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ABBREVIATIONS

APS 3-aminopropyl-triethoxysilane

biotin-dUTP biotin-16-2'-deoxyuridine-5'-triphosphate

bp base pair

BrdU 5-bromo-2'-deoxyuridine

CCF cross-correlation function

CldU 5-chloro-2'-deoxyuridine

dig-dUTP digoxigenin-11-2'-deoxyuridine-5'-triphosphate

dNTPs 2'-deoxynucleoside-5'-triphosphates

dT 2'-deoxythymidine

EM electron microscopy

epiC nuclear/chromosomal epitope defined by a cold-dependent 

anti-actin detection

FWHM full width in a half maximum

GFP green fluorescent protein

HeLa human cells, derived from adenocarcinoma cervix cells

IdU 5-iodo-2'-deoxyuridine

LEP diploid human embryonic lung fibroblast cells

LM light microscopy

PCNA proliferating cell nuclear antigen

PSF point spread function

rDNA ribosomal genes

RT room temperature

S/N signal-to-noise
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CHAPTER 1: OUTLINE OF THE THESIS

The endeavor of our laboratory is focused on the characterization of a structure-function 

architecture of the cell nucleus. We specifically deal with the integration of processes of DNA 

replication and repair as well as synthesis/maturation of mRNA and rRNA into the nuclear 

architecture. I was personally involved in several projects concerning the structure-function 

organization of the nucleolus (results were summarized in Staněk et al., 2001; Koberna et al., 

2002; Raška et al., 2004; Pliss et al., 2005) and dynamics of DNA replication (results were 

summarized in Malínský et al., 2001; Koberna et al., 2005; Mašata et al., 2005; Fidlerová et 

al., 2005). Due to my mathematical education, the initial work was predominantly oriented on 

the image analysis of fluorescently labeled nuclear structures. Later on, I started to carry out 

also biological experiments. 

This thesis deals only with results about spatio-temporal organization of DNA 

replication. In the Chapter 2, basic information about cell nucleus, chromatin structure and 

DNA replication is provided with a special emphasis on the spatio-temporal organization of 

DNA replication. The next chapter defines main aims of the thesis. An overview of used 

methods is presented in the Chapter 4 in which particularly methods of image analysis are 

described in more detail. Subsequently, results contained in four publications are presented. In 

the first (Malínský et al., 2001), I performed experiments with DNA spreads and 

measurements on them. In the next (Koberna et al., 2005), I was responsible for stereological 

analysis of electron microscopic (EM) images. A substantial part of my work was presented in 

the study Mašata et al. (2005), in which I performed most of experiments, cross-correlation 

analysis, and created the two replication models. The versatility of cross-correlation analysis 

with regard to spatio-temporal analysis of nuclear organization was also shown in the last 

presented publication (Fidlerová et al., 2005). At the end of the thesis, chapters with 

discussion, conclusions and summary are presented. 
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CHAPTER 2: GENERAL INTRODUCTION

2.1 Cell nucleus

The cell nucleus was discovered by Brown in 1831. It is a prominent structure of 

eukaryotic cells where many essential processes such as DNA replication, repair and 

transcription, as well as processing of RNA take place. 

What is the cell nucleus for? Prokaryotes do not have any but carry out many of the 

processes mentioned above. In contrast to simple prokaryotic genome, eukaryotic genome is 

usually split into many linear DNA molecules corresponding to individual chromosomes and 

containing a large excess of non-coding sequences over coding ones that are extensively used 

in a temporal and/or cell-specific fashion. Confining the separate pieces of the genome into a 

limited cellular space with higher order DNA organization (see section 2.2), possibly in 

relation to the nuclear envelope, may provide the necessary regulatory possibilities 

(Wieslander, 2004). 

Recent insights into the dynamics and spatial arrangement of distinct nuclear 

substructures (or domains, or bodies) such as nucleoli, nuclear speckles (splicing factor 

compartments), Cajal bodies, etc. (reviewed in Dundr and Misteli, 2001; Spector, 2001)

underline that the cell nucleus is not simply a way of protecting the nuclear genome. The 

nucleus is more likely creating an optimized environment for performing regulated gene 

expression at the levels of chromatin, transcription, RNA processing and export of RNA 

(Wieslander, 2004). 

2.2 Chromatin structure

Human diploid genome contains 6.4 x 109 DNA nucleotide pairs, divided between 22 

different pairs of autosomes and one set of sex chromosomes. This represents about 2 m of 

DNA in total. Since the diameter of cell nucleus is only about 10 m, DNA must be highly 
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compacted inside in the way that allows above mentioned processes to be accomplished. The 

first step of DNA compaction is done by core histone proteins, which bind DNA to the 

dynamic form of repeating array of DNA-protein particles called nucleosomes (Luger, 2003). 

These nucleosomes are usually further packed together with aid of linker histones to form a 

30nm fiber possibly with zigzag folding pattern (Bednár et al., 1998). However, higher order 

levels of DNA arrangement are far from clear (Alberts et al., 2002).

As we already indicated, DNA is not only compacted to fit a nucleus but it must be also 

accessible for proteins to carry out processes such as DNA replication (see sections 2.3 and 

2.4) and gene expression, the first steps of which take place in the nucleus. These processes 

are regulated by structure of chromatin (complex of DNA, histone and nonhistone proteins) at 

various architectural levels, ranging from nucleotide base and histone modifications (such as 

methylation, acetylation, phosphorylation and others) to higher order packaging of chromatin 

fibers. This information contained within the chromatin proteins associated with DNA, called 

epigenome, is closely related to the cell development and differentiation. The establishment, 

maintenance and dynamics of various levels of chromatin structure are modulated by the 

concerted action of myriads of chromatin binding proteins (reviewed in Ridgway and Almouzni, 

2001).

According to cytological studies with stained chromatin, we can divide chromatin into 

two classes: Densely stained heterochromatin and less stained euchromatin. While 

heterochromatin corresponds to highly condensed chromatin during interphase and is 

therefore generally considered to be transcriptionally inactive, the euchromatin is less 

condensed with active genes located here. Moreover, the level of chromatin condensation 

largely determines when and how related DNA sequences are replicated (Gilbert, 2001; see 

sections 2.3 and 2.4).

2.3 DNA replication

Cells must duplicate their genetic information before each cell division. This process, 

called DNA replication, must be done accurately, rapidly and only once in order to keep a 

stable genome in next generations. In bacteria, where the genome is usually comprised of 
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single circular DNA molecule of few Mbp (106 base pairs), the replication is a relatively 

simple process. DNA replication begins in a single origin with defined DNA sequence and 

lasts tens of minutes. The enzymology of DNA replication has been studied in detail there and 

its principles are, to large extent, also valid for eukaryotes (Fig. 1). DNA replication requires 

the cooperation of many proteins. These include: 1) DNA polymerase and DNA primase to 

catalyze nucleoside triphosphate polymerization; 2) DNA helicases and single-strand DNA-

binding proteins to help in the opening up the DNA helix so that it can be copied; 3) DNA 

ligase and an enzyme that degrades RNA primers to seal together the discontinuously 

synthesized lagging-strand DNA fragments; and 4) DNA topoisomerases to help to relieve 

helical winding and DNA tangling problems (Alberts et al., 2002). 

Figure 1: Mammalian replication fork. This cartoon shows the arrangement of replication proteins at a 

mammalian replication fork. Despite its similarity to the bacterial replication fork, there are at least two 

important differences. First, it uses two different DNA polymerases on lagging strand. Second, the 

mammalian DNA primase is a subunit of one of the lagging-strand DNA polymerases. However, it is not 

known why eukaryotic DNA replication requires two different polymerases on the lagging strand (Alberts 

et al., 2002).

Thus a lot is known about replication fork geometry and a multiprotein replication 

machine but questions related to spatio-temporal regulation of replication in eukaryotes with 

complex genomes are only partially answered. The main point lies in how DNA replication 

starting from many origins is coordinated to duplicate all DNA sequences just once. 
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As mentioned in the previous section, eukaryotic genome is divided between a set of 

different chromosomes. Each chromosome occupies a discrete territory in nucleus (Cremer 

and Cremer, 2001) and consists of a single long linear DNA molecule which is packed by 

proteins to a more compact structure (packing ratio is up to 10000x in a mitotic chromosome).

The large size and the complex structure of eukaryotic genome are main reasons why DNA 

replication must be highly organized. It takes place in a defined period of the cell cycle, called 

S-phase, during which newly replicated DNA is packed initially into nucleosomes and later 

into higher order chromatin structures (Ridgway and Almouzni, 2001). In this way, not only 

DNA but also epigenetic information is faithfully duplicated during S-phase (McNairn and 

Gilbert, 2003).

In mammalian cells, S-phase typically lasts several hours and replication gradually 

continues from thousands of origins (Alberts et al., 2002). In contrast to bacteria and some 

lower eukaryotes, these origins are not determined by well-defined DNA sequences and their 

selection strongly depends on local chromatin structure (Gilbert, 2001). Replication origins 

are established in early G1-phase by formation of origin recognition complex (ORC) followed 

by loading of other proteins. Some of them, minichromosome maintenance (MCM) proteins, 

serve as key participants in the mechanism that ensures to replicate each part of genome once 

during following S-phase (Rowles and Blow, 1997). 

The temporal order of genome replication is apparently also established in early G1-phase 

simultaneously with chromosome nuclear repositioning after mitosis (Dimitrova and Gilbert, 

1999). In higher eukaryotes, generally speaking, this allows to chromosomal loci containing 

transriptionally active genes replicate early in S-phase while chromosomal loci containing 

transcriptionally inactive genes and heterochromatin replicate late in S-phase (Goldman et al., 

1984; Schubeler et al., 2002).

2.4 Spatio-temporal organization of human DNA replication

In the early 1960s, a method of fiber radiography was developed in order to study the 

general replication organization (Alberts et al., 2002). It was based on in vivo radioactive 

labeling of replicated DNA and consequent measurement of these replicated DNA segments 
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on stretched DNA fibers. Later on, radioactive detection of the newborn DNA was replaced 

by fluorescence one (fiber fluorography) that provided higher resolution (Berezney et al., 

2000). By these methods, the rate and the direction of replication fork movement can be 

determined. In addition, the size of all DNA synthesized from one origin (replicon size) can 

be estimated on stretched DNA fibers. It has been shown that the rate of replication fork 

movement is tens of nucleotides per second (about 10x slower than in prokaryotes) and it is 

slower in early S-phase than in late S-phase (Housman and Huberman, 1975). The size of 

most replicons varies from about 30 kbp to several hundreds of kbp with average replicon size 

about 150 kbp (Berezney et al., 2000). 

How are the replicons organized in situ? Confocal fluorescence mappings of the newly 

synthesized DNA reveal hundreds or even more than a thousand of discrete replication foci 

within S-phase nuclei of mammalian cells. The size of these foci ranges from 0.3 to 0.8 μm. 

Moreover, the focal pattern of DNA replication activity is not the same during S-phase but it 

undergoes specific changes (Nakamura et al., 1986; O’Keefe et al., 1992). The early S-phase 

pattern consists of tiny foci almost uniformly dispersed in the nucleoplasm while the larger 

foci representing the heterochromatin clusters usually confined to the nuclear periphery or 

perinucleolar regions appear in the mid and predominate in late S-phase.  

A typical early S-phase replication focus contains about 1 Mbp of DNA, corresponding to 

6 average-sized replicons, which fire simultaneously with a lifetime predominantly less than 

one hour (Ma et al., 1998). These clusters of replicons, that correspond to individual foci, are 

preserved in the course of the following cell cycles (Jackson and Pombo, 1998). The 

persistence of these foci has led to the conclusion that they represent higher order chromatin 

structures - basic functional domains of interphase chromatin. This can be more or less 

expanded onto (larger) foci later in S-phase because early and late replicating foci are 

maintained as distinctly separated units of chromosome organization during subsequent cell 

cycles (Zink et al., 1999). 

We know that replication pattern undergoes changes during S-phase but what is the 

dynamics of these changes? Several studies (Manders et al., 1992; Jackson and Pombo, 1998) 

have reported that new replication foci are often activated adjacent to previous ones. Manders 

et al. (1996) used pulse-chase-pulse labeling to show that distance between the nearest pairs 
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of previous and new replicated domains in early S-phase gradually increased at a rate on the 

order of 0.5 μm/h during the first hour. Sporbert et al. (2002) investigated spatio-temporal 

organization of DNA replication in living cells by proliferating cell nuclear antigen fused with 

green fluorescent protein (GFP-PCNA). PCNA is widely regarded as marker of ongoing DNA 

replication (Somanathan et al., 2001). In agreement with the previously mentioned studies on 

fixed cells, the authors showed that new replication foci were de novo assembled in close 

proximity to earlier ones and suggested that this could occur by a "domino effect", possibly 

involving local changes in chromatin structure and accessibility. 
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CHAPTER 3: SPECIFIC AIMS OF THE THESIS

The goal of the thesis is to expand our knowledge on some aspects of the organization 

and dynamics of DNA replication in human cell nucleus with the help of microscopic 

techniques and advanced mathematical approaches of image analysis.

