEX indicates that in vitro splicing assays were used for selection rather than normal binding assays. 
All sequences have been shown to function as splicing enhancers. Symbols for alternative bases: K = G/U, R = G/A, 
S = C/G, W = A/U, Y = C/U. SELEX (mutant 9G8) and Dsx PRE and repeat element are explained in the text. 

The RS domain of SR proteins has been shown to be sufficient to mediate protein-protein 
interactions. The (G)RS domain of the Drosophila splicing repressor, RSF1, has been shown to 
be sufficient to interact with ASF/SF2 (Labourier et al., 1999b). The RS domain can even 
function to activate splicing when fused to a heterologous RNA binding domain (Graveley and 
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Maniatis, 1998). The activity of the RS domains differed quantitatively (Graveley et al., 1998); 
the potency of an RS domain varies directly with the number of RS dipeptides present. 

The RNA sequences that form high-affinity binding sites for individual SR proteins are 
sufficient to function as ESEs in positively control splicing decisions. The prototypical ESE is 
found in the well-studied Drosophila dsx (doublesex) gene (see Figure 7.) Dsx is the final step in 
the cascade of alternative splicing during sex differentiation (reviewed by Lopez, 1998; Schütt 
and Nöthiger, 2000). It encodes a transcription factor. Depending on the sex, different 3´ splice 
sites in the pre-mRNA are used. In female flies, the upstream 3´ splice site is used to include the 
female-specific exon 4 instead of the default male pathway. For the female pathway, an enhancer 
sequence within exon 4 is needed as well as female specific splicing activators and SR proteins. 
This enhancer contains six dsx repeats of a 13-nucleotide consensus sequence and a dsx PRE 
(purine-rich enhancer) located between repeat 5 and 6 (see Table 4.). A multisubunit complex 
that contains the SR-related, alternative splicing factors Tra (Transformer; female specific 
expression) and Tra2 (Transformer2; constitutive) as well as the SR proteins RBP1 (human 9G8) 
and SRp30 (human ASF/SF2) assemble on the enhancer (Lynch and Maniatis, 1995; 1996; Tian 
and Maniatis, 1993; 1994), see Figure 7. Together they facilitate the recognition of the 
immediately upstream, suboptimal (weak polypyrimidine tract) splice site by U2AF-65 (Tian and 
Maniatis, 1993; Zuo and Maniatis, 1996) and thereby promote the female specific splicing. These 
interactions are either direct or via splicing coactivators such as SRp160/300 (Eldridge et al., 
1999). RBP1 also binds to two (purine-rich) sites within the polypyrimidine tract that are 
necessary for maximum stimulation of the female specific splicing (Heinrichs and Baker, 1995).  
 

 

Figure 7: Regulation of alternative sex specific splicing of dsx in Drosophila.  
See text above for details. 

Negative regulation of splice site selection is regulated in a more complex way. Commonly, 
the access to the polypyrimidine tract is used. This is the case for regulation by Sxl (Sex-lethal) of 
alternative 3´ splice site in Tra. It is possible that Sxl, lacking the RS effector domain, acts as a 
repressor by displacing U2AF (Valcárcel et al., 1993). PTB (Polypyrimidine tract binding 
protein) also reduces U2AF binding in vitro (Singh et al., 1995) but it is not clear whether PTB 
functions in vivo as an alternative splicing factor or as a constitutive component of regulated 
repressor complexes. Sxl and PTB can also exert negative effects on 5´ splice sites, and 
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coordinated repression of both sites is emerging as a common theme in several cases of exon 
skipping (reviewed by Lopez, 1998). 

Repressors of in vitro splicing have been found. RSF1 (Repressor Splicing Factor 1; Labourier 
et al., 1999b) from Drosophila and Ct-RSF (Chironomus tentans-Repressing Splicing Factor; 
paper III) from Chironomus tentans contain an SR-like RBD coupled to a glycine-arginine-serine 
(GRS) rich domain.  Both proteins repress an early step of spliceosome formation and block the 
activation of splicing by SR proteins. RSF1 prevents U1 snRNP binding to the 5´ splice site and 
its GRS domain is sufficient for interactions with RS domains in SR proteins. In transgenic flies, 
overexpression of RSF1 rescues the lethal phenotype of overexpressed SR protein B52, showing 
in vivo antagonism between the two proteins. The high affinity RNA binding site for RSF1 
behaves like an SR dependent exonic splicing enhancer in vitro and in transfected cells 
(Labourier et al., 1999a). This sequence closely resembles the preferred binding site of 9G8, see 
Table 4. Finally, in vivo, Ct-RSF binds to mostly-exon BR1 and BR2 transcripts more than to the 
multi-intron BR3 transcripts, suggesting that the function is to bind to and inactivate cryptic 
splice sites within exons. Other proteins with repressing functions include SRrp86 and p32. 
SRrp86 has two RS domains and an unique intervening EK-rich domain, which are required for 
the repression of activation by SR proteins in S100 extracts and in vivo (Barnard and Patton, 
2000). Activation by ASF/SF2, SRp55 and SC35 are repressed while SRp20 activation is 
enhanced suggesting that this is a splicing regulatory protein. p32, originally found to copurify 
with ASF/SF2, has been shown to repress splicing through direct inhibition of ASF/SF2 
(Petersen-Mahrt et al., 1999). 

The position of the enhancer is important for correct function. Sequences identical to the dsx 
enhancer stimulate the use of downstream 5´ splice sites in the Drosophila gene fru (fruitless). 
When placed at a position similar to that of the dsx enhancer, the fru enhancer can promote 
activation by Tra/Tra2 of the female specific upstream dsx 3´ splice site (Heinrichs et al., 1998). 
In adenovirus L1 splicing, SR protein binding to an intron enhancer located just upstream the 
branch-point surprisingly caused splicing inhibition of this downstream 3´ splice site by blocking 
access of U2 snRNP (Kanopka et al., 1996). However, when this element was placed in the 
downstream exon, it functioned as an enhancer.  

