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ABSTRACT 

 
There are many structures, suborganelles and bodies in the eukaryotic cell 

nucleus. These domains provide the nucleus with many specific functions. Nucleolus is 

specialized compartment serves to ribosomes assembly, nuclear speckles or Splicing 

Factors Compartment play an important role in RNA processing and best studied of 

them, Cajal bodies (CBs), are involved in snRNP maturation. However, non-membrane 

substructures are not unique for cell nucleus; processing bodies (P bodies) found in the 

cytoplasm are proposed to be important places in mRNA degradation pathway. 

 This work is a compilation of four projects focused on non-membrane cellular 

bodies; namely, nuclear CBs and cytoplasmic P bodies. Both CBs and P bodies are 

dynamic structures that continuously exchange their components with surrounding 

environment. 

In addition to a widely accepted role of CBs in snRNP biogenesis, we show 

that the CB serves as a place where snRNPs are regenerated after each round of 

splicing. Thus, CBs are important nuclear compartment involved in snRNP recycling. 

To further characterize tri-snRNP assembly in CBs we applied kinetic 

experiments combined with mathematical modeling and created a kinetic model of tri-

snRNP formation in the CB that determined kinetic parameters of tri-snRNP formation. 

Moreover, our kinetic model predicted 11-fold increased efficiency of tri-snRNP 

formation in the CB in contrast to the nucleoplasm. 

We identified tri-snRNP specific targeting factor that is essential for 

localization of tri-snRNP components to the CB. In addition, we found that this protein 

is important for tethering of assembly intermediates in CBs. Based on our results we 

propose a new CB function – a control mechanism in process of tri-snRNP formation. 

 Finally, we show that P body formation and integrity in the cell is dependent 

on nuclear-cytoplasmic equilibrium of LSm proteins. We propose that LSm proteins in 

cytoplasm serve as binding sites for other P body components and thus govern P bodies 

nucleation. 
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ABSTRAKT 

 
V eukaryotickém buněčném jádře existuje mnoho struktur, suborganel  

a tělísek. Tyto struktury poskytují jádru mnoho specifických funkcí. Jadérko se 

specializuje na skládání ribozomů, jaderné „speckles“ nebo též SFC, hrají důležitou roli 

v úpravách RNA a nejlépe prostudovaná jaderná tělíska, Cajalova tělíska (CB), jsou 

zapojená do maturace snRNP částic. Bezmembránové kompartmenty nejsou unikátní 

jen pro buněčné jádro, cytoplasmatická tělíska zvaná P bodies jsou pravděpodobně 

důležitými místy v dráze degradace mRNA. 

 Tato práce je souborem čtyř projektů zaměřených na bezmembránové buněčné 

struktury, jmenovitě jaderné CB a cytoplasmatické P bodies. Oba druhy buněčných 

struktur, CB i P bodies, jsou dynamické struktury, které stále vyměňují své součásti se 

svým okolím. 

CB je obecně akceptováno jako místo biogeneze snRNP. My jsme ukázali, že v 

CB jsou snRNP také regenerovány po sestřihu. CB tedy hraje důležitou roli v recyklaci 

snRNP částic. 

Kombinací kinetických experimentů a matematického modelování jsme 

vytvořili kinetický model formování tri-snRNP komplexu v CB na základě kterého jsme 

určili kinetické parametry skládání tri-snRNP. Podle našeho modelu se v CB skládá tri-

snRNP 11x efektivněji než v nukleoplasmě. 

Identifikovali jsme specifický faktor pro cílení a lokalizaci tri-snRNP 

komponent do CB. Kromě toho jsme zjistili, že tento protein je důležitý pro zadržování 

meziproduktů tri-snRNP v CB. Na základě našich výsledků můžeme navrhnout novou 

funkci pro CB - kontrolní mechanismus při procesu tri-snRNP formace. 

Nakonec jsme ukázali, že formování a integritu P bodies v buňce řídí 

rovnováha mezi jadernými a cytoplasmatickými LSm proteiny. Zdá se, že LSm proteiny 

v cytoplazmě slouží jako vazebná místa pro další komponenty P bodies, čímž je řízena 

jejich tvorba. 
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ABBREVIATIONS 
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CTD C-terminal domain 

Cy3 Cyan dye 3 

DABCO  1,4-diazabicyclo[2.2.2]octane 

DFCs Dense Fibrillar Components 

di-snRNP U4/U6 snRNP complex 

DNA Deoxyribonucleic acid 

DNA Deoxyribonucleic acid 

DRB 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole 

EM electron microscopy 

FCs Central Fibrillar Centers 

FF luciferase Firefly luciferase 

FITC Fluorescein isothiocyanate 

FRAP fluorescence recovery after photobleaching 

FRET Förster resonance energy transfer 

GCs Granular Componentss 

GFP green flourescent protein 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
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NOR nucleolus organizer region 

NOR nucleolar organizer region 
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PABP poly(A) binding protein 

PAGE polyacrylamide gel electrophoresis 

PARN poly(A) specific 3'-to-5' ribonuclease 

PcG polycomb group 

PCR Polymerase chain reaction 

PFA Paraformaldehyde 

PHAX phosphorylated adaptor for RNA export 
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RFP red fluorescent protein 
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RNA Ribonucleic acid 

RNA Pol RNA polymerase 

RRM RNA recognition motif 

rRNA Ribosomal RNA 

RT reverse transcription 
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SFC Splicing Factors Compartment (speckles) 

SMA spinal muscular atrophy, disease 

SMN Survival of Motor Neuron protein 

snoRNA small nucleolar RNA 

snRNA small nuclear RNA 

snRNP small nuclear ribonucleoprotein particle 

SR protein Serine/Arginine-rich protein 

SSC saline-sodium citrate 
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tri-snRNP U4/U6·U5 snRNP complex 

TRITC Tetramethylrhodamine-5-(and 6)-isothiocyanate 

U snRNA/RNP uridine-rich snRNA/RNP 

YFP yellow fluorescent protein 
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1. SUMMARY 

The cell nucleus is a specialized structure containing almost all DNA in 

eukaryotic cell. Essential processes like DNA replication, transcription, RNA splicing, 

editing or ribosome assembling take place in the nucleus. The nucleus also 

accommodates a lot structures and suborganelles, numerous dynamic domains and 

bodies which provide the nucleus with many specific functions. One of best studied 

nuclear domains is the Cajal body (CBs), where the maturation of spliceosomal 

components – snRNPs – takes place.  

In this work we focus on CB structure and function; by combining 

biochemical, microscopic and mathematical modeling approaches, we try to describe 

kinetic processes in CB and explain the CB components behavior under various 

conditions with special emphasis on tri-snRNP formation in the CB. 

We show in chapter 5.1 that tri-snRNP is regenerated in the CB after its 

participation in splicing. In this project, we used fluorescence microscopy, includes 

analysis of changes in accumulation of snRNP components, kinetic experiments and 

FRET experiments. Analysis of snRNP composition after RNAi depletion was 

performed by immunoprecipitation and gradient centrifugation. 

In chapter 5.2 we established a kinetic model of tri-snRNP formation in the CB 

and defined kinetic constants of tri-snRNP assembly in vivo. Our data also suggest that 

the CB enhances the rate of tri-snRNP formation. The mathematical model was 

obtained by combining in vivo microscopic kinetic experiments and mathematical 

modeling. 

In chapter 5.3 we propose a novel function for CB, the proofreading of  

tri-snRNP assembly. We showed that tri-snRNP components accumulation changes are 

linked to tri-snRNP assembly process and incomplete components are tethered in CBs. 

We also identified the tri-snRNP specific targeting factor which we proposed as the 

proofreading factor in tri-snRNP formation. In this chapter we used fluorescence 

microscopy, included high-throughput microscopy, for description of CB phenotype 

changes, as well glycerol gradient ultracentrifugation for snRNP complexes 

identification after several specific RNAi knock-downs. 
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In the last part of this work, chapter 5.4, we present a link between nuclear 

structure (CB) and cytoplasmic structure (P body). This work shows that LSm proteins 

and their equilibrium between the nucleus and cytoplasm governs P bodies formation. 

In this project we used specific knock-downs followed by phenotype analysis  

(high-throughput microscopy), kinetic analysis (FRAP experiments) and firefly 

luciferase assay to check translational activity of treated cells. 
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2. AIMS 

In this work we are focused on Cajal bodies and P bodies. We study the 

structural properties as well processes within these structures. We use several 

biochemical and microscopic approaches to answer main questions in this work:  

 

• Reveal whether Cajal bodies are involved in snRNPs regeneration after 

splicing machinery 

 

• Use kinetic live-cell microscopy measurement and combine obtained results 

with mathematical modeling to establish a model of U4/U6·U5 tri-snRNP 

formation in the Cajal body. 

 

• Via specific RNAi depletion study the hierarchy in snRNPs targeting to the 

Cajal body; reveal the tri-snRNP specific targeting factor. 

 

• Study whether cytoplasmic-nuclear equilibrium of LSm-ring influence  

P bodies formation. 
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3. INTRODUCTION 

3.1. The eukaryotic cell nucleus 

In eukaryotic cells almost all DNA is enclosed in the cell nucleus which 

occupies on average 10% of the total cell volume. The cell nucleus has nuclear 

envelope, a barrier formed by two lipid-bilayer membranes. Nuclear envelope is 

penetrated by nuclear pores that facilitate nuclear-cytoplasmic transport. Nuclear 

envelope is directly bound to the endoplasmic reticulum by its outer membrane which 

extends from the nucleus out to the cytoplasm. Mechanical support of the nucleus is 

provided with a network of intermediate filaments named nuclear lamina  

(Alberts et al., 2008a).  

Essential processes such as DNA replication, transcription and mRNA splicing 

occur within cell nucleus. DNA stored in the nucleus is 400 000 fold packed and 

together with packaging proteins form chromatin. However, despite the high degree of 

compaction, chromatin has to stay accessible for DNA-dependent processes like 

transcription, DNA repair and replication (Schneider and Grosschedl, 2007). Based on 

its microscopic appearance, chromatin was divided into heterochromatin – more 

condensed regions that correlate with silenced DNA – and euchromatin – a transcribed 

chromatin in an open conformation (Heitz, 1928). However, the situation seems to be 

more complicated and it is not only the location of the gene in heterochromatin or 

euchromatin, which regulates the activity of the gene. Open chromatin fibres correlate 

with density of genes but not with expression level. Other factors like covalent 

modifications of DNA and histones influence the gene activity (Gilbert et al., 2004; 

Spector, 2004). 

 

3.2. The Nuclear organization 

3.2.1. Components within the nucleus 

The mammalian cell nucleus is a membrane-bound organelle that contains the 

machinery essential for gene expression. The nucleus accommodates a lot structures and 

suborganelles, numerous dynamic domains and bodies which provide the nucleus with 

many specific functions (Lamond and Spector, 2003; Handwerger and Gall, 2006; 
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Misteli, 2007). The probably oldest preserved drawing of the nucleus dates back to the 

early microscopist Antonie van Leeuwenhoek (1632 – 1723). He observed a nucleus in 

the red blood cells of salmon and called it “Lumen”. However, the cell nucleus was 

firstly described in 1802 by Franz Bauer, and later and in more detail in 1831 by 

Scottish botanist Robert Brown (Brown and Bennett, 1866). In 1969, Monneron and 

Bernard published an electron-microscopy (EM) study of the mammalian nucleus, 

which was based on thin sections of mouse, rat and human tissues. Using a newly 

devised staining technique they discovered a fine structural organization of mammalian 

nucleus (Monneron and Bernhard, 1969). In the 1980s the use of fluorescence 

microscopy to study particular proteins in the nucleus of chemically fixed cells renewed 

the interest in uncovering details of nuclear architecture (Spector, 1993; Dundr and 

Misteli, 2001). The development of in vivo microscopy techniques using genetically 

encoded fluorescent tags has opened the door to probe nuclear architecture and function 

in living cells (Misteli and Spector, 1997b). 

The nucleus is surrounded by a nuclear envelope. This structure is composed 

of double-membrane while the outer membrane is contiguous with the rough 

endoplasmic reticulum and is often studded with ribosomes. The shuttling of molecules 

from and to the cytoplasm is mediated by the nuclear pore complex (NPC) that 

assembles at the place where the inner and outer membranes are fused together (Stoffler 

et al., 1999; Spector, 2001). 

Highly visible and prominent region in most eukaryotic cell nuclei is the 

nucleolus (Shaw and Doonan, 2005). This greatly specialized sub-nuclear compartment 

serves in all-known eukaryotes to ribosomes assembly (Shaw and Jordan, 1995; 

Cmarko et al., 2008). The others “nonconventional” functions of the nucleolus are 

involved in viral infections, nuclear export, sequestration of regulatory molecules, 

modification of small RNAs, RNP assembly, nevertheless, we still do not fully 

understand the molecular mechanism of these functions (Olson et al., 2002; Raska et 

al., 2006). In interphase cell nucleus, using immunostaining or in situ hybridization, are 

clearly visible other smaller nuclear bodies. The best studied of them are Cajal bodies 

(CBs) involved in snRNP maturation, which are often (depends on cell line) 

accompanied by Gems (Gemini of Cajal bodies) characterized by the presence of the 

survival of motor neurons protein (SMN) and an associated Gemin proteins  
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(Matera, 1999; Hao le et al., 2007). Nuclear speckles also called nuclear splicing 

factor compartments (SFC) that are found in many cell types and they play important 

roles in RNA processing (Gall, 2003; Lamond and Spector, 2003; Handwerger et al., 

2005). Nuclear speckles correspond to interchromatin granule clusters (IGCs) 

identified by electron microscopy. Transcription takes place at periphery of IGCs 

transcription sites and could be observed as a thousands of small foci (Spector, 2001). 

Other foci which also contain nascent transcripts (and transcription factors) are OPT 

(Oct1/PTF/transcription) domains. OPT domains exist during G1-phase and disappear 

during S-phase. Their function is still unknown (Grande et al., 1997; Pombo et al., 

1998).  Additional remarkable structures are promyelocytic leukaemia oncoprotein 

bodies (PML bodies). PML bodies have been suggested to play a role in different 

aspects of transcriptional regulation and appear to be targets of viral infection. 

Moreover, cells from promyelocytic leukemia patients exhibit a break-up of PML 

bodies into a large number of smaller domains, which are scattered throughout the 

nucleoplasm (Maul et al., 2000; Zhong et al., 2000) and often are associated with the 

nucleolar surface. The perinucleolar compartment (PNC) and SAM68 nuclear body 

are tough to play a role in RNA metabolism (Huang, 2000). PcG bodies contain 

polycomb group protein that associates with pericentromeric heterochromatin and 

hypothetically could play a role in silencing (Saurin et al., 1998; Cmarko et al., 2003). 

Relatively novel and not fully understood nuclear domains are paraspeckles. 

Paraspeckles correspond to discrete bodies in the interchromatin nucleoplasmic space 

that are often located adjacent to splicing species (Fox et al., 2002). 

In contrast to most of cytoplasmic organelles nuclear bodies lack any define 

membrane. The major components of nuclear bodies are proteins and often 

accompained by short RNAs. Recent analyses of several nuclear body dynamics 

showed that they continuously exchange their components with surrounding 

nucleoplasm (Kruhlak et al., 2000; Phair and Misteli, 2000; Snaar et al., 2000; Dundr 

and Misteli, 2001; Misteli, 2001a; Dundr et al., 2004) (Chapter 5.2). Thus, nuclear 

bodies are not rigid, but highly dynamic nuclear structures. However, it was 

demonstrated using time-lapse microscopy experiments that individual nuclear bodies 

persist during whole interphase (from G1phase to G2 phase) and in this time the bodies 

make a dynamic motion within the nuclear environment (Platani et al., 2000; Muratani 
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et al., 2002; Dundr et al., 2007). In contrast to small bodies like CBs or PMLs, larger 

structures such as nucleoli or nuclear speckles are relatively immobile and undergo only 

limited local motion (Misteli et al., 1997a; Dundr and Misteli, 2010). In the absence of 

membrane, accumulation of proteins and RNAs is solely determined by non-covalent 

interactions within the body. Taken together, rapid exchange of individual components 

and stable existence of particular structure make nuclear bodies dynamic steady-state 

protein/RNA structures (Dundr and Misteli, 2010).  

