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1. ABSTRACT 

 

Despite the capabilities of molecular-biological methods in deciphering the interplay of 

different biological molecules and molecular complexes, the understanding of respective 

functions in living cells requires application of in situ methods. Obviously, these methods should 

provide maximal resolution and the best possible preservation of the biological object in a native 

state, as well as correct statistical evaluation of the spatial characteristics of detected molecular 

players. 

Transmission electron microscopy provides the highest possible resolution for analysis of 

biological samples. The simultaneous detection of biological molecules by means of indirect 

immunolabeling provides valuable information about their localization in cellular compartments 

and their possible interactions in macromolecular complexes. To analyze this, we have 

developed a complex stereological method for statistical evaluation of immunogold clustering 

and colocalization patterns of antigens on ultrathin sections, including a user-friendly interface. 

Functional microarchitecture of DNA replication and transcription sites has been successfully 

characterized using the developed stereological tools. Our data demonstrate that DNA 

replication is compartmentalized within cell nuclei at the level of DNA foci and support the view 

that the synthetic centers are spatially constrained while the chromatin loops are dynamic during 

DNA synthesis. In HeLa cells, we have ultrastructurally distinguished two morphological types of 

replication sites - replication bodies and replication foci. Both types contain a set of enzymatic, 

structural and regulatory proteins, which are known to take part in replication itself or in S-phase 

regulation. Some regulatory and structural proteins, however, were found only in replication sites 

of one type. In transcription sites, we have demonstrated on the ultrastructural level the 

presence of two main cellular molecular motor molecules. Using the model of PHA-stimulated 

human lymphocytes, the presence of actin was mainly not dependent on the activity status of the 

cells, while nuclear myosin I shows dynamic behavior upon transcriptional activation. 

To extend the technical capabilities for analysis of multiple interactions at the ultrastructural 

level, we have developed a new system, which allowed us simultaneous immunolabeling of up 

to five antigens, as compared to only two conventionally available. Gold-silver core-shell 

nanoparticles, gold nanorods and cubic palladium nanoparticles distinguishable in TEM by their 

shape were synthesized, and PIP2, B23, actin, Sm protein, and SMC2 were simultaneously 

detected on ultrathin sections. We have demonstrated that PIP2-positive foci were found in a 

close contact with Sm–, actin-, and/or SMC2-rich foci, forming complementary 3D domains in 

the cell nucleus. 

Simultaneous ultrastructure and antigen preservation of biological samples is not a trivial 

task. LR White resin is suitable for sample embedding after both chemical and cryo fixation. 

However, for some antigens Lowicryl HM 20 could be preferable. Addition of 1.5% water and 

0.5% glutaraldehyde into the acetone for freeze substitution improves the antigen preservation in 

most cases, as shown by immunogold labeling and biochemical quantification of protein amount, 

while the ultrastructure stays well preserved. 
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2. SOUHRN 

 

Navzdory možnostem, které přinášejí molekulárně-biologické metody při odhalování souhry 

různých biologických molekul a molekulárních komplexů, pochopení jednotlivých funkcí v živých 

buňkách vyžaduje použití in situ metod. Je zřejmé, že tyto metody by měly zajistit maximální 

rozlišení a nejlepší možné zachování biologického objektu v přirozeném stavu, stejně jako správné 

statistické vyhodnocení prostorových charakteristik lokalizace detekovaných molekulárních 

komplexů. 

Transmisní elektronová mikroskopie poskytuje nejlepší možné rozlišení pro analýzu biologických 

vzorků. Současná detekce více biologických molekul metodou nepřímého imunoznačení je zdrojem 

cenných informací o jejich lokalizaci v buněčných kompartmentech a jejich potenciálních interakcí v 

makromolekulárních komplexech. Vyvinuli jsme komplexní stereologickou metodu pro statistické 

hodnocení klastrování a kolokalizace značených antigenů na ultratenkých řezech, včetně uživatelsky 

přívětivého softwarového rozhraní. Dále jsme charakterizovali funkční mikroarchitekturu replikačních 

a transkripčních domén pomocí vyvinutých algoritmů. Výsledky ukazují, že DNA replikace je v 

buněčném jádře kompartmentalizována na úrovni DNA ohnisek a nasvědčují modelu, ve kterém 

centra syntézy DNA jsou zakotvena a chromatinové smyčky se pohybují. V HeLa buňkách jsme 

ultrastrukturálně popsali dva odlišné morfologické typy replikačních míst – replikační tělíska a 

replikační ohniska. Oba druhy replikačních míst obsahují seskupení enzymů, strukturních a 

regulačních proteinů se známou účastí v samotném procesu replikace nebo v regulaci průběhu S-

fáze buněčného cyklu. Nicméně, některé regulační a strukturní proteiny byly detekovány pouze v 

replikačních tělískách nebo replikačních ohniskách. V transkripčních místech jsme ultrastrukturálně 

popsali přítomnost dvou hlavních molekulárních motorů v buňce. Na modelu stimulovaných lidských 

lymfocytů jsme ukázali, že přítomnost aktinu v buněčných kompartmentech byla většinou nezávislá 

na úrovni fyziologické aktivace buňky, zatímco lokalizace jaderného myosinu I vykazovala 

dynamické změny během aktivace transkripce. 

Pro rozšíření technických možností analýzy mnohočetných interakcí molekul na ultrastrukturální 

úrovni jsme vyvinuli nový systém umožňující současné imunoznačení až pěti antigenů oproti 

stávající možnosti označení pouze dvou. Detekce se provádí za použití nových kovových nanočástic 

rozdílného tvaru snadno rozlišitelných v transmisním elektronovém mikroskopu. Nanočástice se 

stříbrným středem a zlatým povrchem, zlaté nanotyčky a kubické paládiové nanočástice byly 

syntetizovány, konjugovány s protilátkami a použity k současné detekci PIP2, B23, aktinu, Sm 

proteinu, a SMC2 na ultratenkých řezech HeLa buněk. Ukázali jsme, že ohniska značená PIP2 se 

nachází v těsném kontaktu s oblastmi značení Sm proteinu, aktinu, a/nebo SMC2 a tvoří 

komplementární 3D domény v buněčném jádře. 

Optimální zachování struktury biologického vzorku a zároveň jeho antigenních vlastností není 

jednoduchým úkolem. Ukázali jsme, že akrylová pryskyřice LR White je vhodná pro zalití chemicky 

fixovaných vzorků a vzorků po mrazové fixaci. Nicméně některé antigeny mohou být lépe zachovány 

po zalití do Lowicrylu HM 20. Přidání 1.5% vody a 0.5% glutaraldehydu do acetonu během mrazové 

substituce ve většině případů zlepšuje zachování antigenů při dobře zachované ultrastruktuře, jak 

ukazují výsledky značení imunozlatem a biochemického měření množství proteinu.  
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3. INTRODUCTION 

 

It is widely acknowledged that details of cell fine structure are below the resolving power 

of light microscopy. Modern superresolution techniques have already approached the nanometer 

resolution, however they usually allow to observe only the pattern of a dye coupled to an 

antibody used, without the possibility to see the ultrastructure details themselves. Thus, 

transmission electron microscopy (TEM) still gives the highest possible resolution. When used in 

conjunction with immunocytochemical marker probes, TEM allows molecules of interest to be 

mapped in the context of cellular ultrastructure rather than only visualized at nuclear or 

cytoplasmic levels. Furthermore, the application of colloidal metal nanoparticles, mainly, gold 

conjugated to secondary antibodies or protein A suggests opportunities not only to 

immunolocalize antigens in different cell or tissue compartments but also to quantify these 

localizations and co-localizations. This approach can be then utilized in the studies on dynamic 

processes (like e.g. DNA replication or RNA transcription), interactions within compartments or 

defining of functional compartments which has no visible/prominent morphology. However, for 

the optimal analysis and correct interpretation of ultrastructural and immunolabeling data, a 

scientist needs to thoroughly select the appropriate way of (1), sample preparation, including the 

fixation method and embedding media and procedure, and  (2), statistical evaluation of 

immunolabelling patterns over the background of different cellular compartments.  

 

3.1. Immunolabeling pattern analysis on ultrathin sections 

 

Immunogold labeling is a specific and sensitive tool for detection of various antigens in 

biological samples (Roth et al., 1978; Roth et al., 1996). When a given cell structure contains a 

marker protein, immunogold labeling can be used for delineating this structure by observing 

spatial variations in labeling density. In a more complicated system, double immunogold labeling 

using gold particles of two sizes can be used for an assessment of spatial relationships, 

colocalization or mutual inhibition (exclusion) of two kinds of antigens (Roth et al., 1996). 

Usually, the immunogold detection is performed on ultrathin sections less than 100 nm 

thick. This is done in order to achieve the high resolution which allows ultrastructural localization 

of antigens. The known cellular compartments can be distinguished to volume- (e.g., nucleus, 

mitochondria), surface- (e.g., nuclear envelope, plasmalemma) or length-occupying (e.g., all 

kinds of filaments; Mayhew et al., 2002). At the same time, these compartments may also be 

either heterogeneous or homogeneous. However, the images of ultrathin sections in general do 

not display the real sizes and shapes of cut cellular compartments. For example, a nucleus (with 

a volume, measured in μm3) appears on an ultrathin section as a profile of a certain size (with a 

section area in μm2) and its envelope (with a certain surface area, μm2) is then seen as a 

membrane trace (with a length, measured in μm). This means that we lose the dimensional 
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information about the specimen and, what should be also rigorously taken into account – via 

visualization of ultrathin sections, we, actually, have an opportunity to examine only a tiny 

fraction of a specimen. Thus, systematic uniform random or, in other words, unbiased sampling 

is needed (Mayhew, 2011). 

If then we want to analyze the immunogold labeling of certain antigens on random 

ultrathin sections, we need to choose an appropriate method for two dimensional point pattern 

analysis. With point pattern analysis, we can analyze whether the distribution of gold particle is 

random, clustered, or regularly dispersed (Fig.1). 

 

 

Fig. 1. Examples of distribution patterns of gold particles: random (a), clustered (b), or regularly 

dispersed (c) (D'Amico and Skarmoutsou, 2008). 

 

Currently, two methods are mostly used: the Nearest Neighbor Distance and the Quadrat 

analysis. The Quadrat analysis approach is based on the analysis of the frequency distribution 

or density of nanoparticles within a suggested set of grid squares (Tetley et al., 1987). The 

variance to mean ratio (VMR) is then used to evaluate clustering of gold particles (Azorin et al., 

2004; Renau-Piqueras et al., 1989). A quadratic test system is superimposed over each 

micrograph, and the mean number of gold particles per quadrat and VMR is estimated. A VMR 

higher than one suggests a clustered distribution. On the contrary, if VMR is less than one, a 

random distribution is expected. The significance can be checked by Student's t-test or by the 

index of dispersion (Williams, 1977). The disadvantage, however, is appearing from the fact that 

the quadrat analysis is essentially a measure of dispersion, so the results may depend on 

quadrat size and orientation. Thus, variations within the analyzed region cannot be recognized 

(Ripley, 1981). 

Nearest Neighbor Analysis is based on the distances measured between each two most 

closely neighboring gold particles on the micrograph, which are subsequently compared to such 

values obtained for a random sample with the same number of points. Although nearest 

neighbor index can be used, the main disadvantage is that it is biased by the boundary effect 

(see below). Moreover, this approach is based on the mean distance and does not reflect the 

local variations. In order to overcome this, other functions based on the nearest neighbor or all 

interpoint distances frequency distributions are currently used. 
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The pair correlation function (g(r), PCF) is widely used for the evaluation of immunogold 

clustering (Gathercole et al., 2000; Markovics et al., 1974; Martin and Medina, 1991; Renau-

Piqueras et al., 1989; Rusakov et al., 1995). It compares the probability of finding a pair of gold 

particles with a distance r between them, to the probability expected for a random pattern if the 

same density of particles was used. The function g(r) can be expressed as the ratio of the mean 

gold particles density at a distance r from a particular particle to the mean gold particle density. 

When g(r) is more than one, we observe nanoparticles clustering at the distance r, g(r) less than 

one means a repulsion, and g(r) equal to one - random distribution of particles (Fig. 2). 

 

 

Fig. 2. Evaluation of gold particles clustering by g(r) correlation function. (a) The gold particle in 

the center of a system is chosen as a reference point. Gold particles are counted at regular 

intervals Δr, and g(r) is then plotted as a function of interparticle distance intervals r (b) (D'Amico 

and Skarmoutsou, 2008). 

 

The g(r) can be then estimated on several micrographs (which is necessary for obtaining 

statistically significant results). The sampling of long distances r is, however, negatively biased 

because of the increasing probability that one gold particle from the pair is situated outside of a 

micrograph (or a region of interest). This negative bias, called boundary effect may be corrected 

using the geometric covariogram (Ripley, 1988). 

More recently (Hess et al., 2005; Philimonenko et al., 2000; Prior et al., 2003; Roy et al., 

2005), the K-function (or second-order function) was used for the evaluation of immunogold 

clustering or colocalization via measuring distances for all combinations of pairs of particles. 

Based on PCF, the K(r) represents an analysis of distribution of distances between each particle 

on the micrograph and all the others. Comparing to most nearest neighbor approaches, the K(r) 

function allows testing the characteristics of gold particles pattern at different distance scales. 

In conclusion, these methods allow one to deduce physical interaction between antigens 

or their placement in close vicinity while being responsible for the same process or function in 

the cell, In the case of statistically significant colocalization (Philimonenko et al., 2004, 2005). In 

the case of significant clustering, the methods define the size (Philimonenko et al., 2000), and 

the shape (Schofer et al., 2004) of the compartments occupied with corresponding antigen (even 

in case, when these compartments have no distinguishable ultrastructure). This may allow a 
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researcher to depict new and unknown players of known processes, thus delineating new details 

of mechanisms of the regulation of these functions. However, as at the beginning of 2000s such 

methods were missing, we needed to develop them (Philimonenko et al., 2000; Schofer et al., 

2004). 

 

3.2. Detection methods for multiple immunolabeling in electron microscopy 

Fluorescent microscopy enables multiple immunolabeling, however its resolution is often 

insufficient for an unequivocal localization of the labeled molecules and their assignment to 

specific cellular compartments. Owing to higher resolution, electron microscopy largely removes 

such ambiguity. Since pioneering works by Roth and co-workers, it employs gold nanoparticles 

tagged with immunoglobulin or other bioactive molecules for the detection of molecular targets 

(Roth et al., 1996). However, the number of simultaneously detected antigens is limited to two or 

three at most. The main limitation is that the gold nanoparticles can only be distinguished by 

their size which may be varied in a narrow range for the immunodetection to work well. When 

using the gold particles of 15 nm and larger, the sensitivity of immunolabeling dramatically 

decreases, one of the reasons being the steric hindrance problems (Hainfeld, 1987; Seidel and 

Zabel, 2001). Large gold particles may also artificially increase the dimensions of particle 

clusters when labeling small structures (Iborra and Cook, 1998). Moreover, larger nanoparticles 

tend to have higher variations in sizes, thus leading to problematic discrimination between 

different particle types (Fig. 3). 

 

Fig. 3. Optimal size range of gold nanoparticles is 5 - 15 nm as only in this interval non-

overlapping size-frequency distributions can be obtained. 

 

To increase the number of mutually discernible nanoparticles types within an acceptable 

size range, two approaches may be employed: discrimination by elemental composition or by 

shape of the nanoparticle. Several reports have been presented on using nanoparticles of 
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elemental composition different from gold. They can be distinguished from conventional gold 

nanoparticles by dark-field STEM (Loukanov et al., 2010), energy-dispersive X-ray (EDX) 

microanalysis (Loukanov et al., 2010), BSE imaging in high-resolution SEM (Vancova et al., 

2011), or by electron energy filtering microscopy (Kandela et al., 2007). The results clearly 

demonstrated the feasibility of such approaches, however the drawback is the need for highly 

specialized and expensive equipment not available in most laboratories. To the best of our 

knowledge, only one group has so far explored the option of distinguishing among nanoparticles 

by their shape (Meyer et al., 2005; Meyer et al., 2010). A clear advantage of this approach is that 

samples can be routinely analyzed by conventional transmission electron microscopy (TEM) 

readily available in most laboratories. However, the size of their nanoparticles was often out of 

the optimal range, and the variability of the shapes could also pose a problem.  

 

3.3. Sample preparation for immunoelectron microscopy: optimalization of resin 

embedding 

In order to obtain an optimal result with ultrastructural immunolabeling, it is necessary to 

preserve well both the fine structure and the antigenic properties of the sample. The choice of 

optimal technique for the sample preparation is therefore crucial. During the preparation of 

samples for post-embedding immunolabeling, the antigenic properties of the biological material 

are  influenced by a number of factors, the most important being the fixation method, 

dehydration procedure, and the resin properties (Skepper, 2000; Stirling, 1990). Classical epoxy 

resins are in most cases not suitable for subsequent immunolabeling, therefore, a number of 

acrylic resins have been formulated, which, along with milder fixation,  help to overcome the 

drawbacks of epoxy resins in the antigen preservation and accessibility (Acetarin et al., 1986; 

Carlemalm et al., 1985). Although the properties of epoxy and acrylic resins have been 

compared in many studies (see e.g. Biggiogera and Fakan, 1998; Brilakis et al., 2001; Brorson, 

1999; Merighi et al., 1989; Roth and Berger, 1982), only a few papers report comparisons 

between different acrylic resins (Hamilton et al., 1992; Philimonenko et al., 2002; Schwarz and 

Humbel, 1989). 

Fixation of biological material is another critical point (Muhlfeld, 2010; Webster et al., 

2008). Routine chemical fixation with aldehydes provides good immobilization of the molecules 

within the sample, but on the other hand, with increasing degree of cross-linking the tissue the 

accessibility of the epitopes for antibodies significantly decreases. As many epitopes are 

sensitive to high concentrations of glutaraldehyde (Miller, 1972; Smit et al., 1974), a gentle 

fixation with a mixture of 2-4% formaldehyde with 0.1%-1.0% glutaraldehyde is generally 

recommended as a good compromise for both ultrastructure and antigenicity preservation 

(Tokuyasu, 1984). Together with the fact that this protocol does not require any special and 

expensive equipment, it is still the method of choice for many laboratories until now. Another 

option is the use of cryofixation or cryoimmobilization at high pressure which is a fast physical 

fixation procedure arresting cellular processes within milliseconds (Fig. 4), thus avoiding the 
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typical artifacts introduced by the relatively slow diffusion-dependent chemical fixation process 

(Schwarz and Humbel, 1989).  

 

 

Fig. 4. Record of temperature and pressure changes during high pressure freezing (HPF) in the 

EMPACT machine (Leica microsystems). 

 

To embed the frozen material into the resin, it should be then typically freeze-substituted 

(FS; Muhlfeld, 2010). Depending on the preferable purpose of better ultrastructure or antigen 

preservation, the FS media may contain water, uranyl acetate, osmium tetroxide, and 

glutaraldehyde at various percentages, usually in acetone (Humbel and Müller 1985; McDonald 

and Morphew, 1993; Monaghan et al., 1998; Steinbrecht and Müller 1987). For 

immunocytochemical studies cryoimmobilized and FS cells are then embedded into acrylic 

resins (Acetarin et al., 1986; Roth, 1989; Roth et al., 1981; Roth and Taatjes, 1998). Various 

Lowicryl resins are usually utilized, however LR White can also become the resin of choice 

(Sobol et al., 2011; Sobol et al., 2010). Some reports describe properties of 

immunocytochemical labeling of high-pressure frozen material (Chang et al., 2003; 

Eppenberger-Eberhardt et al., 1997; Kirschning et al., 1998; McDonald, 2007; McDonald and 

Muller-Reichert, 2002; Monaghan et al., 1998; Monaghan and Robertson, 1990; Young et al., 

1995); however, only a few of them deal with quantitative data. For example, Bittermann et al. 

(1992) demonstrated, that any chemical pretreatments or presence of any chemical fixatives in 

FS medium always reduced the labeling density. Strádalová et al. (2008) showed that the 

immunolabeling signal for different nuclear antigens was 4-to-13 times higher in high-pressure 

frozen than in chemically fixed cells. While several approaches and machines have been 

devised to cryo-fix samples satisfactorily (Hawes et al., 2007; Hess, 2003; Hess et al., 2000; 

Hohenberg et al., 1994; Hohenberg et al., 1996; Jimenez et al., 2006; Kiss et al., 1990; Marsh et 

al., 2001; Muller-Reichert et al., 2008; Reipert et al., 2004; Wild et al., 2005), the definition of 

optimal FS protocol for immunolabeling has not been critically evaluated.  
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4. AIMS 

 

The ultrastructural detection of various antigens in a cell using antibodies conjugated to 

metal nanoparticles is a powerful instrument in biological research. However, statistical or 

stereological tools for testing the observed patterns for significant clustering or colocalization at 

the beginning of 2000-s were missing. Therefore the further task had been addressed: 

Aim 1. To develop a complex stereological method for statistical evaluation of 

clustering and colocalization of antigens in biological samples, including a 

user-friendly interface. 

 

The developed methods of spatial statistics (Aim 1) allowed us to clarify some 

unanswered questions in such fundamental cellular processes as transcription and replication. In 

the end of 1900-s it was demonstrated, that during the whole S-phase DNA replication is 

organized into foci throughout nucleoplasm (Hozak et al., 1993; Hozak et al., 1994b; Jackson 

and Pombo, 1998; Nakayasu and Berezney, 1989). However, it was not definitely clear, if these 

foci are reflecting a snapshot of replicating DNA synthetic complexes, moving along the DNA 

string or they are organized into higher-level structures and somehow fixed to an appropriate 

position in the nucleus, while template DNA is reeling through them. The exact composition of 

tethered replication complexes were also not known. With the newly developed method and 

owning quite a rich library of primary antibodies against numerous structural and regulatory 

proteins working well on LR White-embedded material, we got an opportunity to study the 

replication factories composition on the ultrastructural level. Concerning transcription, we 

focused on interplay of NMI and actin in transcription foci during transcriptional activation. The 

aim therefore was: 

Aim 2. To characterize functional microarchitecture of DNA replication and 

transcription sites using the developed tools. 

 

Sensitive electron microscopic immunodetection is currently limited to simultaneous 

immunolabeling of only two antigens (Roth et al., 1996). This is limiting the possibility of spatial 

studying multiple interactions in complex biological processes. We therefore planned: 

Aim 3. To develop a system for simultaneous multiple ultrastructural 

immunolabeling of more than three antigens. 

 

A key condition for successful immunodetection is the antigen preservation of a biological 

sample which is influenced by a number of factors, the most important being the fixation method, 

dehydration procedure, and the resin properties (Skepper, 2000; Stirling, 1990). We therefore 

planned: 

Aim 4. To optimize the procedure of resin embedding of biological samples for 

post-embedding immunolabeling.  
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5. RESEARCH PAPERS 

 

5.1. Statistical evaluation of colocalization patterns in immunogold labeling experiments 

Philimonenko, A. A., Janacek, J., and Hozak, P.  

Journal of Structural Biology 132, 201-210, 2000     IF: 3.36 (2012) 

A. Ph. performed immunolabeling experiments, collected TEM pictures and participated in 

discussions during development of statistical method, wrote the biological part of the manuscript. 

The ultrastructural localization of various antigens in a cell using antibodies conjugated to gold 

particles is a powerful instrument in biological research. However, statistical or stereological 

tools for testing the observed patterns for significant clustering or colocalization are missing. The 

paper presents a method for the quantitative analysis of single or multiple immunogold labeling 

patterns using interpoint distances and tests the method using experimental data. The reliability 

of the method was assessed by evaluating the labeling patterns of nascent DNA and several 

nuclear proteins with known functions in replication foci of HeLa cells. The results demonstrate 

that the method is a powerful tool in biological investigations for testing the statistical 

significance of observed clustering or colocalization patterns in immunogold labeling 

experiments. 

 

5.2. Dynamics of DNA replication: an ultrastructural study 

Philimonenko, A. A., Jackson, D. A., Hodny, Z., Janacek, J., Cook, P. R., and Hozak, P.   

Journal of Structural Biology 148, 279-289, 2004     IF: 3.36 (2012) 

A. Ph. performed immunolabeling experiments, collected and statistically evaluated TEM 

pictures, wrote the manuscript together with Z. H. 

