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1. INTRODUCTION

1.1. Self-organization as a general principle of life

The selforganization concepts were first developed in chemistry and physics
(Karsenti 2008 Philosopher Immanuel Kant was the findto defined i f e as a 0 s
or gani z e erdpradauncdi nogsdéeahgfsuggeseetthesemergence of functions
by seltorganization (Roth 201). The processof selforganization was first
experimentaly documentedn chemical systems as chemical oscillations in
equilibrium states. Lateit was confirmedalso in nonequilibrium systems (Roth
2011), as seeron the timelinein Figure 1.1.1 Attenpts were made to extdrthe
investigation tofar from equilibrium biological systems. lihe work from 1952
calediThe chemical b as i Alan duUring toak rinpphaccguatn e s i s ¢
chemical and mechanical properties of the cell.fbiglamentatliscoveries invoked
first explainations of formation of regular patterns in biology, eig. the fur of
animals, the collective behavior of organisms in ant colonieanite nest building,
formation of schools of fish and flocks of birdetc as a consequence of self
organization.

Recently, the researclvas focused orthe area oimolecular biology. Living
cells are dissipative, open and far from equilibrium systems, where ewtiapges
arise from internal selbrganization, information storage and trangf@avies et al.
2013. Since 1990 selbrganizatiorprinciplewasproved formany cellular structures
(Figure1.1.1), starting with purified cytoskeletal molecules that wenewn to self
organize into patterns as a result of their collective beh@i&amsenti 2008

Selforganization can be found everywhere living cells including
cytoskeleton and membradelimited organeds like nucleus and Golgi complex
(Misteli 200]). For a long time ti has beernunknown what determines different
shapes and sizes of cellular orgargllevhy specific structuresre formed in
particular places, and what is the relationship between cellular structures and
functions. Cell interior is highly dynamiand components ofvarious cellular
structures continuouskgxchang matterwith their surroundings, which is consistent
with the selforganization principles. Also, transitions between distinct assembly
patterns areisuallynot gradual but sharp, and multiple sets of assembly conditions
can result in the same assembly pattgBood examples are compartments of

exocytic pathway, where proteins for secretion are transported from endoplasmic
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reticulum through Golgi complex to tra®@olgi network and to the plasma
membrane.These ompartments are highly dynamic and continuously exghan
material with the surroundingsSelforganization ensures their structural stability,
while being simple and effective as it does not require complex mechanisms.

Beside the stable, membradelimited organellesthe cell contains many
domains or structes without clear physicalboundariesthat are functionally and
structurally distinct.These macromolecular cellular structures can be generated via
two fundamentally different mechanismsi seltfassembly as well as self
organization. Theselfassemblyis based on the physical association of molecules
into a stableandstatic structure, whilself-organization is based on interactions of
molecules in a steaelstate and dynamic structure are createqMisteli 2007).
Nuclear bodiesfor example, are highly dynamic structures that are structurally
stable under specific conditiongDundr and Misteli 2010 Major nuclear body
components are dynamically exchanged with the surrounding nucleofRisxr
and Misteli 2@0). It has been showthat some of the nuclear body proteomild
induce formation of the nuclear bodi€blebert and Matera 20P0Thus the
architecturally stable structuresgould be generad from highly dynamic
componentsEven more, a complex mechanisnere neededo establish, maintain
and regulate the architecture of such structutesnbetherefore suggestatiat he
selforganizationis a general principle of organizatiaf non-membranebound
structures and while thesecan be found everywhere in living cells, a general
principle oflife (Dundr and Misteli 2010
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Figure 1.1.1. Key events in the application of selbrganization concepts in cell biology.
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1.1.1. Free diffusion and chemical equilibria

In the living cells, nolecules are in constant motion, they move around by
random walkand collide with each other. The particles and complexes thus freely
diffuse inside the cells in thigmited volume of cytoplasm and nucleoplasirhe
motion of the moleculesinside the cellscan be classified into three kinds:
translations, vibrations and rotatiofberts 2008. Supposing that the particles are
rigid andsphericalthe translationabiffusion coefficientcan be calculatedccording

to the StokesEinstein equation:

wherer is theradiusof the particle and] viscosity of the saltion, T denotes the
temperature andélg is the Boltzmann constanThe mean square displaceméntt 1!
1992

wo O 1 EFOO q

denotes thaveragdrajectory lengttof the particlsin 3D spaceat a given time.

Supposing that the particles cannot overlap or fuse together, they can be
considered as spherical Ahardo particles th
Such an aggregate composed of many identical sphemxithe surface to volume
ratio is larger than that of a regular sphditee diffusion behaviois therefore altered
and cpend on the shape of theggregate Because the translational diffusion
coefficient ofsuchaggregates cannot be calculated directynfithe Stoke&instein
equation that holds true only for rigid spheres, we @segpproach developed by de

la Torreand Bloomfield(de la Torre and Bloomfield 197)a

Y'Y
0 QY Y — T ¢ - Y o

whereR denotes radius of thieth sphere of the aggregate alcddistance between
spheres andj. Rotationaldiffusion of the clustergan be includedtoo (de la Torre
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and Bloomfield 1977p The diffusion coefficient is caltated in cylirdrical
coordinatesr;, i, g for the i-th particle and assuming that the rotational axis is
perpendicular tdhe high-symmetry axis of theggregateonly d components of the
diffusion coefficientD® have to be taken into account:

@ - P o YY 00 ww  YY 00 O
=~ O p Nj
Q Y | T T | T ” ”
T
where
Yoh 1 YW U

x andy; being theCartesian coordinates.

The systemsuch as the living cels an opensystem exchangingnergy and
material with the surroundingshowever,a closed systenfar from equilibrium
exchanging only energig a good approximatiorNevertheless, many reactions in
cells can be under favourasircumstances described by chemical equilibfibe
closed systems in chemical equilibrium if the Gibbs function is minimal under
constant temperature and pressure conditions. This can be rewrittémeitdons of
Gibbs functionfH8 | a ):1975

YO Y'Yd¢ ®
whereK,is the equilibrium constant of the reactidndenotes the temperature aRd
is the molar gas constant.

In the system with ongoing chemical reactions the Gibbs function depend

the number of particles involved in the reaction:

QO mME mGE E m&E mQ E X



wherem( i =B, C, éoRes@®ndé ghemical potentials of theth substancand
dn is the change of the number of particles of ithie substanceThe activitya; of

the substance could be defined as:

m m Y'YWE Y

where m is the standardchemical potentialChemical equlibriacould beusedto

characterize interactions of macromolecules inside the cells.

1.1.2. Living cell asa crowded environment

The interior of living cells containa wide variety of macromoleculesich as
proteins, RNA and polysacharides large total concentrationdhis kind of
environment is termed Ocrowdedd, since the
fraction, typically 2630% of the total volumgEllis 20013. For instance the
macromolecular content of the cell nuclei amounts around 100 mg/ml protein and 50
mg/ml chromatin concentration (Richter et al. 2008 Soluble and structural
macromolecules that do not directly participate in a reactigrarticular interesare
refered to asackgroundparticles(Zimmerman and Minton 1993

The intra and intermoleculamteractionsof all particlescan be divided into
severaltypes. Thecovalentbond hold together atoms to form molecules. Tihend
strengthis about90 kcal/mol(Alberts 200§ and te bond lengtls typically 0.15 nm
In aqueous solutions, covalent bendre 160100 times stronger than other
noncovalent attractiong’he noncovalent attractions include ionic bonds, hydrogen
bonds, van der Waals attractions and hydrophobic fortedividually, the
noncovalentoonds areveak however, they can sum up to ate a more effective
bond.lonic bondsandelectrostatic interactions are causedamattraction between
oppositely charged atoms. The bond lengthliseut0.25 nmwith 3 kcal/molbond
strength in water. Hydrogen bonds with length0.30 nmand strengthabout 1
kcal/molrepresent polar interactions whenee electropositivehydrogen is partially
shared by two electronegative atoms. An electron cloud around a nonpolar atom
produces a flickering dipole that induces an oppositely polarized flickering dipole
the surrounding atos Theweakattraction caused by this effg.1 kcal/molwith
length0.35 nm is called Van de Waalmteraction(Alberts 2008. The hydrophobic
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forcesresult from pushing nonpolaubstancesway from the water netwark he
strength of this effectiepend on number and position of carbon atoms in the
molecule while each hydrocarbon contribute®.8-0.9 kcal/molTanford 1973 The
overall hydrophobic effect on the whole molecule d¢harefore reaclvaluesup to
few kcal/mol The consequemtotentialselfaggregatiorof hydrophobic molecules is
a result of the background particlespresentedybwater in this case.

Other weak force that areoften neglected result fronthe effect of the
background particleen macromolecules the crowded environmernthe effect is

thus called thémacromolecular crowding

1.1.3. Macromolecular crowding

The crowdingresults inas o call ed fAexcluded vol ume
volume becomes unavailable to the solute molecules due to the impenetrability of the
molecules. How large fraction of the cellular volume is unavailable depends on the
amountssizes and shapes alf dissolvedmoleculesCrowding is thus a nonspecific
effect that originates from steric repulsiilis 20015).

If we add a macromoletauto the crowded solutigrthe centre of mass ofigh
large molecule can occupy only a part of the total voluma the fiexcluded
volumed (Figure 1.1.2). The volume available to the macromolecule defines an
effective concentration (thermodynanactivity) that can benuch higher than the
concentrationwithout crowding This affects the reaction equilibria and reaction
ratesof the soluteswWhen macromolecules bind &ach otherthe volume available
to other macromoleculs increags together withthe entropy of thavhole system
(Figure 1.12). The effect of crowding upon association between two large
macromolecules is greater than upon association between a large macromolecule and
a smaller molecule

Such favorable entropy increastten leads to slf-organization of the system
(Yodh et al. 200}, increases thermodynamic activities, shifts binding reactions
toward the bound states and slows down diffugimton 1992 Zimmerman 1993
Ellis 2001h Minton 2006 Richter et al. 2008Bancaud et al. 2009 The reaction
rates depend on thermodynamic activities and miglaideediffusion limited. Let us
consider a reaction of two species with a transition complex. If the reaction is
diffusion-limited, the reduced diffusion rateausedby crowding results in a
reduction of the reaction rate. On the other hand, if the reaction is limited by the
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concentration of the transition complex, the increafsthe thermodynamic activity
increass the reaction ratéEllis 20019. The resulting effect on reaction rate thus
depends on the type of the reactiofhe crowding reactions include selbr
heterocondensation, binding to specific surface sites, nonspecific surface adsorption
and protein izomerizatiofMinton 200). Increasing volume occupancy also has a
tendency to favor compact or globular conformatigdsnmerman and Minton
1993. Increased crowding leads to ordered association of reactive species, the effect
is highly pronounced atnacromolecular concentrations close to those found in the
cytoplasm (0.2.3 g%). At similar concentrations, macromolecules with larger
molecular weights are more efficient in producing crowding than molecules with
smaller molecular weightAl-Habori2001). The calculate@¢rowdingeffect can be

large The equilibrium constant for dimerization @40 kDa protein would increase

8- to 40timesin the E.coli cytoplasmFor tetramer formatiortheincreasenould be

10* to 10-times(Zimmerman 1998

Figure 1.1.2. The importance of molecular size in volume exclusion30% of thetest
volume (square areals occupied by macromoleculéslack spheres)) The centre of the
small molecule has access to 70% of the volgyedow area)b) The centre of the large
macromolecule is excluded from most of the 70% oftéstvolume. Adapted from(Ellis

2001B. c) lllustration of themutual distancebetween two particleflack spheres) and their

excluded volumes (whitareaaround the particlesfhepar t i cl es behave as

12
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and cannot fuse togethéWhen particles are in close proximity th&ikcluded volmes

overlapand volume availabl other similar particles therefore increases.

Solution volume can be also excluded to macromolecblesimmobile
structural elements snde the cell such as membrandsactin, microtubules and
intermediate filameniscollectively called the cytomatrixTotal volume of the
cytomatrix is ~20% of the total cytoplasmic voluiiMinton 1999. Theseso-called
confined spaces restrict thranslational and rotational freedom of the particles, thus
affecting their thermodynamicctivity. The effect is pronounced when the spacing
between the boundaries is smaller than about three times the ahdiimension of
the particle (Zimmerman and Minton 1993 The confinenent can enhancedhe
tendencyof particlesto seltassaiate; the degree of enhancement depends upon the
size and shape of the resulting oligomer and the confined volume eldinasb
enhances the stability of proteifisggers and Valentine 20p1

Nonspecific intermolecular interactions between reactants and background
particles can also influence the rate and equilibrium of reaction between
macromolealesby contributing significantly to the total free energy of the medium
(Minton 200). These weak interactions involve weak electrostatic and hydrophobic
effects and often result in formation of weak, nonspectfamplexes. These
background interactions push the equilibrium state of macromolecule interaction
toward product formatignby enhancing the reaction rafdinton 200§. The
increase in hydrogebinding states available to watéor exampledrives the
hydrophobic effec(Chandler 200R

Taking bgether, in the crowded environment such as the living cell, the effect
of weak forces is more pronounceddarensignificantly alter interactions between

themolecules.

1.1.4. Entropy -driven interactions

In the crowded environment,e. in the mixture of small and large particles,
some arrangements dhe large particles can cause a decrease of the volume
excluded to the small ones with subsequent increase of their entropy and entropy of
the whole systenfMarenduzzo et al. 2008bTherefore, therowdingeffectcan be

explained alsdrom the point of view othesmallbackground molecules.
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It can be modeled as followe small crowding proteinsreconsideredo be
small rigid spheres with radius When two large particles approach each other and
their distance becomes smaller than the dianeter2r of the small sphere, the
volume regions excluded to the centefsmassesof the small particles overlap
(Figure 1.12.C and Figure 1.13). As a consequence, the volume which the small
particles can explore increasasd that leads tca corresponding increase of their
entropy. This entropy increase induces attractive depletion force between the large
spheregAsakura and Oosawa 19653 he free energy ga¥O  resulting from the
increased entropy drivekd association process and strongly depends on the overlap

volumew (dark gray region in Figurd.13). TheY’'O  peaks when the two

large bodies toucfMarenduzzo et al. 200Ba

wheref; is a fraction of the small particles in the nucleoplasm. Equa8ipis (valid

alsofor largebodeswith irregular shape.

¢ ®
o ® -« ©®

O overlap volume

Figure 1.13. Entropy driven aggregation of large particles in thepresence of small
molecules.The shaded regions around the laygdow spheres and near the boundary are
excluded to the smalkd particles. When the shaded regions overlap (the dark gray area) the
overall excluded volume (the sum of light and dark giesas) decreasesdthat leads to

the condensation proceggcording to(Marenduzzo et al. 200ha
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This free energy gain is sufficient to drive a temporal association of large
particlesfor a timeairing (Marenduzzo et al. 200Ba

t tAGED
— p

where § is a scaling coefficient. Similar temporal behavior takes place for
association of the largearticlesto higher aggregates or for associatiorthaflarge
aggregategthemselves.

Since Waiing increases with the diameter of the interacting sph@aeger
w ), association of the macromolecules to larger aggregates lasts for longer
time as the aggregates groWwhe free energyhat causes the associatioan be
expressed irkgT units it is typicaly a few ksT. Since 1 ksT corresponds te-0.7
kcal/mol at room temperaturethe free energy of entrogdriven association is
comparable to the energy of one hydrogen bond in a pr@t#amenduzzo et al.