The inhibitory function of SR proteins in adenovirus LI splicing depended upon their 
phophorylation state (Kanopka et al., 1998). Dephosphorylation of the bound proteins relieves 
the repressing effect. The viral protein E4-ORF4, together with PP2A (protein phosphatase 2A) 
interacts with ASF/SF2 and SRp30c and induces this dephosphorylation (Estmer Nilsson et al., 
2001; Kanopka et al., 1998). Further, both hyper- and hypophosphorylated SR proteins are 
unable to support splicing (Kanopka et al., 1998; Prasad et al., 1999; Sanford and Bruzik, 1999). 
The Drosophila homolog of the SR protein kinase Clk/Sty, Doa, was found to phosphorylate 
RBP1 as well as Tra and Tra2 in vitro and RBP1 in vivo (Du et al., 1998). Mutations in Doa 
disrupted dsx splicing but not fru, both targets of RBP1, Tra, and Tra2 regulation. However, in 
dsx there are alternative 3´ splice sites while in fru there are alternative 5´ splice site choices. 
Recently, a signal transduction pathway that induces hnRNP A1 phosphorylation, resulting in 
accumulation of hnRNP A1 in cytoplasm and altered splice site selection, has been found (van 
der Houven van Oordt et al., 2000). 



Ingela Wetterberg                                                         Biochemical and structural studies of pre-mRNA splicing, 2001 
______________________________________________________________________________________________ 

 33 

Spliceosome structureSpliceosome structureSpliceosome structureSpliceosome structure    
Split genes were first found by examining DNA-mRNA hybrids from adenovirus in the 

electron microscope (Berget et al., 1977; Chow et al., 1977). Since then, the electron microscope 
has been used extensively to study the structure of different splicing complexes, see Table 5. The 
human spliceosome sediments at 50-60 S. By adding the splicing proteins and snRNAs, a total 
mass of 4.4 - 4.9 MDa can be predicted (Müller et al., 1998). Assuming a packing of 1.9 Å3 per 
Dalton (Klug et al., 1980; Lönnroth et al., 1992), this would be a sphere with a diameter of 25-26 
nm (in 3D). The individual snRNPs (negative stained) vary between approximately 10 nm 
diameter in U1 snRNP to 20-23 x 11-14 nm in U5 snRNP (see more above: �Splicing factors � U 
snRNPs�). 

Different heavy metal staining methods are used in the electron microscope. Most common are 
shadow-casting, negative and positive staining. Shadow-casting, which means rotating the 
specimen and adding the stain at an angle, is good to highlight surface structures. However, it 
adds a thick stain layer that adds a few nm (shadows) to the objects observed, disguising small 
details and adding to the real object size. Negative staining means depositing a lot of stain on the 
specimen and then bringing the objects to the surface by gentle washing. The effect is a sharp 
border between the object and the background making size measurements precise. The drawback 
is that there is always some (positive) staining left in the object, increasing the overall noise. 
Positive staining means adding stain followed by thoroughly washing to make sure that only the 
objects are stained. Careful washing removes all negative stain, giving a high signal in the real 
objects. In addition, only in positive staining, no thick stain layers are created at the edges of the 
object. These thick stain layers are unsuitable for tiltseries since electrons are poor at penetrating 
thick specimen, increasing the noise at high tilt angles considerably. The high electron radiation 
in (old) electron microscopes gives an initial shrinkage of carbon by 25-30%. This results in that 
all sizes are underestimates of the real sizes. In cryo electron microscopy and/or new electron 
microscope, the radiation used is much less, completely avoiding this shrinkage. 

In Drosophila Miller spreads, 1-2 RNP particles, with a diameter of 25 nm, were observed at 
the splice sites of two different transcripts with one intron each (Beyer and Osheim, 1988; 
Osheim et al., 1985). These spreads are shadow-cast with platinum, and the particles observed 
were present on almost all transcripts. On more mature transcripts, a single larger particle with a 
diameter of 40 nm was seen. This is probably a result of the coalescence of the two smaller 
particles and subsequent bridging of the splice sites.  

In tungsten shadow-cast preparations, gelfiltered HeLa (60S) spliceosomes are ellipsoid 
shaped bodies with the dimensions 25 nm x 40-60 nm (Reed et al., 1988). These in vitro 
assembled and homogenous preparations of spliceosomes were shown to be functional and 
contained all snRNPs. 10% of the complexes contained pre-mRNA; however, these were 
indistinguishable from the ones without pre-mRNA. Detailed morphological studies by ultra-
rapid freezing preparation instead of glutaraldehyde fixation revealed 4-6 subunits in the 
ellipsoid-shaped bodies.  

Different splicing complexes, purified using biotinylated oligonucleotide tags against the pre-
mRNA and positively stained with uranyl acetate, appeared as three distinct classes. These were 
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observed using dark-field scanning transmission electron microscopy (Sibbald et al., 1993). The 
first class contained smaller round complexes, 18-24 nm in diameter, assembling very close to the 
3´ splice site. The second class were larger crescent shaped to oval and round, ranging in 
diameter from 18 to 45 nm, assembling 30-50 nucleotides upstream the 3´ splice site. Finally, the 
third, very heterogeneous, class consisted of double-complexes with clearly visible single-
stranded RNA between the complexes and the tag in the 3´ exon. The two one-complex classes 
are more abundant than the double-complex class. This suggests that either the large double-
complexes are rate limiting or they cannot be purified due to steric hindrance of the binding of 
the oligonucleotide tag or streptavidin gold during this stage of splicing.  

Purified HeLa A-spliceosomes, only containing U1 and U2 snRNPs, have also been visualized 
(Furman and Glitz, 1995). These were assembled in tri-snRNP depleted extracts and negative 
stained. The particles are 23 x 27 nm and the U1 and U2 snRNP (as characterized by Behrens et 
al., 1993; Kastner et al., 1992) are discernable in the micrographs. U2 snRNP was identified by 
gold labeled streptavidin-biotinylated oligonucleotides. The amount of apparent interaction 
between the two snRNPs is greater than predicted from many studies; however, if this is due to 
the purification method can not be ruled out. 

Large complexes (200 S), apparently consisting of several spliceosomes, have been purified 
from HeLa and hamster cells (Sperling et al., 1997). Negative staining with uranyl acetate and 
reconstruction by electron tomography shows that these complexes are compact and 50 nm in 
diameter. The complexes had a four-partite structure, and each subparticle has a mass of 4.8 MDa 
and may be a spliceosome (Müller et al., 1998). They contain all snRNPs needed for splicing as 
well as SR proteins. According to this model, all pre-mRNAs are spliced in this tentative 
supraspliceosome.  