DNA replication in cells takes place in domains scattered throughout the nucleoplasm. We have 

characterized the dynamics of DNA synthesis in synchronized mid-S-phase HeLa cells. 

Saponin-permeabilized cells were allowed to elongate nascent DNA chains in presence of biotin-

dUTP for 5, 15, and 30 min (a pulse experiment), or for 5 min followed by an incubation with 

unlabeled precursors for 10 or 25 min (a pulse-and-chase experiment), and  the replication foci 

were identified in ultrathin sections using immunogold labeling of the incorporated biotin. The 

results of quantification of labeling patterns demonstrate that as replication proceeds, the labeled 

sites increase in size up to 240 nm (30 min incorporation) while maintaining a broadly round 

shape. In pulse-and-chase experiments the labeled DNA was shown to spread to occupy DNA 

foci of about 400 nm in diameter. These results demonstrate that DNA replication is 

compartmentalized within cell nuclei at the level of DNA foci and support the view that the 

synthetic centers are spatially constrained while the chromatin loops are dynamic during DNA 

synthesis. 

 

5.3. The microarchitecture of DNA replication domains  

Philimonenko, A. A., Hodny, Z., Jackson, D. A., and Hozak, P.  

Histochemistry and cell biology 125, 103-117, 2006     IF: 2.63 (2012) 

A. Ph. performed immunolabeling experiments, collected and statistically evaluated TEM 

pictures, wrote the manuscript together with Z. H. 
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Two types of DNA synthetic sites/replication factories can be distinguished at ultrastructural 

level: (1) electron-dense structures - replication bodies (RB), and (2) focal replication sites with 

no distinct underlying structure - replication foci (RF). The protein composition of these synthetic 

sites was studied using double immunogold labeling. We have found that both structures contain 

proteins involved in DNA replication, regulators of the cell cycle, and RNA processing 

components. However, at least four regulatory and structural proteins (Cdk1, cyclin B1, PML and 

lamin B1) differ in their presence in RB and RF. The results suggest possible differences in 

genome regions replicated by these two types of replication factories. 

 

5.4. Nuclear distribution of actin and myosin I depends on transcriptional activity of the 

cell 

Kysela, K., Philimonenko, A. A., Philimonenko, V. V., Janacek, J., Kahle, M., and Hozak, P. 

Histochemistry and Cell Biology 124, 347-358, 2005     IF: 2.63 (2012) 

A. Ph. statistically evaluated actin and NMI labeling patterns in cellular compartments. 

Nuclear myosin I (NMI) and actin have important roles in DNA transcription. In this study, we 

characterized the dynamics of these two proteins during transcriptional activation in 

phytohemagglutinin (PHA) stimulated human lymphocytes. The stimulation led to strong up-

regulation of NMI both on the mRNA and protein level, while actin was relatively stably 

expressed. The intranuclear distribution of actin and NMI was evaluated using immunogold 

labeling. In nucleoli of resting cells, actin was localized predominantly to fibrillar centers (FCs), 

while NMI was located mainly to the dense fibrillar component (DFC). Upon stimulation, 

accumulation of both actin and NMI in DFC, which is the site of rDNA transcription, was 

observed. In the nucleoplasm, relocalization of both proteins from condensed chromatin towards 

decondensed chromatin was observed. These results demonstrate that actin and NMI are 

compartmentalized in the nuclei where they can dynamically translocate depending on 

transcriptional activity of the cells. 

 

5.5. Preparation of stable Pd nanoparticles with tunable size for multiple immunolabeling 

in biomedicine 

Slouf, M., Pavlova, E., Bhardwaj, M.S., Plestil, J., Onderkova, H., Philimonenko A. A., Hozak P.  

Materials Letters 65, 1197-1200, 2011      IF: 2.22 (2012) 

A. Ph. performed conjugation of nanoparticles to antibodies, including titration and saturaton 

analysed by SDS-PAGE; conducted and evaluated immunolabeling experiments. 

In order to develop new tools for multiple ultrastructural immunolabeling, stable Pd nanoparticles 

(PdNP) with a tunable size (3–15 nm) were synthesized by controlled chemical reduction of 

PdCl2 with sodium citrate in water. The morphology of PdNP was characterized by transmission 

electron microscopy, and their stability in solution was verified. Finally, 10 nm PdNP were 

conjugated with goat anti-mouse IgG antibody as proved by electrophoresis (SDS–PAGE) and 

successfully used for ultrastructural immunolabeling. 

 

5.6. Preparation of stable Pd nanocubes and their use in biological labeling 

Slouf, M., Hruby, M., Bakaeva, Z., Vlkova, H., Nebesarova, J., Philimonenko, A. A., and Hozak, 

P.  

Colloids and surfaces B, Biointerfaces 100, 205-208, 2012    IF: 3.55 (2012) 
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A. Ph. performed conjugation of nanoparticles to antibodies, including titration and saturaton 

analysed by SDS-PAGE; conducted and evaluated immunolabeling experiments. 

Stable Pd nanocubes (PdNC) with the average size ∼15 nm were prepared by the controlled 

reduction of sodium tetrachloropalladate with ascorbic acid in water, in the presence of 

polyvinylpyrrolidone and potassium bromide. Pd nanocubes could be distinguished from 

commercial Au nanospheres in a standard TEM microscope by means of automated image 

analysis. PdNC were successfully conjugated to immunoglobulin proteins and used for the 

detection of a specific protein (nucleophosmin) on ultrathin sections of HeLa cells. Our 

experiments showed that PdNC can be used for multiple immunolabeling in combination with 

commercial Au nanospheres. 

 

5.7. Simultaneous detection of multiple targets for ultrastructural immunocytochemistry 

Philimonenko, V. V., Philimonenko, A. A., Sloufova, I., Hruby, M., Novotny, F., Halbhuber, Z., 

Krivjanska, M., Nebesarova, J., Slouf, M., and Hozak, P. 

Histochemistry and Cell Biology 141, 229-239, 2014    IF: 2.63 (2012) 

A. Ph. performed conjugation of nanoparticles to antibodies, including titration and saturaton 

analysed by SDS-PAGE; and participated in designing and evaluation of immunolabeling 

experiments. 

While fluorescent microscopy allows for simultaneous detection of multiple antigens, the 

sensitive electron microscopy immunodetection is limited to only two antigens. In order to 

overcome this limitation, we prepared a set of novel, shape-coded metal nanoparticles readily 

discernible in transmission electron microscopy which can be conjugated to antibodies or other 

bioreactive molecules. With the use of novel nanoparticles, various combinations with 

commercial gold nanoparticles can be made to obtain a set for simultaneous labeling. For the 

first time in ultrastructural histochemistry, up to five molecular targets can be identified 

simultaneously. We demonstrate the usefulness of the method by mapping of the localization of 

nuclear lipid phosphatidylinositol-4,5-bisphosphate together with four other molecules crucial for 

genome function, which proves its suitability for a wide range of biomedical applications. 

 

5.8. Quantitative evaluation of freeze-substitution effects on preservation of nuclear 

antigens during preparation of biological samples for immunoelectron microscopy 

Sobol, M. A., Philimonenko, V. V., Philimonenko, A. A., and Hozak, P.  

Histochemistry and Cell Biology 138, 167-177, 2012    IF: 2.63 (2012) 

A. Ph. performed immunolabeling experiments, collected TEM pictures and quantified 

immunogold labeling intensities. 

Using quantitative evaluation of immuno-gold labeling and antigen content, we evaluated various 

automated freeze-substitution protocols used in preparation of biological samples for 

immunoelectron microscopy. Protein extraction from cryoimmobilized cells was identified as a 

critical point during the freeze-substitution. While addition of water can improve visibility of some 

cell structures, it strengthened the negative effect of cryosubstitution on antigen loss by 

extraction. This was, however, significantly reversed in the presence of 0.5% glutaraldehyde in 

the substitution medium. Furthermore, we showed that the level of these changes was antigen-

dependent. In conclusion, low concentrations of glutaraldehyde can be generally recommended 

for cryosubstitution rather than the use of pure solvent, but the exact conditions need to be 

elaborated individually for certain antigens. 
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5.9. Comparing immunolabeling properties in HeLa cells embedded in LR White, Lowicryl, 

or LR Gold resins after chemical or physical fixation 

Philimonenko, A. A., Philimonenko, V. V., Janda, P., and Hozak, P.  

Manuscript 

A. Ph. performed immunolabeling experiments, collected TEM pictures and quantified 

immunogold labeling intensities, wrote the manuscript together with V. Ph. 

This paper presents a comparison of four acrylic resins - LR White, LR Gold, Lowicryl HM-20, 

and Lowicryl K4M – with regard of immunolabeling efficiency on ultrathin sections.  Atomic force 

microscopy demonstrated no substantial differences in the nanostructure of the pure resins 

surfaces. Antigens were detected in either chemically fixed or high-pressure frozen and freeze-

substituted HeLa cells after embedment into each of the listed resins.  We observed significant 

differences in immunolabeling densities between studied resins; however, the influence of the 

resin type was fixation-dependent and antigen-dependent. 
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b Department of Biomolecular Sciences, UMIST, P.O. Box 88, Manchester M60 1QD, UK

c Department of Biomathematics, Institute of Physiology, Academy of Sciences of the Czech Republic, Prague, Czech Republic
d Sir William Dunn School of Pathology, University of Oxford, South Parks Road, Oxford OX1 3RE, UK

Received 22 March 2004, and in revised form 23 July 2004
Available online 29 September 2004
Abstract

DNA replication in cells takes place in domains scattered throughout the nucleoplasm. We have characterized the dynamics of
DNA synthesis in synchronized mid-S-phase HeLa cells. Saponin-permeabilized cells were allowed to elongate nascent DNA chains
in presence of biotin-dUTP for 5, 15, and 30 min (a pulse experiment), or for 5 min followed by an incubation with unlabeled pre-
cursors for 10 or 25 min (a pulse-and-chase experiment). The replication foci were then identified in ultrathin sections using immu-
nogold labeling of the incorporated biotin. Total number of particles per nucleus, total scanned area of the nucleus, size, shape, and
gold particle number of each labeled cluster, and the density of clusters per nucleus were evaluated. We have demonstrated that as
replication proceeds, the labeled sites increase in size up to 240 nm (30 min incorporation) while maintaining a broadly round shape.
In pulse-and-chase experiments the labeled DNA was shown to spread to occupy DNA foci of �400 nm in diameter. These results
demonstrate that DNA replication is compartmentalized within cell nuclei at the level of DNA foci and support the view that the
synthetic centers are spatially constrained while the chromatin loops are dynamic during DNA synthesis.
� 2004 Elsevier Inc. All rights reserved.

Keywords: DNA replication; Nucleoskeleton; Replication factories; Replication foci; Chromosome
1. Introduction

It is accepted that the mammalian nucleus, despite an
absence of intranuclear membranes, is organized into
functional domains or foci, where nuclear processes like
DNA replication, transcription, RNA processing and
ribosome biogenesis take place (Hendzel et al., 2001;
Jackson, 2003; Scheer and Weisenberger, 1994; Spector,
2001; Stein et al., 2003; van Driel and Fransz, 2004). For
example, domains of active DNA synthesis that are scat-
tered throughout the nucleoplasm during S-phase con-
tain replication proteins such as DNA polymerases
and proliferating cell nuclear antigen—PCNA (Hozák
1047-8477/$ - see front matter � 2004 Elsevier Inc. All rights reserved.
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et al., 1993; Sporbert et al., 2002) as well as proteins that
regulate the cell cycle—such as cyclin A and cdk2 (Card-
oso et al., 1993)—and chromatin structure—such as ura-
cil-DNA glycosylase (Otterlei et al., 1999) and DNA
methyltransferase (Leonhardt et al., 1992). The existence
of localized replication domains appears to be a com-
mon architectural theme as these structures are found
in species ranging from mammals (Hozák et al., 1993;
Nakamura et al., 1986; Nakayasu and Berezney, 1989)
to plants (Sparvoli et al., 1994). Perhaps surprisingly,
the theme may even apply in prokaryotes, as the active
Bacillus subtilis DNA polymerase complexes were found
to be localized in fixed intracellular positions (Lemon
and Grossman, 1998). Also, no fundamental differences
were found in the spatio-temporal organization of
replication patterns between primary, immortal or

mailto:hozak@biomed.cas.cz 
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transformed mammalian cells (Dimitrova and Berezney,
2002).

Replication domains in animal cells were first de-
scribed in the pioneering experiments of Nakamura et
al. (1986). In this study, rodent fibroblast were shown
to have about 100 sites of active DNA synthesis, which
grew in size for about an hour before new active sites
were activated at adjacent nuclear positions. More re-
cent reports have used improved imaging techniques to
estimate that both mouse 3T3 cells (Ma et al., 1998)
and HeLa cells (Jackson and Pombo, 1998) contain
�1000 replication sites in early S-phase. As estimated
by light microscopy, typical DNA foci are �500 nm in
size (Ma et al., 1998) and contain about 1 Mb DNA.
During the early stage of S-phase, average replicons
are �150 kb in size. This is consistent with the view that
each replication site must contain 5–6 replicons in order
to complete synthesis in the observed time frame of 45–
60 min given that replication proceeds at a rate of about
1.5 kb/min (Jackson and Pombo, 1998; Ma et al., 1998).
Importantly, these groups of replicons appear to remain
stably associated within DNA foci over at least 10 cell
generation (Jackson and Pombo, 1998; Ma et al., 1998;
Zink et al., 1998) suggesting that they may be essential
sub-units of chromosome structure. The kinetics of
replication sites was also studied in cells of Hydra
(Alexandrova et al., 2003). Following subsequent incor-
porations of IdU and CldU (chase 2 h), the resulting
replication sites did not coincide; nevertheless, the repli-
cation pattern was similar.

This observation raises the possibility that DNA foci
might be fundamental units of both chromosome struc-
ture and function. This notion is supported by the fact
that distinct groups of DNA foci are replicated reliably
at specific times of S-phase during subsequent cell cycles
(Jackson and Pombo, 1998; Ma et al., 1998). Further-
more, the organization of DNA foci might also provide
a mechanism that allows DNA synthesis to spread effi-
ciently throughout the genome by virtue of a �domino�
effect whereby the completion of replication at a partic-
ular site will activate replication at spatially adjacent
sites (Ma et al., 1998; Manders et al., 1996; Sporbert
et al., 2002). In this way, the organization of DNA foci
will define the replication program. In addition, many
lines of evidence suggest that the active replication com-
plexes of mammalian cells are tethered to an underlying
framework called the nuclear matrix or nucleoskeleton
(Hozák et al., 1993; Tubo and Berezney, 1987). If this
is true, during DNA synthesis the DNA polymerase
complexes must remained fixed and chromatin must
move so that DNA is reeled through the active synthetic
centers (Hozák and Cook, 1994; Jackson, 1990).

In fact, surprisingly little is known about the dynamic
properties of chromatin during DNA synthesis even
though this must be an essential feature of the replica-
tion process. Specialized approaches that allow large
31
chromosomal domains to be tagged and visualized in
living cells suggest that large-scale chromatin move-
ments might occur during S-phase (Li et al., 1998).
However, within natural chromatin domains, chromatin
dynamics appear to be locally constrained (Chubb et al.,
2002); though this analysis does not rule out the possi-
bility that chromatin might be highly dynamic at the le-
vel of DNA foci. In principle, it should be possible to
establish the extent of chromatin movement in response
to DNA synthesis from the distribution of nascent DNA
with replication foci. Ma et al. (1998) used a spot-based
segmentation analysis to investigate the architecture of
replication foci using confocal microscopy. They dem-
onstrated that the dimensions of individual replication
sites changed little over labeling periods of 2–30 min,
suggesting that the replication sites correspond to dis-
crete domains of DNA whose replication occurs uni-
formly over the individual replication site.

In a recent study (Jaunin et al., 2000), classical immu-
no-electron microscopy techniques were used to show
that nascent sites—detected using a 2 min pulse-label with
BrdU—were localized to the diffuse chromatin of the peri-
chromatin regions, often in the vicinity of perichromatin
fibrils. During prolonged pulses and pulse-chase experi-
ments the regions of dense chromatin adjacent to these
perichromatin regions became labeled. When a pulse-
chase-pulse approach was used to label the DNA with
IdU and then CldU, the nascent label was found in the
perichromatin zone, supporting the view that replication
occurred within a defined nuclear zone and that the repli-
cated DNA then moved into the adjacent chromatin-rich
area. Earlier studies using a specialized technique that
allowed cell structure to be preserved while removing
almost all chromatin showed that early S-phase replica-
tion occurs within discrete replication �factories� of 50–
100 nm, and in larger �factories� in mid- and late-S-phase
(Hozák et al., 1993, 1994). Although these reports cannot
be directly compared as they use so different techniques,
they both support the hypothesis that replication occurs
within a defined inter-chromatin compartment so that
during replication DNA from the adjacent chromatin-
rich compartment must be translocated to the active site
at the border of the chromatin domain.

In the current report, we develop the argument that
DNA movement during replication must be an essential
part of the replication process. To explore this issue, we
have undertaken a detailed analysis of the spread of
DNA from the nascent replication sites. Nascent DNA
was labeled with biotin-dUTP in permeabilized cells
using pulse and pulse-chase strategies. This approach
was taken for two specific reasons. First, when biotin-
dUTP is used as the replication precursor the incorpo-
rated biotin can be detected in fixed cells using antibodies
or streptavidin. BrdU, in contrast, can only be detected
when the DNA is denatured, compromising both mor-
phology and labeling efficiency. Second, in permeabilized
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cells the concentrations of the precursor pools can be reg-
ulated so that the levels of modified precursor incorpo-
rated and overall elongation rates can be manipulated
at will. Using immunogold procedure on ultrathin sec-
tions we show that the clusters of labeled nascent DNA
grow gradually during replication while their shape re-
mains essentially circular in cross-section. Our data sup-
port the view that replication occurs within discrete
active sites and is not in agreement with the view that ac-
tive replication complexes scan along the DNA during
synthesis. Instead, replication seems to involve a cycle
of DNA movement, where chromatin first moves from
the chromatin-rich regions into the active site where rep-
lication occurs. Following synthesis and chromatin mat-
uration, it is necessary that the daughter DNA molecules
re-fold and move out of the active site to regenerate the
chromatin-rich nuclear compartment.
2. Materials and methods

2.1. Cell culture and cell synchronization

Suspension cultures of human cervical carcinoma
(HeLa) cells were grown in Eagle medium (S-MEM, Sig-
ma, St. Louis,MO,USA) supplementedwith 5% fetal calf
serum (Sigma, St. Louis, MO, USA) at 37 �C. Cells were
synchronized in S-phase using a thymidine block (Jack-
son andCook, 1986), and then in mitosis by a nocodazole
block (20 ng/ml nocodazole, Sigma, St. Louis,MO,USA)
for 8 h. The inhibitors were removed by careful washing
and the cells were re-grown. Cell samples were taken
(about 5 · 106 cells per sample) 14 h after the release from
mitosis, which corresponds tomid-S-phase, as shown pre-
viously (Hozák et al., 1994).

2.2. Cell permeabilization

Synchronized cells were collected, washed twice in
phosphate-buffered saline (PBS), and permeabilized by
0.1 mg/ml saponin (Sigma, St. Louis, MO, USA) in
‘‘physiological’’ buffer (PB; 22 mM Na+, 130 mM K+,
1 mM Mg2+, <0.3 lM free Ca2+, 67 mM Cl�, 65 mM
CH3COO�, 11 mM phosphate, 1 mM ATP, 1 mM dithi-
othreitol, and 0.1 mM phenylmethylsulphonyl fluoride,
pH 7.4) for 3 min at 0 �C. Cell membrane integrity
was monitored using trypan blue (Merck). More than
90% of HeLa cells remained permeabilized for at least
1 h, so that under the experimental conditions used,
the labeled precursors had intracellular access during
the whole time of nucleotide incorporation (5–30 min).

2.3. Replication in vitro

After saponin permeabilization, cells were rinsed with
two changes of ice-cold PB. A prewarmed 10· concen-
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trated replication mix was added to permeabilized cells
to give final concentrations of 100 lM CTP, UTP, and
GTP, 250 lM dCTP, dATP, and dGTP, plus 100 lM
biotin-16-dUTP (biotin-dUTP) and 2.15 mM MgCl2 in
PB. For pulse experiments, the nucleotide incorporation
reaction was stopped with 10 volumes of ice-cold PB
after 5, 15, and 30 min of incubation at 33 �C (experi-
mental groups 1, 2, and 3, respectively). In pulse and
chase experiments, cells were incubated in replication
solution in the presence of biotin-dUTP for 5 min,
washed in PB, and then allowed to replicate in the pres-
ence of unlabeled precursors for 10 and 25 min (experi-
mental groups 4 and 5). The reaction was stopped with
10 volumes of ice-cold PB.

2.4. Dynamics of dNTP incorporation

The dynamics of dTTP incorporation in the presence
and in the absence of biotin-labeled precursors was stud-
ied quantitatively using the incorporation of [32P]dTTP.
Cells were permeabilized with saponin and then rinsed
twice with ice-cold PB. A prewarmed 10· concentrated
replication mix was then added to permeabilized
cells to give final concentrations of 100 lM CTP, UTP,
and GTP, 250 lM dCTP, dATP, and dGTP, 2.15 mM
MgCl2, 100 lM biotin-16-dUTP, and [32P]dTTP (�3000
Ci/mmol, 10-20 lCi/ml, Amersham). In pulse experi-
ments the reaction was stopped after 5, 15, and 30 min
of incubation at 33 �C by addition of an equal volume
of 2% SDS. Samples were then incubated for 2 h at
37 �C. 32P incorporation into the acid-insoluble fraction
of cell lysate was measured by scintillation counting
(Packard 300 CD) (Jackson and Cook, 1986). In pulse-
and-chase experiments, cells were washed after 5 min of
replication in the presence of biotin-dUTP and then al-
lowed to replicate in the presence of unlabeled precursors
and [32P]dTTP for 10 and 25 min. The following proce-
dure was the same as in pulse experiment. The results
of measurements are expressed as pmol of incorporated
TMP per 106 cells and as thousands of incorporated
dNMP per replication fork.

2.5. Electron microscopy and image capture

Following DNA replication in permeabilized HeLa
cells, the cells were fixed at 0 �C in 3% paraformalde-
hyde and 0.1% glutaraldehyde in Sörensen buffer (SB;
0.1 M sodium/potassium phosphate buffer, pH 7.3) for
30 min, washed twice in SB (10 min each), and then
resuspended in 1% low-melting point agarose (Sigma,
St. Louis, MO, USA) in SB at 37 �C. Cells were then
pelleted and the solidified pellet cut into small pieces.
The pieces were dehydrated in series of ethanol solutions
with increasing concentration of ethanol. The ethanol
was then replaced in two steps by LR White resin
(Polysciences, Warrington, USA) and the resin was



Fig. 1. The dynamics of biotin-dUTP incorporation. Permeabilized
HeLa cells were allowed to replicate in the presence of [32P]dTTP for
different times. Triangles, dNTP incorporation in the presence of
biotin-dUTP. Squares, dNTP incorporation in absence of biotin-
dUTP. Ellipses, after 5 min replication in biotin-dUTP, cells were
washed and allowed to replicate with untagged precursors. All three
curves have similar shapes.
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polymerized for five days at �20 �C under UV light.
After cutting 80 nm sections, non-specific labeling was
blocked by preincubation with 10% normal goat serum,
1% BSA, and 0.1% Tween 20 in PBS for 30 min at room
temperature. For the detection of nascent DNA, the sec-
tions were incubated with 10 nm gold-conjugated goat
antibodies to biotin (British BioCell International, Car-
diff, UK), washed twice in PBT (0.005% Tween 20 in
PBS), twice in water and air-dried. Finally, sections were
contrasted with a saturated solution of uranyl acetate in
water for 4 min and observed in a Philips CM100 elec-
tron microscope (Philips, Eindhoven, The Netherlands)
equipped with a CCD camera (Model 673, GATAN,
USA). For statistical analysis of clustering patterns of
the gold particles, series of digital electron microscope
images of nuclear sections were taken from about 20
cells per experimental group. In order to take into ac-
count only mid-S-phase cells, we chose only cells in
which the nucleoplasm contained clusters of gold parti-
cles spread throughout the whole extranucleolar region
(as immunofluorescence had previously shown that rep-
lication sites in mid-S-phase, are homogeneously distrib-
uted throughout nucleoplasm; Hozák et al., 1994).