There are two running concepts of cellular structures formation and 

maintaining. One of them is the concept of self-assembly. It describes processes that 

proceed and tend to the equilibrium e.g. formation of the molecules into equilibrium 

structures (Kushner, 1969). The final structure is stable and relatively rigid. The other 

model describes dynamic processes ongoing on open system in steady state. The second 

model is much more suitable for definition of dynamic cellular structure. This concept 

describe structures which are open for exchange of energy and matter and are governed 

by steady-state dynamics (Nicolis and Prigogine, 1977). The steady-state predicts an 

open system and is established in conditions far from equilibrium. Here, the cellular 

structure is dynamic, material is continuously exchanged and stable configuration is 

formed from dynamic components. Recent studies indicate dynamic properties of 

cellular structures and confirm that the role of the self-organization plays a govern role 

in creating of architecture in three major macroscopic cellular structures; namely the 

cytoskeleton, the cell nucleus, and the Golgi complex (Misteli, 2001b). The concept of 

self-organization was suggested for biogenesis of nucleolus (Lewis and Tollervey, 

2000; Misteli, 2001a). The nucleolus continuously exchanges nucleolar proteins in 

steady-state, but, when ribosomal gene transcription is inhibited, the nucleolus 

disassembles (Oakes et al., 1993). In agreement with self-organization model, nuclear 

speckles (Sinclair and Brasch, 1978) and also Cajal body (Tucker et al., 2001a) have 

been shown. Recently, based on self-organization concept, it has been shown that is 

possible to nucleate a nuclear structure de novo. There were used specific immobilized 

proteins or RNAs to increase amount of specific binding sites in particular place in the 

nucleus (Kaiser et al., 2008; Mao et al., 2011; Shevtsov and Dundr, 2011). 
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3.2.2. The Nucleolus 

The nucleolus is like a sub-nuclear factory where eukaryotes produce 

ribosomes. This compartment contains primary transcripts of 45S precursor ribosomal 

RNAs (pre-rRNAs) and additional specific nucleolar proteins, factors and enzymes 

necessary for transcription and pre-rRNA processing. The nucleolus also contain the 

precursor units of ribosomes (Schwarzacher and Wachtler, 1993). 45S pre-rRNA 

primary transcript contains 18S, 5.8S and 28S rRNA and is transcribed by the nucleolar 

RNA polymerase I. Pre-rRNA is subsequently cleaved to individual rRNAs which are 

further modified during the editing process (Raska, 2003; Shaw and Doonan, 2005). 

The shortest rRNA, 5S rRNA, is synthesized in the nucleoplasm by RNA polymerase 

III and does not require additional modification (Alberts et al., 2008b). 

The rRNA genes (rDNA) are found in many copies forming gene clusters 

located at five haploid chromosomes. These sites can be identified on metaphase 

chromosomes and are called nucleolar organizer regions (NORs). Nucleoli formed 

around these rDNA tandem arrays. In many organisms, nucleoli are break down during 

mitosis and are re-formed after cell division. Thus, nucleoli are dynamic cell-cycle 

dependent structures (Lamond and Earnshaw, 1998; Shaw and Doonan, 2005). Using 

electron microscopy three distinct nucleolar structures were identified in the nucleolus: 

Central Fibrillar Centers (FCs), Dense Fibrillar Components (DFCs) and Granular 

Components (GCs) (Fig. 3.1). In mammalian nucleoli FCs contain RNA polymerase I 

and rDNA, thus, they have been often proposed as sites of rDNA transcription. 

However, detailed analysis of the location of nascent rRNA transcripts in plants and 

human nucleoli has pointed clearly that DFCs contain active transcription units 

(Gonzalez-Melendi et al., 2001; Koberna et al., 2002). So, FCs are assumed as an 

interphase counterpart of mitotic NORs. Actively transcribed rRNAs genes are located 

to peripheral parts of FCs and DFCs. DFCs surround FCs and protuberance into them 

and form intranucleolar reticulum (Raska, 2003). Previous results indicate that the DFC 

is the site of pre-rRNA transcription and of initial steps of pre-rRNA processing 

(Cmarko et al., 2000). Late rRNA processing takes place in GC that surrounds FCs and 

DFCs. Granules observed in GC fraction are suggested to be various intermediate 

complexes on the route to mature ribosomes (Carmo-Fonseca et al., 2000; Hernandez-

Verdun et al., 2002; Raska, 2003).  
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telomerase reverse transcriptase (hTERT) is expressed. Moreover, it was reported that 

hTERT is also found in CBs (Zhu et al., 2004). Additionally, it was shown that many 

factors involved in processes like histone mRNA 3’ end formation and basal 

transcription factors for RNA Pol I, II and III are localized to the CB (Gall, 2000; Zhu et 

al., 2004; Matera and Shpargel, 2006; Stanek and Neugebauer, 2006). 

CBs are about 0,5 µm in diameter and are highly mobile thorough nucleoplasm 

(Boudonck et al., 1999; Platani et al., 2000; Platani et al., 2002). CB is also highly 

dynamic structure and its components are rapidly exchanged with surrounding 

nucleoplasm (Handwerger et al., 2003). FRAP-based experiments confirmed rapid 

exchange of fibrillarin, survival of motor neurons (SMN) protein and coilin from CBs 

(Snaar et al., 2000; Sleeman et al., 2003). Later, kinetic properties of several CB 

components were very systematically measured using iFRAP method it was shown that 

kinetic properties of individual CB components differ (Dundr et al., 2004).  

The role for the CB comprises of snRNAs/snRNPs maturation, including base 

modification, U4/U6 di-snRNP and U4/U6∙U5 tri-snRNP formation and also 3’ -end 

maturation U3 snoRNA. Also it was suggested that CB is involved in the telomerase 

formation (Verheggen et al., 2002; Gall, 2003; Jady et al., 2003; Zhu et al., 2004; 

Stanek and Neugebauer, 2006). 

 
 

3.3. The role of snRNPs in pre-mRNA splicing 

3.3.1. Pre-mRNA splicing 

In eukaryotic cells, the coding sequences (exons) are interrupted by noncoding 

intervening sequences (introns). In 1977, it was discovered that the coding part is often 

a small fraction of the gene. Both exons and introns are transcribed to the primary 

transcript, the precursor messenger RNA (pre-mRNA). The process, when intron 

sequences are removed out and exons are joined to the mRNA is named RNA splicing. 

The splicing is performed by macromolecular complex called spliceosome (Alberts et 

al., 2008c). Two distinct transesterifications are necessary for intron removing and exon 

joining: The first reaction provide exchange 3’-5’ bound to 2’-5’ bound in branch point 

which forms lariat structure and the second reaction is exon ligation (Moore and Sharp, 

1993). 
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The spliceosome complex consists of five uridine-rich small nuclear 

ribonucleoproteins (U snRNPs) and others non-snRNP splicing factors. Essential RNA-

RNA interactions between pre-mRNA and spliceosomal snRNAs provide spliceosome 

capable of catalyzing the splicing reaction (Will and Luhrmann, 2001). U1, U2, U4, U5 

and U6 snRNPs together form the core of major spliceosome and catalyze splicing of 

vast majority of mRNAs. A rare intron class, also called U12-type, is spliced by minor 

spliceosome which consists from U11, U12, U4atac and U6atac snRNP and shares U5 

snRNP with the major one (Burge et al., 1999).   

The splicing reaction is a stepwise manner process that could be divided to 

several stages (Fig. 3.4). At the initial step, U1 snRNP binds to the 5’splice junction via 

base-pairing between pre-mRNA and U1 snRNA. After this, the branch-point is 

recognized by branch-point binding protein (BBP) and U2AF protein. This stage is 

called E complex. In the next step BBP and U2AF proteins are replaced by U2 snRNP. 

U2 snRNA base-pairs with branch-point and create A complex. Three of the snRNPs, 

U4, U5 and U6 enter the splicing reaction as a pre-assembled complex called the 

U4/U6∙U5 tri-snRNP in B complex stage. Tri-snRNP displaces  

U1 snRNP from 5’ splice junction. Subsequently, U4 snRNP is released and the 

activated spliceosomal complex consists from U6, U5 and U2 snRNPs, is called  

B* complex. In this stage, the U2 is base-paired to the U6 and also to the branch-point. 

U6 is base-paired with splice junction and branch-point is closer to the 5’splice 

junction. Finally, the active C complex is formed and catalyses both steps of splicing 

reaction where lariat structure is formed and exon1 and exon2 are ligated together. The 

lariat with bound U2, U5 and U6 snRNPs is released (Burge et al., 1999; Alberts et al., 

2008c). After each round of splicing reaction used snRNPs are released from the lariat 

and recycled for the next splicing reaction. In this work we showed that components of 

the tri-snRNP recycling occur in CB (Chapter 5.1). 
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Figure 3.5: The scheme of U snRNPs biogenesis. U1, U2, U4 and U5 is transcribed by RNA 

polymerase II and after capping the specific adaptor PHAX guides their export to the cytoplasm where 

Sm ring is formed and TMG cap created. Later, snurportin1 mediates re-import of snRNPs back to the 

nucleoplasma for final maturation in CB. U6 snRNP takes another pathway when U6 snRNA is 

transcribed by RNA polymerase III, capped by γ-monomethyl cap and after LSm-ring formation the U6 

snRNP is targeted to the nucleolus for pseudouridinylation and 2’-O-methylation. Last stage of U6 

snRNP maturation takes place in the CB. 

 
Stable pre-snRNA intermediates carrying only a short (5-10 nt) 3′ overhang that is 

generated by a transcription-linked processing event (Medlin et al., 2003; Uguen and 

Murphy, 2003; Jacobs et al., 2004). In 2005, an RNA polymerase II complex with novel 

subunits was described and named an integrator. It was shown that the integrator is 

recruited to U1 and U2 snRNA genes and mediates their 3’end processing (Baillat et al., 

2005). 5’end of all snRNAs transcribed by RNA polymerase II is modified by 

cotranscriptional addition of 7-methyl-guanosine cap, which serves like signal for 

export from the nucleus (Hamm and Mattaj, 1990). This cap is recognized by cap 

binding complex (CBC) (Izaurralde et al., 1995). The CBC is bound by phosphorylated 

adaptor for RNA export (PHAX) which mediates interaction with the export receptor 

complex CMR1/Exportin1 (Xpo1) and RanGTP which are responsible for snRNA 

transport from nucleus to cytoplasm (Fornerod et al., 1997; Ohno et al., 2000). 

In the cytoplasm, the Sm-ring is assembled and 5’ end is hypermethylated; 

2,2,7-trimethyl guanosine (TMG) cap is created (Will and Luhrmann, 2001; Stanek and 

Neugebauer, 2006). Seven Sm proteins, SmB/B′, D3, D2, D1, E, F and G, form together 

the Sm-ring, the snRNP Sm core structure. In vitro experiments showed that three 

distinct complexes ((E·F·G)2 hexamer, B/B’·D3 dimer and D1·D2 dimer) of Sm 

proteins are formed prior to their interaction with highly conserved Sm site on snRNAs. 

First, the (E·F·G)2 and D1·D2 binds to the subcomplex which is already able to interact 

with Sm site on the snRNA; it is first stable snRNP particle formed. In the next step the 

B·D3 or B’·D3 binds the subcore and the final Sm-ring is formed (Raker et al., 1996). 

In vertebrate cells the Sm-core formation is guided by the complex of several proteins 

associated with SMN protein. SMN complex directly interacts with several proteins of 

Sm-ring and serves as an enhancer and control factor in Sm-ring formation (Fischer et 

al., 1997). Insufficiency of the SMN protein caused by mutation in the SMN1 gene 

manifests as a serious disease named spinal muscular atrophy (SMA). There was 
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proposed a connection between the disease and snRNP biogenesis (Liu et al., 1997). 

Recently, it was proposed, that the SMA could be partially caused by affection of minor 

tri-snRNP assembly due to lack of CBs in SMA cells (Boulisfane et al., 2011). 

After proper Sm core formation, that is crucial for further snRNP maturation, 

the m7G cap is changed to TMG cap by the activity of methyltransferase. In the same 

stage the snRNP particle undergoes 3’end maturation by 3’ trailer sequences 

exonucleolytic removal (Mattaj, 1986; Seipelt et al., 1999). The TMG cap together with 

Sm core domain serve as a nuclear localization signal (NLS) (Fischer et al., 1993). 

Snurportin1 recognizes TMG cap and interacts with a general nuclear import signal 

Importinβ. These interactions are required for the import of newly assembled snRNPs 

from cytoplasm back to the nucleus (Palacios et al., 1997; Huber et al., 1998; Matera 

and Shpargel, 2006).  

Experiments using GFP(and YFP)-tagged Sm proteins revealed that newly 

assembled snRNP particles first appear in the Cajal body after their nuclear import, and 

much later they are visible in nuclear speckles (Sleeman and Lamond, 1999b). As 

mentioned above, CBs are places for further snRNA modification; pseudouridinylation 

and 2’-O-ribose methylation guided by scaRNAs (Darzacq et al., 2002; Kiss et al., 

2002; Jady et al., 2003). Furthermore, addition of specific proteins and the final snRNP 

maturation likely occur in the CB as well. Matured snRNPs are stored in speckles and 

finally act in the nucleoplasm pre-mRNA splicing (Lamond and Spector, 2003). 

The U6 snRNP biogenesis differs from other U snRNPs. The U6 snRNA (and 

also U6atac snRNA) is transcribed by RNA polymerase III and receive γ-monomethyl 

cap (Will and Luhrmann, 2001). The 3’ end of U6 snRNA associates with La protein. 

La protein interacts with 3’ U-tract and provides stability for nascent U6 snRNA and 

also guides further U6 snRNP assembly (Wolin and Cedervall, 2002). Later, the La 

protein is unbound and replaced with the ring of Sm-like (LSm) proteins similar to the 

Sm-ring. LSm-ring is formed on 3’ terminal U-tract and stabilizes U6 snRNA. The 

LSm-ring consists of seven LSm proteins, LSm 2-8 (Achsel et al., 1999b; Vidal et al., 

1999). The LSm-ring is essential for proper targeting of U6 snRNA to the nucleolus and 

CB (Gerbi and Lange, 2002). During its biogenesis U6 snRNP is also 

pseudouridinylated and methylated on 2’-O-ribose, however in contrast to other U 
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snRNPs these processes are not guided by scaRNAs; maturation of U6 is directed by 

snoRNAs and takes place in the nucleolus (Ganot et al., 1999; Lange and Gerbi, 2000).  

 

3.3.3. The composition of snRNPs 

Overview of each snRNP composition is depicted in Fig. 3.6.  

 
U1 snRNP 

U1 snRNP consists of Sm-core and additional U1 specific proteins U1-70K, 

U1-A and U1-C. It was shown that U1-70K and U1-A protein contain classical RNA 

recognition motifs (RRMs) and bind directly to the stem-loops of snRNA. U1-C protein 

is not able to directly bind the naked U1 snRNA. Its association with U1 snRNP is 

mediated by interactions with the N-terminal domain of U1-70K protein and Sm core of 

U1 snRNP (Nelissen et al., 1994; Will and Luhrmann, 2001). 

 

U2 snRNP 

A method using ultracentrifugation of snRNPs at 100.000 g in the glycerol 

gradient solution, where concentration of the glycerol is in range 10 – 30 % (v/v) was 

established for studying of snRNPs composition. Using glycerol gradient centrifugation 

it was shown that U2 snRNP sediments in two peaks – majority on U2 snRNP 

sediments at 17S and the rest at 12S (Konarska and Sharp, 1987; Behrens et al., 1993). 

Integrity of the 17S particle is salt-dependent; under higher than 250 mM salt 

concentration the major 17S U2 snRNP particle dissocoates into 12S U2 snRNP particle 

and two heteromeric complexes SF3a and SF3b (Behrens et al., 1993; Brosi et al., 

1993). SF3a and SF3b complexes are composed of many proteins (Fig. 3.6). The 12S 

U2 snRNP particle stably accommodates common Sm proteins, U2 snRNA and U2 

specific U2A’ and U2B’’ proteins. U2A’ mediates interaction with SF3b complex to 

form 15S U2 snRNP. This particle interacts with SF3a complex to finish 17S U2 snRNP 

(Stanek and Neugebauer, 2006). 

 
U5 snRNP 

In glycerol gradients U5 snRNP sediments in three versions: 20S, 25S and 35S 

U5 snRNP (Makarov et al., 2002). 20S snRNP contains common Sm proteins and 

several additional U5 specific proteins (Fig. 3.6). Interaction of 20S snRNP with U4/U6 
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snRNP particle (di-snRNP) results 25S snRNP, the U4/U6·U5 snRNP complex, also 

named tri-snRNP (Behrens and Luhrmann, 1991; Laggerbauer et al., 2005). The 35S 

U5 snRNP particle is a post-spliceosomal complex of U5 snRNP and Prp19 complex 

(Makarov et al., 2002).  

 
U4/U6 snRNP (di-snRNP) 

 Base-paired U4 and U6 snRNA with additional specific proteins formed 

together the di-snRNP. Although U4 snRNP has never been isolated, two of specific  

di-snRNP proteins can interact with U4 snRNA alone - directly to the U4 snRNA is 

bound the 15.5K protein that is necessary for integration of Prp31 (61K) protein into U4 

snRNP (Watkins et al., 2000; Nottrott et al., 2002). Additional pre-assembled complex 

of hPrp3, hPrp4 and USA-CyP (90K, 60K and 20K) interacts with the di-snRNP thus 

they are di-snRNP specific proteins (Nottrott et al., 2002). U4/U6 particle has not only 

Sm proteins originating from U4 snRNP but there are also Like-Sm (LSm) proteins 

from U6 LSm-ring. LSm proteins, in addition to U6 snRNA stabilizing, promote 

annealing of U4 and U6 snRNPs (Achsel et al., 1999b). There is only one identified U6 

specific protein, SART3, also named p110 or hPrp24. SART3 protein functions as  

a recycling factor for reannealing of U4 and U6 after splicing reaction (Bell et al., 

2002). Here, we show that SART3 plays a role also as a factor which targets snRNPs to 

the CB. In addition, we propose a model where SART3 plays a critical role in targeting 

and likely in proofreading process of tri-snRNP formation (Chapter 5.3). 