Partly purified yeast spliceosomes, which are uranyl acetate negative stained, are 20 x 23.5 nm 
ovoid discs with a central indentation (Clark et al., 1988). However, the preparation was 
heterogeneous, also containing circular 20 x 20 nm bodies, probably reflecting the dynamics of 
pre-mRNA splicing. Antibodies against splicing factors or using oligostreptavidin rods against 
the biotinylated pre-mRNAs labeled the complexes. Purified yeast spliceosomes sediment at 40S 
(Brody and Abelson, 1985) while mammalian spliceosomes sediment at 50-60S (Abmayr et al., 
1988), explaining the difference in size observed in the studies.  

Finally, in situ spliceosomes (positively stained with uranyl acetate) assembling on nascent 
trancripts in the multi-intron BR3 gene i C. tentans have been reconstructed with electon 
tomography (paper II). These NTS, nascent transcript and splicing, complexes had an overall 
oblate spheroid shape and contained both RNA polymerase II and U2 snRNP as well as the 
transcript. The NTS complexes fell into three classes depending on overall shape and substructure 
composition (see tables 3 and 4 in paper II). Class 1 was small, compact and approximately 
20x28x33 nm corresponding to 3.9 MDa. It only contained one large substructure (two sides 
larger than 20 nm). Class 2 was less compact and 32x37x46 nm (6.3 MDa). It contained one large 
substructure plus one or more additional small (diameter < 15 nm) or elongated (one or more 
sides > 15 nm, maximum one side > 20 nm) substructures. Class 3 was the most heterogenous 
class (31x36x42 nm (4.6 MDa)) and appeared overall loosely packed. Class 3 lacks large 
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substructures but contains at least two small or elongated substructures. The order of the three 
classes of NTS complexes was random along the active gene. 
 

Material analyzed Structures seen References 
In situ nascent transcript and 
splicing complexes (NTS),            
C. tentans 

Overall oblate spheroid shape (3D) 
I: 20x28x33 nm (one substructure) 
II: 32x37x46 nm (several substructures) 
III: 31x36x42 nm (several substructures) 

Paper II 

Miller spreads of active genes, 
Drosophila 

Round (2D) 
25 nm diameter 
40 nm diameter 

Osheim et al., 
1985 

In vitro assembled and purified 
HeLa spliceosomes 

Ellipsoid bodies (2D) 
25x40-60 nm (4-6 subunits)  

Reed et al., 1988 

In vitro assembled HeLa 
splicing complexes 

Round or oval (2D) 
I: 18-24 nm diameter 
II: 18-45 nm diameter 
III: Heterogenous double-complexes 

Sibbald et al., 
1993 

In vitro assembled and purified 
HeLa A-complex spliceosomes 

23x27 nm, two subunits (2D) Furman and Glitz, 
1995 

Purified large nuclear RNP 
complexes from HeLa cells 

Four-partite structure (3D)  
50 nm diameter  

Sperling et al., 
1997 

In vitro assembled and purified 
yeast spliceosomes 

Ovoid discs (2D)  
20x23.5 nm 

Clark et al., 1988 

Table 5: Summary of structural studies of splicing complexes.  
See text for details. 

3´ end formation3´ end formation3´ end formation3´ end formation    
The 3´ end of pre-mRNAs is formed by a two-step tightly coupled cleavage and 

polyadenylation reaction (reviewed by Keller and Minvielle-Sebastia, 1997; Zhao et al., 1999). 
CPSF (cleavage and polyadenylation specificity factor) binds to a conserved sequence element in 
the pre-mRNA, AAUAAA, 20-30 nucleotides upstream the cleavage site. CstF (cleavage 
stimulation factor) binds to a GU- or U-rich downstream element and the complete complex is 
formed upon addition of cleavage factors I and II and the poly(A) polymerase. After cleavage, 
CstF and the cleavage factors leave together with the quickly degraded cleaved off fragment. 
Poly(A) polymerase starts a slow addition of about 10 As, which are then bound by PABII 
(poly(A)-binding protein II). This is followed by a burst in the synthesis of up to 250 As, 
followed by PABII binding. The poly(A) tail is important for translation (Sachs et al 1997) and 
mRNA half-life (Beelman and Parker 1995).  

The 3´ end processing is closely coupled to transcription termination and splicing in vivo 
(Baurén et al., 1998). Mutation of the poly(A) site interferes with splicing (Niwa and Berget, 
1991) and upstream introns influence the efficiency of polyadenylation in vivo (Nesic and 
Maquat, 1994). U1 snRNP seems to couple the processes by interaction between the U1A protein 
and CPSF (Lou et al., 1996; Lutz et al., 1996). U1A can also autoregulate its own expression by 
interacting directly with the poly(A) polymerase (Gunderson et al 1994). 
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Linking transcription and processing physically and Linking transcription and processing physically and Linking transcription and processing physically and Linking transcription and processing physically and 
functionallyfunctionallyfunctionallyfunctionally    

A new idea of an �mRNA factory� where transcription and processing are coupled is emerging 
(reviewed by Bentley, 1999; Hirose and Manley, 2000; Steinmetz, 1997), see Figure 8. This is to 
enhance mRNA production by channeling precursors directly from the synthesizing machinery to 
the processing machineries. The key coordinator is the C-terminal domain, CTD, of RNA 
polymerase II. It is interesting to note that the in vitro splicing and polyadenylation reactions are 
1000-fold slower than in vivo. This is probably due to the lack of the close interactions and the 
high concentration of factors in the physiological mRNA factory. 

Transcription Transcription Transcription Transcription ���� 5´ Capping 5´ Capping 5´ Capping 5´ Capping    
There is a clear coupling between the transcriptional and capping machineries (Shuman, 

1997). Antibodies against the capping enzymes in yeast can coimmunoprecipitate RNA pol IIO, 
but not RNA pol IIA or other components of the preinitiation complex (Cho et al., 1997). Further, 
mRNAs are inefficiently capped in vivo when synthesized by a polymerase with a truncated CTD 
(only 5 repeats) (McCracken et al., 1997a). The capping enzymes can bind in vitro to RNA pol 
IIO but not RNA pol IIA, suggesting that capping is coordinated with CTD phosphorylation (Ho 
et al., 1998; McCracken et al., 1997a; Yue et al., 1997). The N-terminal half of the CTD can 
support capping without efficient splicing or 3´ end processing, whereas the C-terminal half 
supports all 3 processing steps (Fong and Bentley, 2001). This suggests that different segments of 
the CTD can fulfill different functions in enhancing pre-mRNA processing. Finally, the activities 
of the capping enzymes have been shown to be allosterically regulated by direct interaction with 
phosphorylated CTD. This suggests that the CTD is not just a �landing pad� but also an important 
regulator of enzyme activity (Cho et al., 1997; Ho and Shuman 1999). Since there are no 
sequence requirements and the capping enzymes can act upon RNA dimers in vitro (Mizumoto 
and Kaziro, 1987), the coupling to the CTD probably helps to identify the templates for capping, 
which in turn identifies RNA pol II transcripts for further processing.  