2.6. Image analysis and statistical evaluation

The clustering of gold particles was estimated using a
macro developed for LUCIA image-processing software
(Laboratory Imaging, Prague, Czech Republic). Each
particle was identified, and the clusters of particles were
defined. Two particles were regarded as forming a clus-
ter if the distance between them was less than 80 nm.
The area of a cluster, number of particles inside it and
its circularity and elongation factors were calculated.
The circularity factor (CF) is

CF ¼ 4p� area

Perimeter� perimeter
:

It equals 1 for circles; all other shapes have a value lower
than 1. The elongation factor (EF) is

EF ¼Max projected diameter

Min projected diameter
:

It equals 1 for circles, and all other shapes have a value
higher than 1. The statistical significance of experimen-
tal values was tested using the non-parametric Kol-
mogorov–Smirnov two-sample test.

Theoretically, one might expect that the CF and EF
values could be biased in the case when only a few gold
particles decorate one replication focus. We compared
therefore the experimental values of CF and EF with
those of randomly generated clusters of gold particles.
For random generation, convex hulls of n (pseudo)ran-
dom points were used (106 repetitions, random genera-
tor after L�Ecuyer with Bays-Durham shuffle; Press
et al., 1999). Two possibilities were examined: clusters
33
were generated either within a circle, or within an ellipse
(ratio of semiaxes = 2).

The numbers of clusters per lm2 of the nucleoplasm
(cluster densities) in each experimental group were also
calculated, and used to estimate the total number of
clusters per nucleus according to Weibel (1979)

NV ¼
NA

Dþ t
;

where NV is number of structures per investigated vol-
ume, NA is the cluster density, D is the diameter of struc-
tures, and t is the section thickness, i.e., 80 nm. The total
number of replication clusters per nucleus N is then cal-
culated using the total nuclear volume V

N ¼ NA � V :
3. Results

3.1. An effect of biotin-dUTP on replication rate

We first characterized how the presence of biotin-
dUTP influences the incorporation dynamics of dNTPs
into DNA in permeabilized HeLa cells. The curve with
triangles in Fig. 1 demonstrates that the presence of bio-
tin-dUTP reduces the rate of incorporation of radioac-
tively labeled dNTPs by about 50% during the first
5 min. However, the character of the curve for dNTPs
incorporation is similar in the absence or in the presence
of labeled precursors. In pulse-chase experiments (i.e.,
when biotin-dUTP was removed after 5 min and then
cells allowed to replicate in the presence of only natural
precursors), the rate fully recovered and reached the
control level in less than 10 min (Fig. 1).



Fig. 2. DNA replication takes place focally. Nascent DNA in sections
of HeLa cell nuclei was labeled with 10 nm gold particles. The label is
found as single particles and as clusters of gold particles (arrows). (A)
5 min; (B) 15 min; (C) 30 min pulse; and (D) 5 min pulse and 25 min
chase. Bar, 250 nm.
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3.2. Distribution of nascent DNA

The distribution of incorporated biotin-dUTP was
analyzed in detail using electron microscopy of immuno-
gold-labeled ultrathin sections. Biotin-dUTP was la-
beled with goat anti-biotin antibodies conjugated to
10 nm gold particles. The majority of label is clearly
incorporated as clusters of gold particles in the nucleo-
plasm (Fig. 2). These clusters were of different sizes
and contained different number of gold particles (Figs.
2A–D, arrows; Figs. 3A and B, curves with squares).
After replication for 5 min, only small clusters can be
found (Fig. 2A). However, after 15 and 30 min the clus-
ters become significantly larger (Figs. 2B and C). In
pulse-chase experiments, the clusters are similar after a
5 min pulse and 25 min chase to those labeled during a
30 min pulse (Fig. 2D). However, the clusters after
25 min chase are more dispersed (1043.8 ± 579.4 parti-
cles/lm2) than after 30 min pulse (1234.5 ± 650.5 parti-
cles/lm2; compare also Figs. 2C and D). The dynamics
of gold particles incorporation into clusters is similar to
the incorporation of radioactively labeled precursors
into permeabilized cells (compare Fig. 3A, the curve
with squares and Fig. 1).

Single gold particles were also found in all experimen-
tal groups (Figs. 2A–D). However, the total number of
single particles did not significantly change during bio-
tin-dUTP pulse incorporation and was comparable in
all experimental groups (Figs. 3A and B, curves with tri-
angles). These experimental data support previous
observations using bromodeoxyuridine that replication
takes place in clusters/foci (Nakamura et al., 1986;
Nakayasu and Berezney, 1989).

Evaluation of cluster area and of the number of par-
ticles in each particular cluster demonstrated that the
amount of clusters with large numbers of gold particles
(more than 7) increases along the pulse length. A de-
crease in the number of large clusters was seen if the
pulse was followed by a chase (compare plots B and D
in Fig. 4). Presumably, some incorporated label spreads
out beyond the original cluster. The label would then
yield either single particles or particles belonging to a
different cluster. Similarly, the proportion of clusters,
which occupy areas larger than 0.015 lm2 slightly in-
creases with the length of pulse from 5 to 30 min (Figs.
5A and B). In contrast, in pulse-chase experiments the
proportion of larger clusters remained similar while
increasing the length of the chase from 10 to 25 min
(Figs. 5C and D).

The direct correlation between the area occupied by
a cluster and the number of particles inside this cluster
shows that both parameters change simultaneously
with the extent of replication (Fig. 6). In pulse experi-
ments, the number of large clusters of more than
0.015 lm2 with seven and more gold particles increased
with the length of the pulse (see Figs. 6A–C). However,
34
in pulse-chase experiments, the pattern did not change
significantly with the length of the chase (Figs. 6D
and E).

The clusters which occupy an area larger than
0.02 lm2 and which consist of more than 12 gold parti-
cles appear only after 30 min (Fig. 6C). However, such
clusters are already present after a 5 min pulse and



Fig. 3. Most label of nascent DNA localizes to immunogold clusters.
Total number of gold particles per entire evaluated area was estimated
in experiments like shown in Fig. 2. The particles belong to two classes:
single particles, and particles that create clusters. (A) Pulse of 5, 15, or
30 min and (B) pulse-chase (5 min pulse plus 10 or 25 min chase).
Squares, gold particles in clusters. Triangles, single gold particles. The
number of single particles does not change with incubation time (so
they represent background labeling), while the number of particles in
clusters increases (so they reflect DNA synthesis).
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10 min chase (compare plots C and D in Fig. 6). This is
in agreement with the radiolabeling experiment, which
demonstrated an inhibition by biotin-dUTP during the
pulse followed by a full recovery in 10 min after remov-
ing the labeled precursor (Fig. 1).

The density of clusters with five or more gold parti-
cles in the nucleoplasm increased gradually between 5
and 30 min to 0.25 clusters/lm2. Using the known nu-
clear volume and standard stereological procedures,
we then calculate that there are �800 clusters per nu-
cleus. In pulse-chase experiments, the density of clusters
with five or more gold particles was 0.4 clusters/lm2

after 5 min of pulse and 10 min of chase, and 0.3 after
5 min of pulse, and 25 min of chase.

The circularity and elongation factors can be used to
provide an estimate of the general shape of a cluster, and
how it might change during a pulse-chase (see Section 2
for details). During both pulse and pulse-chase label-
ings, the clusters had circularity factors of about 0.75
and elongation factors of about 2 (Table 1). This is con-
sistent with a generally round/ellipsoid shape that re-
mained so as the clusters grew in size.
35
3.3. Stereological considerations

It follows from the classical solution of the Sylvester
problem that in the case of low gold labeling density, the
shape and size of the clusters could be biased (Kendall
and Moran, 1963). Indeed, the mean area of a triangle
created with three randomly placed points inside a circle
covers only about 7% of the circle area. In order to as-
sess this possible bias, we calculated the elongation
and circularity factors of the artificially created clusters
using Monte-Carlo simulations of gold particles ran-
domly generated inside the expected round/ellipsoid
structures (replication foci). The results given in Table
1 clearly show that the theoretical clusters (mostly those
with a small number of gold particles) are much more
elongated than in our experiments. For example, clus-
ters containing three gold particles had CF of �0.7
and EF of �2, while the calculated parameters were
�0.34 and �3.3, respectively. In other words, the repli-
cation foci probably are in reality even more circular
than if we rely on the detected shape of immunogold
clusters. One possible explanation is a repulsion of gold
particles at very short distances (Humbel and Biegel-
mann, 1992) that neutralizes the above-described bias.
4. Discussion

In proliferating cells, DNA synthesis must be con-
trolled with absolute precision so that each base pair
of DNA is replicated once but only once in every cell cy-
cle. In mammals, while some critical regulatory features
have been described, other aspects of the process that
ensure regulated synthesis remain unknown (Berezney
et al., 2000; Gilbert, 2002). In particular, very little is
known about the molecular mechanisms that regulate
the activation of replication from defined regions of
the genome throughout S-phase. The best models that
have been developed to address this issue involve groups
of replicons within DNA foci that behave as structurally
stable replicating units (Cremer and Cremer, 2001).
S-phase progression would then occur by virtue of a
domino-like effect wherein events that occur during the
replication of one structural unit lead to changes in an
adjacent unit which will allow synthesis to proceed. In
this model, spatial parameters of chromosome architec-
ture define the S-phase program.

The basic features required by this model have been
characterized in detail. Numerous studies have demon-
strated that DNA replication takes place in replication
domains or foci and that defined groups of foci are rep-
licated at specific times of S-phase so that characteristic
patterns of synthesis define S-phase stage (Humbert and
Usson, 1992; Nakamura et al., 1986; Nakayasu and
Berezney, 1989; O�Keefe et al., 1992). DNA foci are also
known to contain groups of replicons that are replicated



Fig. 4. Distribution of clusters according to the number of gold particles in experiments like shown in Fig. 2. The number of particles in each
particular cluster was counted, and the percentages of clusters containing different numbers of gold particles were calculated. (A) Pulse of 5, 15, or
30 min; (B) detail of (A) (note that here we start with clusters containing eight particles); (C) 5 min pulse followed by 10 or 25 min chase; and (D)
detail of (C).
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together and form stable structural cohorts over many
cell division cycles (Jackson and Pombo, 1998; Ma
et al., 1998; Zink et al., 1998). Foci that are replicated
later within S-phase appear to arise at sites adjacent to
foci that have recently completed synthesis (Manders
et al., 1996; Sporbert et al., 2002). Two critical issues re-
main unresolved. First, the micro-architecture of DNA
foci has not been studied in detail, and reports on the
distribution of synthetic sites within the foci are conflict-
ing (see Section 1). Second, little is known about the
movement and distribution of nascent DNA within foci
during DNA synthesis.

Most studies that have been designed to analyze DNA
foci have used light microscopy and so suffer from limita-
tions of resolution. At the ultrastructural level, two types
of synthetic sites can be distinguished: the electron-dense
structures (or replication bodies), and others that lack a
distinct ultrastructure and which can be visualized only
by immunodetection of incorporated precursors (Hozák
et al., 1993, 1994). In this study, we describe the dynamics
of replication during mid-S-phase of the cell cycle that
takes place inside replication domains, which have no dis-
tinct underlying (dense) structure.
36
In permeabilized cells, replication in the presence of
biotin-dUTP is known to be less efficient than in the
presence of an equivalent concentration of dTTP (Ho-
zák et al., 1993, 1994). Nevertheless, biotin-dUTP sup-
ports elongation with kinetics that reflects those
obtained using only the natural precursor (see the
shapes of the curves in Fig. 1). Immunogold labeling
demonstrates highly similar kinetics (compare Fig. 3A,
curve with squares and Fig. 1) suggesting it provides a
suitable method of monitoring DNA synthesis whilst
allowing high spatial resolution.

We have demonstrated using both pulse or pulse-
chase strategies that most (i.e., >90%) nascent DNA
(see e.g., Fig. 2C) is synthesized in discrete foci marked
by clusters of gold particles against a background of sin-
gle particles. The total number of single particles was the
same in all experimental groups and clearly presents
background labeling. In contrast, the number of parti-
cles in clusters increased in proportion to the amount
of biotin incorporated. This confirms results obtained
using light microscopy (Jackson and Pombo, 1998; Ma
et al., 1998; Nakamura et al., 1986; Zink et al., 1998).
About 800 replication sites per nucleus are seen after a



Fig. 5. Distribution of clusters according to their area in experiments like shown in Fig. 2. The area of each particular cluster was measured and the
percentages of clusters with different areas calculated. (A) Pulse of 5, 15, or 30 min; (B) detail of (A) (note that here we start with cluster areas of
0.01 lm2); (C) 5 min pulse followed by 10 or 25 min chase; and (D) detail of (C).
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30 min pulse. This confirms recent estimates that both
mouse 3T3 (Ma et al., 1998) and HeLa cells (Jackson
and Pombo, 1998) contain �1000 sites in early S-phase.

As the length of a pulse increases (or when a pulse is
followed by a chase) the clusters enlarge but remain
roughly circular in shape (Figs. 2C and D). This is con-
sistent with replication taking place in a limited region
(focus) and with newly replicated DNA moving away
from the synthetic site. On the other side, these data
are inconsistent with the view that replication foci oper-
ate as replication centers that perform DNA synthesis
on stretched chromatin fibers.

Sectioning of elongated object, e.g., prolate spheroid
yields sections of various shapes, from circular to those
elongated as the original object. In less elongated objects
(e.g., 2:1), the frequencies of all shapes are similar, while
sectioning strongly elongated object (e.g., 5:1) yields a
large proportion of circular sections and smaller number
of largely elongated sections (Cruz-Orive, 1978; Ohser
and Muecklich, 2000). In both cases, the elongated sec-
tions are remarkable. However, in our experiments we
detected only clusters with the maximal EF of �3.5
and minimal CF of �0.5 for clusters with more than five
gold particles. This means that we never observed
stretched fibers of nascent DNA/chromatin.

The size of clusters obtained in our experiments is also
of interest. The length of the DNA in a chromatin loop in
37
a HeLa cell is about 8.6 · 104 bp (Jackson et al., 1990); if
packed as a 30 nm chromatin fiber this would correspond
to a physical length of�480 nm.During themaximal time
of replication in our experiments about 1.2 · 104 bp was
replicated (see Fig. 1), equivalent to�140 nm packed into
a 30 nm fiber. This compares with a mean radius of
180 nm of the largest clusters seen after 30 min. Therefore
nascent DNA remains close to the synthetic site where,
under these conditions, it is confined with DNA foci of
up to 400 nm in diameter. The focal structure is preserved
during the course of the experiment and no local restruc-
turing of the foci is seen even though some sites will termi-
nate replicating during the course of labeling in these cell
populations. These results are consistent with the view
that replication takes place in distinct factories (Hozák
et al., 1993) but also supports similar observation using
electron microscopy that has shown DNA replication to
occur at the surface of dense chromatin regions within
the perichromatin compartment (Jaunin et al., 2000).
From this report, it is clear that within DNA compart-
ments (of the size of DNA foci) replication occurs within
a peripheral zone and does not at any time spread into the
DNA-rich compartment itself. This is consistent with the
view that a synthetic compartment is assembled within
the inter-chromatin region, where it could be associated
with the nucleoskeleton, and that the chromatin must
translocate into the active site and the replicated daughter



Fig. 6. The cluster area and number of particles in them correlate. Each plot represents one experimental group. A, B, and C correspond to 5, 15, and
30 min pulses, respectively. D and E correspond to 5 min pulse and 10 and 25 min chases, respectively. The absence of clusters with small area but
large numbers of particles demonstrates the direct correlation between the area occupied by a cluster and its number of gold particles. R, correlation
coefficient.

Table 1
Comparison of circularity (CF) and elongation (EF) factors of experimental (CFEXP and EFEXP) and randomly generated (CFT and EFT) clusters of
gold particles

Experiment NC Ngp CF EF

CFEXP ± SD CFT EFEXP ± SD EFT

Generated
for circle

Generated
for ellipse

Generated
for circle

Generated
for ellipse

5 min pulse 59 3.5 0.69 ± 0.127 0.34 0.31 2.31 ± 0.932 3.33 3.85
15 min pulse 165 4.2 0.69 ± 0.123 0.50 0.44 2.32 ± 0.880 2.38 2.94
30 min pulse 468 4.9 0.70 ± 0.121 0.59 0.51 2.23 ± 0.822 2.04 2.56
5 min pulse + 10 min chase 464 5.1 0.69 ± 0.125 0.59 0.51 2.30 ± 0.992 2.04 2.56
5 min pulse + 25 min chase 600 5.0 0.68 ± 0.116 0.59 0.51 2.30 ± 0.812 2.04 2.56

Note. The CF of �0.7 and EF of �2.3 indicate that the clusters containing nascent DNA are always round/ellipsoid. As the CF and EF values could
be biased when only low number of gold particles defines a cluster, a comparison of experimental and theoretical values is also given. Note that both
CF and EF are very stable during dNTP incorporation in all experimental groups. They represent more circular shape of the experimental gold
particle clusters than randomly generated (see Section 2). NC, the total number of evaluated clusters; Ngp, the mean number of gold particles per
cluster.
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strands move back into the chromatin compartment as
replication proceeds.

Models of this type are supported by the analysis of
living cells expressing replication proteins tagged with
38
green fluorescent protein (GFP; Leonhardt et al., 2000;
Sporbert et al., 2002). GFP-PCNA (proliferating cell nu-
clear antigen) provides an outstanding example. In non-
S-phase cells GFP-PCNA is spread diffusely throughout
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the nucleus but during S-phase a proportion of the previ-
ously soluble protein is assembled into the active replica-
tion centers which have a sufficiently high local density of
GFP-PCNAmolecules for them to be seen against the dif-
fuse pools. This study supports the earlier observation
that consecutive phases of DNA synthesis during S-phase
are seen to take place within spatially adjacent or overlap-
ping DNA foci (Manders et al., 1992, 1996). In this case,
nascentDNAmoves in vivo relative to the domains where
replication takes place with a rate that is on the order of
0.5 lm/h; similar rates were seen during early and late
S-phase (Manders et al., 1996).

In conclusion,wepresent ahigh-resolution study of the
distribution of nascent DNA that demonstrates that
DNA synthesis is restricted to a limited region of DNA
foci rather than being dispersed throughout the actively
replicating structures. This is consistent with the view that
DNA synthesis occurs within defined nuclear compart-
ments that represent the active replication centers (Hozák
et al., 1993; Sporbert et al., 2002). It requires that chroma-
tin must move from DNA-rich areas to engage the active
site prior to synthesis. This is consistent with the observa-
tion that replication occurs at the peri-chromatin region
at the periphery of dense chromatin (Jaunin et al., 2000).
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Abstract Most DNA synthesis in HeLa cell nucleus is
concentrated in discrete foci. These synthetic sites can be
identified by electron microscopy after allowing per-
meabilized cells to elongate nascent DNA in the pres-
ence of biotin-dUTP. Biotin incorporated into nascent
DNA can be then immunolabeled with gold particles.
Two types of DNA synthetic sites/replication factories
can be distinguished at ultrastructural level: (1) electron-
dense structures—replication bodies (RB), and (2) focal
replication sites with no distinct underlying struc-
ture—replication foci (RF). The protein composition of
these synthetic sites was studied using double immuno-
gold labeling. We have found that both structures con-
tain (a) proteins involved in DNA replication (DNA
polymerase a, PCNA), (b) regulators of the cell cycle
(cyclin A, cdk2), and (c) RNA processing components
like Sm and SS-B/La auto antigens, p80-coilin, hnRNPs
A1 and C1/C2. However, at least four regulatory and
structural proteins (Cdk1, cyclin B1, PML and lamin
B1) differ in their presence in RB and RF. Moreover, in
contrast to RF, RB have structural organization. For
example, while DNA polymerase a, PCNA and hnRNP
A1 were diffusely spread throughout RB, hnRNP C1/C2
was found only at the very outside. Surprisingly, RB
contained only small amounts of DNA. In conclusion,
synthetic sites of both types contain similar but not the
same sets of proteins. RB, however, have more devel-

oped microarchitecture, apparently with specific func-
tional zones. This data suggest possible differences in
genome regions replicated by these two types of repli-
cation factories.

Keywords DNA replication Æ Cell nucleus Æ
Ultrastructure Æ Nuclear bodies Æ Replication factory Æ
Replication foci Æ Nuclear proteins

Abbreviations PCNA: Proliferating cell nuclear antigen Æ
GFP: Green fluorescent protein Æ RB:
Replication bodies Æ RF: Replication foci

Introduction

Sites of DNA replication are not diffusely spread
throughout eukaryotic nuclei but concentrated in dis-
crete foci. These sites can be visualized by light micros-
copy in intact or permeabilized cells using incorporation
of bromodeoxyuridine or biotin-dUTP, and subsequent
immunofluorescent labelling of the sites containing the
incorporated analogues (Blow and Laskey 1986, 1988;
Bravo and Macdonald-Bravo 1987; Hozak et al. 1993;
Hutchison et al. 1987; Mills et al. 1989; Nakamura et al.
1986). Replication foci are not fixation artifacts because
similar structures are seen after incorporation of fluo-
rescein-dUTP into permeabilized, but unfixed cells
(Hassan and Cook 1993) and in intact living mammalian
cells expressing chimeric GFP-PCNA protein (Cardoso
et al. 1997; Leonhardt et al. 2000a). They also remain
even when most chromatin is removed (Hozak et al.
1993; Nakayasu and Berezney 1989), implying that they
are attached to an underlying structure. Early during
S-phase the replication sites are small and discrete. Later
they become larger when centromeric and other hetero-
chromatic regions are replicated (Fox et al. 1991; Hozak
et al. 1994; Humbert and Usson 1992; Kill et al. 1991;
Manders et al. 1992; Nakayasu and Berezney 1989;
O’Keefe et al. 1992). Replication sites may also lie close
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to the sites of transcription, especially early during S-
phase (Hassan et al. 1994).

At the ultrastructural level, two types of DNA syn-
thetic sites can be distinguished. One type are electron-
dense structures attached to an internal lamin-contain-
ing nucleoskeleton (Hozak et al. 1993, 1995). As each
replication site of this type contains at least 40 active
forks and associated leading- and lagging-strand
polymerases (Hughes et al. 1995), they were called rep-
lication ‘‘factories’’. Subsequently, we found that these
factories were identical to a subset of nuclear bodies
identified previously in studies on nuclear structure
(Bouteille et al. 1967; Brasch and Ochs 1992). Both were
labeled with biotin-dUTP and their number, shape and
distribution during the cell cycle changed in much the
same way (Hozak et al. 1994). Again, they cannot be
fixation artifacts as they can also be labeled in non-
permeabilized cells using antibodies directed against
their typical components. In this study, they are referred
to as ‘‘replication bodies’’ (RB). Another type of DNA
synthetic sites (termed in this study ‘‘replication foci’’,
RF) corresponds to the sites of extra-RB labeling which
have no distinct underlying structure. In resinless sec-
tions this label was found in focal regions on the diffuse
part of the nucleoskeleton besides the dense RB. Such
scattered extra-RB labeling becomes more prominent
during mid S-phase, and later on the RF become con-
centrated under the lamina (Hozak et al. 1994). In the
latest experiments we have also shown that these foci are
the dynamic structures and possibly represent some fixed
multiprotein complexes, through which nascent DNA
reels (Philimonenko et al. 2004).

Replication sites are also known to contain proteins
specifically involved in DNA synthesis (e.g., DNA
polymerase a, PCNA and DNA methyltransferase;
Hozak et al. 1993; Leonhardt et al. 1992; Prosperi et al.
1994) as well as others that might be involved in regu-
lation of this process (e.g. cyclin A, CDK2 and RPA70,
but not cyclin B1, CDC2 or RPA34; Adachi and Lae-
mmli 1992; Cardoso et al. 1993; Sobczak-Thepot et al.
1993, for a review, see also Leonhardt et al. 2000b).
However, the structural and functional differences be-
tween RF and RB are not known.