The specific aims are to:

 Measure, quantify and try to explain the changes in the rate of replication fork movement 

occurring within the S-phase duration.

 Describe the structure and the distribution of replicated chromatin domains in more detail, 

with a special emphasis to the difference between replication foci observed in early and 

late S-phase. 

 Suggest a model for the description of the dynamics of replicating chromatin domains.

 Develop a method that allows us to compare the replication-like distribution of nuclear 

epitope with replicated chromatin domains.
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CHAPTER 4: MATERIALS AND METHODS

4.1 Cells and treatment

4.1.1 Cell cultures 

Human HeLa cells, derived from adenocarcinoma cervix cells, were grown on circular 

coverslips and cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal 

calf serum (FCS; Sigma-Aldrich), 1% glutamine, 1% penicillin, 1% streptomycin and 0.85 g/l 

NaHCO3 at 37°C in a humidified atmosphere containing 5% CO2. In the case of DNA 

spreads, coverslips were coated with 3-aminopropyl-triethoxysilane (APS; Sigma-Aldrich) as 

described by Wang et al. (1996).

Diploid human embryo lung fibroblast cells (LEP; Sevapharme) were grown on 

coverslips in Eagle’s minimal essential medium supplemented with 10% FCS and antibiotics 

under the same conditions as HeLa cells. 

4.1.2 Cell synchronization

HeLa cells were synchronized at G1/S border by a double 2'-deoxythymidine (dT; Sigma-

Aldrich) block: The cells were incubated in medium containing 3 mM dT for 16 h, then in a 

fresh medium for 12 h and again for 16 h in a medium with 3 mM dT. After 100 min of 

incubation in a fresh medium, more than 90% of the cell population started DNA synthesis. 

The degree of synchrony was monitored by flow cytometry analysis in which the DNA 

content of the synchronized cells was measured following propidium iodide staining. The 

synchronization in early or late S-phase was also checked according to characteristic 

replication patterns as described by O’Keefe et al. (1992). 

In some experiments, alternative synchronization approach was used: A partially 

synchronized population of HeLa cells, by one 16 h dT block, was grown in a fresh medium 

for 9 h, and then nocodazole (Sigma-Aldrich) was added in the final concentration 50 ng/ml 
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for the next 3 h. Cells in mitosis were shaken off (Romsdahl,1968), re-suspended in a pre-

warmed fresh medium, and re-grown on circular coverslips. After 9 h of incubation, the 

culture reached the G1/S border. In general, double dT block resulted in better synchronized 

cell culture during S-phase than mitotic shake-off and thus it was preferred.

For LEP cells, following synchronization procedure was used: LEP cells were made 

quiescent (G0) by cultivation in a serum-free medium for 2-3 days and released from the G0

state by cultivation again in a medium supplemented with 10% FCS. In order to synchronize 

cells at the G1/S border, hydroxyurea (Sigma-Aldrich) was added to the medium at a final 

concentration of 1 mM. Cells were released from the G1/S block after 25 h by several washes 

with fresh medium containing 5 mM 2'-deoxycytidine (Sigma-Aldrich) to facilitate cell 

recovery from hydroxyurea block (Bianchi et al., 1986). At different times following release 

from G0 or the G1/S block, the cells were fixed with methanol and processed for 

immunofluorescence.

For the analysis of early G1 phase of cycling LEP cells, exponentially growing cells were 

arrested in metaphase by addition of 0.1 mg/ml colcemid (Gibco) for 2 h. Mitotic cells were 

collected by the shake-off method, washed with pre-warmed fresh medium, and re-plated onto 

coverslips. At different times after re-plating, the cells were fixed and processed for 

immunofluorescence.

4.1.3 Preparation of stretched DNA fibers

Cells grown on coverslips were removed from medium and overlaid with lysis solution 

(1% sarcosyl, 0.01 M EDTA, 0.01 M Tris-HCl, pH 8.0) for 30 s. Coverslips were tilted to 

allow the stream of the cell lyzate to run down and air-dried. This procedure produced linear 

arrangement of DNA fibers with an extension of 2.59±0.24 kbp/μm (Jackson and Pombo, 

1998). Then DNA spreads were washed in two changes of 5% ice-cold trichloroacetic acid 

(TCA) for 10 min, rinsed in two changes of 95% ethanol and air-dried again.
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4.1.4 Isolation of cell nuclei and immunoblotting 

Cell nuclei were isolated as described by Sahlas et al. (1993). Briefly, 108 cells were re-

suspended in 5 ml of STM Buffer (0.25 M sucrose, 50 mM Tris-HCl, pH 7.5, 2 mM MgCl2) 

containing 1% (v/v) Triton X-100 and disrupted by four passes through a gauge, 30 mm long 

needle. The resultant suspension was centrifuged (200x g, 5 min), and the supernatant, 

cytoplasmic fraction, discarded. The nuclear pellet was re-suspended in STM Buffer with 1% 

(v/v) Triton X-100, and passed through the needle four more times. Lysates of isolated cell 

nuclei and of whole cells were separated on a 12% SDS-PAGE gel and transferred onto 

nitrocellulose membrane according to established protocols (Laemmli, 1970; Towbin et al., 

1979). Nitrocellulose membranes were washed with a blocking buffer (5% gelatin (w/v), 

0.05% Tween-20 in PBS - 137 mM NaCl, 2.7 mM KCl, 9.7 mM Na2HPO4, 1.1 mM K2HPO4, 

pH 7.4) overnight at 48°C. Each membrane strip containing proteins, loaded onto one slot, 

was cut in halves. One half was incubated with anti-actin and the other with anti-tubulin 

antibody (Dráber et al., 1989; a kind gift from P. Dráber, Institute of Molecular Genetics, 

Prague) for 2 h at room temperature (RT). In parallel, nitrocellulose membranes were blocked 

for 2 h at RT, and the membrane strips incubated with anti-actin or anti-tubulin overnight at 

+4°C. Anti-tubulin antibody was used as a marker of cytoplasmic proteins. Goat anti-mouse 

IgG-HRP (Santa Cruz) was used as a secondary antibody. Immunoreactive proteins were 

detected by enhanced chemiluminiscence (ECL kit, Amersham).

4.1.5 Loading of exogenous deoxynucleoside triphosphates

Additional 2'-deoxynucleoside-5'-triphosphates (dNTPs) were delivered into the cells by 

a method of the hypotonic shift (Koberna et al., 1999) as follows: Cells were briefly rinsed in 

KHB buffer (30 mM KCl, 10 mM Hepes, pH 7.4), overlaid with KHB supplemented with a 

20 μM equimolar mixture of dATP, dUTP, dTTP and dCTP, incubated in a moisture chamber 

at 37°C for 10 min, washed with medium, and incubated in medium at 37°C in a CO2

incubator for 5 min. In a control cell population, exactly the same procedure was performed 

with the following exception: KHB was loaded into the cells without the nucleotide mixture. 

The experiments were performed at the beginning of DNA synthesis (early S-phase) and also 

6 h later (late S-phase). 
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4.2 Labeling of newborn DNA

4.2.1 Labeling with deoxynucleoside derivatives

5-bromo-2'-deoxyuridine (BrdU; Sigma-Aldrich), 5-chloro-2'-deoxyuridine (CldU), or 5-

iodo-2'-deoxyuridine (IdU) were simply added to medium at final concentration of 20 μM. 2-

3 min long incorporation was sufficient to detect them in replicated DNA. In order to 

eliminate an influence of this delay on an estimation of replication fork speed (see section 

5.1), we employed two different modified deoxynucleosides with overlapping replication 

pulses (see Fig. 2). 

Figure 2: Schematic diagram of fluorographic replication patterns. Two overlapping labeling pulses 

on replicated DNA fibers (green, representing CldU labeling for 10 min; red, representing IdU labeling 

for 5 min) allowed us to minimize the effect of incorporation time (T0) as illustrated in this diagram. Thus 

the replication fork speed calculated from only green labeled DNA fibers corresponds to 5 min of 

replication labeling.

4.2.2 Labeling with dNTP derivatives

Hypotonic shift as described in the section 4.1.5 was used to deliver biotin-16-2'-

deoxyuridine-5'-triphosphate (biotin-dUTP; Roche) or digoxigenin-11-2'-deoxyuridine-5'-

triphosphate (dig-dUTP; Roche) to cells. Both dNTP derivatives were loaded at final 

concentration of 0.2 mM. The loaded dNTP pool was depleted in about 15 min (Koberna, 

unpublished data). 
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In order to measure the rate of DNA synthesis, 30 nM radioactive dCTP (3000 Ci mmol-1, 

ICN Biomedicals) was and loaded into the cells during the hypotonic shift (see section 4.1.5). 

Then the cells were incubated in medium for 10 min in order to label the growing DNA. After 

labeling, cells were chilled on ice, washed three times in cold PBS, resuspended in 0.2 ml of 

cold PBS and counted. The suspension containing about 105 cells was precipitated with 10% 

TCA for 20 min on ice. The precipitate was filtered onto a Whatman glass fiber filter, washed 

twice with 10% cold TCA, then twice in ethanol, and subsequently air-dried. The level of 

radioactivity was determined in a Beckman LS5000TD liquid scintillation counter. 

4.3 Microscopy and visualization

4.3.1 Immunodetection

Coverslips with DNA spreads (see sections 4.1.3 and 4.2.1) were treated with cold 4 M 

HCl for 20 min to make CldU and IdU accessible for antibody detection. Detection was done 

according to Aten et al. (1992). Briefly, CldU was visualized by rat anti-BrdU antibodies 

(Abcam) followed by FITC-conjugated anti-rat antibodies (Jackson ImmunoResearch). Then 

IdU was detected by mouse anti-BrdU antibodies (Becton Dickinson), washed in TRIS buffer 

(0.5 M NaCl, 35 mM TRIS-HCl pH 8.0, 1% (v/v) Tween 20) and incubated with Cy3-

conjugated anti-mouse antibodies (Jackson ImmunoResearch). This procedure enabled us to 

discriminate between similar CldU and IdU epitopes using two different anti-BrdU 

antibodies.

In dual replication labeling (see section 5.3), cells were fixed immediately after second 

replication pulse by 2% formaldehyde in PBS for 10 min and permeabilized by 0.2% Triton 

X-100 in PBS for 5 min. Then cells were treated with cold 4 M HCl for 20 min and the 

labeled DNA was visualized using mouse anti-digoxigenin (Roche) and rat anti-BrdU 

antibodies followed by secondary Cy3-conjugated anti-mouse and FITC-conjugated anti-rat 

antibodies.
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LEP cells were fixed by methanol at -20°C for 30 min. Fixed cells were washed with 

PBS, blocked with 1% BSA in PBS for 30 min, and incubated with mouse monoclonal anti-

actin IgG2a isotype (Sigma, A4700) at +4°C overnight or at RT for 1 h, as described in results 

(see section 5.4). Three different lots of A4700 anti-actin antibody were used with similar 

results. For dual labeling with anti-actin and PCNA or biotin-dUTP, mouse monoclonal anti-

PCNA antibody IgMκ isotype (Chemicon) or rabbit anti-biotin antibody (Enzo) was used. 

Secondary antibodies: FITC conjugated anti-mouse IgG γ chain specific (Sigma-Aldrich) and 

Cy3-conjugated anti-mouse IgM μ chain specific (Jackson ImmunoResearch) or Cy3-

conjugated anti-rabbit (Jackson ImmunoResearch) were applied for 1 h at RT.

4.3.2 Fluorescence microscopy

Fluorescence specimens were mounted in Mowiol and viewed using conventional 

(Olympus AX-70 Provis with 100x PlanApochromat/1.4 NA objective, coupled to 

Photometrics CCD camera PXL with KAF 1400 chip) or confocal (Leica TCS NT with 100x 

PlanApochromat/1.4 NA objective) microscopes. 100W HBO Hg lamp, or 488 nm and 568 

nm lines of Ar-Kr laser were used for fluorescence excitation. Emission bands were selected 

using standard FITC and Cy3 band-pass filters. 

In order to estimate point spread function (PSF, see section 4.4.4), the following 

procedure was performed. 1 μl of TetraSpeck beads (blue, green, orange and deep red 

fluorescence; Molecular Probes) with diameter of 200 nm was spread over coverslip, air-dried 

and mounted in Mowiol. 3D stacks of confocal images were acquired with the sampling 

60x60x60 nm (for models in the section 5.3.3), 4x scan averaging and excitation/emission 

filter setting for FITC and Cy3 detection (thus only green and orange fluorescence was 

measured). These 3D images were further processed in Huygens 2 system (Scientific Volume 

Imaging) as follows: Minimally 5 images of beads were averaged to receive as perfect as 

possibly one and this image was corrected to correspond to infinitesimal object. In this way, 

we acquired a good estimation of PSF for FITC and Cy3 fluorescence.
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4.3.3 Electron microscopy 

Cells with incorporated BrdU were fixed in 8% formaldehyde in 0.2 M Pipes, pH 6.95 for 

12 h, washed in PBS, dehydrated in methanol and propyleneoxide, and embedded in Epon 

(Fluka). Ultrathin sections were cut, incubated with mouse anti-BrdU antibody (Roche), 

washed in PBS, incubated with 6 nm gold anti-mouse adduct (Jackson ImmunoResearch), 

washed in water and air-dried. 