Transcription Transcription Transcription Transcription ---- Splicing Splicing Splicing Splicing    
Splicing factors in interphase diploid cells localize to discrete domains known as speckles or 

SFCs (splicing factor compartments). In the electron, but not fluorescence, microscope, the SFCs 
contain two morphological distinct structures: the central region consists of clusters of 20 nm 
granules called interchromatin granule clusters while the peripheral regions are the perichromatin 
fibrils (Misteli, 2000). The perichromatin fibrils are the active genes with the nascent transcripts 
(Cmarko et al., 1999; Fakan, 1994; Lönnroth, 1993). The perichromatin fibrils are a heterogenous 
population of fibrillar constituents of variable diameter (3-20 nm) with particles of irregular size 
and shape (35-50 nm) along the fibers. Biochemical purification of the interchromatin granule 
clusters has identified about 75 different enriched proteins (Mintz et al., 1999), many of which 
have been linked to pre-mRNA splicing.  

Proteins rapidly associate with and dissociate from the nuclear compartments (reviewed by 
Misteli, 2001). It has been calculated that for the SR protein ASF/SF2, the residence time in SFCs 
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is about 45 seconds resulting in a complete turnover of ASF/SF2 in SFCs within less than 2 
minutes (Phair and Misteli, 2000). It is presently not clear what functions the non-perichromatin 
fibrils part of the SFCs serve; perhaps storage, assembly or recycling sites for splicing factors. 
Splicing factors have long half-lifes and only 10-20% of any given splicing factor is engaged in 
the splicing reaction at any given time in vivo (Misteli, 2000). In oocyte germinal vesicles, all 
factors needed for transcription and processing accumulate in nuclear structures known as Cajal 
(or coiled) bodies. In the Cajal bodies, the transcription and processing factors are proposed to 
assemble into massive preformed holocomplexes, or transcriptosomes (Gall et al., 1999; review 
by Gall, 2000) that later can be recruited to active genes. 

Immunofluorescence experiments show a colocalization of splicing factors and RNA pol IIO 
(Huang and Spector, 1996; Mortillaro et al., 1996; Neugebauer and Roth, 1997; Zhang et al., 
1994) in the SFCs. Studies of nuclei with higher resolution, e.g. lampbrush or polytene 
chromosomes, have revealed that splicing factors are enriched at sites of transcription (Baurén et 
al., 1996; Gall et al., 1999; Roth et al., 1991; Weeks et al., 1993). Upon transcriptional 
activation, SR proteins are recruited to sites of transcription (Baurén et al., 1996; Misteli et al., 
1997). This recruitment is dependent on the presence of introns (Huang and Spector, 1996) and 
phosphorylation status of the SR proteins (Misteli and Spector, 1998).  

Using electron microscopy, splicing factors assembling on nascent transcripts have been 
visualized (Osheim et al., 1985; paper II). In particular, the polymerase and U2 snRNP are 
present in the same, highly dynamic complex together with the transcript in the BR3 gene (paper 
II). Within these in situ NTS complexes, there are extensive changes in overall shape, 
substructure and molecular mass (4.6 � 7.3 MDa) as the complexes moves along the gene. This 
shows that the spliceosome is not a structurally well defined unit but rather a functional entity. 
Further, the polymerase can not carry spliceosomal components for all 38 introns. The data shows 
rather that maximally one complete spliceosome is assembled at a given timepoint.  

Microdissection of nascent transcripts followed by RT-PCR has further shown that splicing 
components assemble on intron containing transcripts and that splicing can be completed during 
transcription (Baurén and Wieslander, 1994; paper I). There is an overall 5´ to 3´ polarity of 
cotranscriptional intron excision; 3´ located introns can be removed posttranscriptionally (paper 
I). This suggests that elongating RNA polymerase II is not obligatory for splicing in vivo. RNA 
pol IIO has been shown to play a direct and active role in enhancing in vitro splicing in the 
absence of transcription (Hirose et al., 1999) for several different pre-mRNAs. Especially 
spliceosomal A-complexes were significantly increased at very early times of the reaction, 
indicating that RNA pol IIO stimulates splicing by accelerating one of the first steps in 
spliceosome assembly. RNA Pol IIA, in contrast, was capable of inhibiting some, but not all, pre-
mRNAs tested and suggests that different degree of phosphorylation of the CTD has the potential 
to play a role in splicing regulation. 
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Searching for proteins binding to the RNA pol IIO CTD, by 2-hybrid screens, has identified 
several SR-like proteins (Bourquin et al., 1997; Tanner et al., 1997; Yuryev et al., 1996) known 
as SCAFs (SR-related CTD associated factors). The interaction domain is not the RS domain but 
a specific, conserved CTD binding domain. There are at least 2 classes of CTD binding domains. 
Coimmunoprecipitation with antibodies directed against RNA pol IIA or RNA pol IIO and 
splicing components (SR proteins and snRNPs) confirm that there is an interaction specifically 
with RNA pol IIO. In addition, RNA pol IIO has been found in active spliceosome preparations 
(Kim et al., 1997; Mortillaro et al., 1996; Vincent et al., 1996; Yuryev et al., 1996). The 
SR/snRNP - RNA pol IIO interaction is RNase insensitive and can remain through mitosis when 
there is no transcription (Kim et al., 1997). 