The aim of this study was to investigate ultrastructure
and protein composition of these two types of DNA
synthetic sites by immunoelectron microscopy using
multiple immunogold labeling. As RF have no dis-
tinct underlying structure, we developed a new tech-
nique for statistical evaluation of immunogold
colocalization patterns (Philimonenko et al. 2000;
http://nucleus.biomed.cas.cz/gold). Our experiments
have shown that in comparison to RF, RB have a
distinct microarchitecture, with certain components
concentrated in specific regions. This observation allows
us to suggest the existence of specific functional zones
inside the RB. On the other hand, both types of repli-
cation sites contain similar set of major synthetic
and regulatory components, which indicates that RF
are true replication factories. However, at least four

principal regulatory and structural proteins (Cdk1, cy-
clin B1, PML and lamin B1) differ in their presence in
RB and RF. This data suggest possible differences in
genome regions replicated by these two types of repli-
cation factories.

Materials and methods

Cell culture and cell synchronization

Suspension culture of HeLa cells was grown in minimal
essential Eagle medium (S-MEM, Sigma, St. Louis,
Missouri, USA) supplemented with 10% foetal calf
serum (Sigma, St. Louis, Missouri, USA) at 37�C on
rotamix. Cells were synchronized in mitosis using thy-
midine and nitrous oxide/nocodazole block according to
Rao (1968) and Jackson and Cook (1986). Briefly, cells
blocked in S-phase by incubation in 2.5 mM thymidine
for 22 h were then rinsed carefully, re-grown for 4 h in
fresh medium, and arrested in mitosis by either nitrous
oxide at high pressure or nocodazole (20 ng/ml, Sigma,
St. Louis, Missouri, USA) for 8 h (>98% cells in
mitosis). Cells were then washed carefully and re-grown.
Cell samples (about 5·106 cells per sample) were taken
14 h after the release from the mitosis to obtain cell
populations in mid S-phase (Hozak et al. 1994).

DNA replication in permeabilized cells

Synchronized HeLa cells were collected by centrifuga-
tion, washed twice in phosphate-buffered saline (PBS),
and encapsulated in agarose microbeads to protect them
during subsequent manipulations (Jackson et al. 1988).
Cells were then permeabilized with saponin (0.1 mg/ml;
Sigma, St. Louis, Missouri, USA) in ‘‘physiological’’
buffer (PB; 22 mM Na+, 130 mM K+, 1 mM Mg2+,
<0.3 lM free Ca2+, 67 mM Cl�, 65 mM CH3COO�,
11 mM phosphate, 1 mM ATP, 1 mM dithiothreitol
and 0.1 mM phenylmethylsulphonyl fluoride, pH 7.4;
Jackson et al. 1988) for 3 min at 0�C and then washed
twice by PB. Ten-times concentrated replication mix
prewarmed to 33�C was added to permeabilized cells to
give final concentrations of 100 lM CTP, UTP and
GTP, 250 lM dCTP, dATP and dGTP, plus 100 lM
biotin-16-dUTP (Boehringer Mannheim, Mannheim,
Germany) and 2.15 mM MgCl2. After 15 min incuba-
tion at 33�C the reaction was stopped with 10 volumes
of ice-cold PB. Nascent DNA chains are extended by
<750 nucleotides under these conditions to ensure that
the incorporated analogues remained close to sites of
polymerization (Hassan et al. 1994; Hozak et al. 1993).

Antibodies

Primary monoclonal mouse antibodies were directed
against human DNA polymerase a (clone SJK 287–38;
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Bensch et al. 1982), proliferating cell nuclear antigen
(PCNA; Santa Cruz Biotechnology), DNA (Boehringer
Mannheim, Mannheim, Germany; the antibody binds to
both single- and double-stranded DNA), rat liver 5E10
antigen, which corresponds to promyelocytic leukemia
protein PML (Stuurman et al. 1992), A1 hnRNP (clone
9H10—a gift of Dr. G. Dreyfuss—which is similar to
clone 4B10; Pinol-Roma et al. 1988), C1/C2 hnRNP
(clone 4F4; Choi and Dreyfuss 1984), cdc2 kinase (now
designated Cdk1, affinity purified IgG1 raised against a
synthetic peptide corresponding to a fifteen amino acid
sequence located near the carboxyl terminus of the intact
human p34cdc2, Transduction Laboratories), cyclin-
dependent kinase 2 (cdk2, affinity purified IgG2a raised
against a 21.7 kDa protein fragment corresponding to
residues 109–298 of cdk2; Transduction Laboratories),
human CDC34 protein (affinity purified IgG2a raised
against a 21.5 kDa protein fragment corresponding to
amino acids 108–298 of the human CDC34; Transduc-
tion Laboratories), human cyclin B1 (Santa Cruz Bio-
technology), lamins A/C and B1 (131C1 and 119D5-F1,
respectively, both were gifts of Dr. Y. Raymond; Ray-
mond and Gagnon 1988), p21 (Cip1/Waf1/CAP20/Sdi1/
Pic1, an IgG2a raised against the amino-terminal resi-
dues 1–150 of the human Cip1 protein, Transduction
Laboratories), and cyclin D1 (an IgM raised against a
23 kDa protein fragment corresponding to amino-ter-
minal residues 1–200 of cyclin D1, Transduction Labo-
ratories).

Primary rabbit polyclonal antibodies (affinity puri-
fied) were directed against human cyclin A (affinity
purified serum C-22, an IgG raised against the amino-
terminal residues 104–123; Santa Cruz Biotechnology),
human cyclin E (affinity purified IgG raised against a
peptide corresponding to amino acids 377–395 of cyclin
E of human origin; Santa Cruz Biotechnology), rat liver
nucleolar phosphoprotein Nopp 140 (Meier and Blobel
1992), p80-coilin (R228, a gift of Dr. R. L. Ochs; And-
rade et al. 1993).

Primary human auto-antibodies recognize Sm and
SS-B/La antigens (both ANA/CDC reference sera,
Centers for Disease Control, Atlanta, USA). Secondary
5 nm gold-conjugated antibodies produced in goat, in-
cluded anti-mouse IgG or IgM, anti-human IgG, and
anti-rabbit IgG (British BioCell International Ltd.,
Cardiff, UK). Sites containing incorporated biotin were
detected using goat anti-biotin antibodies conjugated
with 10 nm gold particles (British BioCell International
Ltd., Cardiff, UK).

Postembedding immunoelectron microscopy

Following DNA replication in permeabilized HeLa cells,
the cells were fixed on ice for 30 min at 0�C in 3%
paraformaldehyde and 0.1% glutaraldehyde in Sörensen
buffer (SB; 0.1 M sodium/potassium phosphate buffer,
pH 7.3), washed twice by SB (10 min each), and resus-
pended in 1% low melting point agarose (Sigma, St.

Louis, Missouri, USA) in SB prewarmed to 37�C. Cells
were then spun down and the pellet was cut into small
pieces. The pieces were dehydrated in series of ethanol
solutions with increasing concentration of ethanol. The
ethanol was then replaced in two steps by LR White
resin (Polysciences Inc., Warrington, USA), and the re-
sin was polymerized for 5 days at �20�C under UV
light. After cutting 80 nm sections, nonspecific labeling
was blocked by preincubation with 10% normal goat
serum (British BioCell International Ltd., Cardiff, UK),
1% BSA and 0.1% Tween 20 in PBS for 30 min at room
temperature. For double immunogold labeling experi-
ments, the sections were incubated with primary anti-
bodies against appropriate antigens (2–10 lg/ml),
washed three times in PBT (0.005% Tween 20 in PBS),
incubated with appropriate 5 nm gold-conjugated anti-
bodies and with 10 nm gold-conjugated goat antibodies
to biotin, washed again twice in PBT, then twice in bi-
distilled water, and air-dried. Finally, sections were
contrasted with a saturated solution of uranyl acetate in
water (4 min) and observed in electron microscopes
Philips CM100 (Philips, Eindhoven, The Netherlands)
or Morgagni (FEI, Eindhoven, The Netherlands) oper-
ated at 80 kV. Control incubations without primary
antibodies proved that the signal was highly specific and
that there was no cross-reactivity in case of multiple
labelling.

Cytochemical detection of DNA in replication factories

Synchronized cells that had been permeabilized and al-
lowed to make DNA in the presence of biotin-dUTP
were washed in SB, fixed and embedded in LR Wight
resin as described above. Silver-gold 80 nm thick sec-
tions were mounted on gold grids and DNA was spe-
cifically stained with osmium-amine according to
Derenzini et al. (1982). Briefly, DNA was hydrolyzed in
5 N HCl (30 min, room temperature), sections washed
in distilled water (1 h), incubated (10–15 min) in a
freshly prepared osmium-ammine B solution (Poly-
sciences; Olins et al. 1989), washed thoroughly in dis-
tilled water and observed in the electron microscope. In
order to confirm that replication sites were being
examined in such sections, the presence of incorporated
biotin in RB in adjacent sections was monitored. Pre-
treatment with DNase (1 lg/ml, 30 min) abolished this
osmium-ammine staining.

Identification of colocalization patterns in replication
foci

For the statistical analysis of colocalization patterns,
about 50 random digital electron microscope images of
nuclear sections per each experimental group were ta-
ken. Each experimental group corresponds to an
experiment in which biotin-labeled nascent DNA was
colocalized with one of the proteins of interest. XY
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coordinates of all gold particles were recorded from the
images using a macro developed for LUCIA image-
processing software (Laboratory Imaging Ltd., Prague,
Czech Republic). In order to analyze the colocalization
of particles of different size, the pair cross-correlation
function (PCCF) and the cross-K function were used
(Philimonenko et al. 2000). PCCF is the ratio of the
density of particles of one type at the given distance
from a typical particle of the second type to the average
density of the particles of the first type. The cross-K
function is the ratio of the number of particles of one
type at a distance shorter than given distance from a
typical particle of the second type divided by the average
density of the particles of the first type. The pair cross-
correlation function was used for exploratory analysis,
while the cross-K function for statistical testing. The
above functions were calculated from pooled data from
all images of nucleoplasm in each experimental group.

For more detailed description of this method see also
our www pages at http://nucleus.biomed.cas.cz/gold.
Additionally, densities of gold labels were estimated in
randomly chosen sections, and in replication bodies.

Statistical evaluation of labeling density in inner and
outer zones of replication factories

LR White sections of mid S-phase HeLa cells were la-
beled using an anti-biotin antibody coupled with 5 nm
gold particles as described above; only one side of the
80 nm section was labeled. Images of 300 RB labeled
with a density >30 gold particles per lm2 were captured
with a CCD camera and the number of gold particles
was counted in the internal and external area of each RB
(both occupying 50% of the total RB area). The results
were then statistically evaluated using Student’s t test.

Fig. 1 There are two ultrastructurally distinct
types of replication sites in nuclei of HeLa
cells. DNA polymerase a colocalizes with
nascent DNA in both RB and RF.
Permeabilized cells in mid S-phase were
allowed to make DNA in the presence of
biotin-dUTP, ultrathin sections prepared and
immunolabeled. Five nanometer gold
particles mark DNA polymerase a, whilst
10 nm particles label sites containing
incorporated biotin (i.e., nascent DNA). a RB
(f) is strongly labeled with both antibodies. b
Clusters of DNA polymerase a are detectable
separately (arrowhead) or intermingled with
RF (arrow). Bar: 100 nm
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Results

To uncover the ultrastructural organization of DNA
synthetic sites in eukaryotic nuclei, mid S-phase syn-
chronized HeLa cells were gently permeabilized and then
allowed to synthesize DNA in the presence of biotin-16-
dUTP. After fixation and sectioning, sites containing the
incorporated biotin were immunolabeled with 10 nm
gold particles. Simultaneously, various proteins of
interest were immunolocalized with 5 nm gold particles
(see Materials and methods).

Figures 1 and 2 represent typical electron micro-
graphs of HeLa cell nuclei, in which sites containing
nascent DNA with incorporated biotin are localized.
Two morphological types of DNA synthetic sites/repli-
cation factories can be distinguished: (1) replication
bodies (RB)—ellipsoid or globular dense structures of
about 400 nm in diameter at this stage of S-phase
(Fig. 1a) and (2) replication foci (RF)—DNA replica-
tion sites of about 100 nm in diameter without any
typical underlying structure (Figs. 1b, 2a, b). In Fig. 1a,
a densely stained RB (f) is labeled with the large (10 nm)
gold particles (incorporated biotin). Most DNA poly-
merase a (which also serves in our study as a positive
control, small 5-nm particles) is also concentrated
within—and distributed uniformly throughout—the RB.
Small foci of label are also found in the nucleoplasm
(Fig. 1b; Table 1). In Figs. 1b, 2a and b, RF recognized
by labeling nascent DNA are presented (clusters of large

gold particles). Clusters of DNA polymerase a are
detectable here separately (Fig. 1b, arrowhead) or
intermingled with clusters of labeled nascent DNA
(Fig. 1b, arrow). The functional difference between these
two types of DNA synthetic sites is unknown.

It is attractive to suppose that RB contain stores of
the required enzymes and that DNA synthesis occurs as
templates slide through polymerases fixed on the surface
of these stores (Cook 1991; Hozak et al. 1993). Then
little DNA should be found within the RB; alternatively,
replicating DNA might be restricted to certain zones.
Therefore, we investigated the DNA content of the RB
using an anti-DNA antibody (Fig. 3a and b, small gold
particles). Although surrounding chromatin was in-
tensely labeled with small gold particles (arrows) run-
ning up to the RB, few, if any, particles are found over
the RB. About 80% of RBs contained no DNA labeled
inside (Fig. 3a), the remaining 20% contained typically a
few gold particles (Fig. 3b). The density of labeling in
the RBs with anti-DNA label was significantly higher
(18.7 particles/lm2) than that of background (0.21 par-
ticles/lm2; P<0.01]. This suggests that RB contain less
DNA than their surroundings. However, proteins can
obscure the epitopes on DNA. The observation was
therefore confirmed using osmium-ammine that specifi-
cally stains DNA (Fig. 3c). To ensure that replication
sites were being examined in such sections, the presence
of incorporated biotin in RB in adjacent sections was
monitored (Fig. 3a, large gold particles). Whilst 30 nm

Table 1 Antigens detected within DNA replication sites of both types

Group Antigen RF RB

Significancy of colocalization
with nascent DNA

LD Pattern

Proteins involved in
DNA replication

DNA polymerase a ** +++ Diffuse
PCNA ** +++ Diffuse

Cell cycle regulators Cdk1 (cdc2-kinase) NS +++ Diffuse
Cdk2 ** � to + Small zones
p21 WAF1/Cip1 ** � to + Small zones
Cyclin A ** � to + Small zones
Cyclin B1 NS � to + Small zones
Cyclin E ** +++ Small zones enriched

at chromatin contact
sites with RB

Cyclin D1 NS � �
Cdc34 NS � �

Proteins involved in
RNA metabolism

A1 hnRNP ** + Diffuse
C1/C2 hnRNP ** � to + Only in peripheral

chromatin threads
Nopp 140 NS � �
p80-coilin ** ++ Zonal
Sm ** +++ Diffuse
SS-B/La ** +++ Diffuse

Other proteins PML ** � �
Lamin A/C NS � �
Lamin B1 ** � �

Labeling densities (LD) in RB were expressed as ‘‘�’’ (<30 particles/lm2), ‘‘+’’ (30–59 particles/lm2), ‘‘++’’ (60–89 particles/lm2) and
‘‘+++’’ (>89 particles/lm2)
The significance of colocalization of nascent DNA and various nuclear proteins was tested using K-function in the interval of distances
30–250 nm at 1% (**) and 5% (*) critical values obtained by Monte-Carlo simulations of Poisson process. The results that differ for RB
and RF are shown in bold italic
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chromatin fibrils (large arrows) apparently run up to the
RB, only a few were found inside (small arrows). These
internal fibrils were 10–15 nm thick.

The low concentration of DNA in the interior of
the RB might suggest that DNA synthesis occurs at
their surface; then, incorporated biotin should be
concentrated there. To study the distribution of
incorporated biotin label inside the RB, sections
through 300 RB (labeled with at least 30 gold particles

per lm2) were randomly selected, an area of each di-
vided into an inner and outer part (with identical
surface area) and the number of particles counted over
each region. Fifty-two percent (SD±16) of all particles
lay over the outer half. Student’s t test indicates that
the value is not significantly different from a random
distribution and thus suggests that nascent DNA is not
preferentially concentrated in the inner or outer parts
of RB.

Fig. 2 Examples of electron micrographs of RF
with strong or none colocalization of nascent
DNA and proteins of interest. a Double
immunogold labeling of PCNA (5 nm gold
particles) and biotin-labeled nascent DNA
(10 nm gold particles). Clusters of PCNA are
detectable separately or intermingled with
clusters of labeled nascent DNA (arrow). b
Double immunogold labeling of Nopp140
(5 nm gold particles) and nascent DNA (10 nm
gold particles). Nopp140 is detected throughout
the nucleoplasm either separately (arrow), or
sometimes close to labeled nascent DNA
(arrowhead). While it is difficult to assess the
colocalization visually, the statistical evaluation
clearly demonstrated significant colocalization
for PCNA and no colocalization for Nopp 140.
Bar: 100 nm
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To investigate protein composition of both types of
DNA synthetic sites and localization of proteins in RB,
double-labeling experiments like those illustrated in
Figs. 1, 2 and 4were then repeated for each of the antigens
listed in Table 1. Table 1 summarizes the colocalization
data for RF and labeling pattern and intensity for RB of
all tested antigens. These are listed in groups in relation to
their function. In each case, the tested antigen was labeled
by small gold particles and incorporated biotin by large
gold particles. Labeling densities (LD) in RB were mea-
sured and expressed in particles per lm2, while the sig-
nificance of colocalization of nascent DNA and various
corresponding antigens in RF was tested using K-func-
tion in the interval of distances 30–250 nm (for details see
Materials and methods).

Proteins involved in DNA replication As expected,
DNA polymerase a (Fig. 1) and PCNA (Fig. 2a), colo-
calized strongly with both types of replication sites (see
Table 1).

Cell cycle regulators We next screened the presence of
regulators of DNA synthesis and of the cell cycle in
replication sites of both types. Cyclin A was present in
variable amounts in mid S-phase RB in small zones and
significantly colocalized with nascent DNA in the RF
(Table 1). Cyclin B1 was also present in variable
amounts in mid S-phase RB (Fig. 4f) in pattern similar
to cyclin A, however, it did not colocalize with nascent
DNA in RF (Table 1). Cyclin E was found in the sites of
replication of both types, enriched at edges in RB. In
contrast, no cyclin D1 was detected in either RB or RF.
Cdc2 kinase was enriched in RB, while it was virtually
absent from RF. CDC34 was not found in both types of
DNA synthetic sites (see Table 1).

Nuclear lamins The nuclear lamins (A/C and B) play
an essential role in maintaining nuclear integrity. Besides
formation of nuclear lamina, they are also present in the
interior of the nucleus as distinct nucleoplasmic foci and
possibly as a network throughout the nucleus. The

Fig. 3 RB contain little DNA.
a, b 5 nm gold particles mark
DNA and 10 nm particles label
sites containing incorporated
biotin (nascent DNA). Little
DNA is detectable in
replication bodies (f), while
strings of gold particles
apparently label chromatin
fibrils running to them (arrows);
most 5 nm particles are
clustered outside factories over
chromatin. In about 20% of
factories, a weak labeling of
DNA is present also inside of
factories (b, arrows). c DNA
visualized using the osmium-
ammine technique. This section
shows the unstained cytoplasm
(c), densely stained condensed
heterochromatin (ch) at the
nuclear periphery and one gray
RB (f) within the nucleus. The
identification of the gray area as
an RB was confirmed by
immunogold detection of
incorporated biotin in the
corresponding region of the
adjacent section (not shown).
Densely stained fibrils (DNA)
apparently run to the RB (large
arrows) which contains only few
fibrils �10 nm thick (small
arrows). Bar: 100 nm
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formation of nuclear lamina is required for the initiation
of DNA replication (Meier et al. 1991; Newport et al.
1990). However, no significant amounts of lamins A/C
and B1 were detected in RB (Table 1). Lamin A/C was
also absent from RF; however, lamin B1 significantly
colocalized with nascent DNA in RF.

PML The PML protein is a human tumor suppressor
concentrated in 10 to 20 nuclear bodies per nucleus
(PML bodies) potentially involved in DNA metabolism
(Jul-Larsen et al. 2004). There was no PML detected in
RB; however, PML colocalization with nascent DNA in
RF was observed (see Table 1).

Factors involved in RNA metabolism As replication
sites are often found close to the sites of transcription
(Hassan et al. 1994), we checked whether some compo-
nents involved in RNA processing were associated with
RB and/or RF. The Sm auto antigen, which is a com-
ponent of various small nuclear RNPs involved in RNA
splicing, is localized in nuclear ‘speckles’ (Spector 1993).
We found it concentrated within the RB as well as in RF
(Fig. 4a; Table 1). Another nuclear auto-antigen SS-B/
La (La protein protects the 3¢ ends of several small
RNAs from exonucleases; Wolin and Cedervall 2002)
was also found both in RB and RF (Fig. 4b; Table 1).
p80-coilin, a coiled bodies marker (Andrade et al. 1991),
was concentrated both in RB (Fig. 4c; Table 1) and RF
(Table 1). Within the RB, it had a characteristic zonal
distribution (Fig. 4c). A1 hnRNP, a ‘‘core’’ hnRNP
protein (Dreyfuss et al. 1993) and also a well known
modulator of alternative pre-mRNA splicing (Blanch-
ette and Chabot 1999), was also found in RB (Fig. 4d;
Table 1). Another ‘‘core’’ hnRNP C1/C2, which is be-
lieved to be involved in pre-mRNA packaging, spliceo-
some assembly and in nuclear retention of unspliced

hnRNA (Dreyfuss et al. 1993), is localized in RB and
apparently runs in threads up to their edges (Fig. 4e;
Table 1). These two hnRNPs also strongly colocalized
with nascent DNA in the RF (Table 1).

Proteins not expected to localize in replication
sites Various proteins were undetectable in any type of
DNA synthetic sites, such as Nopp140 (Fig. 2b; Ta-
ble 1), nuclear phosphoprotein AHNAK (Shtivelman
and Bishop 1993), PIKA antigens (Saunders et al. 1991)
and centromeric antigens recognized by human auto-
immune sera (not shown). The absence of significant
labeling in replication sites provides one set of controls
for specificity of antibody binding and for the statistical
evaluation of colocalization patterns. Furthermore, no
immunogold labeling was seen in regions of high protein
and nucleic acid density (e.g. in the granular component
of nucleoli) with all the antigens listed in Table 1.
Moreover, labeling was negligible when the first anti-
body was omitted or when cross-reactivity with im-
proper secondary antibodies was tested. These data
confirm the specificity of immunolabelling procedure
used in our experiments.

Discussion

There are two types of DNA synthetic sites in the cell
nucleus

In our experiments we have demonstrated that two ul-
trastructurally differing types of replication sites can be
observed in the nuclei of HeLa cells. One type is elec-
tron-dense structures (Hozak et al. 1993, 1995), termed
in this paper as RB (replication bodies). Another type
corresponds to the sites of extra-bodies labeling that

Fig. 4 Typical examples of
localization of components
involved in RNA metabolism
and cell cycle regulators in
mid S-phase RBs. Ten
nanometer gold particles label
nascent DNA, and 5 nm
particles mark Sm antigen (a),
SS-B/La antigen (b), p80-
coilin (c), A1 hnRNP (d), C1/
C2 hnRNP (e), and cyclin B1
(f) correspondingly. Bar:
100 nm
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have no typical dense underlying structure, termed here
as RF (replication foci). Functional differences between
these two replication structures are still unknown.
However, while both types of replication sites contain
expected set of synthetic and regulatory nuclear pro-
teins, we have also found some significant differences
between them.

RB contain little DNA

We first checked whether replication takes place pref-
erentially on the surface (in the outer part) of RB or just
uniformly distributed within RB. As already noted, one
may suppose that RB are stores of the essential factors
required at the appropriate parts of the cell cycle and
that DNA synthesis occurs on the surface of these stores
(Cook 1991; Hozak et al. 1993). Therefore, RB would
contain rather less DNA inside. Our results of DNA
immunolabeling and osmium-ammine staining support
this suggestion, as both methods revealed little DNA
inside RB in comparison to their surrounding. More-
over, if DNA synthesis occurs at the surface, then the
incorporated biotin should be concentrated there. We
tested this hypothesis and found that nascent DNA (as
well as DNA polymerase a and PCNA) is distributed
uniformly throughout RB. However, nascent chains are
elongated by up to 750 nucleotides during the incuba-
tion with biotin-dUTP, thus under the conditions that
we used incorporated biotin could move up to 260 nm
away from the synthetic site (260 nm is the extended
length of 750 bp B-DNA). This picture is in a good
agreement with the ‘‘replication factory’’ idea developed
earlier (Cook 1991).