 
U4/U6·U5 snRNP (tri-snRNP)  

The tri-snRNP is formed by protein-protein interaction between U4/U6 snRNP 

and U5 snRNP. The interaction is mainly mediated by U4/U6 protein Prp31 and U5 

specific protein Prp6 (Makarova et al., 2002a; Schaffert et al., 2004) and stabilize by 

additional protein-protein interactions (Liu et al., 2006). 
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3.3.4. The formation of tri-snRNP complex in CB 

Cajal body was proposed as a nuclear compartment where tri-snRNP formation 

occurs (Schaffert et al., 2004; Stanek and Neugebauer, 2006). Using Förster resonance 

energy transfer (FRET), it was shown that the U4/U6 intermediate is highly 

accumulated in CB (Stanek and Neugebauer, 2004), nevertheless U4 snRNP and U6 

snRNP targets CB independently on each other (Stanek et al., 2003). Specific RNAi 

mediated knock-down of specific proteins (Prp6, Prp31) disrupted tri-snRNP formation 

and results in increased accumulation of tri-snRNP reaction intermediates in CBs 

(Schaffert et al., 2004). These evidences together suggest that tri-snRNP formation 

takes place in the CB. Kinetic studies using mathematical modeling of biological 

processes were performed and showed that the enrichment of tri-snRNP components in 

CB increased the rate of di- and tri-snRNP formation. This structure enhances 10-fold 

the rate of splicing factor formation within CB in compare to surrounding nucleoplasm 

(Klingauf et al., 2006). In this work we kinetically describe process of tri-snRNP 

formation in the Cajal body (Chapter 5.2) and suggest that CB plays a role as an 

enhancer of tri-snRNP formation.   

Recent work testing efficiency of minor U4atac/U6atac·U5 tri-snRNP in cells 

derived from SMA patients showed decreased level of minor tri-snRNP in these cells. 

Concentration of minor tri-snRNP is normally 100-fold lower than major tri-snRNP. 

SMA cells lack CB and thus lack places which normally increase the concentration of 

minor-tri-snRNP components. Consistently with Klingauf’s work and with our data, 

authors suggested that minor-tri snRNP insufficiency is directly caused by CB lacking 

in SMA cells (Boulisfane et al., 2011). 

Based on evidences cited above, a model of stepwise U4/U6·U5 tri-snRNP 

assembly in CB was proposed (Stanek and Neugebauer, 2006). According to this model 

we can summarize the assembly process into several major steps – targeting of U4 and 

U6 snRNP to the CB, U4/U6 di-snRNP formation, interaction of the di-snRNP with the 

U5 snRNP and tri-snRNP formation and, finally, detaching of tri-snRNP from CB (Fig. 

3.7). 

Targeting of U4, U5 and U6 snRNP to the CB 

It was shown that coilin, a marker protein of the CB, is a self-interacting 

protein and likely represents the major docking site for snRNPs in the CB (Hebert and 
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Matera, 2000). U4 and U5 snRNPs are likely targeted to the CB via coilin interaction 

with SMN protein and proteins of Sm-ring (Xu et al., 2005). N-terminal domain of U6 

specific protein SART3, the HAT domain, is responsible for targeting U6 snRNP to the 

CB (Stanek et al., 2003). However, the interaction partner of SART3 in CB was already 

not recognized. Here, we provide an experimental evidence based on FRET experiments 

that SART3 protein interacts with coilin in CB (Chapter 5.2). Additionally, we show 

that SART3 represents a necessary factor for CB targeting of all tri-snRNP components 

(Chapter 5.3). 

Annealing 

 Annealing of U4 and U6 snRNA is promoted by SART3 protein and LSm 

(Achsel et al., 1999b; Bell et al., 2002). Then the specific di-snRNP proteins are 

attached to the newly assembled di-snRNP (see above) (Nottrott et al., 2002). However, 

kinetics of the annealing reaction was not known. In this work, we use measurements of 

in vivo snRNPs dynamics combined with mathematical modeling and determine U4/U6 

assembly rate in the CB (Chapter 5.2). 

 
Tri-snRNP formation 

 When the di-snRNP is finished, U5 snRNP is attached via protein-protein 

interactions between U5 protein Prp6 and U4 protein Prp31 (Makarova et al., 2002a; 

Schaffert et al., 2004). During this moment SART3 protein leaves the newly formed 

complex and is released from the CB (Stanek and Neugebauer, 2006). At the end the 

final matured U4/U6·U5 tri-snRNP leaves CB to participate on the splicing reaction. 

Similarly to di-snRNP formation, we provide estimation of tri-snRNP assembly kinetics 

(Chapter 5.2). 
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Figure 3.7: Model of stepwise assembly of the tri-snRNP in the Cajal body. 
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2000) and also in degradation of wrongly spliced or inappropriately adenylated  

pre-mRNA (Hilleren et al., 2001). Additional potential function for nuclear exosome is 

its activity in intron degradation, the machinery involved in cytoplasmic nonsense-

mediated decay (NMD) (Moore, 2002). 

The cytoplasmic exosome is essential factor for 3’-to-5’ decay of mRNA in 

eukaryotic cells (Kressler et al., 1999). In yeast, mutations in genes that defect this 

pathway and lead to “superkiller” (Ski) phenotype which results in enhanced toxin 

production (Toh and Wickner, 1980; van Hoof et al., 2000). 

The difference between nuclear and cytoplasmic core of the exosome is only in 

presence of nuclear protein Rrp6p (PM-Scl 100 in human). Rrp6p is not essential 

protein and its function remains unclear (Butler, 2002). The exosome core components 

contain Rrp40p, Rrp41p/Ski6, Rrp42p, Rrp43p, Rrp44p/Dis3p, Rrp45p, Rrp46p, Mtr3p, 

Csl4p/Ski4p, and Rrp6p, the nuclear component. Most of their RNase revealed to be 

members of RNase PH and RNase D families (Mitchell et al., 1997). 

 

3.4.2. Deadenylases 

The poly(A) specific 3’-to-5’ ribonuclease (PARN) are the best characterized 

deadenylases from higher eukaryotes. PARNs are members of RNase D family, which 

is an Mg2+ dependent enzyme and requires free hydroxyl group (Korner et al., 1998). 

PARN consists of exonucleases domain, RRM-type domain and NLS (Copeland and 

Wormington, 2001). As a inhibitor of PARN activity in physiological environment 

serves the poly(A) binding protein (PABP) (Korner and Wahle, 1997). Additionally,  

in vitro experiments showed that the capped substrate can also inhibit PARN activity 

(Gao et al., 2000).  

In contrast to the exosome, typical PARNs were not found in Saccharomyces 

serevisiae or Drosophila melanogaster (Tucker et al., 2001b). Ccr4p and Caf1p/Pop2p 

were identified as PARN-like yeast deadenylases from RNase D family (Korner et al., 

1998).  
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3.4.3. 5’-to-3’ exonucleases 

It was shown in yeast that deadenylation-dependent decapping is followed by 

5’-to3’ exonucleolytic decay; the decay plays an key role in transcript degradation in 

yeast (Muhlrad et al., 1994; Tucker et al., 2001b; He et al., 2003). After poly(A) tail 

removing the decapping is mediated by Dcp1p/Dcp2p. The methylated 7GpppN cap is 

cleaved off and RNA with terminal  5’monophosphate is acceptable for 5’-to-3’ 

exonucleases, Xrn1p and Pat1p, that are present in eukaryotes (Muhlrad et al., 1994). 

Xrn1p is a major 5’-to-3’ exonuclease in yeast that degrades decapped mRNA 

with terminal  5’monophosphate, but it is not able to process mRNA with methylated 

cap, 5’triphosphate group or 5’ hydroxyl group (Stevens, 2001). Xrn1p was also shown 

as a factor involved in NMD (Gonzalez et al., 2001). 

Experiments with mutants of Xrn1p revealed activity of other 5’-to-3’ 

exonucleases (Muhlrad et al., 1994). Rat1p exonuclease was identified, and, in contrast 

to Xrn1p, the Rat1p is an essential nuclear protein (Amberg et al., 1992; Johnson, 1997; 

Xue et al., 2000). Rat1p exonuclease plays an important role in nuclear rRNA and 

snoRNAs processing (Henry et al., 1994; Qu et al., 1999). Moreover, in the absence of 

Xrn1p, Rat1p covers the Xrn1p activity in cytoplasm and degrades decapped mRNAs 

while still maintaining its own function in the nucleus (He and Jacobson, 2001). 

In yeast, Xnr1p associates with Dcp1p and cytoplasmic LSm-ring. The 

cytoplasmic form of the LSm-ring consists from LSm1-7 proteins and shares six LSm 

proteins (2-7) with the nuclear LSm-ring. The LSm-ring in cytoplasm participates in 

mRNA decapping and decay (Bouveret et al., 2000; Tharun et al., 2000). 

Decapping enzymes, LSm1-7 ring and other components of mRNA decay are 

localized in cytoplasmic foci referred to as P-bodies (Ingelfinger et al., 2002; Sheth and 

Parker, 2003; Parker and Sheth, 2007). 

 

3.4.4. P bodies 

Cytoplasmic processing bodies (P bodies) are foci where translationally 

repressed mRNAs are aggregated and associate with translation represory and mRNA 

decay machineries. P-bodies in eukaryotic cells contains mRNA decapping machinery 

includes decapping enzymes Dcp1p/Dcp2p, activators of decapping Dhh1p/RCK/p54, 
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Pat1p,Scd6p/RAP55, Edc3p, the LSm1p-7p complex and exonuclease Xrn1p. Thus,  

P bodies are proposed sites of mRNA degradation (Cougot et al., 2004; Andrei et al., 

2005). In addition, in metazoans, P bodies contain components of miRNA pathway 

which is missing in yeast (Liu et al., 2005). Proteins involved in NMD rapidly transit 

through P bodies under normal conditions. However, under stress or after 

overexpression, they accumulate in P bodies in detectable levels. There are several 

evidences that P bodies require mRNAs for their assembly. Semi-purified P bodies 

disrupted after treatment with RNase A (Teixeira et al., 2005). An overexpression of 

nontranslatalbe mRNA fragment results in increased size and number of P bodies 

(Teixeira et al., 2005). This correlates with proposal formation of nuclear bodies 

dependent on noncoding RNAs (Shevtsov and Dundr, 2011). Next experiments showed 

that mRNAs accumulated in P bodies are not engaged in translation: After treatment of 

cycloheximide which blocks translation elongation and causes that mRNA is held in 

association with ribosomes, P bodies number decreased (Sheth and Parker, 2003; 

Cougot et al., 2004; Teixeira et al., 2005). In contrast, inhibition of translation leading 

to mRNA dissociation from ribosomes results in increase of P bodies size (Kedersha et 

al., 2005; Teixeira et al., 2005; Koritzinsky et al., 2006). For a model that mRNA is 

decapped and degraded in P bodies argue several observations. In addition to 

accumulation of decapping factors in P bodies the mRNA decay intermediates were 

localized to P bodies (Sheth and Parker, 2003). If the decapping process is affected by 

inhibition of its components, P bodies increase in size (Sheth and Parker, 2003; Cougot 

et al., 2004; Andrei et al., 2005), but, if the decapping machinery is disrupted by 

tethering mRNA in polysomes, P bodies decrease in size (Beelman and Parker, 1994; 

Sheth and Parker, 2003; Coller and Parker, 2005). Interestingly, mRNA could be 

accumulated in P bodies and not to be degraded, moreover, that mRNA could re-enter 

translation. The stationary phase of yeast results in large P bodies, that contain a lot 

mRNA which is returned to translation in growing stage (Sheth and Parker, 2003; 

Cougot et al., 2004; Andrei et al., 2005). Additionally, RNA accumulated in P bodies 

under stress condition, re-entered polysomes after shifting conditions. It seems that 

mRNA is allowed to cycle from polysomes to P bodies and there could be degraded or 

returned back to polysomes (Brengues et al., 2005; Bhattacharyya et al., 2006). This, all 

together, implies that P bodies are highly dynamic cytoplasmic non-membrane 
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structures. Dynamic properties of P bodies components were also confirmed via 

photobleaching experiments. Interestingly, individual P bodies proteins show 

differences in their rates of exchange and the representation of immobile fraction 

(Andrei et al., 2005; Kedersha et al., 2005). 

The process that governs the P bodies assembly remains unknown but there is 

an indication that P bodies self-association is depended on “binding sites” provided by 

components interacting within P bodies. For example, simply reduction of individual 

components (GW182, RCK/p54, RAP55, LSm4, 4E-T or miRNA biogenesis in general) 

via RNAi results in reduction of P bodies number in cell (Andrei et al., 2005; Ferraiuolo 

et al., 2005; Jakymiw et al., 2005; Pauley et al., 2006). But, inhibition of translation 

initiation by sodium arsenite restores P bodies in cells where LSm4 was depleted 

(Kedersha et al., 2005). This implies that not all P bodies factors are necessary for  

P bodies formation, but crucial for P bodies formation is presence of translationally 

repressed mRNA (Parker and Sheth, 2007). Here, we show that number of P bodies is 

affected by levels of LSm1 and LSm8 and nuclear-cytoplasmic redistribution of LSm 

proteins (Chapter 5.4). 

 

3.4.5. Stress granules 

Other type of cytoplasmic bodies containing mRNA was identified; stress 

granules. Stress granules contains a set of translation initiation factors, the 40S 

ribosomal subunit, poly(A) binding protein and other RNA binding proteins in 

conjunction with untranslated mRNA (Anderson and Kedersha, 2002). Components of 

stress granules, similarly to all structures mentioned in this work, contribute to the 

granules formation by their self-interactions (Tourriere et al., 2003; Gilks et al., 2004). 

Similarly to P bodies, stress granules are dynamic structures and it was confirmed by 

protobleaching experiments (Kedersha et al., 2005). Stress granules formation is caused 

by defects in translation initiation (Anderson and Kedersha, 2002; Mazroui et al., 2006). 

But, the inhibition of translation elongation factors causes disappearing of stress 

granules (Kedersha et al., 2005). Thus, stress granules probably represent aggregates of 

stalled translation initiation complexes (Parker and Sheth, 2007). Recent studies have 

suggested that P bodies and stress granules are in physical interaction and mRNA can 

shuttle between these two structures. 
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All together, mRNA present in polysomes can repeatedly undergo the process 

of translation initiation, elongation and termination. Due to cases mentioned above the 

mRNA can be recruited from polysomes to P bodies, where could be decapped and later 

degraded or could be stored in P bodies for exit and re-enter translation process again. 

Stress granules are suggested to be translation initiation zones. Increase of this structure, 

when mRNA is trapped within stress granules, contribute with a case of stalled mRNA 

in translation initiation process (Parker and Sheth, 2007). 
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4. MATERIAL AND METHODS 

Cell lines 

As a model organism we used HeLa cells cultured in DMEM supplemented 

with 10% fetal calf serum, penicillin and streptomycin (Invitrogen, USA). 

We used HeLa cells stably expressing GFP-tagged snRNP specific proteins 

from bacterial artificial chromosome (BAC) (Poser et al., 2008). SART3-GFP and 

Brr2-GFP cell lines were gift from Karla Neugebauer (MPI-CBG, Dresden, Germany).  

hPrp4-GFP and U2A’-GFP were kindly provided by Ina Poser and Tony Hymann 

(MPI-CBG, Dresden, Germany) (Poser et al., 2008).  

To create a stable HeLa cell line expressing human Prp8-GFP tagged with 

GFP at the C-terminus and expressed under the control of its own promoter, a BAC 

harboring the human Prp8 gene was obtained from the BACPAC Resources Center 

(http://bacpac.chori.org). Neo/Kanr-dsRed and EGFP-IRES-Neo cassettes were PCR 

amplified with primers carrying 50 nucleotides of homology to the targeting sequence. 

Recombineering of the BACs was performed as described (Zhang et al., 2000) (Gene 

Bridges, Dresden, Germany), and following transduction, neo-resistant cells were sorted 

by FACS to obtain single colonies. Immunoprecipitation using anti-GFP antibodies 

showed that hPrp8-GFP is properly incorporated into the U5 snRNP and the tri-snRNP 

(data not shown). The firefly reporters were transfected into HeLa cells and selected by 

G418 (500 µg/mL; 6 days). Populations of HeLa-FF-4xlet-7B and HeLa-FF-4xmiR-

30B cells were used for next experiments. 