Overexpression of CTD fusion proteins interferes with mRNA splicing in vivo (Du and 
Warren, 1997) and CTD peptides or antibodies against the CTD inhibit in vitro splicing (Yuryev 
et al., 1996). Transcription by a polymerase with only 5 CTD repeats inhibits splicing, 3´ end 
processing and transcription termination in vivo (McCracken et al., 1997b; Misteli and Spector, 
1999). Truncated CTD further disrupts colocalization of RNA pol II and splicing factors (Misteli 
and Spector, 1999) suggesting that the polymerase is specifically involved in targeting of the 
splicing factors to the site of transcription. The CTD independently enhances splicing and 
polyadenylation and the stimulation of splicing by enhancers is facilitated by the CTD (Fong and 
Bentley, 2001). 

Another interesting finding is that the promoter structure can contribute to splice site selection 
(Cramer et al., 1997; 1999). The extent of exon inclusion or skipping in the fibronectin gene was 
specifically dependent on the promotor structure. Further, the effect of overexpressed SR proteins 
on the alternative splicing also depended on the promoter structure.  

Even if RNA pol II has a significant role in stimulating and coordinating splicing, it is not 
known which (splicing) factors, or how they interact in vivo with the polymerase. Several 
proteins, including the SCAFs mentioned earlier, have been implicated and all seem to have a 
dual transcription - splicing role (reviewed by Hirose and Manley, 2000). 
 

Figure 8: The mRNA factory, with special emphasis on splicing (previous page). 
The mRNA synthesizing and processing machineries are connected, probably through the CTD of RNA polymerase 
II. To simplify, all transcription factors needed are excluded and the capping, splicing, and 3´ end components are 
depicted as single units, see legend. Also, no hnRNP proteins are shown. For binding to the promotor and 
transcription initiation, the RNA polymerase IIA is unphosphorylated. The 3´ end component CPSF has been shown 
to be brought into this complex as well. Upon start of transcription, the RNA polymerase is hyperphosphorylated 
(RNA pol llO) and interacts with the capping enzymes and splicing components (both SR proteins and snRNPs). The 
cap is added early during transcription. When an intron is transcribed, it is immediately recognized by splicing 
components and splicing is initiated (see more in Figure 3, 11, and 12). Some (initial) splicing factors are probably 
recruited via the CTD interaction, the rest is recruited from SFCs or the CTD (either directly or indirectly) to 
assemble the complete spliceosome (see Figure 4). When the poly(A) site is transcribed it is recognized by CPSF and 
other 3´ end components and the transcript is cleaved and polyadenylated. The disassembly of the CTD-CPSF 
interaction and/or the cleavage, may destabilize the polymerase and promote transcription termination. The 
hyperphosphorylated polymerase can still be associated with splicing factors and may enters storage sites known as 
SFCs. Before transcription activation, the polymerase is dephosphorylated and disassembles from splicing factors. It 
is recruited to the promoter and there it associates with general transcription factors and 3´ end components and the 
cycle is complete.  
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Transcription Transcription Transcription Transcription ���� 3´ end formation 3´ end formation 3´ end formation 3´ end formation    
Cleavage and polyadenylation are also coupled to the RNA polymerase II. As with capping 

and splicing, RNAs transcribed by CTD truncated RNA pol II were not efficiently 
polyadenylated (McCracken et al., 1997b). The inhibition of 3´ end processing is not a secondary 
effect of inhibited splicing since it was seen in both intron-containing and intron-lacking 
transcripts. Polyadenylation factors can copurify with the RNA pol II preinitiation complex 
(Dantonel et al., 1997; McCracken et al., 1997b). Unlike capping and splicing factors, the 3´ end 
processing factors CPSF and CstF both bind the unphosphorylated and phosphorylated form of 
the CTD in vitro. CPSF is brought to the preinitiation complex by the general transcription factor 
TFIID and dissociates from TFIID into elongating polymerases (Dantonel et al., 1997). This is 
consistent with a uniform staining of the entire length of lampbrush chromosomes with antibodies 
against polyadenylation factors (Gall et al., 1999). Also, overexpression of TFIID reduces 
polyadenylation but not transcription, maybe by sequestering CPSF. Further, both RNA pol IIO 
and RNA pol IIA, as well as the CTD alone, have been shown to be essential cleavage and 
polyadenylation factors in vitro in the absence of transcription (Hirose and Manley, 1998). This 
suggests that the CTD participates directly in the formation and/or function of a catalytically 
active processing complex through direct interaction with 3´ end processing factors. 

Termination of transcription is also coupled to cleavage and polyadenylation. In vivo, in the 
BR1 gene, closely coupled cleavage, early polyadenylation (10-20 As) and transcription 
termination all take place 600 bases downstream the poly(A) site (Baurén et al., 1998). No 
transcripts were cleaved before this termination site, and the cleavage, polyadenylation and 
termination enhanced splicing of the last intron, located 600 bases upstream the poly(A) site. 
Transcription far beyond the poly(A) site without cleavage and termination-coupled splicing of 
the last intron has been observed in globin genes (Dye and Proudfoot, 1999). Cleavage per se is 
not necessary for termination (Osheim et al., 1999). This suggests that a conformational change 
of the polymerase when CPSF and CstF recognize their cognate binding sites on the nascent 
transcripts can change the polymerase into a non-progressive state that is subjected to 
termination. Alternatively, cleavage and termination are temporally coupled, for example on a 
pause site. There might be a lag in 3´ end processing until the polymerase encounters a pause site, 
which activates cleavage, which in turn signals the polymerase to terminate and the complex to 
dissociate. This is consistent with the requirement for CTD in cleavage and polyadenylation 
(Hirose and Manley, 1998) and the demonstration that a pause site can enhance polyadenylation 
in a coupled processing � termination in vitro system (Yonaha and Proudfoot, 1999). 
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Model system and mModel system and mModel system and mModel system and methodsethodsethodsethods    
Chironomus tentans Chironomus tentans Chironomus tentans Chironomus tentans         

We are using a unique and well-established model system, the Balbiani Ring (BR) genes in the 
midge Chironomus tentans (reviewed by Wieslander, 1994). The highly transcribed, puffing, BR 
genes in the large polytene nuclei of the larvae salivary gland cells were discovered 1881 by the 
Italian Balbiani (Balbiani, 1881). We are using the BR genes for studying gene expression (for 
review, see Daneholt, 1997; Wieslander et al., 1996). One reason is that they have the nearly 
unique advantage of enabling visualization of ongoing transcription of specific genes in both light 
and electron microscopy. This is more difficult in other systems, including Drosophila, which 
lacks BR genes. Gene specific splicing can be studied with different methods such as manual 
microdissection of defined nuclear compartments followed by biochemical analysis, double-
labeling confocal microscopy, and 3D reconstruction with electron tomography. I have used all 
methods mentioned. 