The diameter of internal DNA fibrils stained with
osmium-ammine was not wider than 10–15 nm, which
corresponds to the diameter of a basic chromatin fiber
(Baudy and Bram 1978; Rattner and Hamkalo 1979).
This data indicate that DNA found inside factories is
completely decondensed during replication.

The presence of tested antigens differs in RB and RF

To reveal functional differences between RB and RF, we
have screened various proteins for their presence in the
mid S-phase RB and RF.

DNA polymerase a is one of the principal replicative
DNA polymerases in actively multiplying eukaryotic
cells (Salas et al. 1999), while PCNA is a homotrimeric
protein that forms a closed ring structure around duplex
DNA (Krishna et al. 1994). It serves as a sliding clamp
for DNA polymerases, allowing these enzymes to move
along their template, while PCNA remains topologically
linked to the DNA (Waga and Stillman 1998). The re-
sults of our experiments fit very well to the expected
patterns: both DNA polymerase a and PCNA demon-
strate a strong colocalization with nascent DNA in RF
and were found in large amounts in RB thus serving as
positive control in our experiments.

The cyclins and associated kinases are controllers of
cell-cycle progression (Hunter and Pines 1994; Miller
and Cross 2001; Minshull et al. 1990; Sanchez and
Dynlacht 2005; Sherr 1994). We performed an ultra-
structural analysis to reveal which of them colocalize
with DNA replication in mid S-phase. Cyclin A is one of
the main S-phase cyclins (Sanchez and Dynlacht 2005).
It becomes predominantly nuclear during S-phase and
was shown to colocalize with nascent DNA in immu-
nofluorescent experiments (Cardoso et al. 1993). Re-
cently, a cyclin A responsive protein Ciz1 was identified
that localizes to replication sites and functions to pro-
mote DNA replication after replication complex for-
mation (Coverley et al. 2005). Consistent with all this
data, we confirmed ultrastructurally that cyclin A was
present in variable amounts in mid S-phase RB and RF.

Cyclin B1 was shown to be accumulated in the
cytoplasm during interphase (Bailly et al. 1992; Pines
and Hunter 1991; Sherwood et al. 1994) and excluded
from the nucleus by a nuclear export signal (Yang et al.
1998). Light microscopy also indicates that it is not co-
localized with DNA synthetic sites (Cardoso et al. 1993).
In agreement with these data, we demonstrate here that
RF are free of cyclin B1. However, in RB it was found in
small zones. This is quite an intriguing finding, as re-
cently an S-phase promoting potential of cyclin B1 was
demonstrated in Xenopus in vitro system (Moore et al.
2003). Thus one can suggest that RB serve as storing
device for cyclin B1 in S-phase. Another possibility is
that cyclin B1 plays some yet unknown role in regulation
of replication specifically in RB. Interestingly, Cdk1,
which in complex with cyclin B1 triggers mitosis, is also
localized in RB but not in RF. Thus, we cannot exclude
a role of RB in regulation of activity of cyclin B/Cdk1
complex during replication. In addition, our finding of
cyclin B1 in RB shows the importance of ultrastrucural
approach for analysis of protein composition of nuclear
structures.

Cyclin D1 appears to be required for the progression
into S-phase, as microinjection of anti-cyclin D1 anti-
bodies into normal fibroblasts during G1 prevents cells
from entering S-phase (Baldin et al. 1993; Quelle et al.
1993, for review see Sanchez and Dynlacht 2005). Cyclin
D1 localizes to the nucleus in the G1 phase and exits the
nucleus as cells proceed into S-phase (Alt et al. 2000;
Baldin et al. 1993). In agreement with these data we did
not detect cyclin D1 neither in RF nor in RB. Cyclin E,
an essential regulatory subunit of Cdk2 (Dulic et al.
1992; Koff et al. 1992), plays a central role in coordi-
nating both the onset of S-phase and centrosome
duplication in multicellular eukaryotes (Reed 1997;
Sherr 1996). It has cyclic pattern of mRNA expression,
with maximal levels being detected near the G1/S
boundary (Koff et al. 1991; Lees et al. 1992; Lew et al.
1991).

Cyclin E has been found to be associated with the
transcription factor E2F in a temporally regulated
manner (Lees et al. 1992). The cyclin E/E2F complex is
detected in the cell nucleus primarily during the G1
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phase of the cell cycle and its content decreases (but not
disappear) as cells enter S-phase. E2F activity is crucial
for the G1/S transition and DNA replication in mam-
malian cells (for review see Cam and Dynlacht 2003).
E2F activity may be directly regulated by cyclin E-Cdk2
(Morris et al. 2000). Recently, it was demonstrated that
endoduplication in all multicellular organisms depends
on cyclin E-mediated minichromosome maintenance
(MCM) proteins loading onto pre-replicative chromatin
(reviewed in Sanchez and Dynlacht 2005). At the same
time since a mammalian Mcm 4/6/7 complex exhibits
DNA helicase activity (Ishimi 1997), MCM proteins
may be involved in DNA unwinding at replication forks.
Our finding of cyclin E localization both in mid S-phase
RB and RF is thus in agreement with previously re-
ported data and additionally suggest a role of cyclin E in
regulation of DNA replication itself.

Cdk1 (cdc2 kinase) is the principal mammalian G2-M
cyclin-dependent kinase (Sanchez and Dynlacht 2005).
In immunofluorescent labeling experiments it was not
detected within replication sites (Cardoso et al. 1993).
We also did not detect cdk1 in RF, however, it shows
very high labeling densities in RB. Recently it was re-
ported that Cdk1/cyclin A regulates mammalian ORC
(origin recognition complex) activity by preventing it’s
largest subunit (Orc1) from binding to chromatin during
mitosis (Li et al. 2004). As ORC activity is inhibited
during the G1 to S-phase transition until mitosis is
complete (DePamphilis 2003), we can suggest that Cdk1/
cyclin A complex is involved in ORC inhibition not only
in mitosis but also in S-phase. In this paper we show the
presence of both cyclin A and Cdk1 in RB. This sup-
ports the hypothesis that RB serve as storage sites for
regulatory factors.

Cdk 2 is one of the central gene activators that
functions during G1 and S-phase (for review see Sanchez
and Dynlacht 2005). In this paper we report that cdk 2 is
present in variable amounts in mid S-phase RB and RF.
However, a direct involvement of Cdk2 in replication
has not been established and it may be that localization
to sites of replication is related to Cdk2 role in tran-
scriptional activation (Hassan et al. 1994).

The human ubiquitin-conjugating enzyme Cdc34
controls cellular proliferation through regulation of
p27Kip1 protein levels (Butz et al. 2005). p27Kip1 is an
inhibitor of cyclin E and A-dependent kinases (Sanchez
and Dynlacht 2005). Our data show no colocalization of
Cdc34 with both types of DNA replication sites.

p21 was originally identified as an inhibitor of cdk
activity in a quaternary complex that also included cy-
clin D, cdk4 and PCNA (Xiong et al. 1993). Later it was
also demonstrated that p21 can inhibit DNA replication
in vitro by directly binding to PCNA (Chen et al. 1995).
Further it was shown that p21 might inhibit cell cycle
progression to G2 by inhibition of PCNA function in
vivo (Cayrol et al. 1998). Our data show, that p21 is
present both in replication factories and replication foci
in agreement with the role of p21 in regulation of DNA
replication in vivo.

Intranuclear lamins have also been correlated with
sites of DNA synthesis. B-type lamins (but not A/C)
localize to mid-late S-phase replication sites in mouse
3T3 cells (Moir et al. 1994), whereas lamin A/C was
found at the earliest sites of DNA synthesis in human
WI38 cells (primary diploid fibroblasts; Kennedy et al.
2000). Biochemical support for lamin function comes
from the immunodepletion of lamin B3 (XLB3) from
interphase Xenopus egg extracts. This immunodepletion
impairs replication in reconstituted nuclei (Meier et al.
1991; Newport et al. 1990), although the effects could
be indirect, reflecting destabilization of the nuclear
envelope or nuclear transport mechanisms. The ability
to replicate then can be rescued by restoring of lamin
B3 to the depleted extract (Goldberg et al. 1995). Other
compelling experiments are those in which dominant
negative forms of lamin A (DN lamin A, which lacks
the first 33 aminoacids of human lamin A) were added
after nuclear assembly. These did not impair the initi-
ation of DNA replication, but instead blocked elon-
gation, while nuclear envelope integrity and protein
import were unaffected (Ellis et al. 1997; Moir et al.
2000). When DNA synthesis was blocked by microin-
jection of DN lamin A, elongation factors such as
PCNA and RFC became dispersed, suggesting that
lamins may help stabilize replication foci (Spann et al.
1997). Structural role of lamins in organization of
replication is also supported by our earlier work, where
we demonstrated that ‘‘replication factories’’ corre-
sponding to RB are attached to an internal lamin A-
containing nucleoskeleton (Hozak et al. 1993, 1995;
Hozak and Cook 1994). In this paper we show the
presence of lamin B1 in RF of mid S-phase HeLa cells,
while there is no lamin A/C in both types of replication
sites. This data is in agreement with the results of Moir
and coworkers (1994) and support the involvement of
B-type lamins in replication itself. Presumably, lamin
B1 participates in organization of replication machin-
ery. Lamin A/C, however, may take part in stabiliza-
tion of replication structures at higher levels and thus
be not localized directly within replication sites. Inter-
estingly, the complete absence of lamin A/C clearly
does not impair replication during early chicken and
mouse development (Lehner et al. 1987; Rober et al.
1989) suggesting that the requirement for lamin A/C
for replication maintenance may be cell type or differ-
entiation stage specific. Lamin B1 was not detected in
RB in our experiments. We cannot exclude that it was
inaccessible to antibodies within RB. Another possi-
bility is that in RB, the structural organization of
replication is maintained by a different set of proteins.

The PML protein is a human growth suppressor
concentrated in 10 to 20 nuclear bodies per nucleus
(PML nuclear bodies). Seven groups of PML protein
isoforms were already described (for a review see Jensen
et al. 2001). All of the PML isoforms contain similar
N-terminal region comprising the RBCC/TRIM motif
(which is essential for PML nuclear body assembly in
vivo as well as for PML growth suppressor, apoptotic
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and antiviral activities), but differ either in the central
region or in the C-terminal region, due to alternative
splicing. The functions of the PML splice variants are
not known, however, alternative splicing could add new
functional domains to the protein and/or may be an
important mechanism for generating diverse PML-
binding interface for a variety of factors. For example
interaction of PML bodies with viral DNA may be
necessary for optimal viral replication (Maul 1998).
Recently a role of PML and PML nuclear bodies in
post-replication DNA processing, and linkage of PML
nuclear bodies to sites of viral DNA synthesis due to a
role of these structures in DNA metabolism was dem-
onstrated (Jul-Larsen et al. 2004). Moreover, a subset of
PML bodies was found in association with mechanism
of alternative lengthening of telomeres in mammalian
cells (Henson et al. 2002). Finally it was demonstrated
that a large fraction of PML bodies (50–80%) is closely
associated with DNA replication domains but exclu-
sively during middle-late S-phase (Grande et al. 1996).
PML bodies were then suggested to facilitate these
functions by sequestering and releasing proteins, local-
izing proteins to sites of action and facilitating interac-
tions between other proteins. Our experiments
demonstrated that only RF colocalize with the PML
protein. We suggest that the sequestering and facilitating
mechanisms in RB are provided by their own structure,
while RF may need association with PML. Further-
more, direct and indirect evidence supports the
hypothesis that PML bodies interact with specific genes
or genomic loci (reviewed in Ching et al. 2005). Thus,
replication of such genes could also take place in con-
nection with PML bodies and we can suggest that they
are replicated in RF but not in RB.

Heterogeneous nuclear ribonucleoproteins (hnRNPs)
are predominantly nuclear RNA-binding proteins that
form complexes with RNA polymerase II transcripts
(for review see Krecic and Swanson 1999). Immunopu-
rification of hnRNP complexes and two-dimensional
electrophoresis demonstrated that hnRNA exists in the
nucleus in association with more than 20 proteins des-
ignated A1 through U. The most abundant proteins A1,
A2, B1, B2, C1 and C2 are referred to as ‘‘core’’ hnRNP
proteins (Dreyfuss et al. 1993). hnRNP A1 participates
in splicing as exonic repressor and functions in mRNA
transport and telomere biogenesis, while hnRNP C1/C2,
in transcript packaging, splicing, nuclear retention and
mRNA stability (Krecic and Swanson 1999). Recently it
was also demonstrated that hnRNP A1 and UP1 protect
mammalian telomeric repeats and modulate telomere
replication in vitro (Dallaire et al. 2000).

Sm proteins have been shown to be key components
of the ribonucleoprotein (RNP) assemblies that are re-
quired for high-fidelity cellular RNA processing,
including rRNA and tRNA processing, mRNA decap-
ping and decay, and intron splicing in pre-mRNA (for
review see Yu et al. 1999). Some of them are main
components of the spliceosomal small nuclear ribonu-
cleoproteins (snRNPs) and form cyclic hetero- or homo-

oligomers, which preferentially bind uridine-rich, single
stranded snRNA.

Coilin is highly enriched in Cajal bodies (CBs; And-
rade et al. 1991; Raska et al. 1991) and thus can be used
as their marker. Earlier studies suggested that coilin is
involved in some step in the transport of small nuclear
ribonucleoproteins (snRNPs) to the CBs in the nucleus
(Bauer and Gall 1997; Bellini and Gall 1998). More re-
cent data from coilin knockout mice support this view
(Jady et al. 2003; Tucker et al. 2001), as does biochem-
ical evidence that coilin can associate with the survival of
motor neurons protein (Hebert et al. 2001, 2002), which
is part of the machinery for assembly of snRNPs (Fi-
scher et al. 1997; Meister et al. 2002).

La protein binds to all nascent transcripts made by
RNA polymerase III as well as to certain small RNAs
synthesized by other RNA polymerases (for review see
Wolin and Cedervall 2002). Binding by the La protein
protects the 3¢ ends of these RNAs from exonucleases.
This La-mediated stabilization is required for the nor-
mal pathway of pre-tRNA maturation, facilitates
assembly of small RNAs into functional RNA-protein
complexes, and contributes to nuclear retention of cer-
tain small RNAs. La was also suggested as a transcrip-
tion factor for RNA polymerase III (Wolin and
Cedervall 2002).

Although no direct function in DNA replication was
demonstrated for the above described proteins involved
in RNA metabolism, we have shown high colocalization
for all these proteins with replication sites of both types.
However, as it was demonstrated that replication and
transcription colocalize (Hassan et al. 1994) and that
splicing starts before finishing the transcription of nas-
cent RNA (Wuarin and Schibler 1994), this would ex-
plain the significant colocalization of all these splicing
factors with replication sites. This would suggest the
existence of functional domains in the cell nucleus where
different processes connected by substrate or partici-
pating factors can be spatially arranged in a very eco-
nomical way.

Different antibodies to proteins that would not be
expected to localize to DNA replication sites (such as the
nucleolar protein Nopp 140) were used as controls. No
labeling in either RB or RF was obtained with these
antibodies, indicating the validity of the immuno-label-
ing approach used.

Relationship between RBs and RFs

We show here that two types of DNA synthetic sites can
be distinguished at the ultrastructural level: (1) electron-
dense structures attached to nucleoskeleton—replication
bodies, and (2) focal regions of incorporated precursors
with no distinct underlying structure—replication foci.
We have found that they are complex protein structures
containing (a), proteins involved in DNA replication
(DNA polymerase a, PCNA), (b), regulators of the cell
cycle (cyclin A, Cdk2), and (c), RNA processing com-
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ponents like Sm and SS-B/La auto antigens, p80-coilin,
hnRNPs A1 and C1/C2. In contrast to RF, RB have a
distinct microarchitecture, with certain components
concentrated in specific regions. For example, cyclin A
was present in variable amounts in mid S-phase factories
in small zones as well as p80-coilin, which also had a
characteristic zonal distribution. This observation allows
us to suggest the existence of specific functional zones
inside the RB. On the other hand, both types of repli-
cation sites contain a similar set of major synthetic and
regulatory components, which indicates that RF are true
replication factories. However, at least four principal
regulatory and structural proteins (Cdk1, cyclin B1,
PML and lamin B1) differ in their presence in RB and
RF.

This data suggest possible differences in genome re-
gions replicated by these two types of replication fac-
tories and leads us to consider how the two classes of
structure can be related. Three obvious possibilities
might be considered:

1. RF are precursors of RB: This is probably not the
case as our initial study (Hozak et al. 1993, 1994)
showed that RF are only seen in sections that already
contain labeled RB. If RF represented an early stage
in RB assembly cells with many RF but no active RB
should be seen early in S-phase.

2. RB are precursors of RF: RB are complex structures
that are known to replicate clusters of replication
units; they are only active for about 1 h, after which
time some replication forks will fuse with forks from
adjacent replicons. During termination, the replica-
tion machinery will be lost from the template, leading
to decay of the replication factory (Hozak et al.
1994). RF could reflect the residual active sites that
persist during the decay phase of the RB life cycle.
However, the kinetics of appearance of RF and decay
of RB do not fully support this view (Hozak et al.
1994).

3. RB and RF are unrelated, except for the common
purpose of DNA synthesis. This could reflect differ-
ences in the structure of the genome regions that are
replicated by the two classes of replication factory.
Notably, the structure of RB is consistent with their
role in replicating large, structurally related regions
of the genome whereas RF might commonly appear
to replicate smaller regions, which for whatever rea-
son are surrounded by DNA that is replicated either
earlier or later during S-phase.

We conclude that replication in HeLa cells is per-
formed in replication factories, with two forms that can
be distinguished by electron microscopy. The relation-
ship between these two forms has not been demonstrated
unambiguously, though evidence presented here, to-
gether with earlier work (Hozak et al. 1993, 1994), has
given a detailed view of the properties and microarchi-
tecture of these replication sites. Based on the structure
of these sites we propose that both classes are genuine

replication factories. RB represent the major replication
structures in this cell type and are responsible for repli-
cation of the bulk of DNA, which is organized in such a
way that clusters of replicons are replicated together in
each RB. RF, in contrast, are smaller, less complex
structures, which appear to perform replication from
regions of the genome that are organized in such a way
that their replication involves isolated replicons or rep-
licon clusters with very few linked replicons.
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Abstract As previous studies suggested, nuclear myosin I
(NMI) and actin have important roles in DNA tran-
scription. In this study, we characterized the dynamics of
these two proteins during transcriptional activation in
phytohemagglutinin (PHA) stimulated human lympho-
cytes. The stimulation led to strong up-regulation of
NMI both on the mRNA and protein level, while actin
was relatively stably expressed. The intranuclear dis-
tribution of actin and NMI was evaluated using im-
munogold labeling. In nucleoli of resting cells, actin was
localized predominantly to fibrillar centers (FCs), while
NMI was located mainly to the dense fibrillar compo-
nent (DFC). Upon stimulation, FCs remained the main
site of actin localization, however, an accumulation of
both actin and NMI in the DFC and in the granular
component was observed. In the nucleoplasm of resting
lymphocytes, both actin and NMI were localized mostly
in condensed chromatin. Following stimulation, the
majority of both proteins shifted towards the decon-
densed chromatin. In transcriptionally active cells, both
actin and NMI colocalized with nucleoplasmic tran-
scription sites. These results demonstrate that actin and
NMI are compartmentalized in the nuclei where they
can dynamically translocate depending on transcrip-
tional activity of the cells.

Keywords Cell nucleus Æ Human lymphocytes Æ Actin Æ
Nuclear myosin I Æ Transcription

Abbreviations PHA: Phytohemagglutinin Æ FC: Fibrillar
center Æ DFC: Dense fibrillar component Æ GC:
Granular component Æ NMI: Nuclear myosin I Æ RT:
Room temperature

Introduction

The presence of actin in the nucleus as well as its func-
tions in various nuclear processes have been clearly es-
tablished in the past few years (for review, see Rando
et al. 2000; Olave et al. 2002; Pederson and Aebi 2002;
Bettinger et al. 2004). Actin is known to be a part of the
SWI/SNF-like BAF complex. It is implicated in the
stimulation of ATPase activity of the Brg1 subunit, and
in the association of this complex with nuclear matrix
(Zhao et al. 1998). Furthermore, actin was shown to
associate with small nuclear ribonucleoproteins, which
have a major role in mRNA processing (Nakayasu and
Ueda 1985; Kimura et al. 2000). Actin has also been
found to form complexes with heterogeneous nuclear
ribonucleoproteins (hnRNPs) that bind to mRNAs
during their export from the nucleus (Percipalle et al.
2001; Percipalle et al. 2002; Kukalev et al. 2005).
Moreover, the essential roles of actin in transcription by
all RNA polymerases have been demonstrated recently
(Fomproix and Percipalle 2004; Hofmann et al. 2004;
Hu et al. 2004; Philimonenko et al. 2004).

On the other hand, nuclear myosin I (NMI) is the first
molecular motor described in the cell nucleus (Nowak
et al. 1997). The NMI interacts with RNA polymerase II
(Pol II), and its function in Pol II transcription has been
suggested (Pestic-Dragovich et al. 2000). In a recent
study, Philimonenko et al. (2004) have shown the re-
quirement of NMI for transcription of ribosomal genes,
and its association with basal transcription factor TIF-
IA. However, the intranuclear dynamics of actin and
NMI has not yet been characterized.

It is accepted that the mammalian nucleus, despite
the absence of intranuclear membranes, is organized
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into functional domains or foci, where nuclear processes
like DNA replication, transcription, RNA processing,
and ribosome biogenesis take place (Hendzel and Bazett
1995; Jackson 2003). The nucleolus, the most morpho-
logically defined subnuclear compartment, is the site of
ribosomal RNA (rRNA) synthesis, rRNA processing,
and assembly of ribosomal subunits. Each of these
processes takes place in distinct nucleolar domains.
Three morphologically distinct domains can be dis-
criminated in the nucleolus at the electron microscopic
level: fibrillar centers (FCs), surrounded with dense fi-
brillar component (DFC) and both together embedded
in granular component (GC; for reviews, see Busch and
Smetana 1970; Olson et al. 2000; Olson and Dundr
2005). The rDNA transcription occurs mostly at the
border FC/DFC and in DFC (Hozák et al. 1994;
Cmarko et al. 2000), while the accumulation, modifica-
tion, and processing of ribosomal transcripts occur in
the DFC; the later processing events followed by the
assembly of ribosomal subunits take place in GC (Ho-
zák et al. 1994; Scheer and Hock 1999; Mosgoeller et al.
2001). The number of nucleoli together with their re-
lative size and configuration of individual compartments
can vary greatly depending on the cell type and meta-
bolic state of the cell (Busch and Smetana 1970; Olson
et al. 2000). However, the nucleolus is not only the site
of the biosynthesis and processing of RNA components
of ribo-protein complexes, but has also an important
role in regulating the activity of proteins involved in
various aspects of cell cycle progression. For example, a
sequestration in the nucleolus prevents proteins from
reaching their targets in other nuclear compartments
(Visintin and Amon 2000).

Apart from nucleoli, the interphase nucleus can be
divided into two main compartments: chromatin com-
partment, consisting of all individual chromosome ter-
ritories, and the interchromatin compartment, where
several non-chromatin domains are localized (Cremer
et al. 2004). The chromatin compartment consists of
heterochromatic DNA that remains condensed
throughout the cell cycle, whereas euchromatic DNA
appears to be decondensed in interphase (Carmo-Fon-
seca 2002). Based upon ultrastructural mapping, the
border zone between chromatin domains and inter-
chromatin compartment, perichromatin region, is the
compartment where most RNA synthesis and DNA
replication take place (Fakan 1994; Puvion and Puvion-
Dutilleul 1996; Spector 2003).