2006 andthe gp Gshouldthereforenot be omitted in the calculations

1.1.5. Experimental evidence of crowding effects

Evidence exists thatttractive depletion forcesan assist in assembly of many
cellular structurese.g. actin dimerization, folding of proteins into higher structures,
organization ofchromatin loopsand whole chromosomesrhese forces haveeen
suggested to shape also large nuclear boslies as nucleoli andoromyelocytic
leukemia (PML) bodies (Marenduzzo et al. 200pbAnother effectof crowding
environmeninvolves the change in trdiffusion rate.Diffusion of green fluorescent
protein GFP was sloweddown 3-5 times in the cytoplasmcompared tosaline
(Verkman 2002. The same effect was observed for FiDExtrans and FIT&icolls
of si ze tDatsHWeddownB3-4 times in cytoplasm and nucleus compared
to water(Seksek et al. 1997Differential mobility could be mapped even within the
cell nucleus. Compared to euchromatirffusion was slowed down by a fawtof
1.6 in heterochromatin, and ef3in nucleoli(Bancaud et al. 2009

Crowding influenceshe chemical equilibriaFor example, e equilibrium for
the formation of 70S ribosomdsom 30S and 50S ribosomal subunitskotoli is

shifted towards the 70S ribosome formation in the crowded environment
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(Zimmerman and Trach 1988 Crowding also increasesthe macromolecular
stability. The crowding agents dextran and polyethynene glycol dramatically raised
the melting temperature of DNALaurent 1995. The presence 0f20% of
backgroundparticles reducel concentrations needefbr phase separation in a
mixture of two macromoleculewith different hydrophobiadty (Johansson et al.
2000. Another example arehé helix formations of polypeptidethat are also
entropically diven (Snir and Kamien 2005 The so-called confinement a different
effect of the crowded environmef(lbcalization of the particle in a small volume)
also causes a similaesult: the thermostability of proteins in pores caused by
confinements significantly increasedChebotareva et al. 20p4

The effect of change in the fract@n volume of the background
macromolecules can be observednucleoli and PML bodiesThese structures
disassemble when nuclei from erythroleukemia cells exparalnredium of low
concentration of monovalent cations and they reasseagalm after addition ofan
inert crowding agentfor example,polyethylene glycol REG), dextran)(Hancock
2009). The osmotic extraction of water also led to higher compaction of chromatin
and segregation of other nuclear compounds. This effect is reversilidetyascal
for crowding(Richter et al. 2007

The indirect effects of solutes on macromolecular conformations and reactions
can be explained byacromolecular crowding, confinement or depletion attraction
however, according tParsegian et al. 20Dthese effects are complementary and
not mutually exclusive Forcescause by crowded environmerdre similar to all
different systems, charged, net neutral or totally unchargedatanlbse distances
theyare much stronger than van der Waals or Bigtdtic interactions. It is therefore

important to take them into account.
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1.2. Potentially selforganized cellular structures in the

focus of this study

Eukaryotic cek contain many complex membrabpeund organelles, each with
a uniguecellular function. In addition manymembranelesstructurescan be found
everywhere in the cells in the gtoplasm,inside the cell ndeus or evenin the
membrans. Functiors of these structuresdiffer and dependon ther cellular
localization.On the other handhey share common propertiesg. kinetics of their
constituents, structural stability, celycle dependence, etc. Genemachanism of
formation and maintenance of these structures resmaiciear.

In this study, wéhave choseseveral of these strtwres,specificallynucleolus
and Cajal bodyin the cell nucleus, cytoplasmarocessing body @Body), and a
plasma membran¢PM) microdomain MCC (Membrane compartment of Canl,
Malinska et al., 2003jo test whether edf-organizationcould describe formatn,
structure and functional manifestations of these don{Misteli 2007).

1.2.1. Nucleolus

The mammalian cell nucleus the largest cellular organelle that occupies
about 10% of the cellular volun{@lberts 2008. It is delimited bynuclear envelope
with nuclear pore complexeand containsmany nommembrane bound organelles
(Mohamad and Boden 20L0The most prominent of them, the nucleolus, was
discovered irl835 in germinal vesicles (GMn 1839thet er m f n waslused | us 0
for the first time(Lo et al. 200%. Nucleoli were isolated in 1950s from Starfish
oocytesand in1960sit was discovered thadhe nucleolus is a site of ribosomal RNA

synthesis and ribosome assem@gdeson 201}

1.2.1.1. Structure and function

Nucleolus is the largest membraneless domain in the cell nucleus where initial
steps of the ribosome biogenesis take place. Its key function is the synthesis and
processing of ribosomal RNAs and the formation of rilbeslosubunit§Raska et al.
20063. Nucleoli have also other nonstandard functions, such as regulatiomar t
suppressor and oncogene activities,-cgtlle regulation, signal recognition particle
(SRP) assembly, modification of small RNAs, control of aging, modulation of

telomere function, sensing of cellular stress and viral replicaéindit hasalso a
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role in nuclear exportOlson et al. 20000Ison and Dundr 20Q09ontanaro et al.
2008.

Typically, one or few large nucleoli can be found ie thammalian interphase
nuclei. The exact number and size of the nucleoli depends on cellular activity,
proliferation or differentiatiorfHernande/erdun 2006a

In mature lymphocytesO . 5 si2ed nucleoli can B found, while in
proliferating and cancer cells the nucleoli are biggel9 3 Om i n di ameter
(HernandezVerdun 2006k In ultrathin electron microscopy (EM) sections of
nucleoli threemorphologically distinct compartemtscan be distinguishe@@®aska et
al. 2006b (Figure 1.2.1). The innermost fibrillar centers (FCs) are lightly stained
regions in which a fine fibrillar structure can be seen. Nucleoli of different cell types
exhibit a variable number of FCs of variable sigdsernande-Verdun 2006g their
typical shape is roughly spherical with diameters ranging from 50 nm rtm 1
depending on the cell tyg®&losgoeller 200 FCs are surrounded by densely packed
fibrils called dense fibrillar component (DFC). In electron micrographs DFC is
giving a high electromicroscopic contrast. The peripheral nucleolar region
granularcomponent (GG)has a grainy appearance and consists of ribonucleoprotein
particles (RNPs) with 15 to 20 nm in diameter.

Figure 1.2.1 Nucleolar structure. Electron micrograph of a thisectioned nucleolus from

an in situ fixed mouse celF denotes fibrillar centers, D corresponds to dense fibrillar

component and G to granular componeédit al e bar 0.5 (Raskaetmdapted fro
20063.
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1.2.1.2. Biogenesis

The nucleoliareformed as a result afbosome biogenesisRibosomal genes
are organized at particular chromosomal sites in clusters termed nucleolar organizer
regions (NORs). New nucleoli arerfoed around transcriptionally active NORs, in
human cells total number of 10 NORs are prefiéalmarova et al. 20Q7 however,
only competent NORs are believed to be transcriptionally active during interphase
(Smirnov et al. 2006 The genes are organized as tandem repeats and form arrays on
distinct chromosomeg¢Raska 2004ph Finally, NORs move in the nucleoplasm
inducing fusion of several small nucleoli that form a few larger nucleoli afterward in
the interphasgAnastassov#risteva 1977 (Figure 1.2.2). The final number of
nucleoli is celitype dependentn human lymphocytes nucleoli the mean number of
large aggregates is 2.4 during interph@Sani and Saunders 1978n metabolically
active cells, the single NORearing chromosome can induce the formation of
several FC4Raska 2008 Also the number of nucleoli in daughter cells can differ
However the distribution of NORbearing chromosomes among the nucleoli is partly
conserved through mitos{€vackova et al. 2009 In the middle of G1 phase the
number of nucleoli and the position of chromosomes are stable and do not change
significantly until the end of interphase;52nucleoli can be usually fod in HelLa
cell nuclei(Kalmarova et al. 2008

The synthesis of ribosomes starts with transcriptionbaisomal DNA (DNA)
by RNA polymerase | (poll), the most active and abundant RNA polymerase in
eukaryoteg(Albert et al. 2011 Electron micrographs demonstrate that RNA poll
molecules are mainly localized within the F@Bloton 2003. Transcription sites are
located in the DFC and its boundary with the KRaska et al. 2006aPrerRNA
(preribosomal RNA)initially accumulates in DFC and the first processing steps take
place in this compartment. It takes ~8 minutes to complete theRpta
transcription(Lazdins et al. 1997 Initial steps of pr&aRNA processing start before
their transcription is completg&Kopp et al. 200). PrerRNAs spend ~20 minutes in
the DFC before they reach the GStanek et al. 20QXKruger et al. 200)/ Later
steps of ribosome biogenesis occur in GC, migration ofiposomal particles from
the fibrillar components into GC and then out of the nucleolus can be observed
(Ploton 2003 Experiments with incorporation of BrUTES-Bromourdi ne 560
triphosphate)nto newly synthesized transcripts revealed a radial flow of RNAs from

FCs outside toward nucleolar periphémiry et al. 200).
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Figure 1.2.2. Pattern of the human nucleolar kinetics of one mitotic divisiorAdapted

from (AnastassvaKristeva 1977.

The formation of ribosome starts with synthesis of 35SrRid¢As by RNA
poll. 35S prerRNA forms a large 90S RNP complex that is rapidly cleaved into 40S
(18S) and 60S (5.8S and 25/28S) ribosomal subunit prec\ismtsochner and Hurt
2003 Kressler et al. 2090 The 5S rRNA is synthesized independently by RNA
pollll and is later a component of 60S subunit. TherRAs are then extensively
modified and assembled into p48S and pr&0S subung (FromontRacine et al.
2003. Oncethe ribosomal subunits leave the nucleolus, they move in all directions
with no evidence for a directed movement along a specific pathway in the
nucleoplasn(Olson and Dundr 20Q05The pre40S subung are further processed in
the cytoplasm while the pi@0S mature in the nucleus before they are transported

into cytoplasm. The prabosomal particles are exported to the cytoplasm through
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the nuclear pore complexherethey assemble into fully functiohabosomes, e.g.
(Muro et al. 2011

The level of rRNA synthesis is high metabolically active mammalian cells,
in contrast to fully differentiated cells where the production of rRNA can be very
low. For example, in human lymphocyte cells one smiad}-shaped nucleolus with
one large FC is seen in the dormant cells, whileualmarger nucleolus with several
tiny scattered FCs can be found afteg stimulation(Raska et al. 2003aThe rate of
ribosome synthes was determined to be around 125 ribosomal subunits per second
for HelLa cells(Lewis and Tollervey 2000 corresponding to the production of-70
100 ribosomal transcripts per second for diploid mammalian ¢Bilmdr et al.
2002. Transcription of the ribosomal RNAs is significantly increaseth@S-phase
(Darzacq and Singer 20P8Poll activity can be inhibited byctinomycin D.
Transcription in HelLa cells ithenreduced to less than 1fousset et al. 2000
This leads to disruption of tHargenucleoli, small spherical nucleoli are formit
associate with DFC aggregates at their periphery. Another substance that causes
nucleoli to disassemble is 5Mchloro-1-b-D-ribofuranosylbenzimidazole (DRB),
which inhibits polll transcription elongation, resulting in elongated nucleoli and

disorganizedctive centergMartin et al. 200

1.2.1.3. Dynamics and morphology

It has been recently shown that nucleolus is a stable, highly dynamic structure,
permanently exchangg biological material with the nucleoplasm and other nuclear
bodies(Dundr et al. 2000Phair and Misteli 2000 Nucleolar dynamicexhibits a
clear, celicycle dependent charac{seeFigure 1.2.2)

During mitosis, the transcription of ribosomal genes is ceased until it is
completely silenced and the nucleolus gets disassembledB93 it was obsened
that nucleoli disappear durirte prophasgLo et al. 2009 just beforethe nuclear
envelope breakdow(Shaw and Doonan 20P5The consequentibosome assembly
has been found to be also highly dyna(Fatica and Tollervey 2002

During mitosis, the mteins involved in the ribosomal RNA (rRNA) synthesis
and maturation will either remain associated wihromosomes(for example
upstream binding factotJBF) i poll transcription factorpr becomalispersed in the
cytoplasm and can bgackaged into nucleokaterived foci (NDF), highly mobile

structures of size 0-2 mm (e.g.nucleolin, fibrillarinT prerRNA processing factors
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found dispersedn the cytoplasm)Therearearound 100 NDF in each céBoisvert
et al. 2007.

In the late anaphase/early telophase the rRNA transcription becomes
reactivated(DiMario 2004. The number of cytoplasmic NDF decreases, most of
their content is transformed to prenucleolar bodies (PNBs) and subsequently released
and recruited to nucleo{Boisvert et al. 2007 Fluorescence photobleaching studies
have shown that PNBs are undergoing rapid dissociation and assoiatiwir et
al. 200Q. The factors involvedin transcription (UBF), processing (nucleolin,
fibrillarin, mitochondrial RNA processing endoribonucleasabunits, protein
Rpp29) and ribosome assemblyprptein B23) exchange rapidly between the
nucleoplasm and nucleol¢€hen and Huang 20pIPNBsare 0.2 Om i n di amet er
composed of densely packed RNP granules and fibrils and contain proteins and
RNPs found in nucleqlie.qg. fibrillarin, nucleolin, B23, Nop52, PMSdO00p,
argyrophilic praeins, U3, U8 and Uldmall nucleolar RNPssioRNP3} (Dousset et
al. 2000. An oriented flow of the rRNA processing machinery between PNBs and
nucleoli can be observed at thad of mitosis (Hernandez/erdun et al. 200R It
could bea way of regulating the sequential assembly of DFC andMB@o et al.

2011)). It has been suggested that proteins are transferred from PNBs to nucleoli by
diffusion and mas action, with no active process invol\{@tlndr et al. 2000

Although the past decade has brought a significant progress in our
understanding of nucleologenesis, mechanisms of the condensationspandethe
maintenance of the nucleolar structure remain unclear. No evideagshowrthat
would confirm the existence of nuclear maitnxvivoand it is therefore not likely to
play a role in the association tbfe nucleolus or other nuclear bodig$ancock 2000
Pederson 20Q0 It is known that assembly of the nucleoli requires not only the
reactivation of the rDNA transcription, but also recruitment and reactivation of the
prerRNA processing machineriirri et al. 2008 Almost nothingis known about
forces driving the condensation process and determining the stability of the highly
dynamic nucleolar structure. It has been suggested that the nuclediusedma
evolutionaily adapted to increase efficiency of the ribosome biosynthesis
(McKeown and Shaw 2009Specific binding interactions are well documented to
mediategeneralmolecular assembly. However, nonspecific entropic forces between
large macromolecules and their complexes can also drive effi@rganization

processs. It has been believed that nuclear bodies can be formed either by an
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ordered assembly pathway or by saifjanization(Misteli 2007, Misteli 2009.
However, acording to the latest approach Dundr suggested a model where assembly
of nucleolar bodies starts by nonrandom initial seeding events followed by random
and stochastic setfrganizationDundr and Misteli 2010

In this work we have explored whether attractive entropic forces in a crowded
biological environment couldnitiate a de novo formation of thaucleolus. A
mathematical model based on the entropy drivencsgHnizationwas constructed
and evaluated by comparisonsainulationswith experimental data.

1.2.2. Cajal bodies

Cajal bodiesare smallmembranelessuclear organelleselatedto assembly of
smdl nuclear ribonucleoparticles (snRNPa)d messenger RNAnGRNA) splicing.
They were first described by Ram:Faisty Caj
they werecalled accessorpodes due to their close vicinity to the nucledfsall
200Q Gall 2003. Later in 1969 they were given a name coiled bo@ésnneron
and Bernhard 19§9when observed using electron microscopy, based on their
appeaance The present name Cajal boflyB) was suggested by Joseph G. Gall in
1999(Gall et al. 1999Gall 200Q. Cajal bodies are evolutionarily conserved nuclear
domains that can be found in metabolically active d@zudonck et al. 1998ena
et al. 2001 They are found in higher eukaryotes in various tissues and organisms

including plants.