Alternatively, the ultrastructural mapping of newly synthesized biotin-dUTP labeled 

DNA was achieved using a pre-embedding approach. Cells were fixed in 2% formaldehyde in 

PBS for 10 min, washed in PBS, treated for 2 min each in 30, 50, 70, 90, 70, 50, and 30% ice-

cold methanol and washed in PBS. Prior to immunolabeling, cells were treated with 0.05 M 

glycine in PBS and then in 0.5% BSA for the blocking of unspecific binding. Biotinylated 

DNA was visualized with rabbit anti-biotin antibody followed by anti-rabbit ultrasmall gold 

adduct (Jackson ImmunoResearch). The silver intensification was performed according to 

Danscher (1981). Finally, cells were post-fixed in 8% formaldehyde and dehydrated in 

gradually increasing methanol concentrations and propyleneoxide, and embedded in epon or 

lowicryl. Ultrathin epon and lowicryl sections were cut on a Reichert Ultracut E microtome 

with a diamond knife (Diatome Ltd.). 

Sections were stained with uranyl acetate and viewed using a Jeol 1200 EX or Zeiss EM 

900 electron microscope equipped with MegaView II camera. 

4.4 Image analysis

4.4.1 Stereological analysis 

Stereology is a mathematical discipline which allows us to characterize 3D objects from 

their 2D sections. This is documented on the analysis of replication domains (clusters of silver 

particles, see section 5.2) from EM sections. 
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The size of clusters of silver particles was estimated as follows: The most external silver 

particles were joined by straight lines giving rise to a polygon. The maximum diameter and 

area of these polygons were measured. 300 clusters were analyzed for each period of S-phase 

for 3 separate experiments. Only clusters containing 4 or more silver particles were taken into 

account. 

The ratio of relative nuclear volumes occupied by clusters in early, mid, and late S-phase 

cells was calculated as the ratio of their relative nuclear areas. The square lattice of regularly 

spaced points was placed over nuclear sections and relative nuclear area occupied by 

replication clusters was calculated as a number of points inside polygons divided by a number 

of points in whole nuclear area (Gundersen et al., 1988). 30 images of nuclear sections from 3 

independent experiments were evaluated for every S-phase stage. The value of relative 

nuclear volume occupied by clusters in early S-phase was set to 1. 

The total nuclear volumes in early, mid, and late S-phase were calculated from 3D stacks 

of confocal images with the sampling 50x50x300 nm. Cells were labeled with the DNA-

specific dye YOYO-1 (Molecular Probes). Stacks of 20 nuclei in every S-phase stage were 

acquired. The calculation was based on Cavalieri's formula (Gundersen et al., 1988): Nuclear 

volume was estimated as a sum of areas from cross parallel sections of the nucleus multiplied 

by a constant distance between sections. Then ratio of nuclear volumes in various parts of S-

phase was determined with nuclear volume in early S-phase set to 1. The analysis was 

performed using analySIS software (Soft Imaging System).

4.4.2 Cross-correlation function

In order to measure colocalization of two flourescent signals (see sections 5.3 and 5.4) we 

utilized the cross-correlation function (CCF) defined by van Steensel et al. (1996). It is based 

on a Pearson's correlation coefficient that is frequently used in statistics to describe relation of 

random variables. CCF(∆x) is calculated as: 
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averaged red and green pixel intensities in 

corresponding red and green pixel intensities for variable horizontal shift of x pixels in the 

red channel. Correlation coefficient values range from -1 to 1. In the case of CCF(∆x), higher 

positive peak at ∆x=0 indicates a significant non-random overlap (colocalization), values 

evenly distributed around zero reflect random mutual distribution, and negative peak indicates 

anti-colocalization ("repulsion") of both fluorescence signals. Prior the CCF calculation, the 

unspecific background was subtracted from the original data. Pixels, in which both 

fluorescence intensities were lower than the applied thresholds, were excluded from the CCF 

computation. In other words, only the part of the image roughly corresponding to cell nucleus 

was taken into account. The cross-correlation analysis was done in Matlab 6.5 program 

(MathWorks).

4.4.3 2D intensity histograms

2D intensity histograms represent an alternative approach for the detection and 

quantification of colocalization of two fluorescence signals (see section 5.3). They are defined 

as 2D cartesian scatter plots of green versus red pixel fluorescence intensities of all the pixels 

within an original image. 2D intensity histograms were created in Matlab 6.5.

4.4.4 Image restoration

Any microscopic image is degraded during acquisition. To eliminate this negative effect, 

many image restoration techniques were developed. We focus on the deconvolution that we 

frequently use to increase the image resolution (Staněk et al., 2001; Pliss et al., 2005). 

Within some rather general limitations, any object (specimen) and its microscopic image 

are related by an operation known as convolution (Shaw, 1995). This operation is linear and 

shift invariant. Thus every point of the object can be replaced by blurred (degraded) point 

while the final image is the sum of all these blurred points. Point blurring is defined by PSF 

which significantly varies for different microscopes and their settings (Fig. 3). 

areimage, the i,jΔx,ji ,GR represent where G,R
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Figure 3: PSF in wide-field and confocal microscopes. PSFs measured in wide-field (A, B; Olympus 

Provis) and confocal (C, D; Leica TCS NT) microscopes are shown. An enormous difference in axial 

resolution (A versus C) is the reason why wide-field images often look blurred (see Fig. 4). Less blurring 

of confocal images is also documented on lateral sections (B versus D), positions of which are indicated 

by dash lines in A, C. Bars, 1 m.

PSF can be estimated with a help of small fluorescence beads (see section 4.3.2) and used 

for image restoration. Since image is convolution of the object with PSF, we have to inverse 

this operation. Unfortunately, this inverse procedure (deconvolution) is impossible to perform 

directly due to a presence of noise in any real image. Therefore several sophisticated and 

computing-intensive algorithms, based on image noise statistics and/or image "smoothness", 

have been created. 

In our laboratory, we use predominantly MLE (maximum likelihood estimation) 

algorithm running in Huygens 2 system. It enables us to sufficiently reduce out-of-focus 

signal in wide-field images after deconvolution. These deconvolved images have comparable 

lateral and axial resolution to confocal images (Shaw, 1995). The advantage of this approach 

over confocal one for quantitative studies of weakly fluorescent structures is known 

(Swedlow et al., 2002). 

In order to get even higher resolution, it is possible to deconvolve confocal images, too 

(Fig. 4). Deconvolution also increases signal to noise ratio that is typically low in confocal 
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images. In this way, we are able to localize nuclear processes more accurately as documented 

in publications by Staněk et al. (2001) and Pliss et al. (2005). However, deconvolution is only 

mathematical model of real processes and may produce artefacts in special cases, as shown by 

Malínský et al. (2002) for ring-shaped fluorescent objects of a diameter comparable to the 

microscope resolution limit.

Figure 4: Resolution limit of LM images. Newborn DNA in early S-phase HeLa cells was labeled by 

BrdU pulse. Wide-field (A, D), confocal (B, E), and deconvolved confocal (C, F) sections of 3D images 

are shown. The increasing resolution of the presented approaches is clearly visible both on lateral sections 

(A-C) and axial sections (D-F). Positions of axial sections are indicated by dash lines in lateral sections. 

Bars, 10 m.

4.4.5 Random walk

To simulate gradual increase of distance between new replication foci and earlier 

replicated ones, we applied a random walk process (see section 5.3). The random walk 

(sometimes called a drunkard's walk) is a stochastic process consisting of a sequence of 

discrete steps of fixed length L in random directions. It is often used as simplified model of 

Brownian motion or diffusion. The random walk has interesting mathematical properties that 

depend on the dimension in which the walk occurs and whether it is confined to a lattice. 

However, the averaged start to end distance after N steps is proportional L N in general. In 

our case, the random walk is restricted to the cubic lattice (= 6 random directions) with L = 30 

nm and N = 24*T, where T is time in hours (for details see sections 5.3.3 and 5.3.4). 

Simulations of random walks were performed in Matlab 6.5.
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CHAPTER 5: RESULTS

5.1 Exogenous dNTPs accelerate the speed of the replication fork in early S-phase

As mentioned in the section 2.4, the replication fork speed is not constant during S-phase 

but it is slower in early than in late S-phase. In order to address this issue, we employed the 

method of fiber fluorography (Berezney et al., 2000). We studied the changes in the 

replication fork speed in relation to the nucleoplasmatic dNTP concentration (Malínský et al., 

2001).

5.1.1 Replication speed changes during S-phase

In order to analyze replication fork speed during S-phase, HeLa cells were chased for 

time 0, 2, 4, 6 and 8 h after synchronization by double dT block at G1/S-phase border. A 

specific sequence of labeling pulses was applied to visualize the newborn DNA. First, cells 

were incubated in a medium containing CldU for 5 min, then IdU was added for the next 5 

min. DNA tracks produced by individual replication forks were observed by fluorescence 

microscopy on the spreads of lysed cells (Fig. 5). 

Figure 5: Fluorographic replication patterns. Labeling patterns of newly synthesized DNA tracks as 

visualized on a single DNA fiber are shown (green, DNA labeled for 10 min with CldU; red, 5 min IdU 

labeling). Two isolated elongating forks (arrows) and a whole track replicated by one fork with initiation 

and termination site marked with arrowheads (A) as well as two adjacent forks initiating (B) and 

terminating (C) during the labeling period are shown. Bars, 5 m.

The evaluation of different labeling patterns was based on two assumptions: 1) The 

replication process is bidirectional in mammalian cells; and 2) It is terminated exclusively at 

the meeting of the two adjacent forks (Edenberg and Huberman, 1975). Postulating this, the 
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use of two overlapping labeling pulses enabled us to distinguish between the forks elongating 

for the entire labeling period (Fig. 5 A) and those being initiated or terminated during this 

short time window (Fig. 5 B, C). In a similar way, the complete replication units (replicons) 

could also be observed. To detect the changes in the average replication fork speed at 

different periods of S-phase, only the length of the elongating tracks was taken into account. 

The use of partially overlapping pulses also enabled us to eliminate the time between the 

addition of the marker nucleoside into the medium and the start of its incorporation into DNA 

(see Fig. 2 in section 4.2.1). 

Using this approach, we estimated the average values of replication fork speed within the 

range of 0.22-0.53 μm/min (Fig. 6). It represented the fork speed of 0.59-1.37 kbp/min, if an 

extension of DNA fiber of 2.59 ± 0.24 kbp/μm measured by Jackson and Pombo (1998) was 

accepted. The minimum speed was measured at the beginning of DNA synthesis and the 

maximum one was reached after 6 h. The degree of synchrony was monitored in early and late 

S-phase by a flow cytometry and according to characteristic in situ replication pattern (Fig. 7).

Figure 6: Changes in an average replication speed during different periods of S-phase. In order to 

assess the replication fork speed, DNA segments labeled with green, but not red, fluorescence on the 

tracks produced by a single elongating fork were measured (see also Fig. 2). These segments represented

the product of 5 min of continuous DNA elongation. Units: m/min (replication speed), hours after 

passing the G1/S border (time).
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Figure 7: Degree of synchrony in studied cell populations. The results of in situ mapping of the BrdU 

incorporation (A, B) and flow cytometry analyses (C, D) are shown. The shape of flow cytometry 

histograms (cell number versus DNA content) as well as the characteristic in situ replication patterns 

testify to the high degree of synchrony in early (A, C) and late (B, D) S-phase.

5.1.2 Replication speed depends on dNTP concentration 

A biochemical study (Walters et al., 1973) reported that extremely low nucleoplasmatic 

dNTP pool in G1-phase was increased just prior to the initiation of DNA synthesis and grew 

further throughout S-phase. Along with the finding in mice embryos that the rate of DNA 

synthesis was tightly correlated with the intracellular nucleotide pool during embryonic 

development (Nordenskjold et al., 1970), we decided to explore whether the supply of 

exogenous dNTPs could accelerate the slow rate of DNA replication in early S-phase. 

As dNTPs did not pass through the cellular membrane spontaneously, we used the 

method of hypotonic shift (see section 4.1.5) to deliver them into the cells. This approach, in 

contrast to the microinjection technique, allowed us to supply the entire cell culture with a 

sufficient amount of nucleotides at once. The synchronous application of nucleotides was 

necessary in order to maintain a defined response of the whole cell culture to a short labeling 

pulse. Immediately after the application of the hypotonic shift, the DNA synthesis decreased 

to 75% of the levels in untreated cells but these changes were rapidly and fully reversible and 

did not affect cell viability (Koberna et al., 1999). 
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We found that the hypotonic treatment decreased the speed of DNA replication to 

0.17±0.01 μm/min or 0.37±0.02 μm/min in early and late S-phases, respectively. When a 

dNTP mixture was added into the applied hypotonic solution, the replication accelerated to 

0.31±0.01 μm/min in early S-phase while the in situ replication pattern remained unchanged 

(Fig. 8). On the other hand, the speed of replication in late S-phase cells was the same 

(0.37±0.01 μm/min), regardless of whether or not dNTPs were added (data not shown). The 

late S-phase in situ replication pattern remained also unchanged in cells supplied with dNTPs 

(not shown). As a standard synchronization procedure, a double dT block was used. To 

exclude the possible effect of dT on nucleotide metabolism in early S-phase, a 

synchronization with nocodazole (see section 4.1.2) was also used with the same results (data 

not shown). 