The BR1 and BR2 genesThe BR1 and BR2 genesThe BR1 and BR2 genesThe BR1 and BR2 genes    
Our group has previously studied the BR1 and BR2 genes thoroughly concerning the temporal 

and spatial relation between transcription and the different processing machineries (Baurén and 
Wieslander, 1994; Baurén et al., 1996; 1998). The BR1 and BR2 genes are approximately 40 kb 
long and split into 5 exons with exon 4 being 35 kb (Paulsson et al., 1992; Wieslander and 
Paulsson, 1992). The spliceosomes assemble during transcription on the nascent transcripts and 
splicing is to a very high extent completed cotranscriptionally (Baurén and Wieslander, 1994). By 
treating the larvae with different drugs, transcription of specific genes can be switched on or off 
and the rearrangement of splicing factors can be studied. The splicing components bind to the 
nascent pre-mRNAs at the active gene loci and dissociate from the loci when transcription is shut 
off (Baurén et al., 1996). The BR1 and BR2 ribonucleoprotein complexes, BR RNP, have also 
been studied by electron tomography. Since the genes are very long with few short introns, it has 
been possible to characterize the gradually growing transcripts structurally (Kiseleva et al., 1997; 
Skoglund et al., 1986) as well as the BR RNP complexes during transport to and translocation 
through the nuclear pore (Mehlin et al., 1992). Immunofluorescence and electron microscopy 
have shown that SR proteins and snRNPs bind the nascent transcripts (Alzhanova-Ericsson et al., 
1996; Baurén et al., 1996; Kiseleva et al., 1994; paper III). 

The BR3 geneThe BR3 geneThe BR3 geneThe BR3 gene    
My model gene, and the focus of this thesis, is the Balbiani Ring 3, BR3, gene (Paulsson et al., 

1990), see Figure 9. What makes it so attractive for splicing research is the 38 introns spread 
evenly in the 10.9 kb long pre-mRNA. This enables studies of the ordered processing along the 
gene to better understand which mechanisms are involved in the recognition of an intron (paper 
I). Both exons and introns vary in length and consensus sequence matching. It is therefore 
possible to compare which intron specific elements that can be important for (cotranscriptional) 
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splicing. In addition, by immunolabeling, it is possible to see which splicing factors that bind to 
the nascent transcript at the active gene loci (paper III). The highly expressed and spliced gene is 
also very well suited for structural analysis of active coupled transcription and splicing by 
electron tomography (paper II). By this, it is possible to characterize nascent transcript and 
splicing complexes (NTS complexes) and understand more of the physical basis of coupled 
transcription and splicing as well as the dynamics of the splicing process. 
 

 
 

Figure 9: The BR3 gene. 
The BR3 gene is 10.9 kb and contains 38 introns. Except for intron 1 (which is 2 kb; cut in the figure), the introns 
vary between 53 and 288 bp. The exons vary between 17 and 678 bp. Introns studied in paper I are in dark grey. 

Comments on methodologyComments on methodologyComments on methodologyComments on methodology    
General biochemical, molecular and cell biological methods used are described in detail in 

papers I-III. Here, I will only briefly describe some specific methods. 

Microdissection RTMicrodissection RTMicrodissection RTMicrodissection RT----PCRPCRPCRPCR    
Microdissection of fixed salivary gland cell nuclei enables physical separation of active genes 

(chromatin) and nucleoplasm (see more Baurén and Wieslander, 1994 and paper I). The active 
genes contain nascent pre-mRNAs being synthesized, while the nucleoplasm contains transcripts 
during transport to the nuclear pore. These two RNA populations can be studied with cDNA 
synthesis coupled to PCR (RT-PCR). By using different primers, different parts of the transcript 
can be chosen for studies of intron excision. The PCR products are detected and quantified by 
radioactively labeled primers. The method is good for measuring the amount of splicing and 
relating it to other processes such as transcription, 3´ end processing and intranuclear transport in 
vivo. Similar studies are very difficult to do in other cell types.  

Electron tomography and 3D reconstructionElectron tomography and 3D reconstructionElectron tomography and 3D reconstructionElectron tomography and 3D reconstruction    
3D reconstruction with electron tomography (Skoglund et al., 1996a) followed by refinement 

with COMET (Constrained maximum entropy tomography; Skoglund et al., 1996b) enables high-
resolution structural studies of in situ specimen, see Figure 10 (more in paper II). In practice, the 
specimen is prepared for electron microscopy by fixation, embedding in plastic, thin sectioning 
(50-100 nm) and heavy metal staining (uranyl acetate). At the microscope, I collect a tilt series 
(different projections) by tilting the specimen +/- 60º and taking a picture every 2 or 5 degree. 
Then, I make a conventional 3D reconstruction with backprojection methods. The structure is 
further refined by COMET, an iterative process that connects the structure back with the original 
data, the negatives, see Figure 10. In this way, a quantitative correct and not overinterpreted 
structure is achieved to the highest possible resolution. This method is suitable for both in situ 
specimen and isolated particles. Using cryo electron microscope and increasing the number of 
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pictures taken, high resolution (2-3 nm) 3D structures can be obtained of individual particles. 
Together with gold-immunolabeling, electron tomography can pinpoint the localization of 
individual components in supramolecular structures, and in this way significantly improve the 
dissection of such structures. 
 

 

Figure 10: Principles for electron tomography and refinement with COMET. 
In situ glands or isolated chromosomes are sectioned and examined in the electron microscope. A tilt series is 
collected and a first 3D reconstruction is made. This reconstruction is further refined with COMET to give a final 
reconstruction, without insignificant details and that fits the original projections. 