1.2.2.1. Structureand function

Cajal bodieglo not contain any proteins specific only to CB# components
of CBs can be found also elsewhere in the cell nucleusften in higher
concentrationslt was shown that CBs exchange their contents with the surrounding
nucleoplasm(Handwerger et al. 2003Dundr et al. 2004 No permanent CB
componentas beendentified, although dén and survival of motor neuronsS(VN)
proteinreside in CBs for aelatively longtime (Dundret al. 2004. Coilin, oftenused
as aCB marker, was firsisolated in 191 (Andrade et al. 199Raska et al. 1991It
is found in high concentration in CBshowever,its nucleoplasmic poois also
present(CarmeFonseca et al. 1998/atera and Frey 1998Fibrillarin, a protein
that is primarily locatedin nucleoli was also found in CBs (Gall 200Q. Other

componentgound in CBs arsnRNP, sphericalcomplexed.5-1.0 nm in diameter
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(Gall 200Q that are sometimes associated with nucledi well Cajal bodies are
highly mobile, nost of themfreely diffuse throughout the nucleoplasnand only a

few of themare regularly attached to chromosomes at spdoifiations(Boudonck
et al. 1999 Platani etal. 2000 Platani et al. 2002 CBs contain particlesvith 25-50

nm in diameter(Gall 2003 visible on EM imagesHigure 1.2.3. The number and
size of the bodiesdependon cell metabolic activity and on the cell cy¢féarmo

Fonsecat al. 1991Boudonck et al. 1998oudonck et al. 1999

Sensory Neuron * Cajal Body

CcB

Figure 1.2.3 Cajal body structure. A) Semithin plastic section of a sensory ganglion
neuron of the rat, i mpregnated with silver
pale nucleus a strongly stained Cajal body (CB) is visible next to an equally strongly stained
nucleolus (N). Aapted from(Lafarga et al. 1986 B) EM of a single CB from a silver
preparation of a Purkinje neuron of the rat cerebellum, showing that the dark metal deposits
are limited to the coiled threads of the CB. Adapted ffbafarga et al. 1995

The presence of uridirgch small nuclear RNAs (snRNAs) U1, U2, U4, U5,
U6, U1l and Ul2n Cajal bodiegCarmoeFonseca et al. 199Matera and Ward
1993 indicates a roleof CBsin splicing or more generally in praRNA processing,
as important steps of snRNA and snoRNA (small nucleolar RNA) maturation occur
in CBs(Gall 2003.

Splicing takes place in eukaryotic cells after transcription, the noncoding

sequences (introns) are removed frommpRNA and the coding sequences (exons)
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are joined to form mRNAAIlberts 2008. PremRNA splicing is accomplished by
the spliceosme composed of5 wridine-rich snRNAs and hundreds of proteins
(Stanek and Neugebauer 20081, U2, U4, U5, and U6 snRNP form the core of the
major spliceosome and catalyze the splicing of majority ohRNAS. The splicing

reaction is depictenh (Figurel.24).

Pre-mRBNA
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Intron
: snRBNPs
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} @ snRNPs

mRNA
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Figure 1.24. Overview of the splicing reaction.Genes are transcribed into pressenger
RNAs from which internal fragments (introns) are excised and the remaining fragments

(exons) are joined together to generate mature mRNA. Adaptedin@dge et al. 2001

CBs preferentially associate with genes codimglinerich U1, U2, U3, U4,
U1l and U2 snRNAs(Smith et al. 1995Gao et al. 199 /Frey et al. 1999)acobs et
al. 1999. Al | U snRNPs except U6 consist of
D2, D3, E, F and G proteir¥idal et al. 1999 At first, sShARNAs are transported to

cytoplasm where they interact with the SMN protein and @esociated proteins
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forming the SMN complex. The snRNAs then interact with the Sm proteins that form
a ring aroud snRNAs. The complexes are subsequently imported into nucleus and
the final steps of SnRNP assembly take place in the CBs. U6 snRNP has a different
structure than other snRNPs, it contains LSm {8ke) core formed from LSm&
proteins. Each U snRNP corep) except the Sm ok Sm core contains also other
specific proteins. In the case of Wieseare ULA, Ul B and Ul_C, the proteins
specific for UansdgnRNBIS anrfast alp@sgpliceosomal
complex of U5 snRNP and hPrpp@otein (Makarov et al. 2002 The only protein
that was found to be specific for U6 sShRIMPSART3 (other names are p110 or
hPrp24)(Bell et al. 2002

Interestingly, ShnRNPs are also found in speckles that serve as storage sites
(Huang and Spector 1992ZI'hey contain also serine/arginine rich proteins involved
in premRNA splicing (Spector 1990 Speckles might be involved in regulation of
the pool of factors accessible to transcription andmpRRNA processing machinery
(Misteli and Spector 199Tamondand Spector 2003

Otherspecific CB componenareU7 snRNA and Cajal body specific SnRNAs
(scaRNA) which are important during snRNP maturafidarzacq et al. 2002U7
snRNPcatalyzs t he c¢cl eavage reacti onmRNAsisvhi ch t he
removed before the mature mRNA is exported to the cytop{s¢mand Gall 1993
Frey and Matera 1995

1.2.2.2. Biogenesis

At the beginning of mitosis, &al bodie disappear from prophase nuclei and
appeaiagainin G1 phase ithenewlyformed nucle(Andrade et al. 1993F-erreira et
al. 199%.

The Cajal body assembly does not follow a strict and linear patHzvayn its
most abundant proteinoilin is not a necessary structural protein in CBswas
suggested that hay have somunction in sSnRNP assemblgherecent experiments
showthatcoilin is able to regulate the number of Cajal bodies perDeihdr 2012.
SomeCB components can be eliminated withotfeets onthe formation of Cajal
bodies On the other hand, the majority of CB components can trigigerCB
assembly These observations are consistent with rttalel of self-organizationof
thesedomaing(Dundr and Misteli 201,Dundr 2012.
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1.2.2.3. Spliceosomédormation

The snRNPs importetb nuclei from cytoplasm are first observed in CBs,
suggesting that finanaturation stepsf snRNPsoccurthere The only exception is
U6 that does not leave the nucleus to complete its maturatiopanitles are then
involved in premRNA splicing that occurs cotranscriptionally throughout the
nucleoplasn{Sleeman and Lamond 1999eugebauer 2002

It was shown that U1 snRNA is not abundant in Cajal bo@l@smeFonseca
et al. 1992 In the case of U2 snRNP, some steps of itsiratibn take place in CBs
(Nesic et al. 2004 U4 and U6 are targeted independently into @Bere they form
a complex Figure 1.2.5(Stanek et al. 200%tanek and Neugebauer 2004

& o

Figure 1.25. A model of U4/U6 disnRNP assembly in CBsU4 and U6 snRNPs form a
complex inside CBs. The U4/U6-dnRNP subsequently interacts with U5 snRNP to form
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functional U4/U&UJ5 tri-snRNP. SART3/p110 promotes the U4 and &#sociation and
leaves the complex as U4/ tri-snRNP is formed. Adapted fro(8tanek et al. 2003

U5 snRNP interacts with this U4/U8i-snRNP (unknown location D the
interaction) to form U4/UGU5 tri-snRNP that is competent for spliceosome
assembly. U4/U@li-snRNP proteins are highly enriched in CBs, and contain hPrp31,
hPrp3andhPrp4 proteins. The U6 specific protein SART3 leaves U4liKhRNPs
when trisnRNP is formed (Bell et al. 2002. It was shown that blockingf
U4/U6lU5 tri-snRNPformationleads to accumulation of U4/Ufi-snRNPsin CBs
(Schaffert et al. 2004 After splicing with the spliceosomesnRNPs have to be
reassembled again.

Based on these findings, a model of U4AU5 tri-snRNP formatiorwith all
steps taking place inside ti@Bs was proposedStanek and Neugebauer 2006
this work, trisnRNP assembly kinetics in CBs was studied and evaluated according

to the proposed model.

1.2.3. Processingbodies

Cytoplasm of eukaryotic callcontairs anumberof membraneless domains and
bodies. Among those recentlydiscoveredare processing bodie$¢P-bodieg, first
describedby (Bashkirov et al. 1997 P-bodies and connected stress granules are
cytoplasmic messenger ribonucleoprotein (mRN granules consisting of
nontranslatingnRNAs and proteinsof various functiongseechapterl1.2.3.1) P-

bodies play aole in mMRNA degradatiofingelfinger et al. 2002

1.2.3.1. Structure and function

P-bodies are aggregates of translationally eeped mRNPgogether with
proteins involved intranslation repression and mRNA dec@arker and Sheth
2007. Among the proteins found in-Bodiesare proteins involved irmicro RNA
(miRNA) function or nonsensmediated decay (NMD) depending on cell type,
stress and other conditionsbBdies also contain mRNA&Iu et al. 2005 Teixeira
et al. 200%. P-bodiessize and number depend on the pool of nontranslating mRNAs
Overexpression of mRNA fragment increashe number and size d®-bodies
(Teixeira et al. 2006 P-bodies also increase in siméhen translation initiation is

inhibited by stresge.g. heat shock, hyperosmolarity, oxidative conditioasenitg
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(Anderson and Kedersha 2Q0Redersha et al. 20050n the other handwhen
translation elongation is inhibite(e.g. by cyclohexamideand mRNAsbecome
trapped in polysomegsites of mMRNA translation)P-bodiesdissociate(Sheth and
Parker 200B mRNAs can reenter translation if they exit fAdodies(Brengues et
al. 2005. Theywere observed to cycleetweenP-bodies and polysomeB-bodies in
mammalian cells are very dynamis was shown by photobleaching experiments
(Kedersha et al. 2005

Eukaryotic cells alsacontain other cytoplasmic bodiewith nontranslating
MRNA, termed fess granulesStress granuleBirther contain translation initiation
factors, 40S ribosomal subunit and several RNiding proteins(Anderson and
Kedersha 2002 They areformed as a response to translation initiation defects and
disappear when treated with tr&t®n elongation inhibitors. It was suggested that
stress granules arftbodies can physically interact and that mMRNA moves between
these aggregates Bdodies are often docked to the stress grarn(iidedersha et al.
2005. The stress granulesould play a rolein an efficient translation initiation,
becausethey accumulate when translation initiation is block€dgether with P
bodies they play a role in the regulation turnover of mMRNA in response to different

forms of stres¢lwaki and 1zawa 2012

1.2.3.2. Biogenesis

The interactions leading to aggregation of mRNPs iRtbodies arestill
unknown.Their formationdepend on theavailability of binding sites of thé-body
componentsP-bodies arghusreduced by knockdowaf their own components, for
exampleLSm4. However, they can be restored when translation initiation is inhibited
by sodium arsenite(Kedersha et al. 2005LSm4 and possiblyalso other ISm
proteins are not required fé-body assemblyneverthelessthey contribute tdP-
body formation as they increase the poolt@inslationally repressed mRNRarker
and Sheth 2007

1.2.3.3. Dynamics
CytoplasmicmRNA can wndergo repeated rounds of initiation, elongation and
termination while in polysomes. Upon translation repression the mR&MA be

recruited from polysomes to-lfbdies where itcan be decapped and degraded
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Alternatively it can betemporarilystored in Pbodies for its later releaseand re
enteing the translatiorfFigure1.26).

P-bodies contain LSm ring, consisting of LSmYroteins. The proteirlsSm2-
7 are the same dlse onesn thenuclear LSm ring (LSm-3 proteins) also found in
U6 snRNPs. CytoplasmitSm-ring participates in mRNA decapping and decay
(Bouveret et al. 20Q0harun et al. 2000

In this work we explored how the nucleartoplasmic redistribution of LSm
proteins, especiallizsml1 and Lsm8, affects formation of LSm ring and the number
of P-bodies.
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Figure 1.26. A model for cycling of mRNAs between different cellular compartments.
Adapted from(Parker and Sheth 2007

1.2.4. Membrane compartment of Canl
According to the fluid mosaic modgbinger and Nicolson 19F2hebiological
membraneused to be considereal homogeneous lipid bilayer, in which proteins
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wereembedded or to which they were attachiddwever,membranes exhibit locally
specific featureandare laterally compartmentg¢8imons and Ikonen 199 7Several
modelsexplaining tlis heterogenous membraaerangement have been designi¢d.
had been shown thaFPtagged arginine permease Caislnot homogenously
distributed in the yeast plasma membrdng is ratherconcentrated indistinct
patchesThe patches form structurallystable lateral membrane compartmeaited
membrane compartment of Canl (MC@Jalinska et al. 2003Malinska et al.
2004). Many dynamic processemetaking place inplasmamembranendtheir close

vicinity affect the formation and structure of MCC.

1.2.4.1. Structure and function

In the plasma membrane 8accharomyceserevisiaes0-80 MCC patches per
cell were veualized byCantGFP (Figure 1.2.7). Several nutrient symporters and
two families of tetraspanimg (containng four membranepanning domains)
proteins have beerfound to accumul&e in MCC, specifically Sur7 and Ncel02
(Malinsky et al. 201p

Figure 1.27. Stable microdomains in yeast plasma membranePlasma membrane
distributions of CarIGFP in living cells ofS. cerevisiae Surface confocal sections are

presented. Bar : 10 Om. Adapted from (Opekaro

From the cytoplasmic sie of the PM MCC patches are accompanied by
clusters of soluble protes, so-called eisosomefNalther et al. 2006 Their main

componentsPill and Lspl play key roles in MCC/eisosomdsrmation. They
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associate with PM via their BAR domains (Bin/Amphiphysin/Rvs proteins) that bind
to membranesand promote their curvatur&immerberg and McLaughlin 2004
Ziolkowska et al. 2011

Indications exist that MCC/eisosomes areneeded for proper cellular
organization and efficient response to wide range ofssistDouglas et al. 2011t
was suggestd that MCC are involved in response to osmotic sh@kpont et al.
2010. Su7 family members are implicatedsoin other stress responsssch ago
osmotic stress anditrogen stresssphingolipid composition, sporulatipnell wall
integrity and survival in stationary phagPouglas etal. 201). Pkh1/2 kinasesalso
found in MCCl/eisosomes, ardunctional homologs of the mammalian
phosphoinositidelependent kinase. Theyregulate other important protein kinases
and ardanvolved in cell wall integritymaintenanceactin localization ad response to
heat stress. Thaignaling of Pkh1/2 througkinasePkcl regulate deadenylation
dependent mRNA decay B. cerevisiaelt mediategshe assembly of cytoplasmic-P
body complexesand thusmay coordinate mRNA decay and storggeo et al.
2011).

MCC/eisosomes weréound also in other model organismsuch asAshbya
gossypij Aspergillus nidulansSchizzosaccharomyces pondred human pathogen
Candida albicangDouglas etal. 201). Compartmentation of the PM sbmeplant
cells is similar to that of yeast (K channels in epidermal cells @rabidopsis
Nicotiana tabacumand Vicia faba flotillins localize to distinct microdomains in
Medicago truncatulp(Opekarova eal. 2010.