Figure 8: Effect of dNTP supply on the replication speed. Early S-phase cells and their DNA spreads 

after the loading of the hypotonic solution without (A, C) or with (B, D) the equimolar mixture of dNTPs 

are shown. The effect of exogenous dNTPs was analyzed on DNA spreads (A, B). In situ replication 

patterns, typical for early S-phase, were also visualized. As the fluorescence signals in both channels 

overlap almost completely, only the CldU channel is shown in C and D. Bars, 10 m.
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In order to confirm the fluorescence microscopy observations, radioactive labeling of the 

newly synthesized DNA was performed. The cells were synchronized by a single dT pulse 

and the total radioactivity level in the DNA precipitate was measured after labeling in early S-

phase. A radioactive label was added directly into the hypotonic solution in a concentration 

which could not significantly affect the intracellular nucleotide pool (see section 4.2.2). 

Again, the cell population loaded with additional dNTPs showed a significantly higher level 

of DNA synthesis (145%) in comparison with the control. We concluded that the presence of 

exogenous dNTPs was enough to accelerate replication speed in early S-phase. 
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5.2 DNA replication occurs within small chromatin domains uniform in size and number 

throughout S-phase.

In the previous section, we studied DNA replication on isolated DNA fibers. Here we 

analyze its in situ organization. The replication pattern consists of hundreds or even more than 

a thousand of fluorescent foci with different sizes and distributions during S-phase (O'Keefe 

et al., 1992). However, the structural difference between small and large foci cannot be 

answered at the level of light microscopic (LM) resolution. Therefore we implemented a 

sensitive approach for replication labeling at the EM level and used stereological analysis to 

interpret this labeling (Koberna et al., 2005).

5.2.1 Sites of DNA replication at EM level

In order to study the pattern of DNA replication at EM resolution, HeLa cells 

synchronized by a double dT block were pulsed for 10 min with BrdU immediately (early S-

phase), 4 h (mid S-phase), or 7 h (late S-phase) after the start of DNA synthesis and processed 

for standard post-embedding immunogold labeling. Typical results are shown in Fig. 9 A-C. 

Unfortunately, the relatively weak replication labeling did not allow us to determine the 

volume occupied by individual replication sites in a convenient way.

Therefore we used a more sensitive approach for replication labeling. Two major changes 

in conditions were adapted to enhance the sensitivity of immunogold labeling (see section 

4.3.3). First, rather than an application of BrdU for replication labeling, a hypotonic shift 

method (Koberna et al., 1999) was used to deliver biotin-dUTP (containing a more accessible 

epitope than BrdU) directly into living cells. Second, the samples were processed for 

immunogold labeling before embedding (pre-embedding) rather than after embedding (post-

embedding). This enabled immunogold labeling followed by silver intensification to occur 

through the whole volume of a fixed cell sample rather than on a single thin section surface. 

Importantly, the distribution of silver particles in pre-embedding labeling was compatible 

with that observed in post-embedding approach (Fig. 9).
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Figure 9: EM mapping of replication sites in thin HeLa cell sections. Cells were either labeled with 

BrdU (A-C: post-embedding detection), or with biotin-dUTP (D-G: pre-embedding detection). Cells were 

synchronized in early (A, D, G), mid (B, E), and late (C, F) S-phase. Individual clusters of silver particles 

were observed after 10 min of labeling (insets to D-F). Several closely spaced clusters were sometimes 

observed in mid and frequently in late S-phase (E, F, and insets). Similarly sized clusters were observed 

after 3 min labeling pulse only (G and inset). Bars, 1 m. Insets are 2x magnified. 
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The use of this pre-embedding protocol resulted in a striking enhancement in the signal 

intensity over individual replication sites. These sites consisted of clusters of many closely 

spaced silver particles (Fig. 9 D-F). While the individual clusters in early S-phase were 

generally at a distance more than 0.2 μm, that enabled their resolution as separate foci at LM 

level (Fig. 9 D, inset), this was not the case for late (or in some cases mid) S-phase pattern 

where discrete clusters were observed within a 0.1 μm distance (Fig. 9 E, F insets). These 

findings suggested that the larger foci observed in late (and mid) S-phase by fluorescence 

microscopy were composed of smaller replication domains. 

Then we decided to measure the size of individual clusters during S-phase. We found that 

average area occupied by individual clusters in early, mid and late S-phase was strikingly 

similar (4515, 4650, and 4625 nm2, respectively) as was the area frequency distribution 

(histogram) for each period of S-phase (Fig. 10 A, C). Consistent with the area measurements, 

the average size of individual clusters based on the diameter was nearly identical (110, 120 

and 110 nm) in early, mid and late S-phase, respectively, as was the corresponding frequency 

distribution  of  measured  diameters  (Fig. 10 B, D). Three  hundred  measurements  from  30 

Figure 10: Quantitative analysis of replication cluster size during S-phase. The total distribution of 

areas (A) and diameters (B) of individual clusters in early (circles), mid (triangles), and late (diamonds) 

S-phase cells is shown. The average area (C) and diameter (D) were calculated. Error bars correspond to 

standard deviation. 
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different nuclei and three separate pre-embedding experiments were performed on silver 

clusters from each of the three periods of S-phase. These data demonstrated that the size of 

the silver clusters did not change significantly during S-phase. Moreover, data were in 

accordance with similar measurements in non-synchronized cells where the average area of an 

individual cluster in non-synchronized cells was 4605 nm2.

In order to estimate whether the morphology of replication clusters depended on 

replication pulse duration, we compared the size of replication clusters labeled in early S-

phase with biotin-dUTP for 10 and 3 min (Fig. 9 D, G). The average area of replication 

clusters was strikingly similar (4550 and 4345 nm2) for 10 and 3 min labeling intervals, 

respectively. We concluded that this small difference in area size was a result of the much 

lower labeling density of silver particles following 3 min versus 10 min pulse rather than a 

real change in the size of replication clusters. 

5.2.2 Number of replication clusters during S-phase 

Using stereologic analysis (see section 4.4.1) and assuming that the average size of 

replication clusters was virtually the same throughout S-phase, we estimated the ratio of 

number of these clusters at a given S-phase period. First, we determined the ratio of relative 

nuclear volumes occupied by all clusters within an average nucleus in early, mid and late S-

phase. For the pre-embedding approach, this ratio was 1.00, 0.93 and 0.54 for early, mid and 

late S-phase cells, respectively. Importantly, data derived from BrdU labeled cells (post-

embedding approach) provided similar results: 1.00, 0.92 and 0.62, respectively. As the pre-

embedding approach enabled clear cut resolution of replication clusters (compare Fig. 9 A-G), 

only data derived from this method were used for further analysis. 

Since the nuclear volume increased during S-phase progression (Fidorra et al., 1981), the 

relative volumes occupied by replication clusters were normalized to this change. Using 

confocal microscopy, we determined the ratio of total nuclear volumes: 1.00, 1.09 and 1.28 

for early, mid and late S-phase, respectively. Next, we calculated the ratio of number of 

replication clusters as a product of the ratio of relative volumes occupied by them and the 

ratio of total nuclear volumes. Obtained values were 1.00, 1.01 and 0.79 for early, mid and 
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late S-phase cells, respectively. Our analysis therefore indicated that the number of 

replication clusters was approximately constant during early and mid S-phase, with a decrease 

of about 20% during late S-phase. 

5.2.3 Early S-phase replication sites persist through the cell cycle 

Studies at the LM level have demonstrated that the replication foci labeled in early S-

phase are maintained as identically-looking labeled foci throughout the S-phase and into 

subsequent cell generations (Jackson and Pombo, 1998). These findings contribute to the 

current view that the early S-phase foci represent fundamental units of higher order chromatin 

organization (Jackson and Pombo, 1998; Berezney, 2002). If the silver clusters visualized in 

our EM analysis correspond to these early S-phase replication foci, they will also persist as 

similar clusters in subsequent cell generations. To address this issue, HeLa cells synchronized 

in early S-phase were pulse-labeled for 10 min with biotin-dUTP and chased for 4 h into a 

later stage of S-phase or for 18 h into the G1-phase of the next cell generation. In both cases, 

clusters of silver particles were observed scattered throughout the nucleus in distribution and 

size very similar to corresponding silver clusters observed during early S-phase (compare Fig. 

11 and Fig. 9 D). 

Figure 11: EM mapping of chromatin domains previously labeled in early S-phase. Cells were 

synchronized in early S-phase, labeled for 10 min with biotin-dUTP and chased for 4 h (A) or 18 h (B). 

Clusters of silver particles after both chases were similar to the clusters observed in early S-phase (Fig. 9 

D). Bar, 500 nm.
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5.3 Dynamics of replication foci in early S-phase can be simulated by random walk 

model

In the previous section, we described the individual replicated chromatin domains at the 

ultrastructural level. In this section, we study the global re-distribution of these domains in 

LM resolution. We are going to focus on the dynamics of replication foci in early S-phase 

when foci of a similar size are almost uniformly distributed inside the nucleoplasm (Mašata et

al., 2005). 

5.3.1 Colocalization analysis of replication foci dynamics

In order to analyze the dynamics of replication foci, two short temporal segments of 

replicating genome were labeled. HeLa cells were labeled by dig-dUTP pulse for about 15 

min (see section 4.2.2), chased in medium for 0, 30, 60, 90, 120, 180, or 240 min, labeled by 

BrdU for another 15 min and immediately fixed (see section 4.3.1). In all experiments, 

unsynchronized cell populations were used to avoid any possible effect of the synchronization 

procedure on replication timing. The identification of early S-phase cell nuclei (during dig-

dUTP pulse) just according to their characteristic replication patterns was sufficient to achieve 

the needed degree of synchrony of the cells chosen for analysis. Only nuclei with dig-dUTP 

signal corresponding to well distinguished early S-phase replication patterns were selected for 

further analysis. All chosen cells had the pattern consisting of numerous replication foci 

similar in size and intensity (O'Keefe et al., 1992). We avoided the cells with lower number of 

foci (corresponding to the very onset of S-phase) and cells showing the first steps of early-to-

mid S-phase transition (after about 3 h from the S-phase onset). The second replication signal 

(BrdU pulse) continuously changed from early to mid S-phase replication pattern with the 

prolonged chase (Fig. 12).

The mutual localization of the two fluorescence signal distributions was evaluated using 

CCF analysis (see section 4.4.2) and confirmed by 2D histograms (see section 4.4.3) of pixel 

fluorescence intensities. In wide-field imaging, all the CCF curves showed broad positive 

peaks reporting partial positive correlation between the two fluorescence channels (data not 
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Figure 12: Slow changes in the distribution of replication foci in early S-phase. Fluorescence images, 

CCF graphs and 2D histograms of pixel intensities are presented. Dual labeling of newborn DNA was 

performed with a prolonged chase between the two consecutive pulses of dig-dUTP (red) and BrdU 

(green). The chase durations (in minutes) are indicated in merged images (yellow numbers). Wide-field 

images (A) or individual confocal sections (B) were analyzed. In all cases, one selected cell nucleus used 

for analysis is shown. In each CCF graph, mean values from 5 cell nuclei (black curve) and the main-

root-square errors (gray lines) are drawn. Values on the ordinate are the Pearson’s correlation coefficients 

determined for each pixel shift plotted on the abscissa. In 2D histograms, the color lines depict the 
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background levels used during the CCF computation for red and green fluorescence channels (see section 

4.4.2). Note that just the pixels of both fluorescence intensities below the red and green threshold values 

(yellow box) were excluded from the CCF computation. Bar, 10 m.

shown). The effect of replication foci redistribution on the CCF shape was limited to a 

gradual decrease and broadening of the CCF peak with the prolonged chase. Significant 

positive correlation was still visible after 4 h long chase (Fig. 12 A). In 2D fluorescence 

intensity histograms, the signal corresponding to the changes in foci distribution was confined 

to the upper right part of the diagram, defined by the red and green threshold lines (compare 

plots in Fig. 12 A, 0 and 240 min). The total absence of only red and only green pixels in the 

diagrams testified to the presence of blur in wide-field images. A halo seen outside the 

nucleus (pixels falling into the large yellow boxes in the diagrams) supported this explanation. 