 

Antibodies and RNA probes 

The following antibodies were used:  

rabbit anti-SART3/p110 antibodies (Stanek et al., 2003);  

mouse anti-coilin (5P10) (Almeida et al., 1998) kindly provided by M. Carmo-Fonseca; 

rabbit anti-coilin (Santa Cruz Biotechnology, USA);  

rabbit antibody anti-LSm4 (Achsel et al., 1999a) for immunofluorescence microscopy; 

rabbit antibody anti-LSm4 (Abcam, GB) for western blotting;  

rabbit antibody anti-hPrp31 (U4/U6-61K) (Makarova et al., 2002b); 

http://bacpac.chori.org)
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rabbit hPrp4 (U4/U6-60K) (Lauber et al., 1997); 

rabbit anti-Prp6 (Santa Cruz Biotechnology, USA); 

rabbit anti-hSnu114 (U5-116K) (Fabrizio et al., 1997) kindly provided by R. 

Lührmann; 

mouse antibody anti-LSm8 (Santa Cruz Biotechnology, USA); 

mouse antibody anti-U2B'' (PROGEN Biotechnik GmbH, Germany); 

mouse antibody anti-U1-70K (PROGEN Biotechnik GmbH, Germany); 

rabbit anti-mouse Ntr1 was raised against a peptide, LQNEFNPNRQRHWQ (aa 32-

45; Zymed Laboratories Inc., South San Fransisco, CA) and was provided by Michael 

Paine (University of Southern California, Los Angeles, CA 90033); 

mouse antibody anti-αTubulin kindly provided by P. Draber (IMG AS CR, Czech 

Rep.) (Draber et al., 1989); 

anti–GFP antibodies (raised against bacterially expressed full-length EGFP and 

obtained from David Drechsel, MPI-CBG, Dresden, Germany); 

mouse anti-Sm (Y12) is produced by facility of IMG ASCR (Stanek et al., 2008); 

rabbit antibody anti-DDX6 (Bethyl Laboratories, Inc., USA); 

mouse anti-GW182 – Human indexed serum 18033(Eystathioy et al., 2003); 

Secondary anti-mouse and anti-rabbit antibodies conjugated with TRITC, FITC 

and DyLight 549nm (Jackson ImmunoResearch Laboratories, West Grove, USA) were 

used for fluorescence microscopy. Secondary anti-mouse and anti-rabbit antibodies 

conjugated with HRP (Jackson ImmunoResearch Laboratories, West Grove, USA) and 

secondary anti-mouse and anti-rabbit antibodies 800 for Odyssey (LI-COR biosciences, 

USA) reader were used for western-blot developing.  

Digoxigenin-labeled DNA probes directed against human U2, U4 and U5 

snRNAs were obtained by PCR as previously described (Bell et al., 2002) using 

pSP65U2H, pSPU4b, pSP64U5 (Black and Pinto, 1989) as templates. 

Cy3 tagged RNA probes for in situ visualization of snRNAs (East-Port Praha, 

Czech rep) were designed accordingly to previous publication (Schaffert et al., 2004). 

 

siRNA oligonucleotides 

Pre-annealed siRNA duplexes were obtained either from Ambion (Applied 

Biosystems, USA) or Qiagen (Qiagen, Czech rep. division). Three independent siRNA 
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duplexes were used against hNtr1 (hNtr1 siRNA) and five duplexes were used to target 

hPrp22 (hPrp22 siRNA). The sequences of sense siRNAs were as follows:  

Ambion: 

hNtr1-27 - 5'-CCUGUUAAGCAGGACGACUtt;  

hNtr1-28 - 5'-GCAGGACGACUUUCCUAAGtt;  

hNtr1-29 - 5'-GGAUUAGCAAGAAGCUCACtt;  

hPrp22-55 - 5'-GCUUUAAUGCCCAGCGCAGtt;  

hPrp22-56 - 5'-GGAAUAAAGUGAAGUCUAGtt;  

hPrp22-57 - 5'-CCCAAAUAGACGGCGAAAUtt;  

Qiagen: 

hPrp22-3 - 5'-GGGACAGGACAAAGAAGAAtt;  

hPrp22-4 - 5'-CAGAGAAGUGGGAGAUCAAtt. 

The sequence of siRNA against hPrp6 (hPrp6 siRNA) was previously 

described (Schaffert et al., 2004). The sequences for SART3 siRNA and LSm8 siRNA 

were kindly provided by Konstantin Licht, (Institute of Biochemistry, Justus-Liebig-

University of Giessen, Germany),  

SART3 - 5'-ACUGCUACGUGGAGUUUAAtt;  

LSm8 - 5'-GGAUGAAAGCCAUGAACGAtt.  

Two independent siRNA duplexes of pre-designed LSm1 siRNA was 

purchased from Ambion:  

LSm1-1 - 5’-GAACCGAGGUCUUUCCAUUtt;  

LSm1-2 - 5’-GAAGGACACUUAUAGGCUUtt.  

The “negative control 1” siRNA (NC siRNA) from Ambion was used as a 

negative control.  

 

Plasmids DNA 

SART3-CFP, CFP-SART3, SART3-YFP, YFP-SART3, coilin-CFP, CFP-

coilin, coilin-YFP, YFP-coilin and hPrp31-CFP were described previously (Stanek 

and Neugebauer, 2004). SMN-YFP was kindly provided by M. Dundr (Dundr et al., 

2004), SmB-YFP and SmD1-GFP by A. Lamond (Sleeman and Lamond, 1999a). SmB 

was subcloned into ECFP-C1 (Clontech Laboratories, Inc., USA), PA-GFP-C1 

(Patterson and Lippincott-Schwartz, 2004) and E5-RFP-C1 using HindIII/KpnI sites. 
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SmD1 was recloned into ECFP-C1, PA-GFP-C1 and E5-RFP-C1 using BamHI/PstI 

sites. E5-RFP-C1 vector was created by replacing GFP sequence in GFP-C1 plasmid 

(Clontech Laboratories, Inc., USA) with E5-RFP sequence from pTimer-1 plasmid 

(Clontech Laboratories, Inc., USA) using AgeI/BglII restriction sites. SART3-

HcDiRed construct was created by cloning SART3 sequence into the HcDiRed-N1 

vector, which originated from the H2B-HcDiRed-N1 plasmid obtained from J. 

Ellenberg (Gerlich et al., 2003). SART3-mRED: SART3 cDNA was cloned from 

SART3-GFP (Stanek and Neugebauer, 2004) into the mRed-C3 vector (Clontech 

Laboratories, Inc., USA) using EcoRI/BglII restriction sites. LSm1-YFP construct was 

created by amplification of LSm1 sequence by reverse transcription and PCR (Phusion 

polymerase) using primers: 

LSm1-For: 5’-CCGGAATTCTGATGAACTATATGCCTGGC;  

LSm1-Rev: 5’-CGCGGATCCCGGTACTCATCAAGAGTATC  

followed by insertion of the sequence into the EYFP-C3 (Clontech Laboratories, Inc., 

USA) using EcoRI/BamHI restriction enzymes. LSm8-YFP and LSm4-YFP were 

described previously (Stanek et al., 2003; Stanek and Neugebauer, 2004). DDX6-GFP 

was kindly provided by Matyas Flemr (IMG AS CR, Czech Rep.) (not published). 

Firefly reporters construction: Four bulged (B) binding sites for either hsa-

let-7a or hsa-miR-30 microRNA were cloned into the 3′ untranslated region (3′-UTR) of 

firefly (FF) luciferase reporter driven by PGK promoter (pPGK-FF) obtaining pPGK-

FF-4xLet-7B and pPGK-FF-4xmiR-30B plasmids.  

 

Transfections 

siRNAs were transfected using Oligofectamine (Invitrogen, USA) according to 

the manufacture’s protocol and cells were analyzed 48 hours after transfection. Plasmid 

DNAs were introduced to cells using FuGene HD Transfection Reagent (Roche 

Diagnostic, Germany) according to the manufacture’s protocol 24 hours before the 

experiment and 24 hours after siRNA transfection. Within 48-hour incubation period we 

did not observe any extensive cell death with respect to the treatment with the negative 

control siRNA. 
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RT-PCR and qPCR 

Total RNA was isolated 48h after siRNA transfection using TRIZOL® reagent 

(Invitrogen, USA). cDNA was synthesized using a gene-specific reverse primer and 

SuperScriptIII (Invitrogen, USA). Taq polymerase was used to amplify cDNA  (25 

cycles). Controls without RT reaction were performed to verify that there was no 

residual DNA contamination. The following primers were used for RT-PCR and 

quantitative PCR:  

hPrp22-For: CAAGAGGTGGGCTACACCAT; 

hPrp22-Rev:5'-TGATCGCGTACTGAGTGAGG;  

hNtr1-For: 5'-TGTCTTCACTCCTGGCTCCT;  

hNtr1-Rev: 5'-AAGCCACTTGGGGAAGAAGT;  

18S-For: 5'-TTGTTGGTTTTCGGAACTGAG;  

18S-Rev: 5'-GCAAATGCTTCGGCTCTGGTC;  

c-myc-mRNA-For: 5'-GCGACTCTGAGGAGGAACAAGAAG;  

c-myc-mRNA-Rev: 5'-ACTCTGACCTTTTGCCAGGAGC;  

c-myc-pre-mRNA-For: 5'-TGCTCCCTTTATTCCCCCAC;  

c-myc-pre-mRNA-Rev: 5'-GGTCATAGTTCCTGTTGGTGAAGC;  

LDHA mRNA-For: 5'-AGAACACCAAAGATTGTCTCTGGC;  

LDHA mRNA-Rev: 5'-TTTCCCCCATCAGGTAACGG;   

LDHA pre-mRNA-For: 5'-CCTTTCAACTCTCTTTTGGCAACC;  

LDHA pre-mRNA-Rev: 5'-AATCTTATTCTGGGGGGTCTGTTC;  

Tubulin mRNA-For: 5'-GCTGCTTTGTGGAGTGGATTCC;  

Tubulin mRNA-Rev: 5'- CCGTGTTGTTGCCAATGAAGG;  

Tubulin pre-mRNA-For: 5'- GACCTTCCTCCTGCTTTCAGTTC;  

Tubulin pre-mRNA-Rev: 5'- TCTGCTTGTGTTCCCAGTTGC. 

 

Quantitative PCR was done as described previously (Listerman et al., 2006) 

and ratio of pre-mRNA to mRNA calculated for each siRNA treatment according to 

RsiRNA = 2(Ctpre-mRNA-CtmRNA), normalized to NC siRNA treated cells: Rn = RsiRNA/RncsiRNA 

and plotted.  
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Bioluminescence Assay 

Cells grown in 24-well plates were collected in 150 µl Passive Lysis buffer 

(Promega, USA). The activity of firefly luciferase was measured in 5-µl aliquots using 

the Dual-Luciferase Reporter Assay System (Promega, USA) according to the 

manufacturer's instructions. The data were corrected to protein concentration (Bio-Rad 

Protein Assay, Bio-Rad Czech Republic, Czech rep.) and normalized to control 

transfection. Results from two independent experiments done in duplicates are shown 

(mean ± SEM).  

 

Immunoprecipitation 

Cells were placed on ice, washed three times with ice cold PBS, scraped in 

NET-2 buffer (50 mM TRIS-Cl, pH 7.5, 150 mM NaCl, 0.05% Nonidet P-40) 

supplemented with complete mix of protease inhibitors (Roche Diagnostic, Germany) 

and sonicated three times for 30 s on ice. The cell extract was centrifuged at 20,000 g 

and supernatant was incubated either with a monoclonal anti-Sm antibody (Y12) in the 

case of control cells or with goat anti–GFP antibodies for 4 h at 4C. RNA was extracted 

using phenol/chloroform, resolved on denaturing 10% UREA-PAGE and silver stained. 

 

snRNAs detected by gradient ultracentrifugation 

Nuclear extracts were prepared according to (Dignam et al., 1983), diluted in 

gradient buffer (20 mM HEPES/KOH pH 8, 150 mM NaCl, 1.5 mM MgCl2, 0.5mM 

dithiothreitol) and fractionated in a linear 10-30% glycerol gradient by centrifugation 

32,000rpm, 17h using the SW-41 rotor (Beckman). Individual fraction (700µl) were 

collected and RNA was extracted from each fraction with 

phenol:chloroform:isoamylalcohol, separated on 10% UREA-PAGE and silver stained. 

In parallel, proteins were precipitated from the phenol phase by acetone, dissolved in 

SDS-PAGE sample buffer and analyzed by immunoblotting. 
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In situ hybridization 

48h after siRNA transfection cells were fixed in 4% paraformaldehyde/PIPES 

for 10 minutes, permeabilized with 0.5% Triton X-100 for 5 minutes and incubated with 

anti-SART3 antibodies as a marker of CBs followed by incubation with secondary 

antibody conjugated with FITC (Jackson ImmunoResearch Laboratories, West Grove, 

USA). Cells were again fixed in 4% paraformaldehyde/PIPES for 5 minutes, quenched 

for 5 minutes in 0.1M glycine/0.2M TRIS pH 7.4 and incubated with digoxigenin-

labeled probe in 2xSSC/50% formamide/10% dextran sulphate/1% BSA for 60 minutes 

at 37ºC. After washing in 2xSSC/50% formamide, 2xSSC and 1xSSC, the probe was 

detected by mouse anti-digoxigenin antibody (Roche Diagnostic, Germany) followed by 

incubation with goat anti-mouse antibody coupled with TRITC (Jackson 

ImmunoResearch Laboratories, West Grove, USA). Images were collected using 

DeltaVision microscope system and fluorescence intensities in CBs and the 

nucleoplasm determined as describe above. 

 

Immunofluorescence staining 

48 hours after siRNA transfection or 24 hours after pDNA transfection cells 

were fixed in 4% paraformaldehyde/PIPES for 10 min, permeabilized for 5 min with 

0.2% Triton X-100 (Sigma Aldrich, Germany), and incubated with primary antibody 

against coilin. Secondary anti-mouse or anti-rabbit antibodies conjugated with FITC, 

TRITC, DyLight488 or DyLight549 (Jackson ImmunoResearch Laboratories, West 

Grove, PA) were used.  

 

Image acquisition 

Images were acquired using the DeltaVision microscopic system (Applied 

Precision, Issaquah, WA) coupled to the Olympus IX70 microscope equipped with an 

oil immersion objective (60x/1.4NA). For all the samples, identical settings were used. 

Stacks of 20 xy-sections with 200-nm z step were collected per sample and subjected to 

an image restoration using a measured point spread function (SoftWorx; Applied 

Precision).  
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High-Throughput microscopy 

The Scan^R system (Olympus) was used to perform high-throughput 

experiments. For CB-nucleoplasm fluorescence distribution was used 60x/1.35NA oil 

immersion objective, for P bodies quantification was used 40x/1.3NA oil immersion 

objective. All samples were scanned using automatized acquisition drived by 

Acquisition Scan^R program (Olympus). 12x12 (144) images were obtained per each 

sample. Each image was reconstructed from stacks of 10 xy-sections with 300-nm z 

step and automatically restored using a measured point spread function implemented in 

Analysis Scan^R software (Olympus) which provide us with later image analysis. In 

image analysis, cellular compartments were automatically identified based on 

fluorescence intensity combined with compartment edge detection. Cell nuclei were 

visualized using dapi (4',6-diamidino-2-phenylindole that binds to A-T rich regions in 

DNA.) staining, CBs were identified via immunostaining against CB marker coilin; 

DDX6 was stained to mark P bodies. Values describe total intensities, areas and counts 

for each cellular object were obtained using the Analysis Scan^R software. 

 

FRAP and photoactivation 

Fluorescence recovery after photobleaching (FRAP) experiments were 

performed using the DeltaVision microscopic system equipped with an oil immersion 

objective (60x/1.4NA) and an environmental chamber controlling temperature (37 °C) 

and CO2 concentration (5 %). Photobleaching was achieved by a 100 ms laser pulse at 

488 nm (50% of the laser power level, spot No. 1) and integral fluorescence intensity 

monitored in a series of 50 images, in a circular area of 1µm in diameter corresponding 

to one CB.  

In photoactivation experiments, either Zeiss510 equipped with water 

immersion objective (63x 1.2NA) or Leica SP2 confocal microscopes equipped with 

water immersion objective (63x 1.2NA) and an environmental chamber controlling CO2 

level and temperature were used. PA-GFP was activated by short pulses of 405nm laser 

line and images of activated PA-GFP (excitation with 488nm laser line) and either CFP 

(excitation with 458nm laser line) or HcDiRed (excitation with 594nm laser line) were 

acquired in 15s intervals in the case of activation of one CB or every 2 minutes in the 
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case of activation of the whole nucleus. The raw images were analyzed using ImageJ 

software. For publication, fluorescent levels were linearly adjusted using Adobe 

Photoshop. 