1.2.4.2. Biogenesis

Experiments wittPil1-GFP and SurlGFPshowed thaéisosomes are assemled
de novo in growing budS.hey can be dirst detected at the neck of small blaisl
as theeisosomes get bigger new sites of assembly appear towards the thad &ipe
randomly distribute@Moreira et al. 2009

Mechanisms of plasma membrane domain formatiolude lipid-lipid, lipid-
protein and pratein-protein interactionsncluding protein scaffolding and diffusion
barriers made of protein fenc€®liveraCouto et al. 2011 The MCC/eisosomes
formation is restricted to growing buds, as new MC&somes do not form in the
mother cell(Moreira et al. 200P Pill is considered the main eisosome organizer,

therefore|t is not surprising, thats expression is cell cycle regulatétiolkowska
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et al. 2012 Pkhl and Pkh2 kinasg#osphorylate Pill and Lspl and thus regulate

theeisosome biogenegi®liveraCouto et al. 2011

1.2.4.3. Role of ERin plasmamembrane organization

Many other membranelesdomainscan befound inyeast plasmanembranes
beside MCC(Spira et al. 201R The distributionof these domainand mechanisms
that influence the PM composition remainknown We were interestedvhether
self-organizatiorcoud play a role.

Part of the yeastplasma membrane covered bynetwork of endoplasmic
reticulum (ER) Due to its close vicinity to PM, theR networkcould influencethe
processewithin the PM. Thereforewe decided tostudy the ER network and its
strudural and functionatelationship to PMand its membraneless domaingetail

ER consists ofinterconnected peripheral network of cisternae and tubules and
the nuclear envelopelt has many functionsand isrequired for protein assembly,
lipid biosynthesis and vesicular traffic in eukaryotic cé8Baumann and Walz 2001
Estrada de Martin et al. 2005ER is organized into functionally and
morphologically distinct domainshat includenuclear envelope, roughREwith
ribosomeghat is irvolved in synthesis of secretory and membrane protemepth
ER that does not contain ribosomesd transitional ER where carrier vesicles are
formed(Du et al. 2004Estrada de Martin et al. 200%Endoplasmic reticulum is a
dynamic networkthat is constantlyeshaping and reorganizintp animal cellshe
dynamicsrelies mostly on microtubuled-riedman et al. 2030 while in yeast and
plantsit is dependent omctin cytoskeletor{Prinz et al. 2000Fehrenbacher et al.
2002.

Two parts can beistinquished according to the location of ER, ty&solic
part(Levine and Rabouille 2005 parkes et al. 200@nd theperipheral ER network
(Sparkes et al. 2@)West et al. 2011 In yeastsignificant part of th&R localizesat
the cell peripherycortical ER, adjacent to the PNPrinz et al. 2000(Figure1.28).
The distance between cortical ER and PM ranges from 16 tor with the mean
valueof 33 nm(West et al. 2011 Moreover, morethan 1000 ERPM contact sites
per cellwere detecte@Pichler et al. 20011

ER is an essential organelle that cannot be synthedezewvo. herefore, it
has to be inherited. In yeast, nuclear envelapd associated perinuclear ER are

delivered to daughter cells in a stepwise manner, they move toward the mother bud
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neck and nuclear envelope elongates towards the opposite ends of the mother cell
and bud(Estrada de Martin et al. 200%ER associated with PM does not contribute

to formation of peripheral ER in daughter cells, only ogfioscisterna is formed

(West et al. 2011 and the lattice-llike cortical ER tubular networloriginates

subsequentlyEstrada de Martin et al. 2005

center periphery

the bud
s
{". £ . the mother cell

-

cytoplasmié‘-ER tubule

Figure 1.28. The ER network in the budding yeastS. cerevisiaeWild-type yeast

cells expressing the ER membrane protein Sec63 fused to GFP were visualized by
epifluorescence microscopy. The left panel reveals the appearance of cortical ER tubules and
the nuclear envelope in the center of a lasgdded cell. Focusingn the periphery of the

cell (right panel) allows the visualization of the cortical network of interconnected tubules.

Adapted from(Du et al. 2004

We wereinterested whetheself-organizationplays a role in formationand
distributionof membranelessrganelles found in biological membranbsthis work
we revealed the fine structure of MCC and how this structure influences the

distribution of cortical ER
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2. AIMS

This work focuses oformation and maintenance wfembranelessrganelles
and the process obelf-organizationin living cells. Specifically, HeLa cells and
budding yeastvere used as model eukaryotic organismgerform the following

tasks

1. Use mathematical modeling and simulations ctearacterizethe process of

nucleolar assembly

2. Study the ¢namics of snRNP in the nucleoplasm aestablish a model of

spliceosomdormationin Cajal bodies

3. Examine the distribution of Lsm proteingn the nucleus and cytoplasand
determingheir function in Pbody formation

4. Characterize thetsicture ofthe MCC patchesn the yeasplasma membrarend

exploreits rolein plasma membrane organization

35



36



3. MATERIALS AND METHODS

3.1. Cell lines andgrowth conditions

We used Hela cells cultured in DMEM supplemented with 10% fetal calf
serum, penicillin and streptomycin (Invitrogen, USA)amodel organisror study
of nucleoli, Cajal bodies and-fodies(Stanek et al. 20081 ag2 kov § ,et al
Bl ag2 klo20@BhRlta®2 kov § Bétagdlkov@WNbwinyatla. 2011
2011, Novotny et al. 2012 HelLa cells stably expressing GiE&yged snRNP
specific proteins from bacterial artificial chromosome (BA€§pecifically, SART3
GFP, hPrp4GFP, U 2 AGF-P andhPrp8GFP were usedo study CBqStanek et al.
2008 Novotny et al. 2011 For the studyf thenucleolr assembly HelLa cells stably
expressingNop52GFP ((Savino et al. 1999 provided by D. Hernande¥erdun)
and 15.5K-GFP were used.Other materialused in this studyantibodies and
plasmids) is listed in (Tablg1).

Yeast strains used e MCCstudy(Stradalova et al. 200%tradalova et al.
2012 are listed in (TableS2). Cells were grown im rich medium (YPD; 2%
peptone, 1% yeast extract, 2% glGadose) a
GFP and ssGFP-HDEL were cultured in arginireand leucingree synthetic
medium (0.67% Difco yeast nitrogen base without amino acids, 2% glucose and
essential amino acids; for W3@Be r i ved strains suppl emer
adenine), respectively. Cells expressiggletGFP and ssdsRedHDEL were

cultured in gnthetic medium lacking uracil.

3.2. Fluorescence microscopy

3.2.1. Image acquisition

Nucleol, CBsand RPbodiesin living cells (Novotny et al. 201 1Novotny et al.
2012 B 1 a g 2ekab 20383 were visualizedising DeltaVision microscopic system
(Applied Precision, Issaquah, WA) coupled to Olympus IX70 microscope equipped
with 6 0 bil immersion objective (1.4NA)The sme settingswere usedfor all
sample and stacks ofl5 to 25 xy-sections with 20hm z step were collected per
sample. Fluorescence signal o&GFP (excitation 488 nm) was detected using
GFP/FITC 525/5@missiorfilter.
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Images of CBs an&-bodies(Novotny et al. 2011Novotny et al. 201Rwere
further acquiredusing Hgh-throughputmicroscopy Samples were scanned using
automated acquisition with Scan”R system (Olympus) driven by Acquisition Scan”R
progamWe used 601/ 1a88NAO0ObI e BftiBajabbodies ct i ve
andP-bodiesvisualization respectivelyl144 (12x12 imageswere acquiregher each
sample. Each image was reconstructed feostack of 10 optial sections with 360
nm z step andautomatically restored using measured PSF implemented in the
San”R sftware.The cellular compartments were automatically identified based
fluorescence intensity ancbmpartment edge detection. Total intensities, areas and
counts were obtained using themesoftware.

Living yeast cells (immobilizedn the covemlass by a thin slice of 1% agarose
diluted in 50 mM phosphate buffer or angrowth medium were observed using
LSM510META conf ocal mi croscope (Zei ss) wi t h
immersion objective (1.4NAR t 3 (Stradaldva et al. 200Btradalova et al.
2012. Fluorescence signals of GFP (excitation 488 nm/Ar laser), mBkt{on
543 nm/HeNe lasesr 561 nm/solid state lagedsRed and mCheroth excited by
561 nm/solid state lasewere detectedising bandpass 550 nm and long pass
580 nm emission filters, respectively.

To monitor the ER movement, living yeast cells were observed using

Yei ss/ Zokogawa Cel | Observer Spinning di sc

Apochromat oil immersion obgtive (1.4NA), or Zeiss/Yokogawa Axio
Observer. Z1 spinnig di s c-Apocthromab (4.460lA)e wi t h
(Stradalova et al. 20)2Fluorescencesignals of GFP and mCherry were detected

using bandpass emission filters (520/35 and 617/73 nm, respectively) and recorded
usingAndor iXon+ 888 backlluminated EMCCDor AxioCamMR3 camera.

3.2.2. Image restoration

Deconvolutionwas used to restoreide-field microscojic imagesin chapters
4.1.3,4.2.3, 42.4 and4.3.1. A measure®D point spread functionRSF; SoftWorx,
Applied Precision) wassedfor the reconstructiarimages of fluorescent latex bead
(175 nm in diameter, Molecular Probeggre usedfor the constructionof PSFE Al
microscope and acquisitiogettings(objective, pinhole, image sampling, excitation
and emission wavelengthg)ere kept identical during acquisition of PSF and the
analyzed image
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Simulated confocal images in chaptn.3. and4.4.1 were constructed as
convolutions of the measurdeSFin the Matlab software (The MathWorks, Inc.
MA).

3.2.3. Image processing

Processing ofaw image involved imagealignment,backgraind subtraction
contrast adjustmerznd linear filtering (mean filter[ 33]). For object identification
we usedthresholding Patchesand bodiesin the image were localized dscal
maxima of fluorescence signal (focal accumulationgfter binarization of the
image morphological operationsuch aserosion and dilatiowere usedor noise
removal. Specifically, openingoperation (erosion followed bydilation) removes
smallisolatedobjects(noise)in an image and closingperation(dilation followed by
erosion) removes small holey filling gaps inthe objects and bymoothing their
outer edgegSolomon et al. 2091 Delaunay triangulationvas applied taefinea
convex hull of the object®ue toan undesirablenovement of th observed domasn
and bodiesin the case of image series thigackingby means of thresholdingas
usedto correct the images All image processing was done usitige Matlab

software.

3.3. Photoactivation

Photoactivation wagmployed formonitoling the dynamics of Cajal bgd
componentgStanek et al. 20081 ag2 kov 8§ ,Bt a@d kow 08ta al
Cells were imaged using eith&SM510 eis9 or Leica SP2 confocal microscopes
equipped with water immersion objective (6Bx2NA) and an environmental
chamber controlling C® concentration and temperaturéb% and 3 7 AcC) .
Photoactivatable fluorophord’A-GFP) was activated by short pulses of 405 nm
laser ight. Time series 0f20 images ofphotoactivated PAGFP (excitaéd at488
nm) and either CFP (excitaed at458 nm)or HcDiRed (excitatd at594 nm)were
acquired to monitorthe integral fluorescence tansity in Cajal bodies and

surrounding nucleoplasm
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3.3.1. Data analysis

After the photoactivatiorthresholding was used to identi@ajal bodiesand
follow their trajectories in the image

Fluorescence intensities were measured in the location o€l bodies
after the photoactivation and the curves monitoring the motion of snRNPs were
obtained.The method of analytical fittingf the measured curvesas reported in
detail in(Bl a g 2 k o v 8§ ). Briefly,ahle moti@n®0sBRNPs was described by a

diffusion equation with a spatially invariant diffusion coefficiént

Toan T G
1o )

0 0P

wherex is a space coordinatedenotes time, andis a concentration of diffusing
particles. The source terfrwas set to zerocg denotes the location of the selected
Cajal body at timet = 0 the area of the CB was photoactivatétie fundamental
solutionF of (Eqg.11) can behenwrittenas(l t * )1 9 9 2

Oon » o ——Q pC

wherek is a multiplicative parameter describing fluorescence brightness of SmB:PA
GFP in the cell. Bgation(12) was used for a nelmearleast squares (NLS) fitting

of the experimental dat@lohnson 1994 The fitting was performed in the Matlab
software. As a result we obtainadiffusion coefficient D and multiplicative
parametek for eachdataset.

3.3.2. Numerical fitting

Numerical fittingin 2 and 3 dimensionsvas performed using COMSOL
Multiphysics software(The COMSOL Groupthat allows to addspecificgeometry
to the modelSolutions from the Diffusion Application Modutd Comsol(Eq.11 in
2 and 3 dimensionsvere transferred to Matlab and used for the NLS fitting of the
measured intensity evolutions. In order to evaluate influence of dimensionality on the
fitting results, we performed the analysis sequentially in 1D, 2D and 3D. Specific

geometryof a typical HeLa cell nucleugKlingauf et al. 200p was added. In
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particular, initial conditionsat the location of CB at= 0 werewo Bt~ & and

w@&T T elsewhere That simulated the photoactivation in the CB area only.
Neumann boundary conditions8® 1, where & denotes the normal to the

boundary and (P 'O®)) were used to define impermeability of the nuclear
membrane for the diffusing particld€heng 200h The fitting performed in the
Matlab software yielded optimized paramet@randcy as functions of distance from

the photoactivad location

3.4. FRAP

Fluorescence recovery after photobleaching (FRAP) was used to study the
dynamicsof Cajal body and #odycomponentgNovotny et al. 201,INovotny et al.
2012. FRAP experimentswere performedusing DeltaVision microscopisystem
equipped with oil immersion objective@1.4NA) and anenvironmental chamber
controlling CQ concentration(5%) and temperaturé 37 AC) . 100 ms | a
488 nm (506 of the laser power levelyas used tbleach theltiorescencef GFPin
a <circul ar ar ea (corresdondifynto dnen CBat iPhoank t e r
Consequentlyintegral fluorescence intensity was monitoredhis area in order to
detect the gradual recovery of the fluorescence signal. Shape of the recovery curve
has been derived from therss of 50 frames acquiredith increasingrate of
acquisition.Because of the movement of Cajal bodies and evenrhigbkility of P
bodies, tracking by means of thresholding was used to follow the motion of these

objects and determine their fluorescence intensity.

3.4.1. Single curve analysis

Fluorescenceecovery curves were computedasaverage of 10ndependent
measuremas for each studied casEne simplest model possible, one exponential,
was not able to fit the data. Therefore, tlada wergphenomenologicallyitted by a
two exponentiaimodel

O 0 Ovp Q wp Q PO

where |y is the initial intensity after photobleachiramd a, b, ¢ and d the fitted

parameters.Then ntensity in half of the maximum of the recovery curve
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S ‘O ®w ® T¢ was calculated for each measuremantl corresponding

halftime t;, was determined for individual curves in Matlab, usiamlinear curve

fitting. Mean valueand standard deviatiaf parametersvereevaluatedor eachfit.

3.4.2. Compartmental analysis global approach

Measured FRAP curves were analyzed by means of compaatnaeralysis
(Jacques 1996Cajal body was modeled as a uniform organelle occupying a volume
of Vin = 0.5 fl surrounded by an isotropic homogeneous nucleoplasm of a vélyme
= 620 fl (Klingauf et al. 200% Both V;, andV,were kept constant. For each of the
labeled snRNP complexes, we constructed a compartmental system where its
components, i.e. different snRNP patrticles and their complerestioned between
Vin andVyt. A transfer rate of the specieacross the CB boundary was described by
a timeinvariant transfer coefficierit;. Biochemical interactions taking place inside
the CB and involving studied species were characterized bgspanding reaction
ratesk, j=1, 2 (see Results,Figure 4.212). Each compartmental system was
described by a set of ordinary differential equations (ODE) written in terms of
component concentrations (deesults chapter 4.2 Initial conditions weg chosen
to correspond t@articularFRAP experiments. In particular, during the experiment
strong light pulse &at=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 degremncentrations immediately after the bleaching pulse
at t=0 had to be fitted and were kept specific for each experiment. The bleaching
pulse created neequilibrium conditions driving the system evolution when photo
destructed labels inside the CB were lextged by the fresh ones diffusing from
outsideof the photobleached volume.