On individual confocal sections, in which the image blur was largely reduced, the 

changes in replication foci distribution were clearly visible, both in CCF graphs and 2D 

intensity histograms (Fig. 12 B). That was why confocal, not wide-field, imaging was chosen 

for further analysis. In the case of simultaneous double labeling, a high, narrow and highly 

reproducible CCF peak was observed (Fig. 12 B, 0 min; note the gray lines depicting the 

mean-root-square error). The CCF maximum value of 0.78 pointed to a high degree of 

positive correlation (colocalization) of the two replication signals. Gradual decrease of the 

CCF maximum, indicating the decrease of colocalization, and broadening of the CCF peak 

with a prolonged chase could be easily followed up to 120 min chase. Then a CCF peak 

transition from maximum to minimum, corresponding to the transition from colocalization to 

repulsion of fluorescence signals (see section 4.4.2), was observed (Fig. 12 B, 120-240 min). 

In contrast to the wide-field imaging, the significant repulsion of red and green signals was 

apparent from the CCF shape around the zero shift value (x = 0) after 4 h long chase. This 

agreed well with the merged confocal fluorescence images, in which only red or green objects 

were observed. Similarly, decreasing degree of colocalization between two replication signals 

could be read out from 2D intensity histograms in Fig. 12 B. At the beginning, the pixels were 

predominantly distributed along the diagonal, corresponding to the simultaneous red and 

green labeling. Then the pixel distribution split and propagated towards the axes, indicating 

the predominant labeling in red or in green fluorescence channel only.
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5.3.2 Influence of scanning parameters on the CCF shape

Although the CCF analysis of confocal images reflected well the changes in the foci 

distribution, the full linear correlation of the two fluorescence channels was not reached even 

in the case of simultaneous dual labeling of replication foci (Fig. 12 B, 0 min). This imperfect 

colocalization could be in general caused by biochemical factors within a specimen, such as 

different rate of incorporation of modified nucleosides and nucleotides or different binding 

efficiency of primary/secondary antibodies used for their visualization, or by the image 

deterioration during the acquisition. We tried to assess the behavior of the CCF with respect 

to the latter factor, in particular to the signal-to-noise (S/N) ratio and lateral sampling (pixel 

size) of the image. The influence of other scanning parameters, such as scanning speed, laser 

intensity, gain etc., leading to the different levels of irreversible photobleaching in the 

specimen caused by the image scanning itself, was minimized during the microscope setup 

and thus not addressed.

In order to detect the effect of noise on the CCF shape, different scan averaging (from 1 

to 8 scans/image) was applied during the acquisition of the same cell nucleus. As the level of 

photobleaching during scans was negligible, this approach resulted in a series of images 

differing only in the time interval, during which the fluorescence was collected, and thus in 

S/N ratio (Fig. 13 A). We used the specimen, in which the two labeling pulses were 

simultaneously applied. The height of a CCF maximum gradually increased with the number 

of scans (increased S/N ratio) but this effect diminished with the higher number of scans -

compare differences between the CCF curves corresponding to images of 1-2 and 4-8 

averaged scans  (Fig. 13 B). 

Next, we tested the influence of different lateral sampling density on the two extreme 

CCF shapes corresponding to positive and negative correlation between two replication 

signals. The nuclei with 0 or 240 min chase between the replication signals were scanned 

using different zoom levels corresponding to the pixel size of 49, 65, 98 and 195 nm, 

respectively. No significant effect of the different sampling on the CCF shape, including the 

CCF width, the CCF peak height and orientation, was found (data not shown). The CCF 

analysis was, to a high extent, insensitive to the lateral sampling. 
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Figure 13: Influence of the image noise on the CCF shape. A single confocal section was acquired 

using four different levels of S/N ratio. This was achieved by the averaging of 1, 2, 4 and 8 image scans, 

respectively. The extreme S/N levels corresponding to 1 (low) and 8 (high) averaged scans are shown 

(A). The higher S/N ratio was present in the image, the higher CCF peak was detected (B). Curves 

corresponding to 1 (lower peak) and 8 (higher) averaged scans are highlighted (black).

As 4 scans were averaged during the previous analysis of foci re-distribution (Fig. 12 B), 

we concluded that neither the effect of image deterioration by the noise, nor the lateral image 

sampling were responsible for the loss in the CCF peak height in our case.

5.3.3 Generation of model images

In order to test whether the initiation of the new replication foci is random in space or 

whether it is spatially related to the position of foci initiated earlier, we generated two 

different sets of model images simulating replication foci dynamics. All model images were 

created in Matlab 6.5.

At first, model images were defined as 3D data sets of 300x200x19 volume elements 

(voxels) with a spatial resolution of 60x60x60 nm3/voxel. This size and sampling of the 

model images were chosen according to the parameters of the real data sets. To simulate the 

real spatial density of the replication foci, each 3D model image contained 3000 randomly 

distributed red pixels representing the centers of foci detected during the first labeling pulse. 

The green pixel population, corresponding to the locations of foci detected during the second 

labeling period, was generated on the basis of red pixel positions as follows: 
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I) In the case of random firing, positions of red pixels were copied to the green channel. 

Then selected proportion of green pixels was replaced by the same number of pixels placed 

randomly in space with a minimal distance of 2 pixels (or 120 nm) from the nearest red pixel. 

This condition should assure that any replication unit was not replicated twice during two 

pulses.

II) In the model simulating the dependence of new foci locations on the previous ones, 

the position of each green pixel was calculated as a result of random walk (see section 4.4.5) 

starting in one of the red pixels and running for a selected number of steps. We deliberately 

chose the size of random walk step as 30 nm, corresponding to the proposed thickness of a 

chromatin fiber (see section 2.2). It is worth to be mentioned that the results of modeling are 

not sensitive to this parameter in a wide range up to double of the selected step size, if the 

number of steps is varied accordingly, too. The random walk model was further constrained 

by the condition “not replicate twice during pulses”, as in the case of previous model. 

In both cases, the simulated distributions of replication centers were convolved with 

confocal 3D image of a TetraSpeck 200 nm bead with the same scanning parameters as real 

images (see section 4.3.2). Total intensities of beads were not identical for all replication 

centers but they were set to look similarly as intensities in real replication foci (compare Fig. 

14 A, B). Middle layer of the resulting (convolved) 3D stack was taken as a representative 

model of an individual confocal section (Fig. 14 B). 

Figure 14: Comparison of real and model replication foci. Confocal section of real replication foci 

distribution (A) versus middle layer of simulated foci distribution (B) are shown. Bar, 5 m.

The characteristic parameter of model I - proportion of randomly dispersed foci in the 

distribution at a given time - was set to fit to the experimental data (CCF value at x = 0). The 

model II parameter - the number of random walk steps per hour - was in principle directly 
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proportional to the elapsed time (chase duration) and we fitted the CCF at x = 0 of a model 

image corresponding to the long (2 h) chase to the experimental data. The other step numbers 

were derived as fractions/multiples of this value. 

5.3.4 Comparison of model images with real ones

Using the CCF analysis, we tried to decide which of two models fit better the real data 

presented in Fig. 12 and summarized in Fig. 15 A. First, fully overlapping sets of red and 

green fluorescent foci corresponding to the simultaneous double-labeling experiment (models 

of Fig. 12 B, 0 min) were analyzed. A high degree of the two fluorescence channel 

colocalization (peak maximum above 0.8) was observed. The CCF shape was extremely 

stable (compare the shapes of the upper black curves in Fig. 15 B, C) and simulated well the 

real situation. The only difference could be found: The model CCF peaks were notably 

narrower than that in Fig. 15 A. 

Figure 15: Two models of replication foci redistribution in early S-phase. CCF curves resulting from 

the analysis in Fig. 12 B, corresponding to the chase durations of 0, 30, 60, 90, 120, 180, and 240 min are 

plotted together (A; the height of the CCF peak continuously decreases with the prolonged chase). The 

curves corresponding to the chases 0 (highest) and 120 min (lower) are highlighted (black). Two sets of 

model images simulating the changes in early S-phase replication pattern by random firing (B) and 

random walk (C) are also shown (see the text for further description). As in the case of the real data, the 

mean values from 5 model images are plotted. The presence of small peaks aside the central minimum is 

indicated in A and C (arrowheads).
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As the number of de-localized (completed and newly initiated) foci increased, the CCF of 

the model images dealing with random firing (Fig. 15 B) changed continuously from this high 

peak through weaker and weaker correlation to significant repulsion for curves representing 

more than 75% of new, randomly de-localized, foci. No significant change in the width (the 

full width in a half maximum, FWHM) of CCF curves was detected (see also Fig. 16). The 

selected curves presented in Fig. 15 B correspond to the model distributions of 0, 25, 40, 50, 

60, 78, and 85% of newly initiated foci, which best fit the original data shown in Fig. 15 A. 

Figure 16: Quantitative comparison of the two models with the real image data. Relative widths of 

CCF peaks resulting from the analysis of real replication foci distributions (black) and the model 

distributions (random firing - white, random walk - gray) are compared. FWHM values corresponding to 

the curves presented in Fig. 15 were measured. In all cases, the FWHM in 120 min chase (lower black 

curves in Fig. 15) was set to 100%, so that the relative peak width changes became visible.

In contrast to random firing model, in which the percentage of de-localized foci was fitted 

to real data separately for each curve, one de-localization speed of 24 random walk steps (30 

nm long) per hour was enough to simulate well all the peak heights measured for 0, 30, 60, 

90, 120, 180, and 240 min long chases between the labeling pulses in Fig. 15 A. In addition, 

the CCF peaks were not only reduced but also continuously broadened with the prolonged 

chase as those of their real counterparts (compare the widths of two black curves in Fig. 15 C 

and A). This is well illustrated in Fig. 16 where relative FWHM of real and model images is 

compared. In CCF curves modeling the two longest chases (of 180 and 240 min), two low 

maxima were generated aside the central negative peak. FWHM of these curves was not well 

defined and thus not measured. However, a similar tendency could be found in the real data 

set for 180 min long chase (arrowheads in Fig. 15 A, C).
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We concluded that the random walk model (II), but not the random firing model (I), 

simulated well the real data for the time window up to 180 min. Both models, nevertheless, 

produced significantly narrower CCF peaks than the real replication patterns. 
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5.4 Replication-coupled modulation of early replicating chromatin domains

In this section, we describe cold-dependent epitope detection by commercially available 

anti-actin monoclonal antibody. The nuclear localization of this epitope resembles the 

replication pattern studied in the previous section. In order to find out whether its mapping 

colocalized with replicated chromatin domains, CCF analysis was used again (Fidlerová et al., 

2005). 

5.4.1 Monoclonal anti-actin antibody shows replication-like pattern in S-phase nuclei

A mouse monoclonal anti-actin antibody (clone AC-40, Sigma-Aldrich, A4700) was used 

for immunofluorescence detection of actin in LEP cells that were routinely fixed with 

methanol (see section 4.3.1). This antibody recognizes an epitope located on the C-terminal 

end of actin that is conserved in all actin isoforms (A4700 data sheet, Sigma-Aldrich). 

Surprisingly, different results were obtained for two commonly used regimes of primary 

antibody incubation: a RT regime (1 h at room temperature) and a cold regime (overnight at 

+4˚C). While incubation of fixed cells with anti-actin antibody for 1 h at RT resulted in a 

typical cytoplasmic labeling with no significant fluorescence signal in the nuclear region of 

interphase cells, or over mitotic chromosomes, an incubation of anti-actin overnight at +4˚C 

yielded, in addition, a bright immunofluorescence labeling of nuclei of some interphase cells 

and chromosomes of all mitotic cells (data not shown but see Fig. 17). The 

nuclear/chromosomal epitope which was recognized by anti-actin at +4˚C and the detection of 

which was cold-dependent is hereafter referred to as ‘‘epiC.’’ To avoid a possibility of 

fixation artifacts, cells were also fixed with 2% formaldehyde for 10 min at RT followed by 

methanol for 15 min at -20˚C. However, cells exhibited similar immunolabeling of nuclear 

epiC as did the cells fixed only with cold methanol.

Why was the cold detection regime necessary for epiC labeling? Low temperature 

incubations are commonly used to protect antigens from possible degradation events, which 

occur at faster rates at RT. The possibility that epiC was degraded by the incubation at RT 

could be ruled out since incubation of methanol-fixed cells at RT did not affect the subsequent 
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binding of anti-actin to epiC at +4˚C (Fig. 17). We further showed that cold-dependent epiC 

labbeling was fully reversible. In brief, repeated cycles of incubating fixed cells in +4˚C and 

RT resulted in positive nuclear and chromosomal labeling in +4˚C while negative epiC 

nuclear and chromosomal labeling was always observed at RT (Fidlerová et al., 2005). 

Figure 17: Cold-dependent epiC labeling. Methanol-fixed LEP cells were incubated with anti-actin 

antibodies for 1 h at RT followed by incubation with Cy3-conjugated goat anti-mouse antibodies (red; A). 

After several washes, the cells were incubated again with the same anti-actin antibodies overnight at 

+4°C, followed by the incubation with FITC-conjugated goat anti-mouse antibodies (green; B). Merging 

of the two channels is shown in (C). Bar, 50 m.

We also tested behavior of this anti-actin antibody on Western blots (see section 4.1.4). 