FRET 

HeLa cells were transfected with vectors coding for CFP- and YFP-tagged 

proteins of interest using FuGENE HD, grown for 24–26 h, and fixed in 4% 

paraformaldehyde/PIPES (Sigma-Aldrich, Germany) for 10 min at the room 

temperature. After rinsing with phosphate-buffered saline (PBS) and water, cells were 

embedded in glycerol containing DABCO. Cell micrographs were acquired using the 

Leica SP5 confocal microscope. FRET was measured by the acceptor photobleaching 

method as described previously (Stanek and Neugebauer, 2004). Before the YFP 

(acceptor) photobleaching, intensities of CFP (donor, excited by 405-nm laser set to 10-

15% of maximum power) and YFP fluorescence (excited by 514 nm laser line set to 3-

6% of maximum power) were measured. Then, YFP was bleached in a region of interest 

containing one CB by three to five intensive (50% maximum power) pulses of 514-nm 

laser line and CFP and YFP fluorescence was measured again. FRET efficiency was 

calculated from CFP fluorescence intensities in bleached CBs as FRETefficiency[%] = 

(CFPafter - CFPbefore) ∙ 100 / CFPafter. Unbleached CBs of the same cell were used as a 

negative control. 10-20 cells were measured per each FRET pair and the mean and 

standard deviation calculated. 

 

Compartmental analysis  

The measured FRAP curves were analyzed by means of compartmental 

analysis (Jacques, 1996). Cajal body (CB) was modeled as a uniform organelle 

occupying a volume of Vin = 0.5 fl surrounded by an isotropic homogeneous 

nucleoplasm of a volume Vout = 620 fl (Klingauf et al., 2006). Both Vin and Vout were 

kept constant. For each of the labeled snRNP complexes, we constructed a 

compartmental system where its components, i.e. different snRNP particles and their 

complexes, partitioned between Vin and Vout. A transfer rate of the species i across the 

CB boundary was described by a time-invariant transfer coefficient ki. Biochemical 

interactions taking place inside the CB and involving studied species were characterized 
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by corresponding reaction rates kj, j = 1, 2, 3 (see Figure 2). Each compartmental system 

was described by a set of ordinary differential equations written in terms of component 

concentrations (see Supplementary Material). Initial conditions were selected to reflect 

the situation in FRAP experiments. In particular, during the experiment strong light 

pulse at t=0 depletes fluorescent label in a small volume coinciding with the volume of 

the Cajal body. Accordingly, we adjusted concentrations of all fluorescently tagged 

species inside the CB close to zero. Due to the incomplete and often variable depletion 

degree, concentrations immediately after the bleaching pulse at t=0 had to be fitted and 

were kept specific for each experiment. The bleaching pulse created non-equilibrium 

conditions driving the system evolution when photo-destructed labels inside the CB 

were exchanged by the fresh ones diffusing from outside the photobleached volume.  

For estimation of  the rate constants ki and kj, each modeled compartmental 

system was fitted to normalized FRAP data by a nonlinear least squares method 

(Johnson, 1994; Bevington and Robinson, 2002) using the NLINFIT iterative 

optimization routine (Matlab, The MathWorks, Inc., MA). Goodness of the fit was 

evaluated by standard statistical procedures, mainly by a value of reduced χ2 and 

distribution of residuals. Fit accuracy was quantified by confidence intervals (CI) 

determined for the 67% confidence level. In order to increase over-determination of the 

model and the accuracy of recovered parameters we employed a simultaneous analysis 

of multiple FRAP curves measured with the same fluorescently labeled complexes in 

different CBs of different cells. During this global fitting (Eisenfeld and Ford, 1979; 

Beechem et al., 1983; Knutson et al., 1983) the transfer coefficients ki and rate 

constants kj were common for all analyzed curves. Initial concentrations of individual 

system components were kept specific for each experiment and their values were 

adjusted during the fitting process.  

During the data analysis we were aware that the multidimensional χ2 surface 

could contain local minima. To avoid being trapped in such minimum, the global fitting 

was done with numerous sets of the initial parameter guesses to make sure that the 

fitting always converges to the same global minimum. In addition, to verify consistency 

of the global data set and identify curves potentially biased by systematic errors, the 

fitting was performed multiple times with different data subsets (Herman and Lee, in 

press). 
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5. RESULTS AND DISCUSSIONS 

 
 

Project 1: “Spliceosomal snRNPs repeatedly cycle through CBs” was published in 

journal Molecular Biology of the Cell and author participated on this work by 

measurements of photokinetic experiments with PA-GFP.  

Stanek, D., Pridalova-Hnilicova, J., Novotny, I., Huranova, M., Blazikova, M., Wen, X., Sapra, 

A.K., and Neugebauer, K.M. (2008). Spliceosomal small nuclear ribonucleoprotein particles 

repeatedly cycle through Cajal bodies. Mol Biol Cell 19, 2534-2543. 

IF: 5,98 

 
 

Project 2: “In vivo kinetics of U4/U6•U5 tri-snRNP formation in Cajal Bodies” was 

published in journal Molecular Biology of the Cell and author provide biological 

experiment, including immunoprecipitation, cloning and expressions, FRAP 

experiments etc. 

Novotny, I., Blazikova, M., Stanek, D., Herman, P., and Malinsky, J. (2010). In vivo kinetics of 

U4/U6.U5 tri-snRNP formation in Cajal bodies. Mol Biol Cell 22, 513-523. 

IF: 5,98 
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5.1. PROJECT 1: 

SPLICEOSOMAL SNRNPS REPEATEDLY CYCLE THROUGH CBS 
 

5.1.1. Project 1, RESULTS 
Accumulation of mature snRNPs in Cajal bodies 

It is not known whether the pool of snRNPs in CBs consists of only newly 

imported and incompletely assembled snRNPs, or whether mature snRNPs that have 

already participated in splicing accumulate in CBs as well. We probed the relative "age" 

of snRNPs in CBs, by tagging SmB and SmD1 proteins with a "fluorescent timer", a 

mutant of red fluorescent protein drFP583 (E5-RFP) that changes its fluorescence 

emission properties during maturation, converting from green to red emission within the 

course of 3 hours (Terskikh et al., 2000). Changes in the red to green ratio over time are 

therefore indicative of relative shifts in the age of the molecules present in a given 

subcellular location. Because there is no evidence of Sm protein exchange once the Sm 

ring has been assembled on snRNA (Wang and Meier, 2004; Shpargel and Matera, 

2005), we assume that Sm proteins remain stably associated with nuclear snRNPs after 

assembly and import; thus, Sm protein dynamics likely reflect those of mature snRNPs. 

In addition, fluorescently tagged Sm proteins efficiently incorporate into snRNP 

particles and their expression is comparable with endogenous Sm proteins (Fig. 5.1.1). 

HeLa cells expressing SmB- or SmD1-E5-RFP were fixed at different times after 

transfection and E5-RFP fluorescence intensities in the green and red spectra were 

measured (Fig. 5.1.2A). Note that both Sm-E5-RFP constructs localized properly in 

CBs. Surprisingly, both green and red forms of E5-RFP were clearly present in CBs at 

the earliest time point (11h) that CBs were detectable, indicating that a portion of E5-

RFP had already matured to the red form before fluorescence reached the detection 

threshold. Absolute intensities of green fluorescence did not change over the time, 

indicating a constant influx of new snRNPs that must reside for a consistent period in 

the CB. 
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If CBs contain exclusively new (non-activated) snRNPs imported from the cytoplasm, 

fluorescence would be lost from these CBs over time. On the contrary, SmB-GFP 

fluorescence CBs remained high 20 minutes after photoactivation (Fig. 5.1.3), 100 times 

longer than the residence time of snRNPs in CBs. Measurement of fluorescence 

intensities in CBs and nucleoplasm revealed a 0-25% decrease (average 6%) in 

fluorescence intensity in CBs relative to nucleoplasm. These data show that the 

exchanging population of snRNPs in CBs consists largely of "older" nuclear snRNPs. 

To further examine the assembly status of snRNPs in CBs and in the cytoplasm, 

we probed snRNP interactions with the SMN protein, which is localized both in the 

cytoplasm and in CBs. The SMN protein is a part of the SMN complex, which ensures 

proper assembly of Sm rings on snRNPs in the cytoplasm (Terns and Terns, 2001; 

Meister et al., 2002; Paushkin et al., 2002; Matera and Shpargel, 2006). The 

significance of SMN accumulation in CBs is not known. Because SMN is required for 

the import of newly assembled snRNPs (Narayanan et al., 2002; Narayanan et al., 

2004), it is hypothesized that SMN is co-imported into CBs with new snRNPs (Matera 

and Shpargel, 2006). Interactions between snRNPs and the SMN protein were measured 

by fluorescence (Förster) resonance energy transfer (FRET). Because Sm proteins and 

SMN are present in the cytoplasm and in CBs, a FRET signal could indicate the 

presence of snRNP-SMN complexes and/or changes in their structure and composition 

in the different cellular compartments. SmD1-CFP or SmB-CFP were co-expressed with 

SMN-YFP in HeLa cells and FRET measured by the acceptor photobleaching method 

in the cytoplasm and CBs of the same cell (Fig. 5.1.4). As a negative control, SMN-

YFP was co-expressed with CFP only. As expected, FRET between SMN and the Sm 

proteins was detected in the cytoplasm, but no FRET signal above the negative control 
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Importantly, decreases in the mono-U5 snRNP relative to the U5 in the tri-snRNP 

fractions were observed in both hPrp22 and hNtr1 siRNA treated cells, consistent with 

the reduced U5 snRNP concentration in CBs after both knockdowns (Fig. 5.1.8).  
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5.1.2. Project 1, Discussion 

It was previously shown that U2, U4/U6, and U4/U6•U5 tri-snRNP assembly 

steps occur in CBs (Nesic et al., 2004; Schaffert et al., 2004; Stanek and Neugebauer, 

2004); however, it was not known whether the assembly events reflected de novo 

snRNP assembly or re-assembly after splicing. In this study, we present data showing 

that in addition to de novo snRNP assembly, CBs could serve as the snRNP recycling 

center. These conclusions are based on three independent lines of evidence. First, we 

show by several experimental means, that the snRNPs concentrated in CBs include a 

substantial “mature” snRNP pool. Second, we show directly that snRNPs visit multiple 

CBs within the same nucleus and do so frequently; thus, there is no reason to suspect 

that CBs preferentially contain newly imported snRNPs. Third, targeted depletion of 

two factors required for spliceosome disassembly and snRNP release, hPrp22 and 

hNtr1, leads to an accumulation of U4/U6 snRNPs in CBs. We argue below that this 

accumulation likely reflects a failure of U5 snRNP recovery from spliceosomes; in the 

absence of sufficient U5 snRNP flux through CBs, tri-snRNP formation is blocked. 

These observations provide novel insights into how phases of the spliceosome cycle are 

compartmentalized in living cells. 

Experiments establishing the relative maturity of snRNPs in CBs relied on 

three different fluorescence microscopy techniques. The E5-RFP fluorescent protein 

tag, which changes emission spectra from green to red as it matures, and 

photoactivatable GFP (PA-GFP) were both used to tag Sm proteins (B and D1; see  

Fig. 5.1.2 and 5.1.3) and monitor snRNP movements. Both approaches proved that the 

snRNP pool in CBs largely consists of mature snRNPs that have visited CBs already 

multiple times. In agreement with these data, snRNP movements between CBs were 

observed, in which snRNPs photoactivated in one CB reappeared within a time course 

of minutes in another distant CB. A similar movement of snRNPs between CBs was 

recently described (Sleeman, 2007).  

In the third approach, we sought to compare snRNPs in CBs and in the 

cytoplasm by measuring FRET signals between Sm proteins and SMN, which plays a 

role in the cytoplasmic phase of snRNP biogenesis. SMN is co-imported with new 

snRNPs to the nucleus and is highly concentrated in CBs; because SMN binds coilin, it 

has been proposed that SMN delivers the newly imported snRNPs to CBs (Stanek and 
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Neugebauer, 2006). However, although we detected SMN-snRNP interactions in the 

cytoplasm, we did not observe any significant interaction in CBs. This indicates that 

either 1) the SMN-snRNP complex falls apart immediately after the import of snRNPs, 

2) that a conformational change occurs within the CB that is unfavorable for FRET, or 

3) newly imported snRNP-SMN complexes form only a small fraction of snRNPs and 

SMN in CBs, and these are below the detection limit of the FRET assay. At present, we 

cannot distinguish among these possibilities; if snRNP-SMN complexes are present in 

CBs, they must differ at least conformationally from the complexes found in the 

cytoplasm. Perhaps SMN protein accumulates in the CB as a result of binding coilin 

after snRNP import and dissociation in the CB. Presumably, SMN eventually returns to 

the cytoplasm for further rounds of Sm ring assembly. 

The conclusion that CBs contain not only new snRNPs imported from the 

cytoplasm, but also mature snRNPs, agrees with findings that the concentration of 

snRNPs in CBs is transcription-dependent (Carmo-Fonseca et al., 1992; Blencowe et 

al., 1993; Stanek et al., 2003); in the absence of new intron-containing transcripts (i.e. 

under conditions of transcriptional blockade), the splicing process provides fewer 

“used” snRNPs for recycling. This highlights a paradox emerging in the field, since it 

has been proposed that snRNP biogenesis and import from the cytoplasm is required for 

snRNP accumulation in CBs and for integrity of CBs themselves (Carvalho et al., 1999; 

Shpargel and Matera, 2005; Girard et al., 2006; Lemm et al., 2006). If only a small 

proportion of snRNPs in CBs are newly imported, how can this fraction be required for 

CB integrity? The simplest explanation is that experimental reduction of snRNP 

biogenesis at various stages has long-term effects on the overall concentration of 

snRNPs in the nucleus, not just an acute effect on import. A reasonable proposal 

stemming from our present study and consistent with prior work of others is that CB 

integrity depends on the cellular level of splicing activity and the absolute concentration 

of nuclear snRNPs (Carmo-Fonseca et al., 1992; Blencowe et al., 1993; Sleeman et al., 

2001; Stanek et al., 2003). 

Our data shows that mature snRNPs repeatedly visit CBs. To test whether this 

cycling through CBs correlates with snRNP regeneration after splicing, proteins 

involved in spliceosome disassembly were depleted, and localization of distinct snRNPs 

in CBs was examined. Surprisingly, depletion of two tested proteins involved in 
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spliceosome disassembly resulted in accumulation of U4/U6 snRNPs in CBs. Because 

transcription/splicing inhibition by α-amanitin leads to opposite effects - the snRNPs 

and SART3 leave CBs (Carmo-Fonseca et al., 1992; Blencowe et al., 1993; Sleeman et 

al., 2001; Stanek et al., 2003) - it seems unlikely that U4/U6 snRNP accumulates in 

CBs as a result of splicing inhibition. In addition, splicing of c-fos and c-myc pre-

mRNAs was only slightly reduced following siRNA treatment (Fig. 5.1.10). Instead, the 

phenotype more closely resembles the situation after inhibition of U4/U6•U5 snRNP 

formation, when accumulation of U4/U6 snRNPs in CBs was also observed (Schaffert 

et al., 2004). Why does inhibition of spliceosome disassembly and inhibition of tri-

snRNP assembly have the same phenotype? According to current models of 

spliceosome recycling, inhibition of this process should trap U5 and U6 snRNPs in the 

late spliceosome (Will and Luhrmann, 2006a) and thus decrease levels of free U5 and 

U6 snRNPs in the nucleoplasm. In contrast, the U4 snRNP leaves the spliceosome at an 

earlier step, just as the tri-snRNP joins the assembling spliceosome (Makarov et al., 

2002; Chan et al., 2003). Thus, the level of free U4 mono-snRNP in the nucleoplasm 

should be unaffected by Prp22 or Ntr1 depletion. Early studies showed that there is 2-3 

fold excess of the U6 snRNP over the U5 and U4 snRNPs (Tycowski et al., 2006), 

making it unlikely that U6 snRNP levels are limiting. In contrast to U4 and U6, 

however, levels of free U5 snRNP are likely decreased and formation of the U4/U6•U5 

tri-snRNP inhibited, as was shown after Ntr1 depletion in yeast (Boon et al., 2006). 

Consistent with this, we observed a decrease in U5 snRNP levels both in CBs and 

nuclear extracts after knockdown. Thus, inhibition of spliceosome disassembly leads to 

a similar situation as inhibition of tri-snRNP assembly - accumulation of the U4/U6 

snRNPs in CBs. Apparently, the supply of new U5 snRNPs from the cytoplasm is not 

sufficient to keep up with tri-snRNP assembly, underscoring the importance of the 

recycled U5 snRNP for assembly and regeneration of tri-snRNPs.  