For estimation of the rate constarksand kj, each modeled compartmental
system was fitted to normalized FRAP data by a nonlinear least squares method
(Johnson 1994 Bevington and Robson 2002 using the NLINFIT iteratre
optimization routine (Matlah Goodness of the fit was evaluated by standard
statistical procedures, mainly hjie value of the reducede® and distribution of
residuals. Fit accuracy was quantified by confidenaarwals (Cl) determined for the
67% confidence levglohnson 1983 In order to increase oveetermindéion of the
model and accuracy ofhe recovered parameters we employed a simultaneous
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analysis of multiple FRAP curves measured with the same fluorescently labeled
complexes on different CBs in different cells. During this global fit{iBgenfeld

and Ford 1979Beechem et al. 198&nutson et al. 1983he transfer coefficients

and rate constantg were common for all analyzed curves. Initial concentrations of
individual system components were kept $iiedor each experiment and their

values were adjtisd during the fitting process.

3.5. Monte Carlo simulations

3.5.1. Nucleolar evolutionin 3-dimensional volume of the nucleus

Simple diffusionof thepre-ribosomalparticles wasnodeled as random walk in
3D (Eq. 3 forirregular aggregates of sphejewith entropically drivenattractive
forces between the macromoleculesand between macromolecules andhe
nucleoplasmboundaies. The entropic forces wemalculated according to (E§)
with the entropy gaievalatedfor the particulairregular objects

Time stept = 5.10° s for the random walkvas estimated according to the
diffusion length (Eq. 2) of the smallest particle that should be shorter than the
particle radius to avoid skipping of the particlgghen particles came into contact
with each other, source or nuclear enveldpe, interaction timesvere evaluated
according to (Eq.10)After elapse of the interaction time thggregateslissociated
into monomers or smaller aggregates ammhomers and aggratesleft the source or
boundary accordingly

Specific parameter valuesvere estimated according to the literatysee
Results, chapted.1.l) and involved: number of spherical biosynthetic sources
randomly distributed in the nucle40), overall rate of synthesis 125 particles per
second andprobabilitythat matureparticlesreaclhing the nuclearboundaryleavethe
nucleus(0.1 %9. Thus every 64000 steps a new particle was synthesized at the
surface ofeachsource Other parameters, e.g. viscosityaph of the nucleus, etc. are
described in Results, chapter 4.1.3.

A flow chart of the preribosomal particlesimulatiors is shownin Figure
3.5.1. All modelswerecoded for parallel processing and simulations vperéormed
using Matlab softwareand Fortran programming languagéntel Parallel Studia)

Methodical detailaredescribedn Results chapter 4.1.3
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3.5.2. Randomdistribution of MCC patcheson 2 dimensional plasma

membrane

The distribution of MCC patches ie yeast plasma membrane (sgeapter
1.2.4) was modeled in Matlab softwafidhe patchesvere simulated a850 nm long
and 50 nm wide rods randomly positioned and oriented on asguarea o f ~60
that corresponds to an area of the typical yeast surface (estimated from fluorescence
microscopy images)The only distribution constraint was a zero overlapthod
neighboring objectsThe number of simulated patches was estimated frometh
density of the patchesalculatedfrom electron microscopy image$o mimic the
confocalfluorescence microscopy imageke resulting image of distributed patches

was convolved with thmeasured PSH-orfurtherdetails see Results, chapter 4.4.1.
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4. RESULTS AND DISCUSSION

4.1. Subproject 1. Modeling of nucleolar seorganization

Although the past decade has brought significant progress in our understanding
of nucleologenesis, mechanisms of the condensation process and the maintenance of
the nucleolar strcture remain unclear. AlImost nothing is known about forces driving
the condensation process and determining the stability of the highly dynamic
nucleolar structure. It has been suggested that materipkeaiucleolar bodies
(PNBs9 is transferred to nuatdi by diffusion and mass action, rather than by an
active procesgDundr et al. 2000 Specific binding interactionkave beenwell
documented to mediate molecular assembly. However, nonspecific entropic forces
between large macromolecules and their complexes carpatsatially drive the
selforganization processSelf-organization properties of nucleolar proteins were
also propsed in the model of nucleolar assembly involving an underlying lamin B1
network that should facilitate the nucleolar formatibtartin et al. 2009

In this workwe have explored whether attractive entropic forces in a crowded
biological environment could cause a de novo formation of the nucleolus. A
mathematical modebf nucleolar formationbasedon the entropy driven self
organization was constructed and evaladt by comparison with published

experimental data.

4.1.1. Model of the nucleolar assembly
41.1.1. Modelformulation

There is a vast experimental evidence that the nucleolar assembly starts from
synthesis of preibosomal particles (PRP) that are synthesized in several discrete
biosynthetic sources located inside the cell nuclRRaska et al. 2006aWhen
established, the nucleolus exhibits a tripartite organization with fibrillar centers (FC),
dense fibrillar centers (DFGnd granular components (GC) (Figure 4.A)1 The
rRNA synthesis is supposed to occur at the border of FC and (RB€ka et al.
20063.

According to these findings exconstructed a model in whidhe synthesis of
preribosomal particless modeledas spherical bodies generated with a constant rate
at the surface of théocalized sourcB | a g 2 k o 2@80. &he pastitles then
freely diffuse in the nucleoplasm where they undergo an enttopgn aggregation
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upon an encounter with another particle or a higher aggr€gate9, 10). The

guantitative description of this interaction is describetherin the chapter

Figure 4.1.1 Nucleolar structure and the model evolution diagrams. a) Electron
micrograph of athwts ect i oned nucl eolus from mouse cell fi
Adapted from(Raska et al. 200paFibrillar centers (F) are labeled wigtellow color in the

model, dense fibrillar centers aoyan (D) and preribosomal particles in the granular

compartment (G) arelepicted inred (compare with Figure 1.2.1Right panels depict

evolution diagrams for models with point sourb pardsphere source (c) and ssfthere

source (d). Arrows indicate thdirection of movement of the newly synthesized particles.

Adapted fromBl ag2 kov§.et al. 2010

Three simple modifications of the model with different source characteristics
were explored. The first simplwherethe model W |
PRPs were generated in a pesized volume and they could freely diffuse in the
surrounding nucleoplasm (Figure 4.1B) . The second model cont ai
sphere sourced where the source was repr es
corresponding to the size of the H®lalinsky et al. 200 Generatd particles
randomly emerged on the surface of the source and their movement was restricted to
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the volume outside the source (Figure 4@)1New particles could therefore move

either along the source surface or diffuse throughout the nucleoplasm. ifiche th
60sesfpthere sourced model a s s woukl drowt Tha t t he
initial radius of the source was set to 100 nm at the beginning of the simulation
process. When new patrticles were generated, they remained attached to the source
for the time Wairing (EQ. 10) and fused together with the source, i.e. their volume was
added to the volume of the source. As a consequémespurce radius increased

(Figure 4.1.1D). For simplification, all three models alloweddBnensional free

diffusion of particles in an unrestricted volume.

All pre-r i bos omal particles in the three m
sphereso, I . e. t h é&lying (ee detibdsthaptpre3tsiivehen f or  t
they came into contact with another particle or agapegFigure 4.1.1B-D).
Simulations were done by Mon€arlo (MC) methods in which diffusion of all

particles and sources was modeled as random walk.

41.1.2. Model parametrization

In model modificationswith hard and softsphere sourgewe modeled the
biosyntheic sources as large spheres with radR¢s= 100 nmthat diffuse in an
environment crowded by number of other smaller particles. The size of the source
was set according to the average radius of the fibrillar center in HelLa cells that was
reported to be aut 75150 nm(Malinsky et al. 200 Radius of the large pre
ribosomal particleRerp = 10 nn) generated in the source corresponds to the size of
the ribosome in granular componéRaska et al. 2006b

It is known that bout 20i30% of the celilar volume is occupied by
macromoleculegEllis 20013. We havethereforeestimatedhe fraction of thesmall
A c r o woholecuedo bef. = 0.2-0.3 These crowding pteins were modeled as
smallspheres with radiusf r = 2.5 nmas suggested in the literatyiarenduzzo et
al. 20063. When two largepreribosomalparticles approach each other and their
mutual distance(the distance of centers of their masesgomes smaller thawice
their radius plus twice the radiu$ the smallii ¢ r o w dphenefPB-rp + 2r), the
regions excluded to the centafsthe small particlestart tooverlap(Figure1.13).
As a consequence, the volume which the small particles can explore incndasks
is accompanied by aorresponding increase of their entropy. This entrgpin

inducesattractive depletion forcbetween the large spher@&dh et al. 2001
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The free energy gai¥'O  resulting from the increased entropy drives the
association process aigistrongly dependeiin the overlap volume (Eq.9).
This general equation can be used for any irregular bbrdyhe above mentioned
modek we assume that newly synthesized PRPs behave as 'soft' spheres, i.e. they can
fusetogetherlike liquid dropsand form larger spherical clusteiach twoequally
sized clusters with radiu;,sier Can therefore fuse inta larger sphere with the
radius2”*Ryuster The energy gain in this case is given(larenduzzo et al. 200Ba

3 Y i Y% ‘|
30 "oy S _S pT

This free energy gain is sufficient to drive a temporal associatibmoofirge
clustersfor a time Wairng (EQ. 10), wherdd -5 @ @ scaling coefficienits value
was setaccording to(Marenduzzo et al. 200haSimilaris thetemporal association
between one large sphere (PRPand any higher aggregate doetween PRP
themselves. SincE'0  and consequentifaiing increases with the diameter of the
interactingclusters association of the PRP to larger aggregates lastsriger time
as the aggregates grow.

Nuclear viscositythat appearsin the StokesEinstein equation (Eq.1) was
estimatedrom the known viscosity of the cytoplasm. The early values obtained by
electron spin resonance spectroscopy (ESR) ortaselveduorescence anisotropy
were biased by numerous experimental uncertainties and rangedl fielml cP
(fluid-phase viscositywhereno binding to intracellular components or molecular
crowdingwastaken into account) t9100 cP (Seksek et al. 199%erkman 2002
Measurements based on fluorescence recovery after photobleaching (FRAP) with
fluores@nt dextrans of various sizes (up to sizes comparable to PRP) have clearly
shown that these molecules diffus8 4imes slower in cytoplasm than in an aqueous
solution independently on dextran siZkang et al. 1986 Seksek et la 1997,
Verkman 2002 Grunwald et al. 2008 Importantly, there was found comparable
viscosity of cytoplasm and nucleoplagirang et al. 1986Fushimi and Verkman
1991). Based on these measurements we adopted for our simulations the value of

d =20dP as an estimate of the bulk nucleoplasmic viggosi
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4.1.2. Simulations with one sourcan an unrestricted volume
We ran MonteCarlo simulations of all three moddisr 1 sof the simulation
time at firstwith the time step 010 s as the first estimattB1 a g2 kov §). et

The synthesis ta was set to 1000 particles per second in this daseng the

simulation we tracked thousand patrticles generayeahesource. Timesnaps othe

modeled systemare shown irFigure4.1.2
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Figure 4.1.2 Time evolution of models with differenttype of sources.Model with the

al

point source (a), hard sphere source (b) and soft sphere source (c). Larger aggexljates (

are formed from the pmbosomal particles generated in the sourgellgw). The

condensation was modeled for thiesyntretic rate of 1000 particlesper second Adapted

fromBl ag2kov§. et

al

2010

It is seen that all three models led to qualitatively the same result, i.e. the

formation of one large aggregate that corresponds to the experimentally observed

formation ofgranular component in living cells (Figurel.2
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aggregate at a random location away from the source. The difference is a
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consequence of the spatial restriction of the particle movement caused by the size of

the source.

41.2.1. Model selection
In orde to inspect behavior of the modelinder different conditions, we
examined how changes thie selected parameters affeiche evolutionof the system
(Bl ag? k ov 8). Ireparticaldr,.we ¢h@ngetl the viscosity of the nucleopldsm
the fraction of the small crowding moleculgeandtheradiusr of the smalicrowding
particles Further smulatiors were doneonly for the chardsphere souréemodel
Resultsare summarized iRigure4.1.3
I n all further anal yseplsemwe svourkead wnd delt hhk
we believethat it corresponds to the real situation better than the other two models.
The O6point sourced6 model was able to form
positioned in the nucleoplasaway from the source The &ésoft phere sour .
formed a spherical aggregaté&mthe source exactly in the centre. Both models seem
to be oversimplifiedas indicated by EM images, where PRPs forming the granular
component are irregularly organized around the large sources (FCs) (see e.g. Figure
4.1.7E).
We havefound that the sie di stri buti on obf PRHse O0softd
formed during the simulation is rather sensitive to changes of all selected parameters.
The formation othelarge aggregate is promoted both by higher crowdiigigure
4.1.3B) and by smaller size of th@owding molecules (Figure4.1.3D). On the
contrary, decrease of the nucleoplasmic viscoditfFigure 4.1.3 A) as well as
increase in theliameter of the crowding moleculegFigure4.1.3C) act against the
formation ofthelarge cluster in the timscaleof the simulation. These observations
have a high physiological relevance because properties of the nucleoplasm are
known to fluctuate during the cell cycle and dlwereforeaffect the process of
nucleolar formation. Detailed correlations betweenrtheleoplasmic properties and

periodic assembly and disassembly of the nucleoli remain unclear.
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Figure 4.1.3 Dependence ofsize distribution of aggregateson parameter values.

Simulations were performed dhe system wittonehardsphere sourceClusters of different

sizes are formed; cluster simecalculated as number offusedspheresHistograms fora

referenceset of primary parameter are depicted inred Histograms after parameter

modification areblue The reference parametealuesare nucleoplasmic viscosity .02

Pa.s crowding molecule fractiorf;=0.2, and crowding particle radius=2.5 nm The

following changes were applied: @@creasef the nucleoplasin viscosity, (b) increase of

the crowding molecule fraction, (c) and (d) irease and decrease of the crowding particle

radius, respectively. The synthetic rate and the total simulationwiene 1000 particles/s

and 1s, respectivelyAdapted fromB | a g 2 k o v §).

41.2.2.