Only a single band corresponding to the electrophoretic mobility of an actin standard protein 

was recognized by anti-actin antibody on immunoblots of both whole cells and isolated cell 

nuclei (Fidlerová et al., 2005). Importantly, it was independent on incubation regimes. Thus 

immunoblotting results demonstrated that anti-actin specificity in vitro was not changed by 

the cold detection conditions. However, the results did not exclude but also did not prove the 

possibility that nuclear actin was detected by chromatin epiC positivity in situ.

In order to explain why only some interphase nuclei exhibited epiC labeling, we 

performed experiments with synchronized cells (see section 4.1.2). We found that epiC 

imunnofluorescence appeared in early S-phase and further accumulated during S-phase. It 

continued to be visible in following G2-phase and mitosis and gradually disappeared in early 

G1-phase (Fidlerová et al., 2005). This distinct behavior and the fact that epiC labeling 
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resembled replication pattern led us to study possible epiC colocalization with replicated 

chromatin domains in detail.  

5.4.2 Colocalization analysis of epiC and replicated chromatin domains

First, mutual position of epiC labeling was investigated with respect to PCNA 

localization. Anti-PCNA detected foci are widely regarded as markers depicting the sites of 

ongoing DNA replication (Somanathan et al., 2001; Sporbert et al., 2002). Characteristic 

nuclear patterns of PCNA labeling also enable the determination of the early, mid, and late S-

phase time points (Somanathan et al., 2001). The cross-correlation analysis of epiC and 

PCNA labeling (Fig. 18) resulted in only a weak positive correlation between the fluorescence 

signals in early S-phase nuclei (Fig. 18 A, B), and even a negative correlation in mid and late 

S-phase nuclei (Fig. 18 C, D). 

Since PCNA labeled active sites of DNA replication and was released from replicated 

DNA following replication (Sporbert et al., 2002), we decided to study colocalization of epiC 

labeling with earlier replicated chromatin domains. For this purpose, biotin-dUTP was 

introduced into living cells by means of a hypotonic shift (see section 4.2.2). Biotin-dUTP is 

rapidly utilized within 15 min (Koberna, unpublished results) assuring the labeling of a 

discrete subset of replication domains. In contrast to PCNA labeling, the incorporated biotin-

dUTP remained in replicated DNA and was detected later as distinct higher order chromatin 

domains that were maintained throughout the cell cycle (see section 5.2.3). 

Similary to the PCNA findings, the distribution of biotin-dUTP and epiC labeling after a 

10- or 20-min chase exhibited a only weak positive correlation in early S-phase nuclei and 

even a negative correlation in late S-phase nuclei (data not shown). When, however, the chase 

was increased to 1 or up to 4.5 h, a strong positive correlation was found between the 

distribution of biotinylated DNA labeled during early S-phase and epiC labeling (Fig. 19 A, 

B). In contrast, no significant overlap (and thus repulsion) was detected between late S-phase 

labeled chromatin and epiC over chase periods ranging from 1 to 4.5 h (Fig. 19 C, D). 
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Figure 18: CCF analysis of epiC and anti-PCNA immunofluorescence during S-phase. The S-phase 

LEP cells were identified by the characteristic fluorescence patterns of the PCNA labeling. (A, B) early; 

(C) mid; (D) late S-phase of unsynchronized cells. CCF (right column) was used to measure the overlap 

of PCNA (images in the right gray column; in red in the merged color images) and epiC (images in the 

left gray column; in green in the merged color images) fluorescence signal in 2D confocal images (see 

section 4.3.1). Only the nuclear area is shown, in which the CCF is calculated. Bar, 10 m.
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Figure 19: Colocalization of epiC labeling with DNA replicated in early S-phase. Unsynchronized 

LEP cells were labeled with biotin-dUTP. After a 2h chase, the cells were fixed with methanol and 

processed for immuno-fluorescence with anti-actin and anti-biotin antibodies (see section 4.3.1). 

Characteristic fluorescence patterns of biotin-dUTP pulse labeling enabled the identification of early (A, 

B), mid (C), and late (D) S-phase time points of the previously replicated DNA. CCF (right column) was 

used to measure an overlap of red (biotin-dUTP, right gray column) and green (epiC, left gray column) 

fluorescence signal in 2D confocal images. Only the nuclear area is shown, in which the cross-correlation 

function is calculated. Bar, 10 m.
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CHAPTER 6: DISCUSSION

Our results concerning DNA replication in human cell nucleus are discussed in this 

section. In order to expand our knowledge about organization of DNA replication, we applied 

various approaches, such as fluorescence detection of newborn DNA on the stretched DNA 

fibers, ultrastructural mappings of individual replication domains, fluorescence analysis of 

replication foci re-distribution in early S-phase, as well as cold-dependent immunodetection

of replication-coupled chromatin modulation. Advanced mathematical methods of image 

analysis were used to evaluate obtained data. In the last section of this chapter, our current 

project about the replication of specific DNA sequences is presented.

6.1 dNTP pool: Rate-limiting factor for DNA replication

Using fiber fluorography, we have found that the replication speed increases by two to 

three times from early to late S-phase. The high spatial resolution of this method, in 

comparison to autoradiography, enables an accurate analysis of replication patterns even after 

a sequence of short labeling pulses. Thus our results complement and expand previously 

published autoradiographic results of Housman and Huberman (1975). 

We have further shown that the addition of dNTPs accelerates the replication process in 

the early but not in the late S-phase cells. However, the possibility cannot be excluded that the 

extension of replication tracks after the nucleotide addition during early S-phase may also 

indicate a premature activation of late replicating DNA sequences, which are known to be 

replicated more rapidly. Since the essays were not sequence-specific, the late-replicating 

DNA sequences could not be distinguished in fiber fluorograms. Though we cannot rule out 

this possibility, we consider it unlikely. The cells in the early and late S-phases are easily 

identified on the basis of their characteristic in situ replication patterns (O’Keefe et al., 1992). 

Since the in situ replication pattern after the stimulation with additional nucleotides is fully 

compatible with that of the untreated early S-phase cells, we conclude that mainly early-

replicating sequences have been detected. These data, together with the results of Walters et 

al. (1973), who reported low dNTP concentration in the early S-phase cells and its increase 
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through the S-phase propagation, point to the effect of dNTP supply on the increased 

replication speed of early replicating DNA sequences.

It is tempting to speculate that the onset of replication occurs prior to the necessary 

amount of nucleotides is available for DNA synthesis and thus active gene sequences, 

enriched in euchromatin, are replicated slowly. The question can be raised as to whether this 

indicates a deeper developmental reason - a selective advantage of those cells which conserve 

this most important part of the genetic information carefully with a better chance of repairing 

possible errors. Anyway, we have shown that the nucleoplasmatic dNTP concentration is the 

rate-limiting factor for the speed of replication fork movement.

6.2 Replication pattern reflects the chromatin structure

Fluorescence microscopy and computer image analysis have led to current model in 

which replication foci in early S-phase represent basic functional domains of interphase 

chromatin with additional assumption that such domains are also the basic units of replication 

in the later stages of S-phase (Jackson and Pombo, 1998; Ma et al., 1998; Zink et al., 1999). 

In this sense, the larger foci in mid and late S-phase can be interpreted as being composed of 

smaller replication domains. Since the larger foci correspond to replicating heterochromatic 

regions that are highly compacted, we need EM resolution to evaluate this assumption. A 

number of previous EM studies using colloidal gold labeling have shown that the replication 

sites are identified by clusters of gold particles that correspond to replication foci during S-

phase (Mazzotti et al., 1990; Raška et al., 1991; Rizzoli et al., 1992). However, the relatively 

weak labeling did not allow to accurately assign individual gold particles to higher order 

clusters (see also Fig. 9 A - C).

In order to circumvent these technical difficulties, we employed a more convenient silver 

intensification approach in which ultrasmall gold particles were used (see section 4.3.3). It has 

enabled us to show that large foci in (mid and) late S-phase correspond to closely associated 

domains identified through the presence of discrete clusters of many silver particles with 

similar diameters as individual clusters in early S-phase (Fig. 9, 10). These findings provide 

the direct evidence for the assumption of above mentioned LM model that larger foci are 

composed of basic functional units of interphase chromatin. 
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Stereologic analysis of labeled EM sections further demonstrates that the number of 

replication clusters in early and mid S-phase is kept constant, with a decrease of 20% in late 

S-phase. Since there is about 1000 replication foci (clusters) in early S-phase of HeLa cell 

nuclei (our unpublished confocal measurements), S-phase lasts about 8 h and the number of 

clusters is nearly constant throughout S-phase, we can confirm previous estimation that basic 

functional chromatin domains contain about 1 Mbp of DNA (Ma et al., 1998). 

In summary, we have shown that DNA replication occurs within small chromatin 

domains almost uniform in size and number during S-phase, and these replication units persist 

as nuclear domains through the whole cell cycle.

6.3 Image parameters influence the results of CCF analysis

In order to study the replication foci dynamics, the approach based on the CCF analysis 

describing changes in the replication foci distribution was presented. Instead of individual foci 

tracing, the linear correlation of the whole distributions consisting of about 1000 foci in each 

fluorescence channel was analyzed during early S-phase. 

From the comparison of wide-field and confocal images (Fig. 12 A, B) it is clear that the 

shape of the CCF curve strongly depends on the imaging properties of the microscope. Van 

Steensel et al. (1996) have shown that pattern consisting of colocalizing fluorescent objects 

uniform in size should yield the CCF peak of a FWHM comparable with the object diameter. 

However, only FWHM of our confocal images is comparable with the diameter of foci. In 

wide-field images, broad CCF peaks reflect the similar (=nuclear) position of the blur in 

either of fluorescence channels, rather than the position of foci in early S-phase. The time 

changes in the foci distribution are shaded with the “omnipresent” out-of-focus fluorescence 

in the nucleus, caused by the low axial resolution of a conventional (wide-field) microscope. 

The blurred part of the fluorescence signal, in general, leads to the overestimation of 

colocalization events within the wide-field images, both in CCF analysis and 2D intensity 

histograms (compare the maximal CCF values in the case of the simultaneous labeling in Fig. 

12 A, B). 
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The CCFs resulting from the analysis of confocal images reflect well the changes in the 

foci distribution (Fig. 12 B). Nevertheless, the CCF peak maximum does not reach the 

theoretical value for perfect linear correlation (1.0) even in the case of simultaneous dual 

labeling. As shown in Fig. 13, this effect can not be ascribed just to the image noise. Two 

other possible reasons for CCF peak decrease are mentioned here. First, due to chromatic 

aberration of the objective, even two images of latex bead acquired in two different 

wavelengths are not identical. Second, the variance of an intensity ratio of red and green 

signals in individual foci, resulting from variable nucleoside and nucleotide incorporation and 

detection, contributes to nonlinear correlation between both channel at the level of the whole 

image. 

Despite the latex bead of an appropriate size (200 nm) was chosen as a model of a 

replication focus (Berezney et al. 2000, Koberna et al., 2005), all the model images resulted in 

CCF peaks significantly narrower than those of the real data (compare Fig. 15 A with B, C). 

One of the possible reasons is the (a priori) homogeneity of the model focal patterns - all the 

model foci are exactly of the same shape and orientation what, of course, is not assured in the 

case of real replication patterns. However, other effects like the unspecific antibody binding 

cannot be excluded. For instance, a weak binding of anti-BrdU antibodies to thymidine is 

reported (Vanderlaan and Thomas, 1985), and the background labeling of secondary 

antibodies is a well-known phenomenon.

In short, we have demonstrated that CCF analysis is a powerful tool to study distribution 

of fluorescence signals. However, several parameters such as S/N ratio and blurring during 

image acquisition, and specificity of antibody detection must be carefully monitored since this

method is highly sensitive to image quality.

6.4 Random walk model simulates well the dynamics of replication foci in early S-phase

We modeled the dynamics of replication foci distribution using either (I) the mixture of 

fully overlapping and randomly de-localized pairs of red and green foci or (II) red-green twins 

(randomly oriented in space) of a given main distance. As shown in Fig. 15, the difference 

between model distributions I and II can be visualized using CCF. Both types of model 
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images are able to emulate the gradual attenuation and depolarization of the CCF peak with 

the prolonged chase. However, only in the case of random walk model (II), this effect is 

accompanied by continuous broadening of the CCF curve, observed also in the real data set 

analysis. In other words, the analysis of CCF shape yields the conclusion there is a strong 

preference of red-green twins in the dual-labeled early S-phase replication patterns. This 

preference for the adjacent foci initiation in the early S-phase HeLa cell nuclei can be 

followed up to 3 h long chase. Then, the real data diverge from the random walk model. This 

can be ascribed to the fact that at the beginning of mid S-phase, the replication of specifically 

distributed large heterochromatin clusters is started. Indeed, none of our models simulate the 

formation of larger foci, composed of individual replication domains, after the prolonged 

chase. Regardless of this divergence, our results provide a strong support to the previously 

published data reporting the firing of new foci in the vicinity of the just finished ones 

(Manders et al., 1992; Jackson and Pombo, 1998; Sporbert et al., 2002).

Based on our random walk model, we can estimate the average distance between 

corresponding replication foci in early S-phase in relation to the chase duration. In the case of 

non-constrained random walk (see section 4.4.5), the theoretical main distance is proportional 

to the product of a step size (30 nm) and a square root of the number of steps (24 per hour). 