Taken together, these observations suggest that snRNP reassembly after 

splicing may obey similar rules to de novo snRNP assembly, even though the assembly 

of new snRNPs includes additional steps that need not be repeated (e.g. post-

transcriptional RNA modification). This implies that snRNP assembly in CBs at any 

stage of their life cycle must be independent of snRNA posttranscriptional 

modifications or any other steps in snRNP biogenesis. Finally, it has been shown by 



64 
 

mathematical modeling that CBs increase the rate of U4/U6 snRNP assembly, by 

providing a local environment with elevated snRNP concentrations (Klingauf et al., 

2006). Thus, the localization of snRNPs to CBs likely promotes the assembly of new as 

well as regenerating snRNPs by the same mechanism, since snRNPs from either source 

will meet elevated concentrations of their potential partners in the CB. 
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5.2. PROJECT 2: 

IN VIVO KINETICS OF U4/U6•U5 TRI-SNRNP FORMATION IN CAJAL BODIES 

 
5.2.1. Project 2, Results 
GFP-tagged hPrp4, Brr2, and SART3 report the pools of 

snRNP complexes 

In order to study dynamics of tri-snRNP formation in Cajal bodies it is 

imperative to visualize trafficking of its basic building blocks within the nuclear 

volume. For this purpose we fluorescently tagged protein markers specific for 

individual U4, U5, and U6 snRNP complexes. Specifically, we visualized the U4 

snRNP pool with hPrp4-GFP, U5 with Brr2-GFP and U6 with SART3-GFP. To keep 

the expression of GFP-tagged proteins at endogenous levels, recombineering on BACs 

was used for construction of expression vectors. This approach preserves endogenous 

promoters as well as additional regulatory elements. BACs coding for GFP tagged 

proteins were subsequently introduced into HeLa cells and cells stably expressing these 

proteins were selected for further experiments (Poser et al., 2008).   

 We verified that all constructed fluorescent snRNP markers were localized 

into the cell nucleus (Fig. 5.2.1A): SART3-GFP was dispersed throughout the 

nucleoplasm and accumulated in CBs as its endogenous counterpart (Stanek et al., 

2003), hPrp4-GFP was localized to CBs and SFCs as previously described (Stanek and 

Neugebauer, 2004; Stanek et al., 2008) and Brr2-GFP distribution corresponded with 

the localization of other U5 snRNP markers (for example, hPrp8-GFP or hSnu114; 

(Stanek et al., 2008)) detected in the SFCs and in CBs. To further test whether the GFP 

tagged proteins are properly incorporated into snRNP complexes, GFP-tagged proteins 

were immunoprecipitated using antibody against GFP and their association with 

snRNAs was analyzed (Fig. 5.2.1B).  
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Brr2-GFP interacted with U6 and U2 snRNAs, which indicated its incorporation into 

the active spliceosome. A similar observation was previously reported for hPrp8-GFP 

labeled U5 snRNP (Will and Luhrmann, 2006b; Huranova et al., 2010). The presence of 

smaller amounts of U4 snRNA among Brr2-GFP precipitates suggest that this protein 

interacts with U4 snRNA only transiently within the tri-snRNP complex. 

Immunoprecipitation together with protein localization confirmed that the GFP-tagged 

proteins were integrated into snRNPs.  

 

Model of tri-snRNP formation 

Previously, we proposed a model of step-wise U4/U6•U5 tri-snRNP assembly 

in CB (Stanek and Neugebauer, 2006). In this model, the maturation and export of tri-

snRNPs involves number of interactions and depends on the availability of basic 

building blocks in the CB. We described the dynamics of the model by a system of 

ordinary differential equations in terms of individual snRNP concentrations inside and 

outside the CB, transfer rates of snRNPs across the CB boundary, and proper formation 

and dissociation constants (Fig. 5.2.2A). The complete set of twelve differential 

equations is presented in the Supplementary Material (Eq. S1-S12). In general, it is 

difficult to measure concentrations of individual free snRNPs and their complexes in 

nuclear compartments. Fortunately, the total snRNP pools can be visualized directly 

using fluorescently tagged proteins specifically binding U4, U5 or U6. In this 

representation, the measured fluorescence signal is a sum of contributions from all 

marked snRNPs and their complexes. Assuming that the measured fluorescence 

intensities are proportional to the concentrations of the fluorescent proteins, we can 

write: 

 IU 4 ≈ MARKERU 4[ ]= [U4] + [U4 /U6] + [U4 /U6 • U5] (1) 

 IU 5 ≈ MARKERU 5[ ]= [U5]+[U4 /U6• U5]   

 IU 6 ≈ MARKERU 6[ ]= [S3] + [U6] + [U4 /U6]   

where terms MARKERUi refer to the concentrations of the fluorescently tagged 

snRNP marker proteins and [S3] denotes the concentration of free SART3 protein that 

is not incorporated in snRNPs. Considering the model of tri-snRNP formation  

(Fig. 5.2.2), it seems advantageous to use SART3 as a U6 marker because SART3 not 
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only interacts with U6 snRNP and U4/U6 di-snRNP, but, in addition, is capable to 

report U4/U6•U5 assembly as this step is accompanied by SART3 release from U6.  

 The mass conservation of individual tagged components should always hold 

true: 

 

 

d MARKERUi[ ]out
⋅ Vout + MARKERUi[ ]in

⋅ Vin( )
dt

= 0, (2) 

 
in which Vin, Vout stand for volume of CB and nucleoplasm, respectively. 

Equations 1, 2 together with Eq. S1-S12 represent a complete kinetic description of the 

proposed model. Values of Vin, Vout as well as Cajal body surface S participating in Eq. 

S1-S12 and modulating influx and efflux rates were taken from (Klingauf et al., 2006). 

For all the model components, initial concentrations and rate constants kx (rates of 

components transfer between Vin and Vout, and reaction rates describing the 

formation/disassembly of U4/U6 di-snRNP and U4/U6·U5 tri-snRNP) have to be 

optimized to fit the experimental data. Quantities [MARKERUi]in∙Vin, (Eq. 1, 2), 

however, are proportional to overall fluorescence intensities directly measurable in the 

region of interest corresponding to one CB. A combination of multiple FRAP 

experiments, in which the spatiotemporal re-distribution of fluorescently labeled 

markers of U4, U5, and SART3 after the bleaching pulse are separately monitored, thus 

contains information sufficient for the complete description of tri-snRNP formation 

kinetics. 

 

hPrp6 knock-down simplifies the model of tri-snRNP 

formation 

Complete analysis of the FRAP data, which would reveal all kinetic parameters 

of our model of tri-snRNP formation, requires fitting of the entire system of equations 

to the measured data. To do it at once is rather a difficult task mainly due to unknown 

initial values of the parameters. Without a reasonably accurate first guess, it is difficult 

to achieve convergence. In the first step, we therefore decided to simplify the model and 

freeze some of its degrees of freedom. The fitted subset of parameters could be 

subsequently used as a starting point for the complete calculation. It was previously 
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Valid conclusions can only be made after complete analysis of the system and 

characterization of all underlying kinetic processes. Taken together, these results 

confirmed that hPrp6 knock-down inhibited tri-snRNP formation as shown previously. 

Subsequently, the FRAP curves measured in the knocked-down cells were fitted by our 

model. For simplicity we first neglected any amount of tri-snRNP formed under the 

knock-down conditions and treated the situation as a total hPrp6 knock-out (KO). This 

approximation implies no formation of tri-snRNP (k2 = 0) as well as no exchange of 

released SART3 and tri-snRNP between the CB and the nucleoplasm (kS3 = kU4/U6·U5 = 

0; Fig. 5.2.2B). This simplifies Eq. S6 and Eq. S8, and Eq. S9-S12 are reduced to 

triviality. The normalized data sets from FRAP experiments with hPrp4-GFP, Brr2-

GFP, and SART3-GFP proteins were globally fitted (Eisenfeld and Ford, 1979; 

Beechem et al., 1983; Knutson et al., 1983) by this simplified system of equations. Fit 

examples are shown in Fig. 5.2.4A-D. The fit provided us with the first guess of transfer 

rates that refer to the exchange of snRNP complexes between the CB and the 

nucleoplasm and implicitly depend on diffusion of individual snRNPs across the CB 

boundary. These transfer rates (kU4 = 590 ± 170 nm.s-1, kU6 = 47 ± 1 nm.s-1, kU5 = 25 ± 1 

nm.s-1, and kU4/U6 = 0.5 ± 0.3 nm.s-1) decreased with increasing molecular weight of 

snRNP complexes (Fig. 5.2.4E and Table 5.2.1), in agreement with our assumption of 

freely diffusing snRNP particles. 

To verify that the effect of hPrp6 depletion was specific for tri-snRNP 

components we analyzed the dynamics of the U2 snRNP, which accumulates in CBs, 

but whose biogenesis is independent of tri-snRNP assembly. U2 was visualized by GFP 

tagging of the U2-specific protein U2A' on BAC as described above for other snRNP 

proteins used in this study. Immunoprecipitation together with protein localization 

confirmed that U2A'-GFP was properly incorporated into snRNP complexes  

(Fig. 5.2.5). In contrast to U4, U6 snRNP markers, however, no change in the halftime 

of the U2A' fluorescence recovery was detected after siRNA treatment (Fig. 5.2.3C). In 

addition, compartmental analysis of U2A'-GFP fluorescence recoveries before and after 

the siRNA treatment revealed that the U2 snRNP dynamics is independent of the hPrp6 

level (Fig. 5.2.4; for details of modeling, see below). We concluded that the hPrp6 

knock-down had a specific effect on tri-snRNP formation.  
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(Sander et al., 2006; Behzadnia et al., 2007)

KD (nm/s)

17 ± 1 

270 ± 80 

70 ± 5 

79 ± 5 

26 ± 1 

1.2 ± 0.3 

3.0 ± 0.5 

31 ± 18 

rates obtained from global analysis of FRAP data.

kU5, kU5_h6, kU4, kU6_S3, kS3, kU4/U6, kU4/U6•U5 represent apparent transfer rates for 

diffusion of particles between nucleoplasm and CB. Errors were estimated as standard deviations 

12). Molecular masses of the snRNP 

(Sander et al., 2006; Behzadnia et al., 2007)

KD (nm/s) MW (kDa)

1000

 300

1000

 

 

900

400

540

1800

90

rates obtained from global analysis of FRAP data. Coefficients kU2, 

kU5, kU5_h6, kU4, kU6_S3, kS3, kU4/U6, kU4/U6•U5 represent apparent transfer rates for 

diffusion of particles between nucleoplasm and CB. Errors were estimated as standard deviations 

12). Molecular masses of the snRNP 

(Sander et al., 2006; Behzadnia et al., 2007)

 
Figure 5.2.4:

Global ana

of FRAP data.

Examples of 

fitted FRAP data 

for the GPF

tagged 

U4 

and U6 

complexes 

before (asterisks) 

and after the 

hPrp6 knock

down (open 

circles). Lines 

represent the 

best fits. While 

hPrp6 depletion 

recovery profiles

MW (kDa) 

1000 

300 

1000 

900 

400 

540 

1800 

90 

Coefficients kU2, 

kU5, kU5_h6, kU4, kU6_S3, kS3, kU4/U6, kU4/U6•U5 represent apparent transfer rates for 

diffusion of particles between nucleoplasm and CB. Errors were estimated as standard deviations 

12). Molecular masses of the snRNP 

(Sander et al., 2006; Behzadnia et al., 2007). 

Figure 5.2.4: 
Global analysis 

of FRAP data.

Examples of 

fitted FRAP data 

for the GPF-

tagged U2 (A), 

U4 (B), U5 (C)

and U6 

complexes (D)

before (asterisks) 

and after the 

hPrp6 knock-

down (open 

circles). Lines 

represent the 

best fits. While 

hPrp6 depletion 

changed 

recovery profiles

Coefficients kU2, 

kU5, kU5_h6, kU4, kU6_S3, kS3, kU4/U6, kU4/U6•U5 represent apparent transfer rates for 

diffusion of particles between nucleoplasm and CB. Errors were estimated as standard deviations 

12). Molecular masses of the snRNP 

lysis 

of FRAP data. 

Examples of 

fitted FRAP data 

-

, 

(C) 

and U6 

(D) 

before (asterisks) 

and after the 

-

down (open 

circles). Lines 

represent the 

best fits. While 

hPrp6 depletion 

changed 

recovery profiles 



 

of tri-snRNP specific snRNPs, the character of U2 curves remained unaltered. Compared to the 

initial KO

and of 1.1, 2.0 and 13 for KD

recoveries of snRNP specific markers were analyzed in hPrp6 knocked

simplified model (empty bars; KO model on Figure 2B), and subsequently in untreated cells (grey, 

WT) and knocked

kU5_h6, 

particles between nucleoplasm and CB. Error bars were estimated as standard deviations from 

multiple experiments and fittings (n = 10 

snRNP specific snRNPs, the character of U2 curves remained unaltered. Compared to the 

initial KO-fits with the simplified model, 

and of 1.1, 2.0 and 13 for KD

recoveries of snRNP specific markers were analyzed in hPrp6 knocked

simplified model (empty bars; KO model on Figure 2B), and subsequently in untreated cells (grey, 

WT) and knocked-down cells (black; KD) 

, kU4, kU6_S3, k

particles between nucleoplasm and CB. Error bars were estimated as standard deviations from 

multiple experiments and fittings (n = 10 

snRNP specific snRNPs, the character of U2 curves remained unaltered. Compared to the 

fits with the simplified model, 

and of 1.1, 2.0 and 13 for KD-

recoveries of snRNP specific markers were analyzed in hPrp6 knocked

simplified model (empty bars; KO model on Figure 2B), and subsequently in untreated cells (grey, 

down cells (black; KD) 

kS3, kU4/U6, kU4/U6•U5

particles between nucleoplasm and CB. Error bars were estimated as standard deviations from 

multiple experiments and fittings (n = 10 

 
 
 

snRNP specific snRNPs, the character of U2 curves remained unaltered. Compared to the 

fits with the simplified model, χ2 decreased by factors of 2.9, 2.5 and 8 for the WT

-fits of U4, U5 and U6 datasets

recoveries of snRNP specific markers were analyzed in hPrp6 knocked

simplified model (empty bars; KO model on Figure 2B), and subsequently in untreated cells (grey, 

down cells (black; KD) using the full model (Fig. 5.2.2A). Coefficients 

U4/U6•U5 represent apparent transfer rates for diffusion of snRNP 

particles between nucleoplasm and CB. Error bars were estimated as standard deviations from 

multiple experiments and fittings (n = 10 - 12). 

 

73 

snRNP specific snRNPs, the character of U2 curves remained unaltered. Compared to the 

decreased by factors of 2.9, 2.5 and 8 for the WT

fits of U4, U5 and U6 datasets

recoveries of snRNP specific markers were analyzed in hPrp6 knocked

simplified model (empty bars; KO model on Figure 2B), and subsequently in untreated cells (grey, 

using the full model (Fig. 5.2.2A). Coefficients 

represent apparent transfer rates for diffusion of snRNP 

particles between nucleoplasm and CB. Error bars were estimated as standard deviations from 

12).  

  

snRNP specific snRNPs, the character of U2 curves remained unaltered. Compared to the 

decreased by factors of 2.9, 2.5 and 8 for the WT

fits of U4, U5 and U6 datasets, respectively. 

recoveries of snRNP specific markers were analyzed in hPrp6 knocked

simplified model (empty bars; KO model on Figure 2B), and subsequently in untreated cells (grey, 

using the full model (Fig. 5.2.2A). Coefficients 

represent apparent transfer rates for diffusion of snRNP 

particles between nucleoplasm and CB. Error bars were estimated as standard deviations from 

 

Figure 5.2.5: Localization of U2 

snRNP. 

localized to the cell nucleus and to 

Cajal bodies depicted by coilin 

immunostaining. Accumulation of 

U2A’-GFP in Cajal bodls was not 

altered after hPrp6 knock

Bar: 10 μm. 

Immunoprecipitation of U2A’

GFP showed that the tagged 

protein is incorpo

snRNP. Positions of individual 

snRNAs and rRNAs are indicated. 

The RNA species depicted by 

asterisk 

immunoprecipitate with U2A’ is 

likely the U11 snRNA.

 
 
 
 
 
 
 
 
 

 

snRNP specific snRNPs, the character of U2 curves remained unaltered. Compared to the 

decreased by factors of 2.9, 2.5 and 8 for the WT

, respectively. (E) 

recoveries of snRNP specific markers were analyzed in hPrp6 knocked-down cells using a 

simplified model (empty bars; KO model on Figure 2B), and subsequently in untreated cells (grey, 

using the full model (Fig. 5.2.2A). Coefficients 

represent apparent transfer rates for diffusion of snRNP 

particles between nucleoplasm and CB. Error bars were estimated as standard deviations from 

Figure 5.2.5: Localization of U2 

snRNP. (A) U2A'

localized to the cell nucleus and to 

Cajal bodies depicted by coilin 

immunostaining. Accumulation of 

GFP in Cajal bodls was not 

altered after hPrp6 knock

Bar: 10 μm. 

Immunoprecipitation of U2A’

GFP showed that the tagged 

protein is incorporated into the U2 

snRNP. Positions of individual 

snRNAs and rRNAs are indicated. 