We calculatedi

Time evolution of the selected model

me evol uti

on

et al

sfphehe

2010

7

csbaserdoma

the beginning of the onset of the pileosomal particle synthesis. The distribution of

aggregate sizes as a function aifeiis depicted in Figur4.1.4

After the initial simulatbn steps only monomers are present in the

nucleoplasm, and small aggregates start to appear as the synthesis of-the pre

ribosomal particles proceedsfter ~300-400 ms, aggregates of amy different sizes

can already be observedLater on, the intermediatesized aggregates gradually

disappear At ~600 ms only monomeric building blocks (prédbosomal particles)
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with one large aggregate (nucleolus) remain in the solutionall repeated

simulations (n=10) we obtained the same qualitative result.

free pre-ribosomal
particles
30-
3
=
£ 20.
g aggregate
° (nucleolus)
3 10
£
=]
z
(VN ;
0 70
Radius
of the aggregate 30 Time [10 ms]
[nm]

Figure 4.1.4 Distribution of aggregate sizes as a function of time elapsed from tlomset

of the pre-ribosomal particle synthesisThe simulation was done f&uce= 100 NM Rerp
=10nmd=0. 0 . =P.ar=s25nm@= 5, T 6810 K rate of synthesis was 1000
particles/s, simulation tim@é00ms. Adapted from(B|l ag2 kov 8. et al . 2010

4.1.2.3. Discussion

We have shown that under favoralmacleoplasmicconditions the entropy
driven preribosomal particle associatiowithout specific interactions or active
processes is sufficient faiormation of one large aggregatbat representshe
nucleolus Time evolution of the model with a singfhardsphere sourdealways
resulted inthe formation of one large nucleolus in the vicinity of thaurce. Itis
therefore reasonable to speculate that the same modehwitiple chardsphere
sourceéwould describe experimental observatsat the beginning of the interphase
when several nucleolare formed in the vicinity of multiple scattered bywghetic

sources
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4.1.3. Simulations in therestricted nuclear volume

Nucleus of eukaryotic cell is delimited by the nuclear envelope. To further
increase the biological relevance of the model we have decided to add boundaries
that would represent the nuclear membrane. The nuclear volume was modeled as a
general ellipsoid wh axial ratio corresponding to a typical size of a HelLa cell
nucleusi.e.withsemiax es 5. 05, 3. Olingauf €t al12006 ThisOm | on

model wasusedfor furthersimulations

4.1.3.1. Experimental setup

In order toevaluatethe simulatios and compare themvith experiment we
performed fluorescence time lapse imagiBd a g 2 k o v 8). Ievivoimdging 2 0 1 3
of fluorescently labeled DFC marker protein 15&#&sshown that few minutes after
mitosis, many small scattered aggregates are fomnddmmediatelystartto fuse
together(Figure 4.1.5 A). Stable large aggregates can be observed in 15 minutes
from the beginning of the process. After 70 minutes, only one or two large
aggregates could be observ&imilar fluorescence images weaequiredwith a GC
marker protein Nop52 (Figar4.1.5 B). The structure of nucleoli is more
distinguishible in this case, as Nop52 directly labels theriposomal particles.
Formation of large aggregates starts 15 minutes after mitosis and fusion into larger
aggregates can be followed in tim€he final fusion into one or two roughly
spherical aggregates takes several hours.

To better characterize the structure and position of the aggregates inside the cell
nucleus nucleoli at two different stages of the cell cycle weomparedusing the
high reslution imaging by EM(Figure 4.1.6. At the early stage of the interphase
shortly after mitosis, many small clust@fpreribosomal particles (dark spots) are
formed (Figure 4.1.A). These small nucleoli are distributed randomly through the
whole nucleoplasm some of them can be found near the nuclear periphery. Only a
few bigger aggregates can be observed later in the interphase where at least one large
aggregate is clearly visible (Figu4el.6B). The shape of the nucleoli both small and

large is amost spherical with irregular circumference.
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Figure 4.1.5 In vivo imaging of nucleolar formation within cell nucleus.HelLa cells were
transfected with A) 15.5K protein located in nucleolar O&sed with GFRand B) nucleolar

GC protein Nop52used with GFP. Living cells were imaged using DeltaVision microscopic
system. Clusters of PNBs can be observed shortly after mitosis. Note the gradual fusion of

the small clusters into larger ones and the final fusion of these larger clusters into one or two
nucleoli in the daughter cell nuclei after 30 and 75 minutes of imaging, panels A and B,
respectively ( wh iAdapteddromBd vasy)?.k oB/a8)y. et 0 adm. 201 3
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Figure 4.1.6 Electron microscopy images of the forming nucleoliA) HepG2 cell nucleus
shortly aftermitosis. The boundary between the two daughter sblistly after divisionis

marked by black arrows. The nuclear envelope can be clearly distinguished. Dark gray
clusters inside the cell nucleus correspond torip@somal particles. A higher number of
small circular clusters can be observed. B) HepG2 cell nucleus later in the interphase. In
contrast to the nucleus shortly after mitosis, at least one large cluster is present in the
interphase n AdapteddremB| Bajr2 kb v@m.et al . 2013

4.1.3.2. Model adjustment

After comparison of our previous resulBl a g2 kov §,Bdtagédlk.ov30 k
al. 2012 with the microscopy data, we decided to make several modifications of the
model. At first, due tahe distinct behavior and structure of DFC and GC part of the
synthesized particles we decided to distinguish betweer thastypes of particles
in the modeled data. We implementbe& samecolor codingof the structuregs in
chapterst.1.1 and 4.1.2yellow for FCs, cyan for DFC and red for GC and applied
this coding also for segmentation of the fluorescence and elentromscopy
images (Figurd.1.7A-D).

Another adjustment of the model i nvol v
behavior to all particles,e. sources as well as the pibosomal particles (Figure
4.1.7F). The changavasmotivated by the irregulahspe ofthe nucleolar periphery
found inthe EM images (Figuréd.1.6, whereit is clearthat the particles do not fuse
togetherand nucleoli have a granular structuren t he o6 al | hard sph

particles cannot overlap or fuse. is then calculated from the radii of the two

approaching particles andO  peaks when the two larggarticles with radiuf
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touch (Marenduzzo et al. 200haEquation (9) then transforms {ésakura and
Oosawa 1958

. i oY
30 QQ"Y p C_l puL

The energy gain for the O0hard sphereso

nuclear envelop&Figure 1.13) can be calculated as:
. e oY
30 QQ"Y p T PO

TheY'O in Eq.16is computed for the limiting case where the nuclear envelope is
considered to have zero curvatuiso, the diffusion coefficient of aggregates in the
0 aHalds pher ed mbedcaldulatediaom the Stokefkinstein equation that
holds true for spheres on{i£q. 1) becauseés the aggregate &n irregular cluster of
small spheres. Thanks to the knowledge of tiester geometry we are able to
evaluate the translational diffusio coefficient for any aggregate from the
Bloomfieldd sheory (Eq. 3). Due to an excessive complexityd computational
expensethe rotational diffusion of the aggregateas not taken into account. Time
evol uti on-haa$ p ht enree 66 amhd ke Volumeoalcufateds iy rMCc t
simulationsis depicted in Figurd.1.7F. It is seen thasimilarly to previous models
large clustenf PNBsis formedaround the sourcalso in this case.

In living cells the praibosomal particles are known to leave the nuslafter
maturation(Olson and Dundr 2005 In vertebrates the nuclear envelope contains
about 2000 pores, each measuring around 120 nm in diaffRaet and Blobel
1993, that typically open from 9 nm to 26 nfReed and Hurt 2002 although
opening up to 40 nm in diameter has been repqRetiriguez et la 2009. The
effective area of the pores (openings) therefore represemt3(4% of the nuclear
surface. Based on these data we estimated that only about 0.1 %afttiePRPs
that impinge the nuclear envelope can enter the cytoplasm throwgghgbees. This

escape rate was used in dunthersimulations.
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RPA43-RFP (FC) Fibrillarin-GFP (DFC) B23 (GC)
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Figure 4.1.7 Nucleolar structure and corresponding model diagrams.First row i
nucleus of Hela cellsA) HelLa cellswere cotransfected with constructs expressing the
RNA-polymerasd. Recruiting subunit RPA43vas fused with monomeric RFP (RPA43
RFP) localizedin the nucleolar FCsB) Cells expressindibrillarin-GFP localized inthe
nucleolar DFC. CYhe nucleolar GC was visualized by antibody against B23 detected by

a secondary antiloly taggedwith Cy5. In all cases-gtacks were imaged and visualized as
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maximum projectionsThe original imagevasadapted from (Olson and Dundr, 2008)e
scal e b.a)Eldacton naicrograph of a thisectioned nucleolus from an in situ fixed
HelLa cell. Rbrillar centers of different sizes are visibl€he largest is indicated by an
asteriskand coloredyellow. Cyan and red arearrespond tdFC and GC, respectively.
Scale bais0 . 5. ETime originalcolor uncodedmage adapted froifSirri etal., 2008) F)

Time evolution of the model with 1, 10, 100 and 1000 synthesized particles with ore hard

sphere source in a restricted nuclear volame t he el I i pti cal shape

Om and 2.6 Om |l ong. Aspe c size oféghe Heha cellonucteess pond s

(Klingauf et al. 200%. Rate of synthesiwas10000 particles/s. Color coding corresponds to
A) -D). Adapted fromB|l ag2 kov§). et al. 2013

Nuclear lamina was added into the model as a ~50 nm thick mesh of
intermediate filaments 10 nm in diame{&ebi et al. 198p located just below the
nuclear membranéSenda et al. 20Q5Interaction with 2 filaments was taken into
account when calculating the interaction of sesrwith the lamina. The source thus
was not able to associate directly with the nuclear enveldopl. monomeric pre
ribosomal particles were able to pass throught the lamina meshwork and reach the
membrane Aggregatesbehaved similarly to the sources, yhiateracted with the

lamina and could not pass through.

4.1.3.3. The model is able to simulate the assembly of functional nucleoli

For further simulations in the nuclear volume we used 40 randomly distributed
biosynthetic sources that represent theximum nunber of nucleolar fibrillar
centers in human celloberna et al. 2002Then we ran Monte Carlo simulations
of the modelincluding nuclear envelop&ith pores and laminavith the time
incrementof 5.10° s. Time evolution of the systenis shown inFigure 4.1.8 The
overall synthesicrate was set t0400000 particles/s(all 40 randomly distributed
sources togetherThe high biosynthetic ratewas setin order to generate enough
particlesto see the formation of nucleoh a reasonably short simulatidme. The
total number of synthesizednd trackedparticlesat the end of the simulatiomas
32000
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Figure 4.1.8 Time evolution of the model with 40 sourcesat the beginning of the
interphase Snapshots with A) 40, B) 1000, C) 2000, D) 6000, E) 22000 ang2e6d0
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particles are presente@lusters of PNBs (red) are formed around the sources when the

simulation proceedsBiosynthetic sources are marked yelld®articles belonging to DFC

are codedcyan. The 3-dimensional simulatiorwas done ina restricted volume of the
elliptical shape with ax e ©vemhlhatelof sgnthesiwéds. 1 Om and
400000 particles/fAdapted fromB|l ag2 kov §. et al . 2013

From Figure4.1.8we can clearly see thatreadyaftera short simulation time
several small aggregates (red) start to form in the close vicinity of the s@oaces
C). This corresponds to the situation immediately after the mitosis when multiple
small scattered aggregates can be obsdrveto. Larger agregates are formed as
the simulation proceeddnelsD-F). Beginning of the DFC formation can be
noticed as well (cyan area).

In order to compare the simulation result with a microscopy experiment,
convolutions ofthe simulated images with a realisticgperimentaly acquired, point
spread function (see Methqdshapter 3.2 were performed. This procedure
projected our 3D simulated structures to planar images with limited realistic
resolution of fluorescence microscopy. Our synthetic images thus camipaed
with experimentally acquired oneBhe convolution result is shown Figure4.1.9
where the upper panel (A) contains the simulated configuration and the panel (B)
shows the correspondignvolued image The images are segmented to distinguish
among FC, DFC and GC.

According to experimental data, the aggregates should fuse together and form
few large ones later in the interphase. In our simulation, the formation of large
aggregates encompassing the sources can be observed, hawewer, limited
simulation timethey do not seem tstart tofuse together into several large clusters.
This could becaused by a significantly reduced diffusion coefficient of such large
sourcecontaining aggregates that reduces mobility of the sources required for the
fusion. The large sourcecontaining aggregatesan be seen from the intensity
profiles for FC and DFC in Figurd.1.9 B. The last column shows that as the
envelopes (GC) of the sources grow with time, a large central cluster forms by an

overlap of these erlopes, see intensity profiles for GC in Figdr&.9B.
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1x10°

Figure 4.1.9 Simulated confocal images ofhe nucleus calculated from the model with

40 sources.3-dimensional simulation ithe restricted nuclear volume from Fkige 4.1.8
with the overall syntheticrate of 40000 particles/s. AD projections ofthe sources (FC)
and preribosomal particlesontained irDFC and GC are depicted for thr@enulationtimes
with 1x10°, 6x1CG and 2.2x16synthesized particles. B) Convolution of the projectisom
panel A with a measured PSF (ins@) simulaing the confocal fluorescence microscopy
experiments shown in Rige 4.1.5 Intensity profiles in insets reveal the fusion of the
clusters.The pofiles correspond to the lines in the convolution imagles scale faris 1

O mAdapted fromB| ag2 kov§. et al. 2013
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In order to better mimic the real situation, we desee the initial rate othe
synthesis to 125 particles/s corresponding toeitanatedrate of the preibosomal
synthesis in HelLa cell§Lewis and Tollervey 2000 Data can be found in the
literature indicating that the synthetic ratéribosomess not constant and increases
during interphase, maximal ribosome synthesis is observed in G2 (Siaset al.

2000. Therefore we decided to mimic this situatioyn significantly increasing the

initial synthetic rate to 400000 particles/s. Susgh synthetic rate allows faster
system evoloution that would otherwise takecceptably long computational time.
Simulation results are presented in Figdr#.1Q Due to the slownitial synthetic

rate the number of newly synthesized particles (DFC) associated with the sources is
lower, and their diffusion coefficient remains higThus the sources can freely
diffuse through the nucleus and have a chance to encounter each other and interact.
When the sources occasionaly reach the nuclear periphery they stay associated there
for a long time due to a relatively strong entropic iatton with the nuclear
envelope and the sytem evolution significantly slows down (FigutelOB, C).

Then the synthetic rate was increasksl.it can be seen, following the rate increase
many small clusters of GC start to grow around the immobilizedcesuorming

Aspongyo agg4lelgleR).es ( Fi gur e

64



Figure 4.1.10 Time evolution of the model with 40 sources and stepise increased
synthetic rate. Snapshots with A) 40, B) 1000, C) 2000, D) 6000, E) 22000 and F) 32000
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particles are presented. When ~2000 particles were generated (panel C), the initial synthetic

rate of 125 particles/s was increased to 400000 partichdets. theincreasedliffusion of

the sources from inside of the nucleus to the nuclear peripherye dtetinning of the

simulation. Clusters of PNBs (red) started to feamund the sources after the stimulation of

the synthesisBiosynthetic sources are marked yelld®articles belonging to DFC are coded

cyan.The 3dimensional simulation was dotire a restricted volume of the elliptical shape

with axes 10.1 Om, Adapted frddB | amjd kdDvE). @&m ladng 2013

Again, convolutions of the simulated images with a measured PSF were
performed to compare 3D simulations with 2D microscopy data. Results are shown
in Figure 4.1.11 Formation of several small clusters growing with number of
synthetized particles can be observed. Some of them are formed by a direct
attachment of several FCs together as it is clearly seen from the intensity profiles for
FC and DFC in Figuret.1.11 B. Fusion of several smaller clusters in the GC
segment into one large cluster can be followed in time as well. The process is well
documented by the GC profiles in Figurd.11B.
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1x10°

6x10°

Figure 4.1.11 Simulated confocal images othe nucleuscalculated by model with 40
sources andstep-wise increased synthetic rate. 3-dimensional simulation in the restricted
nuclear volume from Figre4.1.10 Overallsyntheticrate of125 praticles/st the beginning

of the simulation was increased to 4000@@tigles/safter about2000 synthesized particles
A) 2D projections othe sources (FC) and pr#osomal particles contained in DFC and GC
compartments are depicted for three simulation times with *1x@x1C0 and 2.2x16
synthesized particles. B) Conutibn of the projections from panel A with the measured

PSF Figure 4.1.9 inset A) simulating the confocal fluorescence microscopy experiments

DFC

GC

67




shown in Figire 4.1.5 Intensity profiles in insets reveal the fusion of the clusters. The
profiles correspondo the lines in the convolution imagessh e s cal e Adapted i s 1 Om.
from(Bl ag2kov§g. et al. 2013

To demonstrate that positions of the sources at the nuclear perigtesry
random after initial simulation phasesth the slow biosynthetic rate, we repeated
the simulation 3 timestarting fromthe same initial conditions (Figukel.19. As
expected, each time a different position of the sources can be obddoredver,n

all three casesnost of thentan befound at thenuclearperiphery.