We constrained the accepted random walk results in such way that the re-duplication of any 

DNA segment labeled during two pulses was excluded. This additional condition, of course, 

increases slightly the main distance between the red-green twins in our model. However, the 

average distance between corresponding foci after 60 min chase is still less than a half of the 

value of 0.5 m reported by Manders et al. (1996). In addition, our model of the foci 

dynamics in the early S-phase postulates that this distance is proportional to the square root of 

chase time for up to 180 min.

In contrast to the previous studies (Manders et al., 1992; Jackson and Pombo, 1998; 

Sporbert et al., 2002), our approach enables to analyze the whole population of the replication 

foci in a cell. This implies the high statistical relevance of our conclusions. For fundamental 

reasons, the presented analysis is also free of any artifacts caused by improper identification 

of red-green pairs in dual labeled images, resulting either from in vivo tracking of individual 

foci in time or from dual-labeled image evaluation in pulse-chase-pulse experiments.
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We have thus shown that new replication foci emerge in close proximity to finished ones 

during early S-phase and their 3D re-distribution can be simulated by random walk process.

6.5 Epigenetic model of replication-coupled modulation of chromatin domains

Using dual labeling experiments, we have demonstrated that during S-phase, epiC, 

nuclear epitope defined by a cold-dependent anti-actin detection, colocalizes with chromatin 

domains previously replicated during early S-phase. It means with chromatin domains 

representing mainly euchromatic regions of the genome (Dimitrova and Berezney, 2002 and 

references therein). In contrast, epiC does not colocalize with DNA replicated during late S-

phase, i. e. with chromatin domains representing mainly heterochromatin. The level of 

colocalization of epiC with early replicated chromatin domains is greatly enhanced after 1 h 

or longer chase periods (Fig. 19 A, B) in comparison to colocalization with PCNA, that 

identifies sites active in replication (Fig. 18 A, B). This has led us to propose an epigenetic 

model of replication-coupled modulation of chromatin domains. This modulation is initiated 

during DNA replication in early S-phase and persists on the chromatin domains until early 

G1-phase of the next cell cycle. This model is in agreement with gradual chromatin assembly 

on newly replicated DNA (Ridgway and Almouzni, 2001)

In contrast to late S-phase, there is little direct evidence for early S-phase specific 

chromatin assembly activities (McNairn and Gilbert, 2003). The long-suspected correlation 

between gene activity and replication in early S-phase in higher eukaryotes (Goldman et al., 

1984) has been demonstrated at the genome scale (Schubeler et al., 2002). Moreover, Zhang 

et al. (2002) have shown that exogenous genes, microinjected into early or late S-phase rat 

cell nuclei, are assembled into transcriptionally active or transcriptionally inactive (silenced) 

chromatin, respectively. Once established, this expression state is maintained after cell 

division. This suggests that the establishment of epigenetically inherited transcriptional 

competence is acquired during S-phase and is dependent on replication timing but not

necessarily on the DNA sequence (Zhang et al., 2002). 
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Previous studies have reported that actively replicating chromatin domains in early S-

phase are not simultaneously active in transcription despite the fact that these regions of the 

genome are highly enriched in actively transcribed genes (Wansink et al., 1994; Wei et al., 

1998). It has been proposed that there is a global switching mechanism in the cell nucleus for 

the spatio-temporal regulation and coordination of replication and transcription of early 

replicated chromatin domains. In this model, chromatin domains are reprogrammed for active 

gene transcription following completion of replication during early S-phase (Wei et al., 1998; 

Berezney, 2002). Therefore we suggest that the proposed epigenetic modulation of early 

replicated chromatin, as detected by epiC positivity, may be a part of the mechanism for the 

global reprogramming of chromatin to a transcriptionally competent state. 

The cell cycle window, as defined by epiC labeling in this study, begins at early S-phase, 

in which a precise spatio-temporal organized replication takes place in the cell nucleus 

(Berezney, 2002; Dimitrova and Berezney, 2002). After passage through mitosis, this window 

ends in early G1-phase, during which the temporal order of genome replication for the next S-

phase and the spatial nuclear organization of the genome (chromosome re-positioning) are 

both re-set (Dimitrova and Gilbert, 1999). Such a scenario further suggests a possible 

involvement of epiC labeled chromatin modulation in transmitting and/or maintaining the 

epigenetic information on the transcriptionally competent parts of the genome. 

In summary, we have demonstrated that chromatin domains replicated in early S-phase 

begin highly colocalize with epiC labeling about 1 h after their replication and they continue 

to colocalize until early G1-phase, when epiC labeling disappears. Since epiC does not 

cololocalize with chromatin domains replicated in late S-phase at any part of cell cycle, we 

speculate about the role of macromolecule(s) bearing epiC in the organization of DNA 

replication.

6.6 Further prospect: Ribosomal genes represent a model to study the replication of 

specific DNA sequences

So far we have discussed the replication of chromatin domains in general. In this last 

section, we describe our current approach to study localization of replication origins and 
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replication timing within specific DNA sequences. As model sequences, human ribosomal 

genes were chosen. 

Why ribosomal genes? Approximately 400 copies of ribosomal genes (rDNA) are present 

in the human diploid genome on five pairs of acrocentric chromosomes (13, 14, 15, 21 and 

22). They are placed on short arms of these chromosomes as head to tail tandem repeats (Bush 

and Smetana, 1970; Hadjiolov, 1985). Each repeat includes a 13 kbp long transcribed region 

and about a 30 kbp long intergenic spacer. There is a high homogeneity among regulatory and 

coding regions of rDNA repeats on all chromosomes with less homogeneity in intergenic 

spacer (Gonzalez and Sylvester, 2001). This high number of ribosomal repeats and their 

sequence similarities create a good model to study dynamics and organization of DNA 

replication. 

Replication origins within human ribosomal genes have been mapped in several studies. 

However, the origins are identified within broad regions (5 kbp long and more) with partially 

controversial positioning (Scott et al., 1997 and citations therein). The main drawback of 

these studies is that the possible origins are identified on the basis of averaged results 

obtained from thousands of cells at once. In contrast to this approach, we decided to develop a 

method to map origins within individual ribosomal genes during S-phase. This approach 

involves three consecutive steps:

 Cells are synchronized and DNA replication is marked by incorporation of modified 

deoxynucleosides in various parts of S-phase. 

 Whole genomic DNA is isolated from cells and rDNA repeats are separated from the bulk 

of DNA.

 rDNA fragments, generated by the use of the specific restriction enzyme, are stretched on 

coverslips and origins are identified by means of in situ hybridization and 

immunodetection of DNA replication. 

In the following paragraphs, the current state of this project is briefly described. We 

implement two independent synchronization procedures. The first one, frequently used in our 

laboratory, is the double dT block (Fig. 20 A) with cells synchronized at the beginning of S-
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phase (see section 4.1.2). Consequently, DNA replication is marked by short pulses of CldU 

and IdU in various parts of S-phase by the strategy similar to that described in the section 5.1 

allowing for the detection of direction of replication fork movement. In the other procedure, 

unsynchronized cells are used. DNA replication is marked by two pulses as in the first case. 

Then mitotic cells are collected by the shake-off method in defined periods. Since we can 

assess the duration of various parts of the cell cycle, we can determine the time when cells 

replicated in specific part of S-phase enter mitosis. The advantage of this protocol is no 

(chemical) treatment before replication labeling. At present, we standardize this latter method 

(Fig. 20 B).

Figure 20: Double dT block and mitotic shake-off synchronization. Flow cytometry histograms (cell 

number versus DNA content) of unsynchronized HeLa cell (black), cells 1 h (blue), 4 h (green), and 7 h 

(red) after double dT block are shown (A). The efficiency of mitotic shake-off procedure is illustrated in 

B. In this case, the population of mitotic cells was increased by 3 h long metaphase arrest. Poorly attached 

mitotic cells were shaken-off and measured by flow cytometry (B). The lower peak corresponds to G1

cells (probably just after division) and the higher one corresponds to mitotic cells (G2 DNA content). 

Compare this histogram with that one of unsynchronized cells (black curve in A).

Subsequently, whole genomic DNA is isolated from cells according to Laird et al. (1991). 

The separation of rDNA is based on its sequence similarity and repeating nature (Fig. 21 A). 

By searching in the complete rDNA sequence (GenBank Accession No. U13369), we found 

the restriction enzyme Ssp I (New England Biolabs). This enzyme cuts just once in every 

rDNA repeat and thus produces 43 kbp long rDNA fragments (Fig. 21 A). These cut rDNA 

fragments are isolated using gel electrophoresis (Fig. 21 B) as shown by rDNA hybridization 

on Southern blots (Fig. 21 C, D) according standard protocol (Ausubel et al., 1995). 
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Consequently, we cut off the 43 kbp long band containing ribosomal genes from the gel and 

dissolve it by agarase treatment.

Figure 21: Separation of human ribosomal genes. Schematic diagram of tandemly repeated human 

ribosomal genes (green, transcribed region; black, intergenic spacer) is presented (A). Positions of SspI 

restriction site and pA probe are also shown. Ribosomal genes, the weak 43 kbp long band in four right 

lanes in B indicated by arrow, were separated from genomic DNA by gel electrophoresis after incubation 

with SspI restriction enzyme (B). As a control of ribosomal gene localization in the gel, we performed 

hybridization with pA probe on membrane with separated DNA (C). Consequently, all DNA was labeled 

by methylene blue (D; Sigma-Aldrich).

DNA molecules are then stretched on APS coated coverslips (see section 4.1.1) as 

described (Yokota et al., 1997). These DNA fibers can be labeled with the DNA-specific dye 

YOYO-1 (Fig. 22 A). In order to mark positions and orientations of rDNA fibers, 

hybridization with pA probe (Fig. 21 A; Erickson et al., 1981) is performed. At present, we 

standardize the detection of both hybridization and replication (Fig. 22 B) signals as described 

by Anglana et al. (2003). If successful, we will be able to map individual replication origins 

with a few kbp precision on hundreds of stretched rDNA molecules.
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Figure 22: Visualization of individual DNA molecules. DNA molecules, corresponding to rDNA band, 

were stretched on APS coated coverslips and visualized by YOYO-1 (A). A weak replication signal can

be recognized on some of these molecules (B). Bars, 15 m.

This method would also enable us to analyze the timing of human rDNA replication, that 

spans most of S-phase (Scott et al., 1997; Balazs and Schildkraut, 1971), in more detail. Little 

et al. (1993) have proposed a two-peak model of rDNA replication in which transcriptionally 

active rDNA repeats duplicate in early S-phase and the remaining repeats in late S-phase. This 

conjecture is based on findings that only part of rDNA repeats is active in transcription (Haaf 

et al., 1991) and that active genes generally replicate in early S-phase (Goldman et al., 1984; 

Schubeler et al., 2002). The two-peak model has been already observed by Berger et al. 

(1997) in mouse cells but has not been observed in other eukaryotic cell types (D' Andrea et 

al., 1983 and citations therein).

The above described method is performed on HeLa cells that are commonly used in this 

type of experiments (most of works mentioned in the section 2.5). In order to explore possible 

effects of higher number of chromosomes carrying ribosomal genes on obtained results (Fig. 

23), we also plan to carry out same experiments with diploid LEP cells. The established 

similarities or differences in origin positions and replication timing of ribosomal genes for 

cancer and diploid cells should be of particular importance.
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Figure 23: Karyotype of the used HeLa cell line. Multiplex fluorescence in situ hybridization (M-

FISH; kindly provided by Z. Zemanová, Institute of Hematology and Blood Transfusion, Prague) on 

mitotic chromosomes from HeLa cells is shown. Concerning chromosomes carrying ribosomal genes, 

trisomy of acrocentric chromosomes 13, 14, 15, 21, and 22 was detected. In addition, one marker 

chromosome M13 appears as isochromosome 15. P-arm of the chromosome 13 is included into the 

marker chromosome M14 together with q-arm of the chromosome 19. One of the chromosomes 22 is 

defined as marker M16 since it includes some material from the chromosome 8. More detailed description 

of marker chromosomes is in paper Macville et al. (1999).
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CHAPTER 7: CONCLUSIONS

We have found that:

 Replication fork speed increases about two to three times from early to late S-phase. The 

speed is 0.22 and 0.53 μm/min on DNA spreads for early and late S-phase, respectively. 

 The addition of exogenous dNTPs accelerates replication fork speed in early S-phase but 

not in late S-phase in which exogenous dNTPs have no effect on the replication speed.

 Replication foci in early S-phase correspond to replication domains identified by 

individual clusters of many silver particles seen in the EM while larger foci observed in 

(mid and) late S-phase are composed of several closely spaced clusters of these particles. 

 Average area of discrete replication clusters in early, mid and late S-phase is similar 

(4515, 4650, and 4625 nm2, respectively). 

 The number of replication clusters in early and mid S-phase is nearly constant, with a 

decrease of about 20% in late S-phase. 

 Early S-phase replication domains persist as individual clusters of silver particles through 

the cell cycle.