In this study, we revealed the dynamic properties of
nuclear actin and NMI on the model of PHA-stimulated
human lymphocytes. Upon stimulation, lymphocytes
undergo rapid transcriptional activation accompanied by
dramatic changes in nuclear and nucleolar morphology.
Enlargement of nuclei, chromatin decondensation and
activation of nucleoli are the characteristic signs of this
process (Smetana and Potměšil 1968; Busch and Smetana
1970; Hozák et al. 1989). We showed that activation of
human lymphocytes was accompanied by an increase in
the expression of NMI mRNA and protein in the cells,

whereas actin expression was relatively stable. We also
demonstrated that in nucleoli of resting or PHA-stimu-
lated lymphocytes, actin localized predominantly to FCs,
while NMI localized mainly in the DFC. During tran-
scriptional activation, actin was recruited from FCs to
other nucleolar compartments, whereas NMI was accu-
mulated in DFC where transcription of rDNA takes
place. In the nucleoplasm, both actin and NMI re-
localized from condensed chromatin to decondensed
chromatin. Finally, nuclear actin and NMI colocalized
with transcription sites in the nucleoplasm. These ob-
servations suggest new lines of connection between nu-
clear compartmentalization and regulation of functions
for nuclear actin and NMI by protein sequestering.

Materials and methods

Cells

Normal human lymphocytes were isolated from hepar-
inized peripheral blood according to standard procedure
(Boyum 1968) using Lymphoprep (Nycomed). Cells
were grown at 37�C in a 5% CO2 atmosphere in RPMI
1640 supplemented with 20% FBS (Gibco), 2 mM L-
glutamine (Biotech), 1 U/ml penicillin (Sigma) and 1 lg/
ml streptomycin (Sigma). For activation, cells were
grown in the presence of 10 lg/ml PHA (Murex, HA15)
for 24 or 48 h, at a final concentration of 1·106 cells/ml.
Cell viability was tested by trypan blue staining.

Quantitative RT-PCR

Total RNA was isolated with TriReagent (Sigma) and
reverse-transcribed using TaqMan reverse transcription
reagents (Applied Biosystems) and random primers.
Quantitative RT-PCR (qRT-PCR) was performed in
Stratagene Mx3000p instrument using SYBR Green
JumpStart Taq ReadyMix (Sigma) with following set of
primers:

NMI 5¢–GGGCAGGATGCGCTACC–3¢ and 5¢–
AAGTTCTCCAGCAGCACGAAA–3¢; GAPDH 5¢–
GTCGGAGTCAACGGATTTGG–3¢ and 5¢–AAAAG
CAGCCCTGGTGACC–3¢; b-actin 5¢–AGGCACCAG
GGCGTGAT–3¢ and 5¢–TCGCCCACATAGGAATC
CTT–3¢; b2–microglobulin 5¢-TGCCGTGTGAGAA
CCATGTGAC-3¢ and 5¢–GCGGCATCTTCAAAC
CTCC–3¢ and 18S rRNA 5¢–CGTTCAGCCACCC-
GAGATT–3¢ and 5¢–CGGACATCTAAGGGCATCA-
CA–3¢. The results were processed by D D CT method
(Livak and Schmittgen 2001). b-actin, GAPDH, b2-mi-
croglobulin and 18S rRNA were used as internal con-
trols for normalization. For statistical evaluation, 18S
rRNA was chosen as an internal control.

Immunoblotting

The lymphocytes were harvested at various times after
stimulation with PHA and lysed in a lysis buffer (50 mM
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Tris–HCl, 150 mM NaCl, 1 mM MgCl2, 0.5% NP-40
and 1 mM DTT, pH 7.5) containing protease inhibitors
(1 mM Pefabloc, 1 lg/ml leupeptin, and 1 lg/ml pep-
statin). After sonication, lysates were clarified by cen-
trifugation at 14,000 g, and protein concentration was
determined using the BCA method (Pierce). Fifteen
microgram of protein was loaded per line. Samples were
separated in 7% SDS-PAGE gels according to Laemmli
(1970). Proteins were transferred to nitrocellulose
membranes as described by Towbin et al. (1979) using a
semi-dry blotting apparatus (Bio-Rad). The membranes
were blocked with 5% nonfat dried milk in PBS sup-
plemented with 0.05% Tween-20 and incubated with
primary antibody for 1.5 h at RT. After washes, the
membrane was incubated with peroxidase-conjugated
goat anti-rabbit antibody (Bio-Rad), developed with
ECL Femto (Pierce) substrate and exposed on X-ray
film. The developed X-ray films were digitalized and the
intensity of the signal was measured by densitometry
(Gene Tools software, Syngene).

Electron microscopy

For morphological analysis, samples were fixed in 2.5%
glutaraldehyde in Sörensen buffer (0.1 M sodium/po-
tassium phosphate buffer, pH 7.3; SB) for 1 h, 4�C,
post-fixed in 1% OsO4 (2 h), dehydrated in ethanol
series and propylenoxide, embedded in Epon-Durcupan
and stained with uranyl acetate and lead citrate ac-
cording to Reynolds (Hozák et al. 1989).

For immunoelectron microscopy, lymphocytes were
fixed in 2% paraformaldehyde and 0.25% glutar-
aldehyde in SB for 1 h at 0�C, washed in two changes of
SB (10 min each), and resuspended in 2% low melting
point agarose (Sigma) in SB at 37�C. Cells were then
spun down and the pellet was cut into small pieces. The
pieces were dehydrated in series of ethanol solutions
with increasing concentration of ethanol. The ethanol
was then replaced in two steps by LR White resin (Sig-
ma), polymerized under UV light for 48 h at 4�C and
80 nm sections were immunogold labeled according to
standard procedures (Hozák et al. 1994). Finally, sec-
tions were contrasted with a saturated solution of uranyl
acetate in water (4 min) and observed in Morgagni
(F.E.I) electron microscope equipped with a CCD Mega
View II camera (SIS, Germany). Following immunogold
labeling, some grids were also stained with the EDTA
regressive technique that preferentially contrasts RNP-
containing structures (Bernhard 1969).

Labeling of nascent transcripts

For labeling of nascent transcripts with BrU, lympho-
cytes were resuspended in RPMI 1640 medium con-
taining 20% FBS and 50 mM BrU (Sigma) for 15 min,
rinsed in ice-cold PBS, fixed in 2% paraformaldehyde
and 0.25% glutaraldehyde in SB, and processed for
immunoelectron microscopy as described above.

Antibodies

Following antibodies were used: rabbit polyclonal anti-
NMI (Nowak et al. 1997) diluted 1:50 for immunogold
labeling, or rabbit polyclonal anti-NMI (Fomproix and
Percipalle 2004) diluted 1:1,000 for immunoblots, mouse
monoclonal anti-bromodeoxyuridine (EXBIO) diluted
1:50, mouse monoclonal anti-actin (Amersham N350),
clone JLA20 (Lin 1981) at the dilution 1:200, and sec-
ondary gold-conjugated anti-IgG and IgM antibodies
(Jackson).

Morphometry and quantification of the gold labeling

Volumes of nucleolar compartments were estimated on
electron micrographs as described earlier (Hozák et al.
1989). Sections through the middle plane of nuclei with
nucleoli were used for statistics and were referred to as
nuclear/nucleolar profiles. Volumes of nuclei were esti-
mated from nuclear profiles using following formula:

V ¼ 4

3
�

ffiffiffiffiffi

x3

p

r

where x is the area of nuclear profile that was evaluated
by using plug-in measure developed for the Ellipse
program (ViDiTo, Slovakia). In order to quantify the
number of gold particles and the area of nuclear com-
partments, digital images of 20 cells per experimental
group were evaluated using LUCIA image-processing
software (Laboratory Imaging Ltd.). The total number
of the particles was also counted in different compart-
ments of nuclei or nucleoli, both in resting and stimu-
lated human lymphocytes. Multiple analysis of variance
(MANOVA) and Scheffe’s test were used for statistical
evaluation of the results. The significance of colocali-
zation of two kinds of immunogold labels was evaluated
as described previously (Philimonenko et al. 2000). The
colocalization in specific regions of interest was esti-
mated using plugins Gold developed for the Ellipse
program (ViDiTo, Slovakia; for details, see http://nu-
cleus.biomed.cas.cz/gold).

Results

The levels of both NMI mRNA and protein raise
strongly upon activation

We first examined whether the cellular levels of NMI
and actin change upon transcriptional activation of
PHA-stimulated human lymphocytes. On the level of
NMI mRNA measured by qRT-PCR, we observed five-
fold and six-fold increase after 24 or 48 h, respectively
(Fig. 1a). The data were normalized to 18S rRNA,
which is a preferred internal control for normalization of
gene expression in human lymphocytes (Bas et al. 2004).
The Western blot showed about 15-fold and 28-fold
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increase in NMI protein levels after 24 and 48 h of sti-
mulation, respectively, while the levels of actin remained
unchanged (Fig. 1b). These results indicate that both
NMI mRNA and protein levels are strongly up-regu-
lated during lymphocytes activation.

Localization of actin and NMI in nucleoli

The distribution of actin and NMI in nuclear compart-
ments was analyzed in detail using electron microscopy
of immunogold-labeled ultrathin sections of un-
stimulated (Fig. 2a; 3a–d) and stimulated (24 or 48 h,
Fig 2b, c) human lymphocytes. The nucleoli of resting
cells have a typical ring-shaped structure (Smetana and
Potměšil 1968) with one large FC surrounded by a thin
layer of dense fibrillar component (DFC) and little GC.
Upon activation of rDNA transcription, in stimulated
lymphocytes, the number of FCs increases, they become
smaller, while the volume of the DFC and GC increases.

Evaluation of actin labeling density in nucleolar
components (Fig. 3e) demonstrated that actin was pre-
dominantly located in FCs (66.6 particles/lm2) of rest-
ing human lymphocytes (Fig. 3a, b). The labeling
density in the DFC and in the GC was significantly
lower (11.9 particles/lm2 and 7.3 particles/lm2, respec-
tively). During the activation of transcription in human
lymphocytes, FCs remained the main site of actin loca-
lization, however, the density of actin labeling de-
creased. The labeling density in the DFC and GC
slightly decreased during activation, however, the total
amount of gold particles in these compartments in-
creased because of the significant increase in the volume
of the DFC and GC (see also the volumetric data be-
low). The analysis of the nucleolar profiles showed that
the total amount of actin in FCs decreased significantly
(P<0.01); at the same time, a significant increase in the
amount of actin in CG was observed (Fig. 3g).

On the other hand, NMI labeling was the most
abundant in the DFC (Fig. 3c, d) of the resting human
lymphocytes (16.3 particles/lm2; see Fig. 3f), i.e., in the
nucleolar compartment where RNA polymerase I (Pol I)
transcription takes place (for reviews, see Hozák et al.
1994; Scheer and Hock 1999; Huang 2002). NMI la-
beling density was lower in both the FCs (10.7 particles/
lm2) and the GC (10.5 particles/lm2). As NMI is in-
volved in transcription by Pol I, one can anticipate that
the amount of NMI would increase in nucleoli during
activation of transcription. Indeed, we observed on nu-
cleolar profiles that NMI accumulated in the DFC as
well as in the GC (Fig. 3h). Both changes were statisti-
cally significant (P<0.01). The total amount of NMI in
the nucleolus increased nearly three times in the course
of stimulation. These results demonstrate a strong cor-
relation between high transcriptional state and the
amount of NMI in the nucleolus.

Extranucleolar localization of actin and NMI

The resting human lymphocytes have small, extremely
compact nuclei with dense heterochromatin. However,
within a few hours after activation, their nuclei increase in
volume and areas occupied by decondensed chromatin
enlarge (Zhao et al. 1998). Twenty-four hours after PHA-
stimulation, visible signs of chromatin decondensation are
seen (Fig. 2b). After two days of stimulation, cell chro-
matin was nearly entirely decondensed and only small
clusters of condensed chromatin located almost ex-
clusively along the nuclear membrane were visible (Hozák
et al. 1989). The actin and NMI labeling was evaluated in
condensed chromatin and in decondensed chromatin area
(see Fig. 2a). In resting lymphocytes, both actin and NMI
were located predominantly in condensed chromatin
(Fig. 4a, c). In stimulated lymphocytes, a distinct increase
of actin and NMI labeling was seen in decondensed
chromatin area (Fig. 4b, d). Quantification of gold label-
ing in unstimulated lymphocytes showed that actin and
NMI labeling density in condensed chromatin was two–

Fig. 1 NMI is strongly up-regulated during lymphocytes activa-
tion. a The relative expression of NMI mRNA after PHA-
stimulation was measured using qRT-PCR. AU represents
arbitrary units. 18S rRNA was used as internal control. b Western
blot analysis of NMI levels 24 or 48 h after activation of
lymphocytes by PHA. Fifteen microgram protein per line for each
stage was loaded as controlled by Coomassie Brilliant Blue staining
of the band corresponding to actin, and probed for NMI
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three times higher than in decondensed chromatin area
(Fig. 5a, b). A significant increase (P<0.01) of NMI la-
beling density in condensed chromatin was observed after
activation. At the same time, the volume occupied by this
compartment dramatically decreased and the total
amount of NMI in condensed chromatin dropped in the
course of activation. The analysis of nuclear profiles de-
monstrated a significant shift of actin and NMI from
condensed chromatin to decondensed chromatin area
(Fig. 5c, d) during the stimulation period. These results
show that actin and NMI redistribute dynamically within
the nuclei in response to activation of transcription.

Actin and NMI colocalize with transcription sites

The results described above demonstrate that the dis-
tribution of actin and NMI in individual nuclear com-
partments is connected with the level of cell metabolism
and changes upon transcriptional activation. While func-
tional compartments in the nucleolus are morphologically
well-defined, most processes in the nucleoplasm take place
in foci that are not connected with morphologically ob-
vious structure. We therefore analyzed whether actin and
NMI are concentrated in foci or distributed uniformly
over the extranucleolar area. In resting cells, actin labeling
was not clustered in contrast to transcriptionally active
cells where actin formed clusters up to 50 nm in diameter
(P<0.01). On the contrary, NMI was always found in
clusters with 30–50 nm in diameter (P<0.01).

As both actin and NMI are essential for transcription,
we evaluated whether their distribution in the cell nucleus
is connected with the positioning of extranucleolar tran-
scription sites. Nascent transcripts were labeled in vivo
with bromouridine (BrU, 50 mM for 15 min). Double
immunogold labeling was performed to evaluate the

colocalization of actin (Fig. 6a) or NMI (Fig. 6b) with
nascent transcripts in 24 h PHA-stimulated human lym-
phocytes. For better distinguishing of condensed chro-
matin and perichromatin regions, some sections were
after double labeling of actin (Fig. 6c) or NMI (Fig. 6d)
together with nascent transcripts stained with the EDTA
regressive technique (Bernhard 1969). Because most ex-
tranucleolar transcripts are concentrated in foci with a
mean diameter of �80 nm (Jackson et al. 1998), we
evaluated particles that are up to 150 nm of each other. A
statistical analysis (Philimonenko et al. 2000) showed that
colocalization of actin and transcription sites was highly
significant at distances ranging from 30 to 100 nm be-
tween particles (P<0.01) in both resting and stimulated
human lymphocytes (see Table 1). NMI significantly co-
localized with extranucleolar transcription sites at dis-
tances ranging from 100 to 150 nm (P<0.05) only in
PHA-stimulated lymphocytes. These results demonstrate
that the changes in the distribution of actin and NMI in
the nucleoplasm are connected, at least partly, with their
role in transcription and with the dynamics of transcrip-
tion sites in the course of lymphocytes activation.

Volumetric changes of nuclear compartments

To assess quantitatively the dynamics of the nuclear
compartments during lymphocytes activation, we mea-
sured the volume of nuclei and that of nucleolar com-
partments. The total volume of nuclei significantly
increased during lymphocyte activation: 1.5-times after
24 h, and 3-times after 48 h (see Fig. 7a). In nucleoli, the
FCs become smaller in the course of activation, however
this decrease in the size of individual FCs is compen-
sated by the increase of the FCs number (Hozák et al.
1989). Quantitative analysis (Fig. 7b) showed that the
total volume of FCs per cell did not change significantly
during the first 24 h, comprising 0.08 lm3 in resting cells
and 0.11lm3 after 24 h of stimulation. Later, 48 h after
stimulation, the total volume of FCs extremely increased
(0.69 lm3). In contrast, the volume of DFC increased
dramatically already during the first 24 h of stimulation:
from 0.13 lm3 in resting cells to 0.5 lm3 in 24 h PHA-
stimulated lymphocytes. Moreover, after 48 h, the vo-
lume of DFC increased nearly 30 times compared to the
volume of DFC in resting cells and a similar trend was
observed for GC.

Fig. 2 Ultrastructure of resting and PHA-activated human
lymphocytes. a An electron micrograph of a nucleus of resting
human lymphocyte. Nucleolus (NL) has a typical ring-shaped
structure. Condensed chromatin (CC) locates at the periphery of
the nucleus and around the nucleolus. Decondensed chromatin
area (DCA) occupies the central part. Bar 1 lm. b The nucleus of
24 h stimulated human lymphocyte. Note the enlargement of the
area occupied by decondensed chromatin and increase in the
number of FCs in the nucleolus. c An electron micrograph showing
nucleus of 48 h stimulated human lymphocyte with fully
decondensed chromatin (only some small clusters of condensed
chromatin remain along nuclear membrane). The nucleolus is fully
developed with many FCs
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Fig. 3 Ultrastructural
localization of actin and NMI
in nucleoli and quantification of
immunogold labeling. a An
electron micrograph of resting
human lymphocyte nucleolus
labeled with anti-actin antibody
(12 nm gold particles). b The
same image as a, but the
nucleolar compartments are
outlined. Fibrillar centers (FC),
DFC, and granular component
(GC) are marked. Gold
particles are highlighted in red
color. FC is highly positive for
actin. Bar 200 nm. c An
electron micrograph of resting
human lymphocyte nucleolus
labeled with anti-NMI antibody
(12 nm gold particles). d The
same image as (C), the
nucleolar components are
outlined and gold particles are
highlighted as in B. NMI is
localized predominantly in
DFC. e Actin labeling density
in nucleolar compartments of
resting (0 h) and PHA-
stimulated (24 and 48 h) human
lymphocytes. Labeling density
is expressed in gold particles/
lm2 ; ** (P<0.01), * (P<0.05).
The corresponding legend for
graphs (e–h) as in F. f The same
as (e) for NMI labeling. g The
number of gold particles
labeling actin on nuclear profile
in different nucleolar
compartments of resting (0 h)
and PHA-stimulated (24 and
48 h) human lymphocytes.
h The same as (g) for NMI
labeling
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Discussion

Previous studies demonstrated important roles of actin
in various nuclear functions such as nucleocytoplasmic
transport, chromatin remodeling, transcription, and
splicing (for reviews, see Rando et al. 2000; Olave et al.
2002; Pederson and Aebi 2002; Bettinger et al. 2004).
Recently, it has been shown that actin is indispensable
for transcription by Pol I, II, and III (Fomproix and
Percipalle 2004; Hofmann et al. 2004; Hu et al. 2004;
Philimonenko et al. 2004) and NMI has been found to
participate in transcription by Pol I and II (Pestic-Dra-
govich et al. 2000; Philimonenko et al. 2004). However,
a detailed study of actin and NMI localization in nuclear
compartments, as well as their dynamics upon changes
in transcriptional activity of the cells is still lacking. The
principal aim of this paper was therefore to characterize
the intranuclear dynamics of actin and nuclear myosin I
on a physiological cellular model of transcriptional
activation.

The experimental model of stimulated human lym-
phocytes was chosen for two reasons. Firstly, it provides
an excellent system to study nuclear changes during

transcriptional activation. Secondly, the model allows us
to use cells without the possible effects of long-term
cultivation. For characterization of actin and NMI dy-
namics in the course of activation, we used a combina-
tion of molecular and in situ approaches. Cellular levels
of actin and NMI were estimated using Western blot and
qRT PCR, while the analysis of gold-immunolabeling
on ultrathin sections allowed us to study the dynamics of
their translocation relative to distinct nuclear compart-
ments. The distribution of gold particles was quantified
on nuclear sections through the middle plane of the
nucleus/nucleolus, referred to as nuclear/nucleolar pro-
files. Given that the accessibility of the epitopes to the
antibodies does not change significantly upon lympho-
cytes stimulation, the changes in labeling density
(number of gold particles per square micrometer) reflect
changes in the concentration of respective protein in a
nuclear compartment. The number of gold particles in a
nuclear profile reflects then the changes in the total
amount of the protein.

We have demonstrated that NMI was up-regulated
both on the mRNA and protein level following PHA-
stimulation of resting lymphocytes. The increase of
protein level was remarkably higher than that of

Fig. 4 Ultrastructural
localization of actin and NMI
in the nucleoplasm changes
during transcriptional
activation. Electron
micrographs of resting (a, c)
and 24 h PHA-stimulated (b, d)
human lymphocytes. a and b
actin labeling, 12 nm gold
particles. c and d NMI labeling,
12 nm gold particles. Bar
500 nm
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mRNA (15-fold and 5-fold after 24 h of stimulation,
respectively). This suggests that the up-regulation of
NMI involves several mechanisms at different levels.
Apparently, both transcription and translation of NMI
were activated; decreased levels of mRNA and/or
protein degradation might also be involved. The ul-
trastructural results go in line with the biochemical
data. The analysis of immunogold labeling on nuclear
profiles revealed significant increase of the total
amount of NMI in the nucleoplasm and in nucleoli
upon PHA-stimulation. These results are in agreement
with previously demonstrated role of NMI in tran-
scription by Pol I and II (Pestic-Dragovich et al. 2000;
Philimonenko et al. 2004), and they support the
hypothesis about the importance of NMI in the
transcription.

In contrast, the protein level of actin in human lym-
phocytes during transcriptional activation was rather
stable, as shown by both Western blot and quantifica-
tion of immunogold labeling. This is an expected result,
as actin is known to be stably expressed and is com-
monly used as an internal standard for quantitative de-
termination of mRNA of interest (Suzuki et al. 2000).
Moreover, two nuclear export sequences were found in
actin molecule, which are responsible for shuttling of
actin between the nucleus and the cytoplasm, suggesting
a steady-state level of the actin in the nucleus (Wada
et al. 1998).

Compartmentalization of proteins within discrete
nuclear/nucleolar domains generally reflects the com-
partmentalization of nuclear/nucleolar metabolism. We
therefore assessed the dynamics of NMI and actin within
individual nuclear compartments. NMI was pre-
ferentially localized in the DFC which is the site of
rDNA transcription. The localization of NMI and its
accumulation in DFC during transcriptional activation
is in agreement with its role in the synthesis of rRNA,
and/or it may also indicate the involvement of NMI in
the early processing events of rRNA precursors. Im-
portantly, NMI is associated with transcription factor
TIF-IA, a basal transcription factor that confers initia-
tion competence to Pol I and mediates the growth-de-
pendent regulation of rRNA synthesis (Philimonenko
et al. 2004). Thus, the regulatory role of NMI in acti-
vation of ribosomal genes transcription in stimulated
human lymphocytes cannot be excluded.