In vitro splicingIn vitro splicingIn vitro splicingIn vitro splicing    
In vitro splicing assays are carried out in cellular extracts by adding radioactively labeled 

intron-containing transcripts and ATP and incubating for 90-150 minutes at 30ºC (Mühlemann 
and Akusjärvi, 1998; see more paper III). HeLa nuclear extracts contain all factors needed for 
splicing, while cytoplasmic S100 extracts require addition of exogenous SR proteins. The 
splicing intermediates and products (free 5´exon, lariat�3´exon, etc) are analyzed on denaturing 
polyacrylamide gels while splicing complexes (E, A, B, C) are analyzed on native gels. In vitro 
splicing allows detailed analysis of cis-elements and trans-acting factors. It is also used for 
studies of regulation of alternative splicing. 
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Present investigation Present investigation Present investigation Present investigation     
Aims of the projectAims of the projectAims of the projectAims of the project    

The C. tentans BR system allows visualization, isolation, and analysis of specific genes and 
transcripts. We have focused on a multi-intron model gene, the BR3 gene, for analysis of splicing 
and coupled transcription-splicing in vivo. Our aims have been to: 
 
1.  Characterize the nascent BR3 transcripts biochemically regarding cotranscriptional 
 splicing in vivo 
  - Study the ordered removal of introns 
  - Study the extent of cotranscriptional splicing 
 
2.  Characterize the in situ NTS (nascent transcript and splicing) complexes in the BR3 gene 
 structurally by electron tomography 
  - Study overall structure, mass, and dynamics of the NTS complexes 
  - Study the physical coupling between transcription and splicing 
 
3.  Characterize an SR-like protein, Ct-RSF, biochemically and cell biologically 
  - Study the role of Ct-RSF in in vitro splicing 
  - Study intranuclear (gene-specific) localization of Ct-RSF and extent of   
     colocalization with other splicing factors in vivo 
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Cotranscriptional splicing Cotranscriptional splicing Cotranscriptional splicing Cotranscriptional splicing in vivoin vivoin vivoin vivo (paper I) (paper I) (paper I) (paper I)    
In order to better understand the mechanism involved in the ordered removal of introns in pre-

mRNAs containing many introns, we have studied the in vivo splicing of the multi-intron BR3 
pre-mRNA (paper I). We analyzed the excision of three neighboring introns in the beginning, 
middle, and end of the BR3 pre-mRNA (see Figure 9) in two different pre-mRNA populations: 
nascent transcripts and nucleoplasmic transcripts. This was achieved by microdissection of 
specific nuclear compartments followed by RNA extraction and RT-PCR. We showed that there 
is an overall 5´ to 3´ polarity for cotranscriptional removal of introns. We propose that this 
polarity is due to recognition and marking of introns immediately as they are transcribed and that 
splicing is initiated rapidly, see Figure 11. This indicates a close coupling between transcription 
and splicing. Introns located more 5´ have more time for the splicing reaction during transcription 
than introns located closer to the transcription termination site. Even in the nucleoplasmic 
population, this polarity is maintained, again indicating a quick spliceosomal commitment 
complex formation during transcription. However, the extent of cotranscriptional splicing of a 
given intron is influenced by different elements in addition to its location in the pre-mRNA. 
Several properties like exon and intron lengths, splice site match to consensus, presence of 
enhancer sequences, competition with neighboring introns, all are likely to influence the excision 
of each intron. Thus the exact order of excision is not necessarily strictly 5´ to 3´. We can not 
pinpoint any specific property for any of the introns analyzed; it rather seems that several 
properties influence the excision of each intron. 
 
 
 

 

Figure 11: Splicing of nascent transcripts.  
The horizontal line represents a gene with two introns. The nascent and released transcripts are shown as vertical 
bars. As soon as intron 1 is transcribed, it is recognized by splicing components and splicing is initiated. Intron 1 is 
removed cotranscriptionally. When intron 2 is transcribed, it is also recognized by splicing components. Since the 
intron is located closer to the transcription termination site, its extent of cotranscriptional splicing is lower than for 
intron 1. The remaining introns, in the cleaved and polyadenylated transcripts, are removed posttranscriptionally 
before export. The overall process is characterized by rapid spliceosomal assembly and initiation of splicing, 
generating the 5´ to 3´ polarity of intron excision.  
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In situIn situIn situIn situ transcri transcri transcri transcription and splicing (paper II)ption and splicing (paper II)ption and splicing (paper II)ption and splicing (paper II)    
To understand the physical coupling of transcription and splicing, we have analyzed the 

structure of the transcribing BR3 gene in situ by electron tomography (paper II). Electron 
tomography is a method for three-dimensional reconstruction of individual objects visualized in 
the electron microscope, see Figure 10. We have identified free segments of the BR3 gene with 
lengths up to 740 nm, which is 75% of the gene. The gene segments within a section represent a 
random distribution of the 5´, middle, and 3´ regions of the active gene. The segments consist of 
granules (20-50 nm in diameter) spaced on average 53 nm apart and connected by a fiber axis. 
There is no clear polarity of the size of the granules along a gene segment. Antibodies against 
hyperphosporylated RNA polymerase II and a splicing factor, U2 snRNP specific protein B´´, 
both specifically label the granules. Structural and immunological analysis therefore show that 
each granule is a growing pre-mRNA transcript with associated transcription and splicing 
components while the axis is the DNA template. We call each granule a NTS complex for 
nascent transcript and splicing complex, see Figure 12. The results indicate that extensive 
changes in overall shape, substructure and molecular mass take place repeatedly within a NTS 
complex as it moves along the gene. The volume and calculated mass (3.9 � 6.3 MDa) of the 
NTS complex show that maximally one complete spliceosome is assembled on the multi-intron 
transcript at any given time point. The structural data show that the spliceosome is not a 
structurally well defined unit in situ but rather a functional entity. Also, the elongating RNA 
polymerase II can not carry spliceosomal components for all introns in the BR3 transcript at a 
given time. Our data indicates that spliceosomal factors are continuously added to and released 
from the NTS complex during transcription elongation. Combined with earlier biochemical data 
(paper I), a full cycle of spliceosome formation and splicing takes place, apparently 
independently in each transcript, in less than 25 seconds. 