Figure 4.1.12Early time evolution of the model with 40 sourcedtriplicate simulation

with the same initial conditions. 3-dimensional simulation in the restricted volume of the

el liptical shape with axe ¥YelloWBphdrex@mspondto 1 Om and
multiple biosynthetic sources at the beginning of the interphase. Réte ®fnthesiswvas

125 particles/s. P40 synthesized patrticles. B), C) and D) ~500 synthesized paf(iit-

cyan, GC- red) PanelsB) - D) represent3 different simulations with the same initial

conditions. Note the differerfinal positions of the sources at the periphery of the nuclea

envelope caused by random movement of the particles inside the nucleus. The
configurationC) corresponds tthe situationpresentedn Figures4.1.10and4.1.11 Adapted

fromBl ag2kov§g. et al. 2013
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Our simualtions show thatynthetic rateaffects the distribution as weds the
size of thenewly formed clusters.Position of the aggregates is randomith a

prefererce tothe nuclear periphery.

4.1.3.4. The modeldescribes theidassembly of the nucleotdifter arrest of
the PRP synthesis

Nucleolar disassembly is an integral pafrthe cell cycleln HelLa cellswith
22 hcell cycle, the complete nucleolar assembly takes abouwrtithe disassembly
requiresabout 30 minutes(Muro et al. 2011 Thereforeit is important to test
whether the model is able tualitativelyreproducehis processin order to simulate
the nucleolar diassembly we prepared a fully assembled aggoegdiéening 10000
particlescreatedby a modelwith one source in the restricted nuclear volunide
aggregateepreserd aninterphase nucleolu§Vhen the synthés was stopped at the
zero time, e aggregate started tmmediately disassemble into monomessd
small clustersDuring 20 thousand time stejibe aggregate fully disassembladd
small clusters and monomdyscamedispersed in the nucleoplagfigure4.1.13.

In order to compare the simulation results with an experiment, we imaged the
nucleolar disassemblg vivo. It is known that the nucleolar diasassembly takes place
when cells enter mitosis. However, the disassembly can be also induced by a
treatment with DRB §,6-Dichloro-1-b-D-ribofuranosylbenzimidazo)ethat inhibits
transcription elongation facilitated by RNA polymerase(Bensaude 2031 We
decided to use the DRB treatmdat the synthetic arrest and monitor the nucleolar
disassembly by the confocal fluorescence microscopy. The treatment causes nucleoli
to disassemble into large clusters called nucleoar necklace known to contain fibrillar
nucleolar component (FCs and DFC). Sometlme GC components beme
disconnected from transcription sites and associate into nucleoplasmic granules
(Panse et al. 1999During the DRB treatment, RNA poll transcription is still active
(beads of the necklace) while the rRNA processing is impaired. Importantly, this
process was found to be reswile after the DRB removdlouvet et al. 200p
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Figure 4.1.13 Simulations of the nucleolar disassebly afterarrest of the particle
synthesis A fully assembled aggregate was preparedabyodel with one source in the
restricted nuclear volumé.0000 particles are present in thienulationvolume. After the
synthesis arrest, the aggregate starts to disassemble into monomers and small clusters.
Snapshots are made @t 200, 2000 and 20000 time stegdter the arrestAdapted from

Bl ag2kovyg. et al. 2013
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Figure4.1.14documentghatwithin the first30 minues after the DRB addition
to cells containingfluorescent 15.5K and Nop52 proteiteyging DFC and GC,
respectively, thencrease of the nucleolaolume occued by the clusters of pre
ribosomal particlexan be detectedlhis is anindicaion of initial phases of the
nucleolar disassembly into monomei@nd small aggregatedn aboutan houra
formation of many small clusters can be observed for DFC pratesK (Figure
4.1.14A). Larger clustersormed from GC proteis, includingNop52 assembled
approximately 2 hours after addition of DRBigure 4.1.14B). This is consistent
with the previous results whefermation of small clusters of the nucleolar necklace
consisting of FCs and DFC nucleolar components as well as larger nucleoplasmic
clusters of the GC compartmérds been observétouvet et al. 2006

To simulatea more realistic situation in living cells, we decided to take
advantage of already simulated large interphase aggregates formed around 40
biosynthetic sources (Figu#el.10E), stop the new particle synthesigidnllow the
disassembly process. The nucleolar volume contains about 2.8yhéhesized
particles before the synthesis arrest. Convolutions of the simulated FC, DFC and GC
images with the measured PSF were performed to mimic data from confocal
fluorescerme microscopy Result is depicted ifrigure 4.1.15 It is seen that the
aggregates quickly dissociate into monomers and small clusters in a short period of
time (20000 simulation stepsas documented by the intensity profiles of DFC and
GC disassembly (Fige 4.1.15 B). The volume of the BC and GC clusters
increaseswhich corresponds to the first minutes of thevivo imaged cells after
DRB treatment (compangith Figure4.1.14 30 minutes).

The nucleolar disassembly after DRB treatment exhibits sitresrwith
disassembly during mitosis when poll activity is decrdasgome transcription
factors remain associated with NORs during mitosis, whereas some of them are
exchanged. The rRNA processing machinery leaves the nucleolus, together with
partially processed prdRNAs. Certain processing components become redistributed
in the cytoplasm and then associate to NDFs, others remain attached to the surface of
chromosomes during the mitosis (e.g. RNPs, snoRNAs, fibrill§Bo)svert et al.

2007). Nucleolar disassembly during mitosisd alscafter DRB treatmenfShavTal
et al. 200% mostlikely involves specific proteilDNA (RNA) and proteirprotein

interactions that cause the formation of clusters in the nucleo@ad attachment of
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various proteins to rDNA. Such specific interactions were omitted in the model based

on entropically driven interactions only.

Figure 4.1.14 Nucleolar disassebly after cell treatment with DRB. Fluorescence
microscopy images of GFRagged nucleolar proteins A) 15.5écated in DFC and)
Nop52located in GCArrest of the new particle synthesis causes the nucleolus tdacstart
disassemble. Nucleolar volume increases and finally nreew small clwsters can be
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observedLiving cells were imaged using the DeltaVision microscopic sysigém.r 5

Adapted from{Bl ag2 kovs§. et al. 2013

FC DFC GC

tz
[~

t;

Figure 4.1.15 Simulated confocal image®f the nucleolar disassembly nucleus with 40
sources.Projections of fully assembled aggregates with 22000 particles yeeeratedy
the modelwith 40 sources in the restricted nuclear voluPmbability that particlesleawe

the nucleuds 0.1% A) Projections of sources (FC) and pileosomal particles (BC and

73



GC) are depicted for three differesitnulationtimes t, t, and § corresponding to 200, 2000
and20000simulationtime steps, respectively. B) Convolution of the projections of FC, DFC
and GCfrom the panel A with the measured PSH-{gure 4.1.9 inset A simulatingthe
fluorescence microscopy experiments shown irufegl.1.14 Intensity profiles in insets
demonstrateghe gradualdisassembly of the aggregates into monomers and small clusters
after arrestof the synthesisThe pofiles correspond tthe lines in the convolution images

the scale ris1  OAdaptedfromB| ag2 kov §. et al . 2013

4.1.3.5. Discussion

Our simulations have shown thdtet results strongly depend on the detailed
values of thenodel parameters, especiatiy the nucleoplasmic propertied/e are
awarethat many simplifications were done. The diffusion behavior was characterized
by the translatioml diffusion only The rotational diffusiorof the sources, particles
and aggregatesasdue to the excessive computational expaeregglectedThe pre
ribosomalparticles as well as their biosynthetic sources were modeled as isotropic
spheres without specific internal structufiédne interaction times werguantitized
depending on the size and shape of the interacting paiitded.0).The same holds
true for irteractionsof preribosomal particles, sourceand aggregates witthe
nuclearboundary.

Despiteall simplifications the diffusion modelwascapable to explaithe ®If-
organizatiorof the preribosomal particlesAll simulations lead to association diet
particles and formation of large aggregatesde the nucleoplasngimulations with
multiple sourcesvith modulatedrate ofthe synthesidead to formatiorof few large
nucleoli thatremainedstableduring the timescaleof the simulation The results
therefore qualitatively correspond to the fluorescence microscagyservations
Shapes and positiaof the simulatedaggregatesvithin the nucleuswvell compare
with the EM imagesin Figure 4.1.6 It can be seen thaheé aggregates, both
simulated and obseed on the EM images, have irregular shapestlaeg areoften
attached to the nuclear enveloptwever, the attachment of larger aggregates to
upper and lower part of the nuclear envelope tegularly happens in the
simulationscannot besasilydeteced on the 2B¥ectiondepictedn the EM images

Aside from our simulationsthe direct effect of crowding othe nucleolar
assembly wasxperimentallydemonstrated bgxposure of cells thow ionic strength

buffers caumg a hypotonic shock and disappearence of interphase nuddiar.
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restoration of the ionic strengthe effect was reverseddthe nucleoli reassembled

at their original positions(Zatsepina et al. 1997These observations are good
agreement with oumodelsince the reduction of crowding causes weakening of the
entropic interactions and vice versa.

We have demomisated that oumodel is able twoughly simulate the nucleolar
disassemblyas it qualitatively followghe first steps of this processlowever, due
to the absence obkpecific interactiongurposely omitted in our modeind most
likely participating to some extent in the real disassembly processjuitieolar
disassembly carot be modeledto the smallesstructural details.

In conclusion, we haviirst demonstratethatboth the nucleolar formation and
disassembly are highly dgmic processes where crowding @aycrucialrole. Sole
entropic interactionsvere sufficient to drivethese processeslowever,combination
of both specific and entropically driven interactiagt®uldbe employedto describe

the nucleoladynamics to altletails.
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4.2. Subproject 2: Dynamics of snRNP in the nucleoplasm

and Cajal bodies

Cajal bodies are involved in splicing and contain small nuclear
ribonucleoparticles(snRNPs) There is currently no model available that would
describemovementdynamicsand interaction®f the spliceosomal ShnRNRs vivo.
Many studies pointed to a lack tiie metabolic energy necessary for an active
movement of intranuclear proteinsRNAs and their complexes, such as snRNPs
e.g. (Dundr et al. 2004 Consideringthis fact, we tested whether a simple model
based on free diffusion of sSnRNPs would satisfactorily describe movem#rdsaf
particles in the nucleu®ur attention was alsecusedon the recycling dynamics of
snRNPsthroughCBs and the role ofhese membaneless nuclear organets the
spliceosomal cycleSince he formationof di- and trisnRNPin vivo hasnever been
documentedefore, ve decided to studyhe kinetics ofdi- andtri-snRNP assembly
and shed some light on the underlying mechanisites usedfluorescence i@very
after photobleaching (FRAR) monitor the kinetics of SnRNP exchange between the
CB and the nucleoplasm. mathematical model of dand trisnRNP formatiorwas
constructedand used to estimatee kinetic parameters of the §rRNP assembly

process.

4.2.1. Multiple cell modeling of sSnRNP dynamics
4.2.1.1. Experimental setup

Spliceosomal snRNPs in the cell nucleus can be found in different states of
assembly, rassembly and splicing and thus represent a rather inhomogeneous
population of particlesNevertheless concentration of the snRNPs in the CB is
substantially higher #n in the nucleoplasrfKlingauf et al. 206) and the CBs can
be easily identified in the nucleus.

We monitored the movement of spliceosome components snRNPs throughout
the cell nucleus n the cells ceexpressing afluorescent Cajal body marker
SART3:CFP(Stanek et al. 2008&nda componenof Ul, U2, U4 and USnRNP
complexes SmB protein tagged with the photoactivable GFP variant {BRP)
(Patterson and Lippincegchwartz 2002. SART3:CFP was used to localize a
selected Cajal body and afterwardgpopulation of the snRNPs confinedtits CB

(SmB:PAGFP) was photoactivatecby a laser pulse The movement of the
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photoactivated protein fraction wathen followed by the time lapse imaging
(Bl ag? k ov 8).Egured2llshow’ arlaBangementsichexperiment. The
photoactivatedcompleyes diffused out of tke CB and spread througit the
nucleoplasm. Time course of their movement were measured ta selected
nucleoplasmic areaBy recordingthe time evolution of fluorescence intensity of
SmB:PAGFP (see Figure 4.2.2Such time profiles reflected temporal chasgf

the SmB:PAGFP concentration at the selected location.

Figure 4.21. Arrangement of the photoactivation experiment.Diffusion of the snRNP
complexes inside the nucleoplasm delimited by the nuclear envelope (NE, green) was
visualized by the SmB:P&FP fluorescent fusion protein. FBFP was photoactivated
within the circular area (red circle) corresponding to one of #jal®odies (CB). Spreading

of the photoactivated complexes (red arrow) was measuradlistantnucleoplasmiarea
(yellow circle).Adapted fromBl a g2 kov § )et al . 2008a

4.2.1.2. Analytical solution of diffusion equation

We described the diffusion of snRNfdmplexes in the nucleoplashy a
diffusion equationFor simplicity wefirst used its onglimensional formsupposing
the isotropic nuclear environment; the dimension being the radius in spherical
coordinates. We used spatially invariant diffusion coefficierD; the diffusion

equationthentransforms to a linear differential equation (heat equation, Eq. b#&). T
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fundamental solution of th equation can be written fahe fixed timet and a
variablelocationx (Eq. 12)(I t * ) br¥d@ A fixed locationand variabletime,

startingatto:

"Oahd o Q P X

Q
C 0 o

We used Eq. (17) for a ndimear least squares fittin(Bevington and Robinson
2002 of our experimental datai.e. the fluorescence intensities ihe selected
nucleoplasmiclocation In order to fit the raw (unnormalized) fluorescence
intensities, a multiplicative parametek was added tahe equation describing
fluorescence brightness of SmB:3EP. The fitting was performed in the Matlab
software. We obtained optimized parameterand k for each single dataset as a
result.

To obtain represeative data independent of individual cell properties, we
acquired 97 data sets at differemucleoplasmlocations of 50 cell nuclei An
example of themeasureddata is presented ifigure 4.2.2 It can be seen that
characteristics of the fluorescence irdigy profiles strongly depend on the distance
between the activatiositeand the measurement araa expected from Eq. (1Mhe
fact that thedata fromFigure4.2.2can be fittedo Eq.(17) indicates that spreading
of the SmB:PAGFPfrom CB through the nucleoplasnas a diffusion character.

1000

800~

600

Intensity [a.u.]
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; :
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Time [s]

Figure 4.22. Example of data from photoactivation experiments measured atwo

different distances(d) from the photoactivated CB (closed circlesd; = 2 . ;3(openm

78



circles)d, = 1 0 .. Binesrapresent theebt fit of the data to Eqly). Adapted from
Bl ag2kovg)et al. 2008a

4.2.1.3. Diffusion coefficientof shRNP complexedepends on the radial
distance from the photoactivated CB

Our goal was tcevaluatewhether the movement of SmB:F@&FP could be
described by a simple diffusiohe hypothesis athe free SmB:PAGFP diffusion
from the photoactivated aressums essentially pninteracting SmB particles and
macroscopically isotropic physical properties of the nucleoplasm. Under these
conditionswe expect the diffusion coefficieBtto be spatially imariantandits value
shouldbe consistent througall data sets. In order to test this hypothesis we used a
global fitting when all 97experimental curveacquired at different distances from
the photoactivated spot were fitted simultaneoudlysenfeld and Ford 1979
Beechem et al. 198&nutson et al. 1983(seeMethods chapter 3.4 The diffusion
coefficientD was kept common (global) for all curvaadthe scaling fluorescence
amplitudesk were kept individual (local) for each cunauring the overallc?
minimization This global approach helped to owmtermine the model bthe
substantiateduction of the number of fitted parameters.