A small pool of actin in nucleoli is present in the DFC
together with NMI, consistent with recently reported
function of actin in transcription by Pol I, and with the
known localization of rDNA transcription in DFC
(Philimonenko et al. 2004). However, the main site of
actin localization in nucleoli are the FCs, the labeling
density there being the highest in unstimulated lym-
phocytes and decreasing in the course of transcriptional
activation. The FCs are known to be the storage sites for
Pol I and other components of Pol I transcription

Fig. 5 Quantification of actin
and NMI labeling in the
nucleoplasm. a Actin labeling
density in the nucleoplasm of
resting (0 h) and PHA-
stimulated (24 and 48 h) human
lymphocytes. Labeling density
is expressed in gold particles/
lm2 ; **(P<0.01), *(P<0.05).
The corresponding legend for
graphs (a–d) as in C. b The
same as a for NMI labeling. c
The number of gold particles
labeling actin on nuclear profile
in condensed chromatin and
decondensed chromatin area of
the resting (0 h) and stimulated
(24 and 48 h) human
lymphocytes. d The same as (c)
for NMI labeling
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Fig. 6 Actin and NMI
colocalize with transcription
sites. Electron micrographs of
24 h PHA-stimulated human
lymphocytes. a Double
immunogold labeling with anti-
actin (12 nm gold particles) and
anti-BrdU antibody (6 nm gold
particles). b Double
immunogold labeling with anti-
NMI (10 nm gold particles) and
anti-BrdU antibody (6 nm gold
particles). Bar 200 nm. (c, d)
The same as (a, b) but after the
preferential contrasting of
RNP-containing structures,
CC. Dash line marks the border
between the cytoplasm and the
nucleus

Fig. 7 Quantification of total
nuclear volume (a) and the
volumes of distinct nucleolar
compartments (b) in the course
of lymphocytes activation

Table 1 Colocalization of actin
and NMI with non-nucleolar
transcription sites in resting
(0 h) and active (24 h)
stimulated human lymphocytes

Gold particles Statistical significance of coloca-
lization

12 nm 6 nm 30–100 nm 100–150 nm

Resting cells Actin Transcription sites P<0.01 NS
NMI Transcription sites NS NS

Active cells Actin Transcription sites P<0.01 P<0.05
NMI Transcription sites NS P<0.05
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machinery such as UBF, SL-1 and topoisomerase I
(Jordan et al. 1996; Roussel et al. 1996; Mosgoeller
et al. 1998). Actin was shown to be associated with Pol I
regardless of Pol I transcriptional state (Philimonenko
et al. 2004). Therefore, it is possible that a significant
part of actin in FCs is associated with inactive Pol I.
Moreover, the described dynamics of actin suggests that
it is accumulated in FCs in inactive cells and it is then
recruited to sites of function upon transcriptional acti-
vation, possibly together with Pol I. Furthermore, recent
studies have revealed a role for the nucleolus in reg-
ulating the activity of proteins involved in various as-
pects of cell-cycle progression (Visintin and Amon
2000). Sequestration in the nucleolus prevents proteins
from reaching their targets in other nuclear compart-
ments. Remarkably, nucleolar accumulation of actin in
FCs described here, seems to be closely related to growth
arrest of human lymphocytes. Interestingly, expression
of actin mutants with abnormal cellular localization
induced a decrease in the proliferative potential of the
cell (Wada et al. 1998). This might suggest a correlation
between the proper actin localization and the metabolic
state of the cell. It was shown earlier that FCs could
serve as principal elements in forming not only active
nucleoli, but also the nucleoskeletal filaments radiating
from FCs towards nuclear periphery thus contributing
to the organization of nuclear interior (Hozák et al.
1994; for a review, see Schwarzacher and Mosgoeller
2000). Actin, a classical structural protein, can also
contribute to this structural role of the FCs in forming
these nucleoskeletal structures; however, the binding
partners have yet to be determined.

In the nucleoplasm, actin and NMI behave in a si-
milar manner. In resting cells, actin and NMI are both
concentrated predominantly in condensed chromatin
domains and they are less abundant in regions con-
taining decondensed chromatin. The suggestion that
condensed chromatin may contain higher amount of
actin has been made previously (Rungger et al. 1979)
based upon microinjecting of anti-actin antibodies into
the nuclei of Xenopus oocytes that blocked chromosome
condensation. Furthermore, it has been demonstrated
previously that actin as well as actin-related protein
(ARP) BAF53 are the components of the SWI/SNF-like
BAF remodeling complex (Zhao et al. 1998). ARPs and
actin isoforms appear to have evolved from a common
ancestor and they compose a branch of the actin family
within a superfamily of proteins that have ATPase ac-
tivity (Rando et al. 2000). Our data showing that actin is
enriched in condensed chromatin are also consistent
with earlier observations that revealed an association of
actin-related protein ARP4 with centric hetero-
chromatin and a colocalization with hetechromatin
protein HP1 in Drosophila (Frankel et al. 1997).

Although a role of NMI in chromatin remodeling has
not yet been demonstrated, it is also enriched in con-
densed chromatin in unstimulated lymphocytes. The
transcriptional activation of human lymphocytes leads
to relocalization of both actin and NMI to decondensed

chromatin area. We show here that clusters of both
actin and NMI colocalize with transcription sites in the
nucleoplasm of activated human lymphocytes, which is
in agreement with the importance of both proteins for
transcription. Apparently, heterochromatin can store
large amounts of actin and NMI that are after stimu-
lation redistributed to nuclear compartments with active
DNA transcription. Interestingly, while actin is detected
in transcription sites in both unstimulated and stimu-
lated lymphocytes, NMI did not significantly colocalize
with transcription sites in resting cells, where tran-
scription levels are very low. This points to more dy-
namic nature of NMI association with the sites of RNA
synthesis. Possibly, the amount of NMI in the sites with
only basal transcription is too low to be detected by
immunolabeling. The elevated labeling intensity upon
stimulation raises an intriguing possibility that NMI
plays a role also in regulatory events during transcrip-
tional activation.

To obtain a complete picture of intranuclear dy-
namics of actin and NMI, we quantified the changes in
the volume of the nuclei and that of nucleolar com-
partments upon PHA-stimulation of human lympho-
cytes. In agreement with previous studies (Steen and
Lindmo 1979; Setterfield et al. 1983), the volume of
lymphocytes nuclei increased about three times during
48 h of stimulation. Taking into account the fact that
the proportion between the volumes occupied by con-
densed and decondensed chromatin shifts dramatically
towards decondensed chromatin at the same time, the
tendency of both actin and NMI accumulation in this
compartment becomes even more pronounced. In nu-
cleoli, the total volume of the FCs did not change sig-
nificantly during the first 24 h after stimulation. This is
in agreement with previous studies which showed that
initial stages of nucleolar activations in lymphocytes are
accompanied with changes in the shape of FCs and with
their fragmentation, but not with an increase in volume
(Hozák et al. 1989). The volume of FCs then increased
during the following 24 h. This can be explained by S-
phase progression that results in doubling the number of
nucleolar organizers which are known to carry a per-
manent load of rDNA-attached proteins (Zatsepina
et al. 1988; Sirri et al. 1999). The most dramatic aug-
mentation in the volume was observed in DFC, the
nucleolar compartment where transcription of riboso-
mal genes takes place (Hozák 1995; Cmarko et al. 2000).
Again, this result stresses the trend of NMI accumula-
tion in the DFC during transcriptional activation.

To summarize, we showed here for the first time that
nuclear actin and NMI associate with distinct nuclear
compartments. Transcriptional activation leads to re-
localization of both proteins to compartments with
active transcription. Protein sequestration in the nu-
cleolus and in the condensed chromatin is apparently
involved in regulation of actin and NMI dynamics.
Further studies are needed to understand actin and
NMI functions in gene expression in the context of
nuclear architecture.

356

65



Acknowledgements This work was supported by the Grant Agency
of the Czech Republic (reg. no. 204/04/108 and 304/03/1118), by
the Grant Agency of the Academy of Sciences of the Czech Re-
public (reg. no. IAA5039202), and by the institutional grant no.
AV0Z5039906.

References

Bas A, Forsberg G, Hammarstrom S, Hammarstrom ML (2004)
Utility of the housekeeping genes 18S rRNA, beta-actin and
glyceraldehyde-3-phosphate-dehydrogenase for normalization
in real-time quantitative reverse transcriptase-polymerase chain
reaction analysis of gene expression in human T lymphocytes.
Scand J Immunol 59:566–573

Bernhard W (1969) A new staining procedure for electron micro-
scopical cytology. J Ultrastruct Res 27:250–265

Bettinger BT, Gilbert DM, Amberg DC (2004) Actin up in the
nucleus. Nat Rev Mol Cell Biol 5:410–415

Boyum A (1968) Isolation of mononuclear cells and granulocytes
from human blood. Isolation of monuclear cells by one cen-
trifugation, and of granulocytes by combining centrifugation
and sedimentation at 1 g. Scand J Clin Lab Invest Suppl 97:77–89

Busch H, Smetana K. (1970) The nucleolus. Academic, New York
Carmo-Fonseca M (2002) The contribution of nuclear compart-

mentalization to gene regulation. Cell 108:513–521
Cmarko D, Verschure PJ, Rothblum LI, Hernandez-Verdun D,

Amalric F, van Driel R, Fakan S (2000) Ultrastructural analysis
of nucleolar transcription in cells microinjected with 5-bromo-
UTP. Histochem Cell Biol 113:181–187

Cremer T, Kupper K, Dietzel S, Fakan S (2004) Higher order
chromatin architecture in the cell nucleus: on the way from
structure to function. Biol Cell 96:555–567

Fakan S (1994) Perichromatin fibrils are in situ forms of nascent
transcripts. Trends Cell Biol 4:86–90

Fomproix N, Percipalle P (2004) An actin-myosin complex on
actively transcribing genes. Exp Cell Res 294:140–148

Frankel S, Sigel EA, Craig C, Elgin SC, Mooseker MS, Artavanis-
Tsakonas S (1997) An actin-related protein in Drosophila co-
localizes with heterochromatin protein 1 in pericentric hetero-
chromatin. J Cell Sci 110(17):1999–2012

Hendzel MJ, Bazett JD (1995) RNA polymerase II transcription
and the functional organization of the mammalian cell nucleus.
Chromosoma 103:509–516

Hofmann WA, Stojiljkovic L, Fuchsova B, Vargas GM, Mav-
rommatis E, Philimonenko V, Kyselá K, Goodrich JA, Lessard
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Stable Pd nanoparticles (PdNP) with a tunable size (3–15 nm) were synthesized by controlled chemical
reduction of PdCl2 with sodium citrate in water. The morphology of PdNP was characterized by transmission
electron microscopy, while their stability in solution was verified by quasi-elastic light scattering and small-
angle X-ray scattering. Intensive stirring of reacting mixture played a vital role in achieving reproducible
particle sizes. Controlled changes of pH and initial concentrations were employed in fine-tuning particle size
distributions. Finally, 10 nm PdNP were conjugated with goat anti-mouse IgG antibody as proved by
electrophoresis (SDS–PAGE) and used for ultrastructural immunolabeling, which confirmed suitability of
PdNP for multiple immunolabeling in biomedicine.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Metallic nanoparticles combine large surface and specific chemical
properties with unique electronic and optical properties. Consequent-
ly, they have been used in a broad range of fields such as catalysis,
photonics, surface-enhanced Raman spectroscopy, and biological
labeling [1]. Such nanoparticles conjugated to antibodies are of
great interest in life sciences for detection of biomolecules in TEM
(immunolabeling) [2]. Gold nanoparticles with sizes 5–15 nm are
commercially available andwidely used for the immunolabeling [3,4];
however, a broader range of tags is needed for multiple targets. We
suggest that stable palladium nanoparticles (PdNP) could be used in
parallel with Au nanoparticles for multiple immunolabeling of
biological structures as they can be differentiated in energy-filtered
TEM (EFTEM) or in a TEM microscope equipped with a detector for
energy-dispersive analysis of X-rays (TEM/EDX).

Classical ways of synthesis of stable PdNP in water (colloids,
hydrosols) were described by Turkevich et al. [5] as early as in 1970.
Then, a number of authors synthesized Pd and Au nanoparticles for
various purposes (e.g., references 6–8). Recently, Lim et al. [9]
summarized various ways of controlling the shape of PdNP in
hydrosols. In this study, we present a simple and reproducible
synthesis of PdNP with a tunable size within 3–15 nm range; they can

be conjugated with antibodies used for multiple ultrastructural
immunolabeling in biomedicine.

2. Experimental

2.1. Materials and reagents

Palladium chloride (PdCl2, N99.999%), sodium citrate (C6H5Na3O7.
2H2O, N99.0%), and sodium hydroxide (NaOH, p.a.) were purchased
from Sigma-Aldrich; goat anti-mouse IgG antibody from Invitrogen;
K2CO3 and NaH2PO4 buffers from Amresco; polyethylene glycol (PEG;
MW20000) fromSERVAElectrophoresis; and other reagentswere from
Sigma.

2.2. Synthesis of Pd nanoparticles

PdNP were synthesized as reported by Turkevich et al. [5] with a
few important modifications. The following three aqueous solutions
were prepared: (i) 9.3×10−4 M solution of PdCl2 (0.033 g of
anhydrous PdCl2 in 4 mL of 1N HCl, filled with H2O up to 200 mL),
(ii) 1% water solution of sodium citrate, and (iii) 0.05 % water solution
of NaOH. The base colloid, Pd10 (particle size ~10 nm), was prepared
as follows: 7.5 mL of PdCl2 solution, 15 mL of citrate solution, and 52.5
of deionized water were mixed in a 250 mL Erlenmeyer flask on a
heated magnetic stirrer and refluxed under intensive stirring
(400 rpm, 6 h). Colloids with smaller nanoparticles, Pd06 (~6 nm)
and Pd04 (~4 nm), were prepared like the base colloid Pd10, but the
pH of the original solution (pH≈6.25) was increased before the
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refluxing (using 0.05% NaOH); the increase was 0.2 for Pd06
(pH≈6.45) and 0.4 for Pd04 (pH≈6.65). Colloids with larger
nanoparticles, Pd12 (~12 nm) and Pd14 (~14 nm), were prepared
like the base colloid Pd10, but the concentration of both PdCl2 and
citrate solution was increased; the increase in concentrations was 3×
and 6× for Pd12 and Pd14, respectively.

2.3. Characterization of Pd nanoparticles

Size distributions of PdNP were determined by image analysis of
TEM micrographs (TEM microscope; Tecnai G2 Spirit Twin; NIS-
Elements software). Stability of PdNP solutions was monitored by
quasi-elastic light scattering (QELS) and small-angle X-ray scattering
(SAXS) as described elsewhere [10].

2.4. Immunolabeling with Pd nanoparticles

PdNP colloid and antibody solution were adjusted to pH 8.5 using
0.1 M K2CO3. Antibody solution was added to the colloid and mixed
intensively for 2–5 min. A sub-saturation amount of antibody was
used as measured by SDS–PAGE electrophoresis (50 μg of goat anti
mouse (GAM) IgG mixed with 1 mL of PdNP colloid gave optimal
results). To prevent aggregation and non-specific binding, 0.25% PEG
was added, and the solution was stirred for additional 5 min followed
by an overnight incubation at 4 °C. In order to remove unbound
antibodies, centrifugation at 15000g was used (1 mL volumes, 1 h,
4 °C). After discarding the supernatant, the pellet was re-suspended in
1% PEG solution in 0.01M Na3PO4, pH 7–8, and stored at 4 °C. The
amount of conjugated IgG was evaluated on 10% SDS–PAGE (Mini
PROTEAN, Bio-Rad, USA) after dissociating the IgG from the
nanoparticles by boiling 1 min in a sample buffer (50 mM Tris–HCl,
10% glycerol, 2% SDS, 100 mM dithiothreitol, and 0.01% bromophenol

blue, pH 6.8). The gels were stained with quantitative stain PageBlue
(Fermentas), and band intensity was measured on Odyssey infrared
imaging system (LI-COR Biosciences, USA). For calibration, concen-
tration series of free GAM IgG were run on the same gel. These Pd-
GAM IgG nanoparticles were then used in parallel with the
commercially available Au-DAM IgG (DAM12; Jackson ImmunoRe-
search) for immunolabeling on ultrathin sections of HeLa cell
embedded in LR White resin as described previously [11].

3. Results and discussion

The main objective of this work was to prepare stable PdNP in size
range 5–15 nm, which could be employed in multiple immunolabel-
ing (section 1, references 3,4). Our experiments were based on the
previously described synthesis of stable palladium hydrosols (refer-
ence 5, section 2.2). Nevertheless, the original procedure was
modified in order to (i) increase the reproducibility of the syntheses
and (ii) produce particles within the desired size range.

3.1. Reproducibility of the syntheses

In the case of citrate Pd hydrosols, the intensity of stirring was
found to be a crucial factor influencing reproducibility. The best
results were obtained with 75 mL solution refluxed on a heated
magnetic stirrer at 400 rpm. Numerous experiments confirmed that
the increase in volumes or less intensive mixing drastically reduced
the reproducibility from the point of view of average particle size. The
second important factor was concentration: the base colloid Pd10
(particle size ~10 nm) was prepared using half concentrations than
described in the original procedure [5].

Fig. 1. TEM micrographs (A–C) and particle size distributions (D–F) of colloids Pd10, Pd06, and Pd04.
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3.2. Tunable size of Pd nanoparticles

The average size of the particles in citrate Pd hydrosols can be
effectively controlled by changing pH or concentrations, while other
experimental conditions are kept unchanged as shown in Fig. 1. The
base colloid, Pd10 (~10 nm; Fig. 1A,D), was prepared at standard
conditions (pH=6.25; unmodified); colloid Pd06 (~6 nm; Fig. 1B,E)
was obtained at pH=6.45; colloid Pd04 (~4 nm; Fig. 1C,F) was
obtained at pH=6.65. All colloids in pH-series (Fig. 1A-C) maintained
their narrow particle size distribution as documented by the
histograms (Fig. 1D-F). It is also worth noting that, in the original
paper [5], the increase in pH led to strong agglomeration and broad
size distribution of the particles, which might be attributed to the fact
that the authors of the previous work did not use an efficient magnetic
stirrer.

Change of particle size with concentration is shown in Fig. 2. The
repeated synthesis of the base colloid Pd10 led to particle size ~10 nm
(Fig. 2A,D), whereas the colloids Pd12 and Pd14, synthesized from 3×
and 6× more concentrated solutions, had particle size ~12 nm
(Fig. 2B,E) and ~14 nm (Fig. 2C,F), respectively. The increase in size
with the concentration of the initial solutions was in agreement with
the original study [5].

3.3. Stability of Pd nanoparticles

Combined TEM, QELS, and SAXS experiments, performed with
two-month-old hydrosols Pd04, Pd10, and Pd14, confirmed the size
and stability of Pd nanoparticles in the colloidal solutions. The particle
size did not change and the results of all three methods were in quite
good agreement (Fig. 3).

3.4. Conjugation of antibodies and immunolabeling

Conjugation with GAM IgG antibody was performed in analogy
with the well-known methods used for gold nanoparticles (sec-
tion 2.4). The SDS–PAGE confirmed a successful conjugation (Fig. 4A)
and enabled us to estimate the optimal amount of antibodies for
conjugation to PdNP (Fig. 4B). Subsequently, we used the Pd-GAM IgG
conjugate as a secondary antibody for immunolabeling on ultrathin
sections of HeLa cells (Fig. 4C). The labeling density and pattern was
fully comparable to the control incubation with commercially
available Au-DAM12 (Fig. 4D), which proved that the conjugated

Fig. 2. TEM micrographs (A–C) and particle size distributions (D–F) of colloids Pd10, Pd12, and Pd14.

Fig. 3. Particle size distributions in two-month-old colloidal solutions Pd04, Pd10, and
Pd14 measured by QELS. Inset: comparison of average particle sizes determined by
QELS, SAXS, and TEM.
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PdNP contained non-denatured antibodies and were suitable for
multiple immunolabeling of biological samples.

4. Conclusions

Pd nanoparticles were synthesized and conjugated with anti-
bodies. The synthesis yielded isometric, stable Pd nanoparticles with
tunable size in 3–15 nm range as characterized by TEM, QELS, and
SAXS. The conjugation of antibodies to PdNP was confirmed by
protein gel electrophoresis, and their functionality in immunolabeling
was verified. Therefore, the conjugated PdNP can be used in
combination with commercially available Au nanoparticles for
multiple ultrastructural immunolabeling in biology.
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a  b  s  t  r  a  c  t

Stable  Pd  nanocubes  (PdNC)  with  the  average  size  ∼15 nm  were  prepared  by  the controlled  reduction
of  sodium  tetrachloropalladate  with  ascorbic  acid in water,  in  the  presence  of polyvinylpyrrolidone  and
potassium  bromide.  Morphology  of  the  particles  was  characterized  by  transmission  electron  microscopy
(TEM)  and  their  stability  in the  colloidal  solution  was  verified  by  dynamic  light  scattering  (DLS).  It has  been
demonstrated  that the  Pd nanocubes  can  be  distinguished  from  commercial  Au nanospheres  in  a  standard
TEM  microscope  by means  of  automated  image  analysis.  In  the  next  step, the PdNC  were  successfully
eywords:
anoparticles
alladium nanocubes
lectron  microscopy
iological labeling
ultiple  immunolabeling

conjugated  to immunoglobulin  proteins  and  used  for the  detection  of  a specific  protein  (nucleophos-
min)  on  ultrathin  sections  of  HeLa  cells.  Our experiments  showed  that  PdNC  can  be used  for  multiple
immunolabeling  in combination  with  commercial  Au  nanospheres.

© 2012 Elsevier B.V. All rights reserved.
istochemistry

. Introduction

Metallic nanoparticles combine large surface with specific
hemical, physical, electronic and optical properties. Therefore,
hey have found a number of applications in catalysis, photonics,
urface-enhanced Raman spectroscopy, antibacterial activity, etc.
1–4]. Gold nanoparticles with diameters 5–15 nm conjugated to
ntibodies are of great interest in life sciences for detection of single
iomolecules in electron microscopes (immunolabeling) [5–7].

Preparation of stable water colloidal solutions (hydrosols) of
pherical gold nanoparticles with tunable size has been well-
stablished [5–9]. However, a broader range of tags is needed for
imultaneous detection of multiple targets on the same biolog-
cal specimen (multiple immunolabeling). In our previous work,

e suggested that palladium nanospheres with tunable size could
e used in parallel with Au nanoparticles for multiple immuno-

abeling of biological structures as they can be conjugated with
ntibodies and differentiated from Au nanospheres by means of
nergy-filtered TEM (EFTEM), or in a TEM microscope equipped
ith an efficient detector(s) for energy-dispersive analysis of X-
ays (TEM/EDX) [10,11].
In  this study, we describe a reproducible preparation of palla-

ium nanocubes (PdNC) with well-defined shapes and size below
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15 nm.  In order to obtain the stable PdNC, we  slightly modified
one of the procedures described recently by Lim et al. [12], who
summarized various ways of controlling the shape of Pd nanocrys-
tals in hydrosols. An important advantage of Pd nanocubes consists
in the fact that they can be differentiated from commercial Au
nanospheres morphologically, using standard biological TEM micro-
scopes, and not requiring special EFTEM or TEM/EDX systems.
Finally, we  demonstrate that the PdNC can be conjugated to anti-
bodies and used for immunolabeling in life sciences.

2. Experimental

2.1. Synthesis of Pd nanocubes

All  chemicals were purchased from Sigma–Aldrich Ltd. (Prague,
Czech Republic). The palladium nanocubes (PdNC) were syn-
thesized by a modified procedure of Lim et al. [12]: Sodium
tetrachloropalladate (154 mg,  0.618 mmol) was dissolved in
water (10 mL), ascorbic acid (164 mg,  0.931 mmol) was dis-
solved in water (10 mL)  and polyvinylpyrrolidone (K 90, 360 kDa,
290 mg)  + potassium bromide (821 mg,  6.90 mmol) was dissolved
in another 10 mL  of water. All three solutions were mixed and
heated at 100 ◦C for 3 h with magnetic stirring. The suspension of

nanocubes was  then filtered through a 0.22 �m syringe PVDF fil-
ter (Fischer Scientific Ltd., Pardubice, Czech Republic). 15 mL  of the
solution was used as synthesized, and the rest was dialyzed against
water using 3500 Da cutoff dialysis tubing (Serva Electrophoresis

dx.doi.org/10.1016/j.colsurfb.2012.05.023
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:slouf@imc.cas.cz
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Fig. 1. Morphology of PdNC: (a) low-magnification TEM microgr

mbH, Heidelberg, Germany) to obtain suspension without low-
olecular-weight salts.

.2.  Characterization of Pd nanocubes

The size distribution of PdNC was determined from TEM micro-
raphs (TEM microscope: Tecnai G2 Spirit Twin, working at 120 kV,
sing bright field imaging). Automated differentiation of prepared
dNC from commercial Au nanospheres in TEM micrographs was
chieved by means of a user-defined script written in a standard
mage analysis program (NIS-Elements, version 3.10). Size and
hape of the individual particles were described by morphology
escriptors such as EqDiameter, Circularity, Elongation, and Shape-
actor. The morphology descriptors are defined in NIS-Elements by
he following equations:

qDiameter  =
√

4 × Area

�

ircularity = 4� × Area

Perimeter2

longation = MaxFeret

MinFeret

hapeFactor = Area

ConvexHullArea

here Area and Perimeter represent the particle features of the
ame name, MaxFeret and MinFeret are maximum and minimum
rojected length of the particle, and ConvexHullArea stands for the
rea of the convex hull around the object. More detailed descrip-
ions of the above morphology descriptors can be found in the
IS-Elements manual or in our previous work [13]. Stability of the
anoparticles in the solutions was checked by dynamic light scat-
ering (DLS). The measurements were performed with ALV6000
nstrument, the scattered light was collected at angle 90◦ and
he hydrodynamic radii were calculated as described elsewhere
14,15]. Final values of hydrodynamic radii Rh(I) and Rh(V) were
etermined as a peak on intensity and volume distribution, respec-
ively.