The RNA species depicted by 

asterisk that consistently 

immunoprecipitate with U2A’ is 

likely the U11 snRNA.

snRNP specific snRNPs, the character of U2 curves remained unaltered. Compared to the 

decreased by factors of 2.9, 2.5 and 8 for the WT-fits, 

 Fluorescence 

down cells using a 

simplified model (empty bars; KO model on Figure 2B), and subsequently in untreated cells (grey, 

using the full model (Fig. 5.2.2A). Coefficients kU2, kU5, 

represent apparent transfer rates for diffusion of snRNP 

particles between nucleoplasm and CB. Error bars were estimated as standard deviations from 

Figure 5.2.5: Localization of U2 

U2A'-GFP is 

localized to the cell nucleus and to 

Cajal bodies depicted by coilin 

immunostaining. Accumulation of 

GFP in Cajal bodls was not 

altered after hPrp6 knock-down. 

Bar: 10 μm. (B)

Immunoprecipitation of U2A’-

GFP showed that the tagged 

rated into the U2 

snRNP. Positions of individual 

snRNAs and rRNAs are indicated. 

The RNA species depicted by 

that consistently 

immunoprecipitate with U2A’ is 

likely the U11 snRNA. 

snRNP specific snRNPs, the character of U2 curves remained unaltered. Compared to the 

fits, 

Fluorescence 

down cells using a 

simplified model (empty bars; KO model on Figure 2B), and subsequently in untreated cells (grey, 

, 

represent apparent transfer rates for diffusion of snRNP 

particles between nucleoplasm and CB. Error bars were estimated as standard deviations from 

Figure 5.2.5: Localization of U2 

s 

localized to the cell nucleus and to 

Cajal bodies depicted by coilin 

immunostaining. Accumulation of 

GFP in Cajal bodls was not 

down. 

(B) 

-

GFP showed that the tagged 

rated into the U2 

snRNP. Positions of individual 

snRNAs and rRNAs are indicated. 

The RNA species depicted by 

that consistently 

immunoprecipitate with U2A’ is 



74 
 

Mathematical description of the model 

Dynamics of the proposed model of step-wise U4/U6•U5 tri-snRNP assembly 

in CB (shown in Fig. 5.2.2A) can be described by a system of differential equations 

written in terms of individual snRNP concentrations inside the CB (indexed in) and in 

the surrounding nucleoplasm (indexed out):  

 
d U4[ ]out

dt
.
Vout

S
= −kU 4[U4]out + kU4[U4]in

       (S1) 

d U4[ ]in

dt
.
Vin

S
= kU4[U4]out − kU 4[U4]in − (k1[U4]in[U6]in. − k−1[U4 /U6]in ).

Vin

S
    (S2) 

d U6[ ]out

dt
.
Vout

S
= −kU6[U6]out +kU6[U6]in

        (S3) 

d U6[ ]in

dt
.
Vin

S
= kU 6[U6]out − kU 6[U6]in − (k1[U4]in[U6]in − k−1[U4 /U6]in ).

Vin

S
    (S4) 

d U5[ ]out

dt
.
Vout

S
= −kU5[U5]out +kU5[U5]in

        (S5) 
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d U4 /U6[ ]out

dt
.
Vout

S
= −kU4 / U 6[U4 /U6]out + kU 4 / U6[U4 /U6]in

     (S7) 

d U4/U6[ ]in

dt
.Vin

S
=kU4/U6[U4/U6]out −kU4/U6[U4/U6]in +

+(k1[U4]in[U6]in −k−1[U4/U6]in −k2[U5]in[U4/U6]in +k−2[U4/U6•U5]in[S3]in).
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d U4 /U6•U5[ ]out

dt
.
Vout

S
= −kU4 / U6•U 5[U4 /U6•U5]out + kU4 / U6•U5[U4 /U6•U5]in

   (S11) 

d U4 /U6• U5[ ]in

dt
.Vin

S
= kU 4 /U 6•U 5[U4 /U6 • U5]out − kU 4 /U 6•U 5[U4 /U6 • U5]in +

+(k2[U5]in[U4 /U6]in − k−2[U4 /U6 • U5]in[S3]in).
Vin

S

    (S12) 

 

Terms Vin and Vout stand for volume of CB and nucleoplasm, respectively, S is a surface 

of the CB. For definition of rate constants and individual kinetic species (see Fig. 

5.2.2A). 
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U2 snRNP dynamics is independent on hPrp6 

In order to further test whether the effect of hPrp6 depletion was specific for 

tri-snRNP components, compartmental analysis of U2A'-GFP fluorescence recoveries 

before and after the siRNA treatment (hPrp6 knock-down) was performed: We 

described the U2 snRNP exchange with a simple model comprising the transfer rate kU2 

and the rate of a hypothetical interaction of U2 snRNP with another unidentified 

compound X within the CB, k3 (Eq. S13, S14). Without this interaction we could not 

explain observed accumulation of U2 in CBs (Fig. 5.2.5A) since concentrations of U2 

inside and outside of the CB would equilibrate to the same value. 

 
d U2[ ]out

dt
.
Vout

S
= −kU2[U2]out + kU2[U2]in

       (S13) 

d U2[ ]in

dt
.
Vin

S
= kU2[U2]out − kU2[U2]in − k3[U2]in X in[ ]− k−3[U2/ X ]in[ ].Vin

S
    (S14) 

 

After the analysis of data from mock treated cells (WT) and cells after the hPrp6 knock-

down (KD) we obtained almost identical values of the transfer rate kU2, kU2(WT) = 16 ± 

1 nm.s-1, and kU2(KD) = 17 ± 1 nm.s-1. We concluded that the hPrp6 knock-down had a 

specific effect on tri-snRNP formation.  

 

Proposed model estimates the kinetics of tri-snRNP assembly 

Parameters derived from the hPrp6 KO model were used as initial estimates for 

global fits of FRAP data measured in mock-treated cells. First we determined 

parameters inaccessible from the simplified KO model: tri-snRNP transfer rate 

(kU4/U6.U5), tri-snRNP assembly/disassembly rates (k2/k-2), as well as the corrected value 

for the U5 transfer rate (kU5). These parameters were fixed in further global analysis of 

the U4 and U6 snRNP datasets. Finally, we obtained values of all 22 parameters of the 

tri-snRNP assembly process including the corrected transfer rates of U4, U5, U6 

snRNPs and U4/U6 di-snRNP (Fig. 5.2.4E, Table 5.2.1). The adjustment of parameter 

values after transition from the simplified to the full model was only moderate (around a 

factor of two, Figure 4E). At the same time, the quality of the fit considerably increased: 

reduced χ2 dropped 2.9-, 2.5- and 8-fold for U4, U5 and U6 datasets, respectively (see 

also Fig. 5.2.4B-D for the fit quality). Altogether these findings indicate that the initial 
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guess for fitting of the full model was relatively close to the correct parameter values. 

Similarly to the KO model, transfer rates of larger complexes were in general lower, 

with the exception of U6 snRNP and U4/U6 di-snRNP, which moved slower than 

expected. However, the simple relation between the molecular weight and the diffusion 

rate predicted for example by Stokes-Einstein equation can be substantially modulated 

by the shape and hydration of the diffusing species and their interactions with 

surrounding environment (De La Torre and Bloomfield, 1977). 

Global fitting of the full model also yielded formation rate constants of di-

snRNP U4/U6 and tri-snRNP assemblies, k1 = 0.7 ±0.1 mol-1s-1 and k2 = 0.10 ± 0.07 

mol-1s-1, respectively. As expected, the corresponding dissociation rates (~2.10-4 s-1 and 

~5.10-4 mol-1.s-1 per cell) were many orders of magnitude lower, indicating relatively 

high stability of the di- and tri-snRNP complexes.  In order to estimate the number of 

complexes formed in one cell per second we tried to assess the absolute amounts of 

snRNPs involved in the assembly reactions. Due to varying normalization factors 

applied to individual FRAP curves of different snRNP markers, relative concentrations 

of the individual components were used in the mathematical model. We scaled these 

concentrations by a factor yielding the reported amount of 1.3·105 free U6 snRNP 

complexes per cell (Klingauf et al., 2006). After this rescaling, the formation rates of di-

snRNP U4/U6 and tri-snRNP assemblies correspond to 3.1 ± 0.8 and 3.6 ± 2.5 

molecules.s-1 per cell. To the best of our knowledge these values represent the first 

estimate of the snRNP assembly rates in living cells.  

 

The model predicts hPrp6 knock-down efficiency 

Having in hands the complete description of snRNP dynamics, we attempted to 

calculate efficiency of the hPrp6 knock-down based solely on FRAP data measured in 

the siRNA-treated cells. Since the result critically depends on values of all internal 

model parameters, its agreement with directly measured value would strongly support 

the model validity. The knock-down was introduced to the model as follows: the U5 
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heterogeneous model, i.e. combination of the complete (WT, Fig. 5.2.2A), and the 

simplified knock-out (KO, Fig. 5.2.2B) models to FRAP data acquired under the knock-

down conditions allowed us to estimate the fraction of the complete, unaffected U5 

remaining in the knocked-down (KD) cells.  

Kinetic parameters obtained in the WT fit (Table 5.2.1, middle column) were 

used as initial values for the KD fit. According to the above description, three new 

parameters related to the U5 complex without hPrp6 (U5_KD), specifically [U5_KD]out, 

[U5_KD]in, and kU5_KD, were added to the WT model. Both U5 fractions were treated 

separately during optimization. The fit revealed transfer rates kU5_KD = 79 ± 5 nm.s-1 and 

kU5_WT = 70 ± 5 nm.s-1 of both U5 species, the slightly higher rate corresponding to the 

smaller complex lacking the hPrp6, as expected. The ratio of the U5 fractions predicted 

a knock-down efficiency of 84 ± 6 %. This result is in good agreement with the average 

knock-down efficiency measured by the western blot analysis (83% ± 2%, Fig. 5.2.3A). 

We conclude that the quantitative agreement between the calculated and directly 

measured knock-down efficiency strongly supports the model validity and its internal 

consistency. 
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5.2.2. Project2, Discussion 

The composition of snRNPs and the factors involved in their maturation and 

formation have been described in molecular details. However, little is known about the 

dynamics of snRNP assembly especially in vivo. Here, we focused on the kinetics of 

U4/U6•U5 snRNP assembly in CBs of living cells. We took advantage of the fact that 

the first step (di-snRNP formation) and the second and final step (tri-snRNP assembly) 

are both occurring in CBs (Schaffert et al., 2004; Stanek and Neugebauer, 2004). In 

addition, inhibition of tri-snRNP assembly or recycling leads to accumulation of the di-

snRNP in CBs indicating that only the fully formed mature tri-snRNP is able to leave 

CBs (Schaffert et al., 2004; Stanek et al., 2008).  

Live cell imaging techniques followed by mathematical modeling have 

previously been used to investigate the dynamic properties of several macromolecular 

complexes, including splicing factors and RNA polymerases (Dundr et al., 2002; 

Darzacq et al., 2007; Rino et al., 2007; Gorski et al., 2008). In this study we proposed a 

full mathematical model describing tri-snRNP formation in CBs and used it to 

determine the dynamics of individual snRNP complexes. We are aware that the 

presented model is a simplification of the real situation in living cells. We modeled CB 

as a sphere with isotropic properties and a well-defined border between CB and the 

nucleoplasm instead of more realistic membrane-less body with a diffused boundary 

and spatiotemporal variation of the internal viscosity. Such level of model complexity, 

however, would require extremely detailed knowledge of the CB structure that is not 

available at the moment. Therefore, our task was rather to build a simplest possible 

mathematical model that could outline the mechanisms of experimentally observed 

trafficking of snRNPs through CBs with reasonable simplifications and offer the first 

quantitative estimates of the snRNP dynamics.  Even the simplest model requires six 

transfer and four rate constants to be estimated in order to mimic the dynamics of 

snRNP accumulation in CB, maturation of tri-snRNP and their delivery to the 

nucleoplasm (Fig. 5.2.1).  This “minimal” reaction scheme was thoroughly tested and 

was found to be qualitatively and in most cases also quantitatively consistent with 

experimental data. Some discrepancy between calculated and measured accumulation 

levels of Brr2 strongly indicates that U5 snRNP may interact not only with U4/U6 di-
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snRNP but also with other CB components (e.g. via Sm protein interaction with coilin 

(Xu et al., 2005)).  

Global analysis (Eisenfeld and Ford, 1979; Beechem et al., 1983; Knutson et 

al., 1983) is a powerful method for discerning between alternative models and for 

accurate recovery of model parameters. The method is based on an ordinary non-linear 

least-squares minimization (Bevington and Robinson, 2002) and allows simultaneous 

analysis of multiple data with a single model that encompasses them all. Many 

parameters are therefore common for multiple curves and the resulting set of parameters 

must be consistent with all data sets. Over-determination of the model sharpens the 

minimum of the χ2 surface with concomitant decrease of parameter correlation and 

increase of the parameter accuracy (Knutson et al., 1983; Herman and Lee, in press). As 

a consequence, models inconsistent with data can therefore be eliminated with higher 

confidence. Global analysis has been previously used for a large variety of experimental 

data and techniques (Ackers et al., 1975; Johnson et al., 1981; Consler et al., 1992; 

Ionescu and Eftink, 1997; Ucci and Cole, 2004; Boo and Kang, 2005; Bednarkiewicz 

and Whelan, 2008). A similar approach has been recently successfully used for analysis 

of complex allosteric systems with multiple linked equilibria (Herman and Lee, 2009a, 

b, c). In all cases the global approach provided performance far beyond resolution of the 

conventional analysis.  In addition, several parameters of the CB-localized tri-snRNP 

formation (e.g. accumulation of snRNP proteins or interaction between SART3 and 

coilin in CBs) predicted by the model were subsequently confirmed by direct 

measurements, which further support the validity of the model.  

We show that di-snRNP and tri-snRNP are formed with similar kinetics and the 

rate of di- and tri-snRNP formation is estimated to 186 di-snRNP and 228 tri-snRNP 

molecules per minute and CB. The average CB number in our HeLa cell line is about 

three CBs per cell (Klingauf et al., 2006), which results in ~ 680 tri-snRNP complexes 

assembled in CBs of one cell per minute. How is that relevant to the total snRNP 

turnover? Numerous in vitro studies as well as our in vivo data indicate that tri-snRNP is 

disassembled during spliceosome activation and must be recycled after each round of 

splicing (Wahl et al., 2009). If a steady state of the snRNP recycling pathway is 

assumed, then the number of recycled tri-snRNPs should equal the number of 

synthesized and removed introns. How many introns are synthesized per minute? The 
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total RNA synthetic rate was estimated to be 2x108 nucleotides (nt)/min, with 58% of 

this amount corresponding to RNA polymerase II synthesis (Brandhorst and McConkey, 

1974). The average length of human exon plus intron is ~5000nt. Taken together, every 

minute 23,200 introns (2x108 x 0.58 / 5x103 = 23,200) there is synthesized and likely 

spliced out and the same amount of tri-snRNPs is recycled. According to the presented 

prediction, ~ 3 % fraction is recycled in CBs, which would explain why HeLa cells 

without CBs are viable albeit with reduced proliferation (Lemm et al., 2006). In 

biological systems with larger CB numbers, the CB-associated tri-snRNP assembly 

might represent a significant portion of recycled complexes. For example in zebrafish 

early embryo with average number of 19 CBs per cell (Strzelecka et al., 2010a), the 

number of tri-snRNPs assembled in CBs would, according to our model, rise to almost 

20%, which is consistent with the lethal embryonic phenotype observed in zebrafish 

lacking CBs. In addition, the importance of CBs in the snRNP assembly process is 

further emphasized by the observation that the supply of assembled snRNPs can rescue 

coilin depletion phenotype (Strzelecka et al., 2010b). Moreover, the portion of snRNP 

assembled in CBs is likely an underestimation as it depends on the total rate of intron 

synthesis. Many active genes transcribed by Pol II, however, are intronless (e.g. histone 

or snRNAs), and some introns are not removed due to alternative splicing. Moreover, a 

significant portion of Pol II enzymes could be engaged in synthesis of short regulatory 

RNAs (e.g. miRNAs or RNAs at promoters and enhancers) or in synthesis of cryptic 

transcripts (Berretta and Morillon, 2009). Thus, the total number of recycled tri-snRNPs 

can be significantly lower than the estimate above, which would increase the percentage 

of snRNPs recycled in CBs. 

A CB with 0.5 µm radius occupies a volume of ~0.50 fl while the volume of 

the whole nucleus (without nucleoli) is about 620 fl (Klingauf et al., 2006). The volume 

of three CBs thus represents 0.25% of the nuclear volume, which indicates that 

efficiency of tri-snRNP formation is 11 times higher in CBs than in the surrounding 

nucleoplasm. Our measurements are fully consistent with the model of nuclear 

compartmentalization proposing that concentration of different factors in a cellular 

structure such as CBs and PML bodies in the nucleus or P-bodies or stress granules in 

the cytoplasm promotes their interaction (Klingauf et al., 2006; Strzelecka et al., 

2010b). Quantitative data describing individual steps in gene expression are necessary 
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for understanding of the molecular processes that underlie formation and maintenance 

of nuclear structures and represent one of the future challenges of cell biology.  
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5.3. PROJECT 3: 

SNRNPS TARGETING TO CAJAL BODIES 

 
5.3.1. Project 3, Results 
SART3 knock-down blocks targeting of tri-snRNP components 

to CBs 

The opening point in this project was a question, what is the factor that targets 

specifically tri-snRNP components to the CB. It was previously shown that coilin 

interacts with Sm proteins (Xu et al., 2005). However, Sm proteins are also U1 snRNP 

core components and U1 snRNP does not appear in CB foci (Matera and Ward, 1993). 