Due to its overdeterminatiorhé global fitting is a robust methdd verify
whether a single diffusion coefficiedt couldfit all data setsFor asatisfactoryfit,
the fit residuals i.e. differences between the fitted curve and the measured yalues
should randomly oscillate around zeBystematic deviations indicatepoor fit and
inconsistency of the model withe measurediata.

Results of the best global fit for measurements in different distances from the
photoactivated CB are shown in Figure 4.A31t is obvious that most of the
residuals exhibit significant systematiewhtions from zero and we can thus
conclude that the frediffusion model with a spatially uniform diffusion coefficient
D cannot explain diffusion of the snRNP particles in the nucleoplasm.
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Figure 4.2 3. Fit r esiduals (deviations of the fitted curvdrom the measured values) for

6 selected nucleoplasm measurement8leasurements wereegformedat the distance of

2.3 Om; 4.8 Om; 7.1 Om; 9.2 Om; 12.6 Om; 14.8 On
bottom). A) Result of the global fittingB) Result of the analysis of individual curves from
the same data séthe residuals are highlightefidapted fromBl a g2 kov §8).et al . 2008a

As anext step w decided d release the strong constraint of the constant
diffusion coefficientand D was evaluated individually for each measurement. We
have found that all 97 curves can be satisfactorily fitted in this esgecan be seen
from the mprovement of the fit qualityshownin Figure 4.2.3 B. Independently of
the measurement location the fit residuals are randomly distributed along the timeline

and 2valuedeaseased bthefactorof 2.2.Values of all 97 diffusioroefficients
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are plotted in Figure 4.2.4. From the scatter graph it can be seevathas ofD
depend on thalistancefrom the sourceand gradually increase with an increasing
radial distance from the photoactivated CB. In the first approximatiba,
dependence dD(x) on the radial distance can be obtained by a linear regression
Ow O YosywhereqpD=(3.7°0. 6 )%h/4 0

x 107"

o o o
i o)) @

Diffusion coefficient [m2/s]
o
N

Distance [m] x 107

Figure 4.24. Dependence of the diffusion coefficient on the radial distance from the
photoactivated CB.The solid line is a linear regression of the data. Diffusion coefficients in

the graph represent results of 97 single curve analystepted fromBl a g2 kov § et
20083.

4.2.1.4. Discussion
We found thathe snRNP motion in the nucleoplasm is a complex process that

cannot be explained by a simple diffusiofhe apparentdiffusion coefficientof
snRNPs in nucleoplasm is spatially dependentthe radialdistance from the
photoactivated Cajal bodyVe interpret this observation in terms détention of
snRNPscaused byheir reversible mutual interactions mversible interactions with
large macromolecular components with &ndiffusion mobility, for exanple a pre-
MRNA template during the splicing in the nucleoplassimce these interactions
depend on a spatial concentration of the interacting partirengshould modulate

the value of the apparent diffusion coefficient observed at different locatiotig in

nucleus.
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4.2.2. Single cellmodeling of the snRNP dynamics

In the previous section we investigated -@m@ensional diffusion dynamics of
SnRNPs in a broad populationtbk cell nuclei.In order to eliminateell variability,
we performed similar studies ahe snRNPdiffusion on asingle cell nucleus.
Influence of dmensionalityof the problemwas studied as welApparent diffusion
coefficient D of snRNPswas therefore evaluateth 1-, 2- and 3dimensiors
Bl ag2kovg)et al. 2008hb

4.2.2.1. Analytical solution

A population of the snRNPs confined to one selected Cajal body was
photoactivated by a las@ulse, with the same arrangement of the experiment as is
shown inFigure4.2.1. Movement of the photoactivated proseias again followed
by the time lapse imagingnd the dffusion coefficient was evaluated & single
selectectell nucleus at differerdistances from the photoactivated E&perimental
datawerefirst fitted to the fundamental solution of the diffusion equation in 1D (Eq.
17) usingMatlab software. For a single cell we found qualitatively the saeasly
linear dependence @b(x) on the radial distance from the photoactivated CB as
when D was evaluated in different cell nucleeeFigure4.26 (Bl ag2 kov § et
20083. The linear regression coefficiemtasqpD = °(07 .61)®Imis @vhich is
consistent with the previous result measured on 97 different nuclei (chapter 4.2.1)
The experimentwas repeatedor other 10 cell nuclei with similar results (data not

shown).

4.2.2.2. Numerical solutionsin a constrained volume

Opposite tothe analytical solution, the numerical approach adldwusto
include specific cell geometrinitial and boundary conditions (see Methpdsapter
3.3.2. The geomety of the 1D and 2D models best corresponding to the sbfape
nucleusfrom Figure4.2.1 are schematically depictedrigure4.2.5.The 3D model
of the nucleusvas createdrom the 2Dmodelby additionof the third semiaxis 2.5
O mong. The nucleolus wamodeled aan ellipsoid. The sizeratio of the semiaxes
was taken from the literatu@nd corresponds to thaze of the HeLa cellnucleus
(Klingauf et al. 200% Positions of the CB and tmeeasuremerpoints remained the
samein all 1D, 2D and 3Dmodek.
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Figure 4.2.5 Geometry ofthe model used for numerical 1D and 2D fitting. A) In 1D the

cel l nucl eus was r epr e sang Ceatdr ofthe CBiwas located s e g m
inside the n distaht érams the |Bver Bucle@rmenvelope NE) end. The
measurement points werechted along the red line withe pitch of0 . 96 Om. B) I n
model the nucleus was represented by the eliyigesemia x es 10. 5 @mg. and 5
The CB was modeled as a circle (withheO. 25 (
distance o8 . 2 @mithe flower nuclear pole. The measurement points were located along

the major axigblack points)Adapted fromB|l a g2 kov §8). et al . 2008hb

The numerical solutiswere evaluatedsing COMSOL Multiphysics software
(The COMSOL Group). Solutions from the Diffusion Application Module
(COMSOL, corresponihg to Eq.11) werelinked to the Matlab softwareandused for
the NLS fitting of the measured intensity evolutions. In order to evaluate influence of
the dimensionality, wefitted the same dathy the 1, 2 and ® model with their
specific geomeies Initial conditions att = 0 simulating the photoactivation in the
CB aeawere ®o BTt @ at the location of CB ando&mt Tt elsewhere
Neumann boundary conditiongere used ta@haracterize thémpermeabity of the
nuclear membrane for the diffusing particlés a resultwe obtainedparameter®
andcy asafunction ofthedistance from the photoactieatarea

Results for 1, 2- and 3dimensional models are shown kigure 4.2.6. The

results are qualitatively similafor all numerical modelsFor longer diffusion
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distances they all differ from the analytical 1D fisexpected. istead ofa quast
linear growth, the numerical solutions exhibit a sigmoidal shape oDifx¢ curve
with the inflection point at approximately @ m corresponding tothe middle
between the photoactivated area and the nuclear envélogebehavior seems to be
a consequence of thdiffusion volume constraint causdwy the specific nuclear

geometry and boundary conditions.
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Figure 4.26. Diffusion coefficient in different distances from the photoactivated CB.
Comparison of analytical fibf diffusion coefficient(D(x)) in 1D (spatially unrestricted
diffusion) with numerical fits in 1D, 2D and 3Ih a constrained volumeAdapted from
Bl ag2kovg8)et al. 2008b

To qualitatively compare the 1D, 2D and 3D numerical results, time lapse
measurements in a fixed distanz& >m from the photoactivate€B are shown in
one graph Kigure 4.2.7). We conclude that the model dimensionality does not
significantly affect qualitative results obtained from the numerical matieloser
distances to the photoactivated ar@wmcause the 1D model does not allow to
properly describe the speiciffootprint of the cell nucleuswe decided to use the 2D
model for further evaluation ehe model properties.
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Figure 4.2.7 Example of experimental datameasur ed i n the distance

photoactivated Cajal bodgterisky and numericafits in 1D, 2D and 3DAdapted from

Bl ag2kovg)et al. 2008b
4.2.2.3. The effect of nuclear geometry on the value of apgat diffusion
coefficient

We are aware thabur ellipsoidal nuclear envelope is only a rough
approximation of the real irregular shape of the nucMiesthereforedecidel to test
sensitivity of the recovered diffusion coefficients to changfethe nuclear geomety,
Figure 4.2.8 A. We fitted the experimental data with the model with deliberately
changed geometry of the boundary conditidnsparticular, the minor axis of the
ellipsoid was both eihgated (I) and shortened (Il) aritetmajor axis was eloated
(). In the next experimenwe kept the original nuclear sizend shape@inchanged
and the CB was moved closer to the nuclear membrane {INg. esuling
dependencies of théiffusion coefficientare summarized iRigures4.2.8B and C It
is seenhat he elongation of the minaaxis (I) induced a shift of thenflection point
of the D(x) curveto a longer distance whilgés shortening(ll) caused an opposite
effect,Figure4.2.8B. The plateau of the curves remairsdentidly unchangedThe
recoveredapparentliffusion coefficients at short distances were found to be slightly
lower and higher for shorter and longer mhaous, respectively. The elongation of
the majoraxis (lll) induced slower growth oD(x) and a dramatic shift of the
inflection point to even longer distancdsigure4.2.8C. In this caselte plateau of

D(x) was not reached and it was probablifted to higherD(x) values.
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Figure 4.2 8. Effect of geometry changes on the apparent diffusion coefficient in the 2D
model. A) Elongation of the minor axis from 1®m to 21nm (I) and shortening the axis
from 10nm to 5mm (11). Elongation of the major axis from 2dn to 40nm (lll) and change
of the CB position within the nucleus (IV). The red line indicates the analysisBjr&#fect
of the minor axis change (configurationé €longationand Il - shortening on the apparent
diffusion coefficient Green line depicts theriginal referencesituation. C) Effect of the
major axis elongationcpnfigurationlil) and the CB posibn change donfigurationlV) on
the apparent diffusion coefficienD). Green line depicts theeferencesituation. Adapted
2008b
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The relocation of the CB together with the measurement positions closer to the
nuclear envelope caused a slight increase of the diffusion coefficient at short
distances, similar to the case with shortened minor axis (ll). Moreover, a slower
growth of the arve andhigher value ofthe plateau similar to the case with the
elongated major axis (lll) was observed, Figure 4@.8Taking together, these
results reveal a strong dependency of the calculgipdrentiffusion coefficient on
the nuclear geometry drposition of the CB within the nucleus.

In summary, our calculations have shown that the model geometry as well as
positions of the measurement points relative to the nucleoar envelope have a
considerable effect on the fitted values of the apparent diffusoefficient. For its
accurateguantitative evaluation it ihereforenecessary to use a detailed shape of the
particular nucleus and accurately localize the photoactivated Cajal body within the

nucleus.

4.2.2.4. Discussion

Consistently with results obtainech a set ofdifferent cells the diffusion
analysisperformedon a single cell nucleus indica¢hat the value of the apparent
diffusion coefficient increases with increasing radial distance from the
photoactivated Cajal body. Thigialitativeobservation \as found to be independent
of the changes in thenodelgeometry Essentially the same result was obtained for
1D, 2D and 3D modelsWe propose that thebservedspatial dependence of the
diffusion coefficientcould result from interactions of the diffusinmarticles with
each other and witbther large macromolecular complexést have noisotropic
distributionin the nucleus.

Our findings have beerecentlysupported by independeint vivo observations
(Huranova et al. 2000The authors measurediffusion rates of U1, U2, U4/U6 and
U5 snRNP between 0.2 and G:81%s. They suggested interactions of SnRNPs with
nuclear environment, specificallyith mRNA that theysuggestedas a dominant

interaction partneof snRNPgHuranova et al. 2030

87



4.2.3. Spliceosomal snRNPsepeatedly cycle through Cajal bodies

Besidesthe free diffusion of the snRNPs in the nucleoplasm werehighly
interested incycling of these particles through the CB ahéd role of CBs inthe
SnRNP maturationt is known that bth U4/U6di-snRNPand W/U6LUS5 tri-snRNP
assembly oaer in CBs(Schaffert et al. 20Q45tanek and Neugebauer 2Q0Bigure
1.25. Even more mathematical modeling dJ4/U6 snRNP formation in the cell
nucleusrevealed thataccumulation of U4 and U6 snRNPs in CBs incredbe
efficiency of U4/U6 assemblyKlingauf et al. 200R Also, arole of CBs in U2
snRNP formatiorwas detectedNesic et al. 200¢that points to CBs as thsite of
snRNP assembiy the nucleus

The splceosome cycle includes spliceosome assembly and activatiowed
by its disassemblwfter splicing. Then iteassemldsagaininto a new spliceosome.
snRNPs that form the spliceosomedergo structural rearrangemeritsat include
U4/U6 snRNA unwinding and release of the U4 snRNP from #péceosome
(Staley and Guthrie 189. In this sectiorwe address thquestion whethesnRNPs
that leavethe spliceosomeanbe reassembled again into the actil4/U6L5 tri-

snRNP angdas a consequena®jcle more than once through CBs.

4.2.3.1. Mature snRNPs repeatedly visit CBs

We wanted to kow whetherthe maturesnRNPs that have already participated
in splicingcan repeatedlgccumulate in CBer whetheronly newly formed particles
can accumulatéhere Therefore ve tagggd SmB andSmD1 protein®f snRNPswith
socalledii f | u or e s,@enatant of redlueresaent protein drFP583 (ES-P)
that changes its emissidom greento red within 3 hfrom its expressioiiTerskikh
et al. 2000. We found that CBs containh i gher a oide u shRNPstifan A
nucleoplasmwhich indicates that relatively old, presumablynature snRNPs
accumulate in CBs

Since there is a continuotepid exchange ofr8 proteins between CBs and the
nucleoplasmin the timescale of minuteundr et al. 2004Sleeman 2007 our
findings imply that snRNPs must cycle repeatedly between CBs and the
nucleoplasm. Tdlirectly test thishypothesis CFRtagged markers of CBs (SART3
or coilin) were coexpressed witmD1 or SmBproteins(components of SnRNPS)
tagged withphotoactivatabld®A-GFP. The SmPA-GFP proteins were activateh
oneof the CBs and movement afe activated moleculegas monitoredevery 15 s
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over a period of5 minutes(Figure4.2.9. We found thathe proteinswere released
from the activated C8 diffused throughout the nucleoplassnd accumulated in
other nonactivated CB These results directly prove that mature snRNPs can

repeatedly visit CBs.

Figure 4.2.9. snRNPs cycle between CBsSmBPA-GFP was coexpressed with
SART3CFP and SmDPA-GFPwith coilin:CFP. SmPA-GFPwasactivated in onef the

CBs (circle) by a short pulse of 48%m laser and movement tife activated molecules was
observed for 5 min. Activated molecules moved through the nucleoplasm and accumulated
in distant CBs in the same nucleus (arrows). To detect low signals ofPA-GFP, the
detection system was adjustedhe maximal sensitivity. Using such setup we also detected

cell autofluorescence in the cytoplasm (stars) (adapted(f8tanmek et al. 2008

4.2.3.2. Inhibition of spliceosome recycling leads t@eumulation of U4/U6
di-snRNPs in CBs

Further we tested whether the supply of mature snRNPs is important for maintaining

the CB structure. We depleted two proteins involved in the spliceosome disassembly,

namely hNtrl and hPrp22, to reduce the supply dirmasnRNPs. After treatment of

the cells withsiRNA against hNtrl and hPrp22 that knocks down the |lefetlsese
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