 Random walk model of replication, but not the random firing model, simulates well the 

dynamics of replication foci in early S-phase. 

 Average distance between new and previously replicated foci is proportional to square 

root of chase time for up to 180 min.

 There is a weak positive correlation between epiC labeling and replicating domains in 

early S-phase nuclei, whereas a negative correlation is found in mid and late S-phase 

nuclei.

 Colocalization between chromatin domains replicated in early S-phase and epiC highly 

increases after 1 - 4.5 h chase while no effect is detected for chromatin domains replicated 

in late S-phase. 
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CHAPTER 8: SUMMARY

In this thesis, we expanded the knowledge about some aspects of DNA replication in 

human cell nucleus with the help of microscopic techniques and advanced mathematical 

approaches. DNA replication was studied from several perspectives: Fluorescence detection 

of newborn DNA on the stretched DNA fibers, ultrastructural mappings of individual 

replication domains, fluorescence analysis of replication foci re-distribution in early S-phase 

and cold-dependent immunodetection of replication-coupled chromatin modulation.

We started with measurements of average speed of a replication fork movement during S-

phase. In agreement with previous studies on DNA spreads with radioactive labeling, the 

replication speed was two to three times slower in early S-phase than in late S-phase.

Moreover, the exogenous dNTP supply accelerated the replication in the early S-phase while 

additional dNTPs had no effect on the speed of replication forks in late S-phase. Therefore the 

availability of dNTPs seems to be a rate-limiting factor for replication speed at the beginning 

of DNA synthesis.

We then focused on in situ replication pattern at the EM level. Using an improved 

method for detection, replication domains, identified by clusters of many silver particles, were 

observed throughout the S-phase. While replication foci in early S-phase corresponded to 

individual clusters, larger foci observed in mid and late S-phase were composed of several 

closely spaced clusters. Subsequent measurements demonstrated that clusters were virtually 

identical in size during S-phase. Moreover, replication domains in early S-phase persisted as 

individual clusters of silver particles through the cell cycle. Stereologic analysis further 

showed that the number of replication clusters remained constant from early through mid S-

phase with a decrease of about 20% in late S-phase. These results support a current model in 

which replication foci in early S-phase, together with proposed similar-sized domains in later 

stages of S-phase, represent basic functional domains of interphase chromatin. 
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Consequently, we studied the dynamics of these functional domains in LM resolution. In 

order to monitor gradual changes in the replication foci distribution during early S-phase, 

different segments of newly synthesized DNA were labeled in pulse-chase-pulse experiments. 

The resulting dual-labeled fluorescence images were evaluated by CCF analysis and two 

opposite models were created to interpret these data. On the basis of model images which 

simulated either random initiation of replication foci, or the firing of new foci in close 

proximity to completed ones, we were able to ascribe the changes in the foci distribution to 

the latter mechanism. In addition, the foci dynamics in early S-phase was well simulated by 

random walk model and thus the average de-localization of foci is proportional to square root 

of the applied chase time.

Finally, cold-dependent immunofluorescence detection of nuclear/chromosomal epitope 

(epiC) was presented. The epiC was detected in replication-like pattern in a cell cycle window 

starting in early S-phase and extending through S-phase, G2-phase, mitosis until early G1-

phase of the subsequent cell cycle. A small level of colocalization was measured by CCF 

between the nuclear epiC and active sites of DNA replication in early S-phase. However, the 

level of colocalization strikingly increased about 1 h after the initial labeling of early S-phase 

replicating chromatin domains. In contrast, epiC did not colocalize with late S-phase 

replicated chromatin either during DNA replication or at any other time in the cell cycle. 

Therefore we propose that a replication-coupled modulation of early S-phase replicated 

chromatin domains is detected by the chromatin epiC positivity and persists on the chromatin 

domains until early G1-phase of the next cell generation when the temporal order of genome 

replication and the chromosome positioning are both re-set. We further speculate that this 

modulation can be involved in the regulation and/or coordination of DNA replication and 

transcription during the cell cycle.

Currently, we develop a method to study the organization of DNA replication in human 

ribosomal genes. This approach should allow us to determine with high precision where 

replication origins are localized within ribosomal genes and when these genes are replicated 

during S-phase.
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	Figure 4: Resolution limit of LM images. Newborn DNA in early S-phase HeLa cells was labeled by BrdU pulse. Wide-field A, D, confocal B, E, and deconvolved confocal C, F sections of 3D images are shown. The increasing resolution of the presented approaches is clearly visible both on lateral sections A-C and axial sections D-F. Positions of axial sections are indicated by dash lines in lateral sections. Bars, 10 m.
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	Figure 5: Fluorographic replication patterns. Labeling patterns of newly synthesized DNA tracks as visualized on a single DNA fiber are shown green, DNA labeled for 10 min with CldU; red, 5 min IdU labeling. Two isolated elongating forks arrows and a whole track replicated by one fork with initiation and termination site marked with arrowheads A as well as two adjacent forks initiating B and terminating C during the labeling period are shown. Bars, 5 m.
	Figure 6: Changes in an average replication speed during different periods of S-phase. In order to assess the replication fork speed, DNA segments labeled with green, but not red, fluorescence on the tracks produced by a single elongating fork were measured see also Fig. 2. These segments represented the product of 5 min of continuous DNA elongation. Units: m/min replication speed, hours after passing the G1/S border time.
	Figure 7: Degree of synchrony in studied cell populations. The results of in situ mapping of the BrdU incorporation A, B and flow cytometry analyses C, D are shown. The shape of flow cytometry histograms cell number versus DNA content as well as the characteristic in situ replication patterns testify to the high degree of synchrony in early A, C and late B, D S-phase.

	5.1.2 Replication speed depends on dNTP concentration
	Figure 8: Effect of dNTP supply on the replication speed. Early S-phase cells and their DNA spreads after the loading of the hypotonic solution without A, C or with B, D the equimolar mixture of dNTPs are shown. The effect of exogenous dNTPs was analyzed on DNA spreads A, B. In situ replication patterns, typical for early S-phase, were also visualized. As the fluorescence signals in both channels overlap almost completely, only the CldU channel is shown in C and D. Bars, 10 m.
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	Figure 9: EM mapping of replication sites in thin HeLa cell sections. Cells were either labeled with BrdU A-C: post-embedding detection, or with biotin-dUTP D-G: pre-embedding detection. Cells were synchronized in early A, D, G, mid B, E, and late C, F S-phase. Individual clusters of silver particles were observed after 10 min of labeling insets to D-F. Several closely spaced clusters were sometimes observed in mid and frequently in late S-phase E, F, and insets. Similarly sized clusters were observed after 3 min labeling pulse only G and inset. Bars, 1 m. Insets are 2x magnified.
	Figure 10: Quantitative analysis of replication cluster size during S-phase. The total distribution of areas A and diameters B of individual clusters in early circles, mid triangles, and late diamonds S-phase cells is shown. The average area C and diameter D were calculated. Error bars correspond to standard deviation.
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	Figure 11: EM mapping of chromatin domains previously labeled in early S-phase. Cells were synchronized in early S-phase, labeled for 10 min with biotin-dUTP and chased for 4 h A or 18 h B. Clusters of silver particles after both chases were similar to the clusters observed in early S-phase Fig. 9 D. Bar, 500 nm.
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	Figure 12: Slow changes in the distribution of replication foci in early S-phase. Fluorescence images, CCF graphs and 2D histograms of pixel intensities are presented. Dual labeling of newborn DNA was performed with a prolonged chase between the two consecutive pulses of dig-dUTP red and BrdU green. The chase durations in minutes are indicated in merged images yellow numbers. Wide-field images A or individual confocal sections B were analyzed. In all cases, one selected cell nucleus used for analysis is shown. In each CCF graph, mean values from 5 cell nuclei black curve and the main-root-square errors gray lines are drawn. Values on the ordinate are the Pearson’s correlation coefficients determined for each pixel shift plotted on the abscissa. In 2D histograms, the color lines depict the background levels used during the CCF computation for red and green fluorescence channels see section 4.4.2. Note that just the pixels of both fluorescence intensities below the red and green threshold values yellow box were excluded from the CCF computation. Bar, 10 m.

	5.3.2 Influence of scanning parameters on the CCF shape
	Figure 13: Influence of the image noise on the CCF shape. A single confocal section was acquired using four different levels of S/N ratio. This was achieved by the averaging of 1, 2, 4 and 8 image scans, respectively. The extreme S/N levels corresponding to 1 low and 8 high averaged scans are shown A. The higher S/N ratio was present in the image, the higher CCF peak was detected B. Curves corresponding to 1 lower peak and 8 higher averaged scans are highlighted black.
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	Figure 14: Comparison of real and model replication foci. Confocal section of real replication foci distribution A versus middle layer of simulated foci distribution B are shown. Bar, 5 m.
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	Figure 15: Two models of replication foci redistribution in early S-phase. CCF curves resulting from the analysis in Fig. 12 B, corresponding to the chase durations of 0, 30, 60, 90, 120, 180, and 240 min are plotted together A; the height of the CCF peak continuously decreases with the prolonged chase. The curves corresponding to the chases 0 highest and 120 min lower are highlighted black. Two sets of model images simulating the changes in early S-phase replication pattern by random firing B and random walk C are also shown see the text for further description. As in the case of the real data, the mean values from 5 model images are plotted. The presence of small peaks aside the central minimum is indicated in A and C arrowheads.
	Figure 16: Quantitative comparison of the two models with the real image data. Relative widths of CCF peaks resulting from the analysis of real replication foci distributions black and the model distributions random firing - white, random walk - gray are compared. FWHM values corresponding to the curves presented in Fig. 15 were measured. In all cases, the FWHM in 120 min chase lower black curves in Fig. 15 was set to 100%, so that the relative peak width changes became visible.
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	5.4.1 Monoclonal anti-actin antibody shows replication-like pattern in S-phase nuclei
	Figure 17: Cold-dependent epiC labeling. Methanol-fixed LEP cells were incubated with anti-actin antibodies for 1 h at RT followed by incubation with Cy3-conjugated goat anti-mouse antibodies red; A. After several washes, the cells were incubated again with the same anti-actin antibodies overnight at +4 C, followed by the incubation with FITC-conjugated goat anti-mouse antibodies green; B. Merging of the two channels is shown in C. Bar, 50 m.

	5.4.2 Colocalization analysis of epiC and replicated chromatin domains
	Figure 18: CCF analysis of epiC and anti-PCNA immunofluorescence during S-phase. The S-phase LEP cells were identified by the characteristic fluorescence patterns of the PCNA labeling. A, B early; C mid; D late S-phase of unsynchronized cells. CCF right column was used to measure the overlap of PCNA images in the right gray column; in red in the merged color images and epiC images in the left gray column; in green in the merged color images fluorescence signal in 2D confocal images see section 4.3.1. Only the nuclear area is shown, in which the CCF is calculated. Bar, 10 m.
	Figure 19: Colocalization of epiC labeling with DNA replicated in early S-phase. Unsynchronized LEP cells were labeled with biotin-dUTP. After a 2h chase, the cells were fixed with methanol and processed for immuno-fluorescence with anti-actin and anti-biotin antibodies see section 4.3.1. Characteristic fluorescence patterns of biotin-dUTP pulse labeling enabled the identification of early A, B, mid C, and late D S-phase time points of the previously replicated DNA. CCF right column was used to measure an overlap of red biotin-dUTP, right gray column and green epiC, left gray column fluorescence signal in 2D confocal images. Only the nuclear area is shown, in which the cross-correlation function is calculated. Bar, 10 m.
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	Figure 21: Separation of human ribosomal genes. Schematic diagram of tandemly repeated human ribosomal genes green, transcribed region; black, intergenic spacer is presented A. Positions of SspI restriction site and pA probe are also shown. Ribosomal genes, the weak 43 kbp long band in four right lanes in B indicated by arrow, were separated from genomic DNA by gel electrophoresis after incubation with SspI restriction enzyme B. As a control of ribosomal gene localization in the gel, we performed hybridization with pA probe on membrane with separated DNA C. Consequently, all DNA was labeled by methylene blue D; Sigma-Aldrich.
	Figure 22: Visualization of individual DNA molecules. DNA molecules, corresponding to rDNA band, were stretched on APS coated coverslips and visualized by YOYO-1 A. A weak replication signal can be recognized on some of these molecules B. Bars, 15 m.
	Figure 23: Karyotype of the used HeLa cell line. Multiplex fluorescence in situ hybridization M-FISH; kindly provided by Z. Zemanová, Institute of Hematology and Blood Transfusion, Prague on mitotic chromosomes from HeLa cells is shown. Concerning chromosomes carrying ribosomal genes, trisomy of acrocentric chromosomes 13, 14, 15, 21, and 22 was detected. In addition, one marker chromosome M13 appears as isochromosome 15. P-arm of the chromosome 13 is included into the marker chromosome M14 together with q-arm of the chromosome 19. One of the chromosomes 22 is defined as marker M16 since it includes some material from the chromosome 8. More detailed description of marker chromosomes is in paper Macville et al. 1999.
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