It seems that Sm-coilin interaction is not a sufficient driving factor for snRNP targeting 

to the CB and additional interactions are required. We showed, in previous chapter, that 

U2 snRNP is kinetically independent on kinetic changes in tri-snRNP formation 

machinery. It indicates that there is a specific factor for tri-snRNP components. 

Previously, the U6 specific protein SART3 was proposed as a targeting factor for U6 

snRNP (Stanek et al., 2003). Based on this we decided to knock-down SART3 protein.  

We established experimental tools allowing us to compare and quantify the CB 

phenotype after treatment (for knock-down efficiency see Fig. 5.2.3A). We combined 

fluorescence in situ hybridization (FISH) against specific U snRNAs with indirect 

fluorescence immunostaining of snRNP specific proteins. U4 snRNP was visualized 

using FISH against U4 snRNA and antibody against hPrp31, a protein which directly 

binds U4 snRNA (Watkins et al., 2000; Nottrott et al., 2002). Figure 5.3.1A shows 

distribution of U4 snRNA and hPrp31 thorough nucleoplasm with obvious localization 

to CBs. U6 snRNP was visualized via probe against U6 snRNA and immunostaining of 

U6 specific proteins SART3 and LSm4 (Fig. 5.3.1B) and U5 snRNP distribution was 

observed using FISH against U5 snRNA and immunostaining of U5 protein Snu114 

(Fig. 5.3.1C). In addition, we visualized di-snRNP specific protein hPrp4 (Fig. 5.3.1D). 

The following results clearly show complete delocalization of tri-snRNP 

components from CBs after SART3 knock-down, although CBs still exist (Fig. 5.3.2A-

D and Fig. 5.3.3A-C). It suggests that not only U6 snRNP but also U4 snRNP as well 

U5 snRNP cannot be directed to the CB after SART3 knock-down. This phenotype is 
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total intensity in CB, 
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Additionally, we show the phenotype quantification that was obtained by high

throughput microscopy using Scan^R acquisition microscopic system and analyzed by 

Scan^R analysis tool. Obtained fluorescence intensities for each protein or U snRNA 

detected were used for calculation of the protein/RNA distribution between CBs and 
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5.3.2. Project3, Discussion 

CBs are places for maturation of snRNPs and formation of snRNP complexes, 

di-snRNP and tri-snRNP (Nesic et al., 2004; Schaffert et al., 2004; Stanek and 

Neugebauer, 2006). However, little is known about snRNP targeting and their 

accumulation in the CB. SART3 is a proposed CB targeting factor for U6 snRNP 

(Stanek et al., 2003). In addition, it was proposed that LSm-ring is essential for proper 

targeting of U6 snRNA to the nucleolus and CB (Gerbi and Lange, 2002). Here, we 

tested these models by depletion of either SART3 or LSm8 from human culture cells. 

Our results clearly show that LSm proteins are dispensable for U6 snRNA localization 

to the CB. However, our work identified SART3, a factor specially targeting tri-snRNP 

components to the CB. SART3 interacts with U6 snRNA, LSm proteins and hPrp3 and 

hPrp4 from U6 and U4/U6 snRNP (Bell et al., 2002; Stanek and Neugebauer, 2004; 

Licht et al., 2008). In project 2 (Chapter 5.2), we identified interaction between SART3 

and CB specific protein coilin that can promote anchoring of U6 and U4/U6 snRNPs in 

CB. However, no direct association between SART3 and U5 snRNP has been identified. 

Thus, reduce U5 snRNP accumulation in CBs after SART3 knock-down is likely caused 

indirectly by reduction of U4/U6 di-snRNP that might serve as U5 snRNP interaction 

partner in CBs. 

It was shown, based on in vitro experiments, that LSm proteins facilitate 

U4/U6 di-snRNP formation (Achsel et al., 1999b). In the other hand, our observations 

indicate that U4/U6 annealing can proceed in the absence of LSm-ring. However, we 

cannot exclude the possibility that LSm proteins enhance U4/U6 snRNA annealing, but 

their depletion is rescued by SART3 that promote formation of U4/U6 di-snRNP (Bell 

et al., 2002). 

The tri-snRNP formation takes place in the CB and furthermore, it was shown 

that disruption of the tri-snRNP formation causes an accumulation of di-snRNP 

components in CBs. It indicates that only matured tri-snRNP can leave the CB 

(Schaffert et al., 2004; Stanek et al., 2008). In the other hand, lot of cell types lack CBs 

and in HeLa cells a minor fraction of the total tri-snRNP is recycled in CBs (Chapter 

5.2). It suggests that tri-snRNP formation is not strictly CB-dependent. It is obvious that 

number of CBs corresponds with transcriptional activity of the cell (Strzelecka et al., 
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2010a). Recently we have presented, accordingly to the previous work (Klingauf et al., 

2006), the CB as a “rate-enhancer” for tri-snRNP formation (Chapter 5.2).  

The depletion of SART3 revealed the importance of this protein for targeting 

of all tri-snRNP components to the CB. Total delocalization of tri-snRNP components 

from CB was observed while coilin, a CB marker, had been still localized to the CB. 

Moreover, the control experiment showed that U2 snRNA presences in CB after SART3 

depletion. It suggests that the SART3 is a tri-snRNP specific CB targeting factor.  

Altogether, accumulation of tri-snRNP components in CBs after disruption of 

tri-snRNP assembly or LSm ring disruption suggest a novel function of the CB in 

snRNP maturation process. The active tethering of “not ready” tri-snRNP intermediates 

indicates surveillance function of the CB. In this model we propose SART3 protein not 

only as a targeting factor, but also as an important proofreading factor in tri-snRNP 

formation machinery that actively tethers incomplete tri-snRNP intermediates in CBs 

and prevents them to reach splicing reaction. 

Here, we propose a model that SART3 protein targets tri-snRNP components 

to the CB, promotes the annealing of U4 and U6 and leaving tri-snRNP formation 

process while all components are correctly added (Fig. 5.3.12). The proofreading 

mechanism is likely based on interaction of snRNPs with SART3 and SART3 affinity to 

the CB (probably based on SART3-coilin interaction – see Chapter 5.2). Only correctly 

formed tri-snRNP unbinds SART3, thereby loses affinity to the CB and leaves the CB 

to participate on splicing machinery. Incorrectly formed or component-missing tri-

snRNP intermediates are continuously bound to the SART3 and thus, they are actively 

tethered in the CB. 
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LSm8 knock-down as depicted by immunolocalization of Cajal body marker coilin. (E) Efficiency of 

siRNAs was tested by reverse transcription followed by quantitative PCR detection of LSm1 mRNA and 

by Western blotting detection of LSm8. Bar 10μm. 

 
After reduction of LSm1 we observed a minor increase of nuclear LSm4 

signal. In the cytoplasm LSm4 accumulated in structures resembling stress granules 

(Fig. 5.4.1B).  

LSm8 knock-down had a dramatic effect on nuclear accumulation of LSm4 

and almost all LSm4 protein was relocalized to the cytoplasm where it accumulated in 

numerous loci (Fig. 5.4.1C). Surprisingly, delocalization of LSm4 from the nucleus did 

not affected formation of Cajal bodies as tested by immunolocalization of Cajal body 

marker coilin (Figure 5.4.1D).  

Immunolocalization of LSm4 indicated that LSm8 knock-down increased 

number of P bodies. To confirm this finding two markers of P bodies, RNA helicase 

DDX6 (also called rck/p54; (Flemr et al.; Andrei et al., 2005) and GW182 (Eystathioy 

et al., 2003)  were immnulocalized after LSm8 knock-down (Fig. 5.4.2 and Fig. 5.4.3). 

These data showed that LSm8 knock-down increased both percentages of cells 

containing P bodies (Fig. 5.4.2B) as well as number of P bodies per cell (Fig. 5.4.2C). 

In contrast, LSm1 knock-down had only minor effect on number of P bodies per cell 

(Fig. 5.4.2C) but amount of cells containing P bodies were reduced twice (Fig. 5.4.2B) 

with respect to cells treated with a negative control siRNA. However, it should be noted 

that treatment with control siRNA reduced appearance of P bodies with respect to non-

treated cells (data not shown).  

To further analyze behavior of P bodies induced by reduction of LSm8 we 

measured dynamics of DDX6-GFP in P bodies by Fluorescence recovery after 

photobleaching (FRAP) and compared LSm8 siRNA and control siRNA treated cells 

(Fig. 5.4.4). DDX6-GFP properly localized to P bodies (Fig. 5.4.4A) and FRAP 

measurements revealed a slower DDX6-GFP recovery after depletion of LSm8 (Fig. 

5.4.4B). These results showed a slower turnover of DDX6-GFP in P bodies, which 

indicated stronger interactions of DDX6 with P bodies components. 
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Figure 5.4.2. LSm8 knock-down induces formation of P bodies.

LSm1, anti-LSm8 and a marker of P bodies DDX6 was visualized by indirect 

immunofluorescence (red) and the nucleus by dapi staining (blue). Quantification of DDX6 labeled P 

bodies revealed that LSm8 depletion incr

as well as number of P bodies pre cell 

down induces formation of P bodies.

LSm8 and a marker of P bodies DDX6 was visualized by indirect 

immunofluorescence (red) and the nucleus by dapi staining (blue). Quantification of DDX6 labeled P 

bodies revealed that LSm8 depletion increased presence of cells containing microscopically detectable P 

as well as number of P bodies pre cell (C)
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5.4.2. Project4, Discussion 

LSm8 knock-down dramatically changes LSm4 localization within the cell. 

LSm4 protein relocalizes from CB and almost disappears from the nucleoplasm and is 

accumulated in cytoplasmic P bodies. Reduction of LSm1 level results a minor increase 

of nuclear LSm4 signal.  These results are similar to yeast where localization of LSm7p 

was analyzed after depletion of LSm1p and LSm8p. LSm7p level decreased in the 

nucleus of cells depleted of LSm8p but was unaffected by removing of LSm1p (Spiller 

et al., 2007). LSm7p results together with our finding on LSm4 localization indicate that 

LSm8 is important for nuclear localization of all LSm2-7 proteins.  

FRAP data show that DDX6-GFP kinetics is changed after LSm8 knock-down 

and turnover of DDX6-GFP in P bodies is slower in comparison with negative control 

treated cells. These data supports the view that LSm proteins are forming a network of 

interactions that create additional binding sites for other P body components (Franks 

and Lykke-Andersen, 2008; Balagopal and Parker, 2009) that results in higher P body 

number (Fig. 5.4.2) and hindrance of their components (Fig. 5.4.4). 

These results suggested that the level of LSm8 and eventually the balance 

between LSm8 and LSm1 might influence LSm2-7 localization and P body formation. 

This hypothesis was tested by expression of YFP tagged LSm1 or LSm8. LSm1 

expression increased amount of P bodies and LSm8 had an opposite effect. However 

higher expression of both LSm1 and LSm8-YFP causes mislocalization of these 

proteins. Both LSm1 and LSm8 proteins are smaller than the nuclear pore molecular 

weight cut-off and can apparently freely diffuse throughout the cell. This implies that 

their distribution depends on a number of interaction sites in the cytoplasm and the 

nucleus respectively rather than on targeted transport to a particular cellular 

compartment. This result also indicates that LSm8 itself does not contain strong nuclear 

localization signal, which is consistent with previous finding that the formation of the 

LSm2-8 ring is important for LSm8 nuclear localization (Spiller et al., 2007).  

Overexpression as well as knock-down of LSm1 and LSm8 suggested that 

amount of these proteins or more specifically a ratio between them influenced formation 

of P bodies. The main mechanism acted likely via altered distribution of LSm4 that 

accumulated in the cytoplasm after reduction of nuclear LSm8 (Fig. 1) and nucleated P 
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body formation via its C-terminal domain (Kedersha et al., 2005; Decker et al., 2007; 

Franks and Lykke-Andersen, 2008; Reijns et al., 2008). 

Partial insignificant increase of luciferase activity in both case LSm1 and 

LSm8 knock-down indicates that translation inhibition is not determining for changes in 

number of P bodies. Previous findings suggested that disruption of P bodies did not 

affect function of proteins localized there. For example, visible P-bodies are not 

required for translation repression (Decker et al., 2007) and mRNA decay, NMD, and 

RNAi-mediated gene silencing are functional in cells lacking detectable P bodies 

(Eulalio et al., 2007). Our data showed that also increased of microscopic P bodies did 

not enhance translation inhibition and supported the view that presence or absence of 

visible P bodies did not significantly affect cellular functions.  

Formation and maintenance of highly dynamic non-membrane bound cellular 

organelles are a topic of intensive research. One of the major models for their assembly 

is based on self-assembly when one or several components are able to trigger formation 

of microscopically visible structures (Dundr and Misteli, 2010). Translationally 

repressed mRNP were suggested as the triggering component of P body formation 

(Franks and Lykke-Andersen, 2008). Here we show LSm proteins as additional factors 

that influence P bodies. We propose a model where the LSm1-7 ring is one of the key 

components that controls P body assembly and is able to induce P body formation 

without affecting translation activity. In addition, equilibrium between LSm1 and LSm8 

apparently controls intracellular localization of Lsm2-7 proteins that can act as 

“communicators” between the nucleus and the cytoplasm. 
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6. CONCLUSIONS 

In this work we are focused on non-membrane, self organizing structures; 

nuclear Cajal bodies (CBs) and cytoplasmic processing bodies (P bodies). One of the 

questions is how these structures are organized, which processes determine their 

maintaining and how their components are linked to their functions. 

In the first project (Chapter 5.1) we used several approaches and combined 

biochemical evidences with in vivo microscopic experiments to conclude that the CB is 

an important factor in snRNP recycling. These experiments show that the CB is not only 

place for newly-synthesized snRNPs maturation, but plays an important role in their 

regeneration, namely in tri-snRNP case, and thus ensures required snRNP level 

maintenance for splicing machinery. It was shown that CB integrity depends on ongoing 

splicing machinery and splicing inhibition leads to CB disintegration. Here, we show 

that reduction of U5 snRNP regeneration after splicing leads to increased accumulation 

of its tri-snRNP partners (U4/U6) in CBs.  

The second project (Chapter 5.2) is focused on dynamic processes occurring in 

CBs. Primarily, this project, by combination of in vivo kinetic experiments and 

mathematical modeling, allows us to propose the first model of snRNP assembly in the 

living cell.  Additionally, our results show that, under normal conditions, only 3 % of 

tri-snRNP fraction is regenerated in CBs. The previous finding, that transcriptionally 

active cells accommodate higher number of CBs in contrast to transcriptionally inactive 

cells that lack CBs, was confirmed by our measurements that showed that CB serves as 

a rate-enhancer in tri-snRNP assembly. In global view, it likely indicates, that cellular 

non-membrane structures and their maintenance could be driven by immediate cell 

requirements. 

Second project is directly linked to third project (Chapter 5.3) where we show, 

that any disruption in tri-snRNP formation increases the accumulation of tri-snRNP 

intermediates in the CB. It seems that incomplete or misassembled intermediates of the 

tri-snRNP are actively tethered in CBs. In this chapter, we propose a novel role for CB, 

the proofreading role in snRNP maturation. Further, we revealed the factor (SART3) 

responsible for specific targeting of tri-snRNP components to the CB. We proposed, 

that this factor is the major factor for tri-snRNP components tethering in CBs and thus 



111 
 

plays a crucial role in suggested CB proofreading function. These findings open the 

question whether is there any hierarchy in CBs organization. Recently it was shown that 

immobilization of any components of various non-membrane structures within nuclear 

environment is able to nucleate them de novo. It is fully consistent with and also 

confirms the concept of self-organization structures within the cell. Our results, 

combined with self-organization concept, suggest the importance of binding sites for 

nucleation or maintenance of these structures. In this angle of view, the SART3 protein 

could serves as a binding site that allows to tri-snRNP components target to CBs. 

The last project (Chapter 5.4) demonstrates the importance of binding sites for 

proper localization of nuclear and cytoplasmic LSm-ring. The composition of the 

nuclear and cytoplasmic forms of this complex is almost identical; there is only one 

member of each of them that governs the localization of the rest.  Our results indicate 

that LSm8 – the nuclear specific component of LSm-ring – serves as nuclear 

localization signal for nuclear form of LSm-ring. In absence of LSm8, LSm proteins 

disappear from CBs and nucleus and localize to cytoplasmic P bodies. The important 

thing is that the number of cytoplasmic P bodies is dramatically increased under these 

conditions. It indicates, that presence LSm proteins in P bodies form new binding sites 

for other P bodies components and, according to self-organization concept, govern the 

increased formation of these cytoplasmic structures.  
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