 
 

 
 

Figure 12: Schematic representation of the NTS complexes and their dynamic. 
Shown in the figure are some aspects that can be illustrated. Each NTS complex contains RNA polymerase IIO, the 
nascent transcript and splicing components. It also probably contains hnRNP proteins, 3´ end processing 
components and transcription elongation factors. The complexes vary in size and shape and there can be maximally 
one complete spliceosome at a given time. Within the complex, introns are recognized and excised. The order of 
removal is not absolute 5´ to 3´ and not all introns are removed cotranscriptionally (see paper I). During 
transcription, spliceosomal components are continously added to and released from the NTS complexes. 
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Splicing repression (paper III)Splicing repression (paper III)Splicing repression (paper III)Splicing repression (paper III)    
A family of proteins important for most stages in splicing is the SR protein family. The SR 

proteins are known to recognize and bind to specific sequences in the pre-mRNA very early, and 
in this way initiate the splicing process. SR or SR-like proteins are also involved in alternative 
splice site selections, and they can present or conceal specific splice sites. We have identified a 
novel SR-like protein in C. tentans that represses splicing (paper III). We have called the 23 kDa 
nuclear protein Ct-RSF (Chironomus tentans-Repressing Splicing Factor). Ct-RSF consists of an 
RNA binding domain of the type present in small SR proteins and a C-terminal domain rich in 
glycine, arginine, and serine (GRS domain). Ct-RSF copurifies with SR proteins and is 
recognized by an SR protein family specific antibody. However, in contrast to SR proteins, Ct-
RSF represses the splicing activity in HeLa cell nuclear extracts and blocks the activation of 
splicing by an SR protein (ASF/SF2) in S100 cytoplasmic extracts. It represses the formation of 
pre-spliceosomal A-complexes, which suggests that Ct-RSF represses an early step in 
spliceosome assembly. In salivary gland cells, Ct-RSF binds to nascent pre-mRNAs at more than 
100 gene loci, most (80-90%) of which also bind spliceosomal components. Ct-RSF binds 
extensively to BR1 and BR2 pre-mRNAs, which almost only contain exon sequences but much 
less to the BR3 pre-mRNA, half of which is introns. U1 and U2 snRNPs bind more to BR3 pre-
mRNA than to BR1 and BR2 pre-mRNAs. Our results are compatible with the hypothesis that 
Ct-RSF binds to exon sequences and represses splicing at cryptic splice sites. One possible 
mechanism can be that Ct-RSF binds to elements usually recognized by SR proteins, and 
consequently hinders the recruitment of splicing factors to these sites. 
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DiscussionDiscussionDiscussionDiscussion    
We have taken advantage of the superior resolution of C. tentans polytene nuclei to 

characterize the in situ structure of a specific active gene, the BR3 gene, in 3D. Like mammalian 
genes, it contains multiple introns, which are largely cotranscriptionally excised. Active 
mammalian genes are located to the periphery of condensed chromatin, where the heterogenous 
perichromatin fibrils represent the nascent transcripts. We suggest that the BR3 gene is 
representative of individual genes in the perichromatin region. Further, the structure of the NTS 
complexes in the BR3 gene is quite different from those of the BR1 and BR2 genes. We therefore 
predict that the structure of the complexes is different in different genes, influenced by the exon-
intron organization and the splicing process.  

The structure of the spliceosome has been studied previously, using various purified 
components (individual snRNPs or different assembled spliceosomal complexes). This gives a lot 
of detailed information, but it is difficult to interpret in functional terms. By studying the coupled 
transcription-splicing process in a well characterized gene, we are able to functionally interpret 
the structures. Even at 5 nm resolution we have high biological resolution and can interpret the 
structure in relation to the current mRNA factory model.  

The spliceosome should be regarded as a functional entity rather than as a defined structure. 
U2 snRNP and RNA pol II are located within the same, dynamic complex together with the 
transcript, the NTS complex. Further, there are extensive rearrangements (up to 2 MDa) within 
the NTS complex as it moves along the gene. On average, two new introns are added and one 
removed as we go from one NTS complex to the next in our reconstructions. Despite this, 
maximally one complete spliceosome is present on the transcript at a given time. No well defined 
structures are seen outside the NTS complexes that could mediate an exchange of factors between 
the NTS complexes and the surroundings. Probably, there is a widespread reuse of the 
spliceosomal components. The CTD of the RNA pol II could coordinate this internal (within NTS 
complex) or external (from surrounding) recruitment. The observed complete splicing cycle in 
less than 25 seconds, is somewhat faster than previous observed on nascent trancripts and much 
faster than in vitro, suggesting that the microenvironment within the NTS complex greatly 
enhances the process. Despite this, not all introns are excised directly during transcription and the 
general 5´ to 3´ polarity of splicing is not obligatory for neighboring introns. The rapid 
cotranscriptional splicing of the multi-intron transcript may be a considerable logistic problem 
within the cell nucleus, resulting in the recorded accumulation of introns.   
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Future plansFuture plansFuture plansFuture plans    
This thesis has laid the foundation for further, more detailed analysis of the NTS complexes. 

Two aspects are especially important to pursue (1) higher resolution of the individual NTS 
complexes and (2) more information regarding the dynamics within the complexes. 

It would be of great interest to lock the NTS complexes in specific conformations to obtain 
homogeneous structures. In combination with gentler preparation methods, like cryosectioning, 
and avoiding the stain, high resolution structures can be obtained. This could be done by 
microinjection of phosphatase inhibitors to allow assembly of spliceosomes but not splicing or 
completely block splicing with anti-sense oligonucleotides directed against specific snRNAs. I 
have adapted a microinjection method that functions together with the microdissection-RT-PCR 
assay used in paper I. This microinjection method can be further developed to preserve the 
morphology needed for electron tomography. The advantage of using salivary gland cells for 
microinjection is that the injected and control cells are in the same tissue and thus treated 
identically. Also, RNA interference could potentially be used to knock out specific splicing 
factors (including Ct-RSF) in vivo, and the result analyzed by both microdissection-RT-PCR and 
electron tomography. 

For analysis of the NTS complex dynamics, it would be very informative to localize (with 
antibodies) more splicing factors to the NTS complexes, for example U1, U4, U5, and U6 
snRNPs as well as SR proteins. The specific antibodies would be interesting to use for double-
labeling as well, although the low labeling efficiencies give a low probability for actually 
detecting two different antibodies to the same NTS complex. Further, antibodies against other 
components of the mRNA factory, like capping, cleavage and polyadenylation, as well as 
transcription elongation factors, would be good to localize and see to what extent they contribute 
to the mass of the NTS complexes. In situ hybridization probes against different parts of the 
transcripts (for example, the regions studied in paper I (both exon and intron specific) could tell 
more about the extent of splicing and the size of the transcript within the NTS complex. Finally, 
it would be good to use thicker sections making it possible to trace longer gene segments and 
analyze neighboring NTS complexes in more detail. 
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