.3. Immunolabeling with Pd nanocubes

PdNC was conjugated to secondary goat anti rabbit (GAR) anti-
ody (Invitrogen) similarly to the protocol developed for spherical

d nanoparticles [10]. PdNC colloid was adjusted to pH 8.5 using
.1 M NaOH. 90 �g of GAR was added to 1 mL  of the colloid and
ixed intensively for 1–2 min. To prevent aggregation and non-

pecific binding, 0.25% bovine serum albumin (BSA) was  added,

73
b) high-magnification TEM micrograph, and (c) size distribution.

and  the solution was stirred for additional 5 min  followed by an
overnight incubation at 4 ◦C. In order to remove unbound anti-
bodies, particles were centrifuged (6600 g, in 1 mL volumes, 1 h,
4 ◦C) into glycerol gradient of 10, 30 and 40% in PBTB (phosphate
buffered saline with 0.1% Tween 20 and 1% BSA). The 30% glycerol
fraction was taken and stored at 4 ◦C, and diluted 1:7 in PBTB for
immunolabeling (named PdNC-GAR IgG). As a control secondary
antibody, commercially available Au-GAR12 (Jackson Immunore-
search) was used. The primary antibody in both cases was anti-B23
(nucleophosmin; Abcam).

3.  Results and discussion

3.1.  Morphology of Pd nanocubes

Morphology  of the PdNC is shown in Fig. 1. Low-magnification
TEM micrograph (Fig. 1A) documents that the sizes and shapes are
quite uniform. High-magnification TEM micrograph (Fig. 1B) illus-
trates the sharp edges and corners of the nanocubes that make
them morphologically well distinguishable from the commercial
Au nanospheres (as shown in detail in the following section). His-
togram (Fig. 1C) evidences that the PdNC exhibit reasonably narrow
size distribution, with the average size 〈EqDiameter〉 = 15 nm (based
on the measurement of >200 particles) just at the upper limit of the
nanoparticle size suitable for imunolabeling (5–15 nm) [5,9,10].

3.2. Differentiation of Pd nanocubes from Au nanospheres in TEM

PdNC  were mixed with the commercial 6 nm Au nanospheres
(Au06) and 12 nm Au nanospheres (Au12), the mixture was
deposited on electron-transparent polylysine film and observed in
a  TEM microsope using standard bright field imaging (Fig. 2, left
image). It was  possible to automatically separate Pd nanocubes
from Au nanospheres by means of a user-defined script in image
analysis software NIS elements (Fig. 2, middle image); the script
employs just standard morphology descriptors (see Section 2.2).
The final output is a binary image (an image with white objects and
black background), in which the only objects are PdNC (Fig. 2, right
image). This indicates that PdNC can be combined with commercial
Au nanosperes in order to achieve multiple immunolabeling with a
standard TEM microscope, and resolved automatically with a high
accuracy.

3.3. Stability of Pd nanocubes in solution
Colloidal solutions of metallic nanoparticles are metastable [1,2].
Nevertheless, the nanoparticles for immunolabeling have to be sta-
ble for at least several months because both storage and conjugation
with proteins and/or antibodies takes part in water solutions. In
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.4. Immunolabeling with Pd nanocubes

We used the PdNC–GAR IgG conjugate as a secondary antibody
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conjugated to antibodies or other bioreactive molecules. 
With the use of novel nanoparticles, various combinations 
with commercial gold nanoparticles can be made to obtain 
a set for simultaneous labeling. For the first time in ultras-
tructural histochemistry, up to five molecular targets can be 
identified simultaneously. We demonstrate the usefulness of 
the method by mapping of the localization of nuclear lipid 
phosphatidylinositol-4,5-bisphosphate together with four 
other molecules crucial for genome function, which proves 
its suitability for a wide range of biomedical applications.

Keywords Immunolabeling · Metal nanoparticles · 
electron microscopy · Cell nucleus · Ultrastructure · 
Phosphatidylinositol-4,5-Bisphosphate (PIP2)

Introduction

Immunolabeling of biological molecules in situ is indis-
pensable in life sciences and medicine, including diagnos-
tics and pharmacology. Simultaneous detection of several 
antigens provides valuable information about their locali-
zation in cellular compartments and their possible interac-
tions in macromolecular complexes. Fluorescent micros-
copy enables multiple labeling, but its resolution is often 
insufficient for an unequivocal localization of the labeled 
molecules and their assignment to specific cellular com-
partments. Owing to higher resolution, electron microscopy 
largely removes such ambiguity. Since pioneering works by 
roth and co-workers, it employs gold nanoparticles tagged 
with immunoglobulin or other bioactive molecules for the 
detection of molecular targets (antigens) (roth et al. 1996). 
However, the number of simultaneously detected antigens 
is limited to two or three at most. The main limitation is 
that the gold nanoparticles can only be distinguished by 

Abstract Simultaneous detection of biological molecules 
by means of indirect immunolabeling provides valuable 
information about their localization in cellular compart-
ments and their possible interactions in macromolecular 
complexes. While fluorescent microscopy allows for simul-
taneous detection of multiple antigens, the sensitive elec-
tron microscopy immunodetection is limited to only two 
antigens. In order to overcome this limitation, we prepared 
a set of novel, shape-coded metal nanoparticles readily dis-
cernible in transmission electron microscopy which can be 
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their size which may be varied in a narrow range for the 
immunodetection to work well.

To increase the number of mutually discernible nanopar-
ticles types within an acceptable size range, two approaches 
may be employed: discrimination by elemental composition 
or by shape of the nanoparticle. Several reports have been 
presented on using nanoparticles of elemental composition 
different from gold. They can be distinguished from conven-
tional gold nanoparticles by dark-field STeM (loukanov 
et al. 2010), energy-dispersive X-ray (eDX) microanaly-
sis (loukanov et al. 2010), BSe imaging in high-resolution 
SeM (Vancova et al. 2011), or by electron energy filtering 
microscopy (Kandela et al. 2007). The results clearly dem-
onstrated the feasibility of such approaches, the drawback 
being the need for highly specialized and costly equipment 
not available in most laboratories. To the best of our knowl-
edge, only one group has so far explored the option of dis-
tinguishing among nanoparticles by their shape (Meyer et al. 
2005, 2010). a clear advantage of this approach is that sam-
ples can be routinely analyzed by conventional transmission 
electron microscopy (TeM) readily available in most labora-
tories. However, the size of their nanoparticles was often out 
of the optimal range, and variability of the shapes could also 
pose a problem.

The present paper describes a procedure of a simulta-
neous and reliable detection of five different antigens in 
a cell, based on the use of two ‘conventional’ and three 
novel nanoparticles that can be easily distinguished in con-
ventional TeM by their size and shape, respectively. This 
includes their synthesis, conjugation with antibodies, and a 
labeling efficiency test as a proof of concept.

Materials and methods

Synthesis of nanoparticles

Cubic palladium nanoparticles (PdC) were prepared 
according to procedures of lim et al. 2009 and Slouf et al. 
2012 with modifications. Briefly, an aqueous solution (total 
volume 11 ml) containing na2[PdCl4] (56 mg, 0.19 mmol), 
l-ascorbic acid (60 mg, 0.34 mmol), polyvinylpyrro-
lidone (PVP; Mw = 40 kDa, 106 mg), and KBr (301 mg, 
2.53 mmol) was heated to 100 °C for 3 h. The resulting 
dispersion was diluted with distilled water (1:3 v/v), fil-
tered twice through a microfilter (0.2 μm pore size, Mil-
lipore, Cork, Ireland), and purified by dialysis (membrane’s 
molecular weight cutoff, 3,500 g/mol) against distilled 
water in order to remove low molecular weight impurities. 
The procedure results in a colloid which is translucent and 
chocolate brown in color.

gold–silver core–shell nanoparticles (agau) were pre-
pared by a controlled two-step reduction of soluble salts 

of agI and auIII. The principle of the synthesis has been 
described by Srnová-Šloufová et al. (2000). The agau 
nanoparticles employed in the present study were prepared 
as follows: First, ag nanoparticles (the core of agau) were 
prepared by a controlled reduction of agnO3 with naBH4 
as described elsewhere (Vlckova et al. 1993). In the sec-
ond step, 12.5 ml of colloidal solution containing the ag 
nanoparticles obtained in the previous step was mixed with 
30 ml of double-distilled water in 250-ml erlenmeyer flask 
on a magnetic stirrer. Under constant stirring, two solutions 
were being added, simultaneously and dropwise: (1) 15 ml 
of HauCl4 solution (4.65 × 10-4 M) prepared in double-
distilled water, and (2) 15 ml of (nH2OH)2·H2SO4 solution 
prepared in double-distilled water. after 45 min of stirring, 
a wine-red colored colloid containing gold-coated silver 
particles (average size under 14 nm) was obtained. In TeM, 
each particle appears donut-shaped as a bright disk sur-
rounded by a dark annulus as au is heavier (more electron 
dense) than ag.

Small gold nanorods (aunr) with mean dimensions 
of 16.3 ± 2.9 × 6.2 ± 0.8 nm were prepared by modi-
fying the usual seeded-growth method in the presence of 
silver nitrate (nikoobakht and el-Sayed  2003). The pro-
cess includes a preparation of monocrystalline gold seeds 
(2–4 nm) by a fast reduction of gold(III) salt in the pres-
ence of hexadecyltrimethylammonium bromide (CTaB), 
and adding them into the growth solution of gold(I) com-
plexed to CTaB in the presence of silver(I) in aqueous 
solution. First, a solution of small gold seed nanoparticles 
was prepared by a fast reduction of gold salt (HauCl4) 
by sodium borohydride (naBH4) as follows: 4.7 ml of a 
water solution of CTaB (0.1 M) and HauCl4 (0.25 mM) 
(concentrations calculated for a total volume of 5 ml) was 
stirred for 5 min at 30 °C to allow for a complete disso-
lution of CTaB and its complexation with the gold salt. 
a 0.3 ml volume of freshly prepared, ice-cold, 10 mM 
naBH4 was then added under vigorous stirring and stirred 
for another 2 mins. The seed solution was left overnight at 
40 °C to allow for a complete decomposition of naBH4. 
growth solution was prepared by a subsequent addition 
of 50 μl of 0.1 M HauCl4, 120 μl of 0.02 M silver nitrate 
(agnO3), and 100 μl or 0.1 M ascorbic acid to 16.65 ml 
of 0.22 M aqueous solution of CTaB. Finally, the small 
gold nanorods were prepared by adding 2 ml of the seed 
solution into the growth solution and kept at 25 °C, this 
being the temperature triggering the growth of aunrs, 
which is complete in ca 2 h. The procedure resulted in 
aunrs with dimensions stated above, and 18.2 MΩ Milli-
Q water was used during the synthesis. The glass sample 
vial (30 ml) used for the synthesis was treated with Sigma 
Cote to inhibit adsorption of reactants to the glass walls 
during the synthesis. all reagents were obtained from 
Sigma-aldrich.
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Conjugation of antibodies to nanoparticles

The pH value of the PdC and agau colloid dispersion was 
adjusted to 8.5 with 0.1 M naOH, and 90 μg of the antibody 
was added to 1 ml of the colloid dispersion which was then 
vortexed at 1,400 rpm for 1–2 min. To prevent aggregation 
and nonspecific binding, bovine serum albumin (BSa) was 
added (final concentration 0.25 %), and the solution was 
again vortexed at 1,400 rpm for additional 5 min. The mixture 
was then incubated at 4 °C for 1 h, in some cases overnight. 
In order to remove any unbound antibody, the nanoparticles 
were then centrifuged (PdC 6,600 g; agau 4,700g) in 1-ml 
aliquots for 1 h at 4 °C in 10–30–40 % glycerol gradient 
prepared with PBTB (phosphate-buffered saline with 0.1 % 
Tween 20 and 1 % w/v BSa). The 30 % glycerol fraction was 
extracted and stored at 4 °C as a stock solution. For subse-
quent immunolabeling, it was diluted 1:7 (v/v) in PBTB.

aunr colloid was first diluted 1:1 (v/v) with double-dis-
tilled water in order to reduce CTaB level and centrifuged at 
120,000g for 30 min at 30 °C. Fifteen microliters of the pel-
let was diluted in 700 μl of double-distilled water. The col-
loid was then mixed 1:1 (v/v) with an appropriate antibody 
solution in double-distilled water (final antibody concen-
tration 60 μg/ml), shaken for 1 min, and after adding BSa 
(final concentration 0.25 % w/v) shaken for further 5 min. 
The conjugate was then spun down for 90 min at 120,000g. 
about 20 μl of the pellet was used for immunolabeling.

Cell culture and lr White resin embedding

Hela cells were cultured in a suspension in 150 cm2 tis-
sue culture flasks (Techno Plastic Products ag, Trasadin-
gen, Switzerland) in eagle’s minimum essential medium 
(S-MeM, 0.15 % naHCO3, Sigma-aldrich, St. louis, MO, 
USa) supplemented with 5 % fetal bovine serum (gibco, 
grand Island, nY, USa) at 37 °C in a humidified 5 % CO2 
atmosphere.

Cells were fixed for 40 min at room temperature in 3 % 
paraformaldehyde and 0.1 % glutaraldehyde in Sörensen 
buffer (SB; 0.1 M na/K phosphate buffer, pH 7.3). Upon 
washing in SB (including 20 min of incubation in 20 mM 
glycine in SB), the cells were centrifuged into 1 % low-melt-
ing agarose type VII (Sigma) in SB. The agarose-embedded 
cell samples were quickly dehydrated in a pre-cooled etha-
nol series (30, 50, 70, 96, and 100 %) and embedded in lr 
White resin (Polysciences Inc., Warrington, Pa, USa) with 
polymerization under UV light for 48 h at 4 °C.

Immunolabeling and electron microscopy

Ultrathin 80-nm sections were immunolabeled in a stand-
ard way (Hozak et al. 1994) with some minor modifications. 
Briefly, the sections were placed on poly-l-lysine-coated 200 

mesh-gilded grids and immersed in 20–25 μl drops of incu-
bation solutions. The sections were first blocked for 10 min 
in 1 % normal goat serum in PBTB (i.e., PBS containing 
0.1 % Tween 20 of eM grade and 1 % BSa), then incubated 
for 1 h with a mixture of primary antibodies diluted in PBTB 
to a concentration of 5–10 μg/ml, washed for 3 × 5 min in 
PBT (i.e., PBS containing 0.005 % Tween 20 of eM grade), 
incubated for 45 min with a mixture of secondary antibodies 
diluted in PBTB, and washed again for 2 × 5 min in PBT, 
and for 2 × 5 min in double-distilled water. after air-drying, 
the samples were contrasted for 4 min with a saturated solu-
tion of uranyl acetate in water. The entire procedure was per-
formed at room temperature. For controls, sections were incu-
bated in the same way with omitting the primary antibody, 
and cross-reactivity between antibodies was also controlled 
with incubating the sections only with one primary antibodies 
followed by the three ‘incorrect’ secondary antibodies.

The following primary antibodies were used: anti-PIP2 
mouse monoclonal IgM (Z-a045, clone 2C11 from ech-
elon Biosciences Inc.), anti-Sm (Smith antigen), puri-
fied human autoimmune antibody (rayBiotech), anti-B23 
(nucleophosmin) rabbit polyclonal antibody (ab15440 from 
abcam), anti-γ-actin mouse monoclonal Igg (#a8481 
from Sigma), and guinea pig anti-SMC2 kindly provided 
by W. earnshaw (Saitoh et al. 1994).

The following secondary antibodies conjugated to nano-
particles were used: goat anti-mouse Igg (Fcγ-specific) 
coupled to 6-nm gold particles and donkey anti-guinea 
pig Igg coupled to 12-nm gold particles (purchased as 
ready-to-use conjugates from Jackson Immunoresearch), 
goat anti-human Igg (Invitrogen) conjugated to the cubic-
shaped PdC nanoparticles, goat anti-rabbit Igg (Invitrogen) 
conjugated to the core–shell agau nanoparticles (imaged 
as donuts), and goat anti-mouse IgM (Invitrogen) conju-
gated to the rod-shaped aunr nanoparticles.

Sections were examined, and images acquired either 
with Philips Morgagni electron microscope equipped with a 
CCD Mega View III camera or with Tecnai 20 g2 electron 
microscope equipped with gatan electron energy filter (gIF 
Tridiem) and gatan CCD camera, either in a non-filtering 
mode or using contrast enhancement by zero-loss filtering. 
For quantification of the labeling density, 20 random images 
of cell sections were taken per each experimental and each 
control group. The area of the relevant compartments and the 
number of gold particles were measured on the images using 
plug-ins to ellipse program (ViDiTo, Košice, Slovakia).

Mapping of nuclear compartments

For spatial statistics of immunogold labeling patterns, we 
used special plug-ins (for details see Philimonenko et al. 
2000; Schofer et al. 2004; http://nucleus.img.cas.cz/gold) 
developed earlier for the ellipse program (ViDiTo, Košice, 
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Slovakia). The plug-ins made it possible to evaluate clus-
tering and co-localization patterns detected by immuno-
gold labeling, and to identify and map significant labeling 
of cellular compartments. The nanoparticles were detected 
as points (dots) in the image, and their density was evalu-
ated using the kernel density estimate method employing a 
conical kernel function. Thresholding was then used to seg-
ment the image, thus delineating the areas with immuno-
gold particles’ density above the background level (Schofer 
et al. 2004). Identification of the labeled compartments 
was performed on composite images obtained by a multi-
ple alignment (‘stitching’) of 25–36 high-resolution images 
per nucleus. This approach combines the advantage of 
high-resolution images needed to detect the gold particles 
with the convenience of a zoomed-out image visualizing 
the entire nucleus. The plug-ins were modified for working 
with five classes of objects (types of labeling), as the previ-
ous versions were designed for maximum of three classes.

Results

Synthesis and characterization of metal nanoparticles 
with distinct shapes

The particles for immunodetection should fulfill several 
criteria: (1) size ideally in the 5–15 nm range; (2) narrow 

size distribution; (3) stability in solution; (4) good con-
trast and stability in TeM; (5) chemically defined surface 
with no contamination of stabilizing agents; (6) the possi-
bility to link biomolecules to the surface of the nanoparti-
cles. none of the commercially available metal nanoparti-
cles, except for gold nanoparticles, fulfill all of the above 
six criteria. Hence, we significantly modified the existing 
procedures of nanoparticle synthesis in order to obtain pal-
ladium nanoparticles of cubic shape (PdC), gold rod-like 
nanoparticles (aunr), and nanoparticles with a silver core 
and a gold shell (agau) with a donut-like appearance in 
TeM (Fig. 1). all three types of our novel particles were 
found to be readily discernible among themselves as well 
as from the commercially available 6- and 12-nm gold 
nanoparticles. We characterized obtained nanoparticles to 
check whether they meet all the above criteria for the use 
in immunodetection. The size distribution for each nano-
particle type was determined from TeM micrographs, as 
described in Slouf et al. (2012) for palladium nanocubes, 
and the results are presented in Fig. 1. The mean equiva-
lent diameter of PdC nanoparticles was 14.85 ± 1.91 nm, 
aunr nanoparticles 10.49 ± 1.60 nm, and agau nanopar-
ticles 13.31 ± 2.38 nm. The microphotographs and distribu-
tion histograms in Fig. 1 demonstrate that the distribution 
of the sizes and shapes for each type of the nanoparticles 
conforms to the quality requirements. The stability of the 
nanoparticles in the course of observation in TeM was 

Fig. 1  Morphology of novel metal nanoparticles. a Cubic palladium 
nanoparticles (PdC), b core–shell donut-like silver-gold nanoparti-
cles (agau), c rod-like gold nanoparticles (aunr). The upper panel 

shows TeM micrographs, and the lower panel the size-distribution 
histograms for respective particle types. Scale bar 50 nm
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tested by continuous exposure to electron beam at 200 kV 
with the dose 50,000 ē/nm2 per 1 s for 15 min, and size and 
density of the nanoparticles after illumination were statisti-
cally compared to non-illuminated nanoparticles. The size 
and contrast of the nanoparticles remained constant upon 
illumination. The stability of colloidal solutions of the nano-
particles was monitored for up to 6 months for each colloid. 
all three solutions appeared to be stable: The color of the 
solution did not change, no precipitation occurred, and the 
appearance of the nanoparticles in TeM did not change.

For the nanoparticles to be applicable as labels for 
ultrastructural detection, they need to be coupled to bio-
molecules targeting them to the molecules of interest. We 
conjugated our nanoparticles non-covalently to secondary 
antibodies, allowing us to use a number of primary antibod-
ies to detect the molecule of interest, increasing flexibility. 
While using a standard protocol as a basis, we modified the 
conjugation conditions for each type of our nanoparticles, 
varying the concentrations of the colloid and the antibody, 
buffer and blocking conditions, and the purification of the 
resulting conjugates. The colloid solutions of PDC and 
agau nanoparticles did not contain any components inter-
fering with the antibody conjugation and could be used for 
conjugation directly after the pH adjustment; in the case of 
aunr nanoparticles, the concentration of CTaB had to be 
reduced for successful conjugation, as described in ‘Mate-
rials and methods’ section.

The applicability of each conjugate to ultrastructural 
immunodetection was first tested in a single-labeling pro-
cedure on ultrathin sections of lr White-embedded Hela 
cells, with positive and negative controls. We found that in 
a standard immunolabeling procedure, the performance of 
our conjugates was similar to that of commercially avail-
able secondary antibodies coupled to gold particles of 
roughly the same size as our novel nanoparticles (Figs. 2, 
3). The microphotographs demonstrate the same labeling 
pattern in nuclear compartments while using commercial 
gold conjugates or our nanoparticles conjugates. The labe-
ling density values are also comparable, as shown by his-
togram in Fig. 3. The background labeling of the samples, 
incubated in the same way but without the primary anti-
body, was negligible, ranging between various grids typi-
cally between 0.5 and 0.8 particles per μm2. Taking into 
account the usual density labeling, the background staining 
contributed only about 1–3 % to the overall labeling den-
sities. One can conclude that these nanoparticles have an 
excellent specific-to-nonspecific labeling ratio.

application of nanoparticles conjugated to antibodies 
in multiple ultrastructural immunolabeling

Having the five reagents at hand, we applied the method in 
our research. nuclear compartmentalization is fundamental 

for correct functioning of the genome. We studied the 
localization of a nuclear lipid, phosphatidylinositol-4,5-bi-
sphosphate (PIP2) in the nuclear compartments by means 
of multiple immunolabeling using our system of novel 
nanoparticles. PIP2 is a multifunctional lipid that was first 
described in the plasma membrane. It participates in sig-
nal transduction pathways regulating numerous processes 
in eukaryotic cells, and its presence has also been demon-
strated in the cell nucleus. However, much less is known 
about the details of its nuclear function (Barlow et al. 
2010).

We established a set of antibodies recognizing five cel-
lular antigens (PIP2, B23, actin, Sm protein, and SMC2), 
in such a way that they could be recognized by different 
(secondary) antibodies without a cross-reaction (for details, 
see “Materials and methods”). The results are shown in 
Fig. 4. The upper panel (a) demonstrates individual parti-
cles at high magnification; our novel nanoparticles are eas-
ily discernible by their distinct shapes. For clarity, the right 
half of the image plate shows the same views with parti-
cles color-coded. We present typical examples of immuno-
labeling in nucleoplasm (Fig. 4b), nucleolus (Fig. 4c), and 
cytoplasm (Fig. 4d). In nucleoplasm, we typically encoun-
tered four types of labeling: PIP2, Sm, SMC2, and actin. 
This corresponds to the already known localization of these 
molecules (Biggiogera et al. 1989; eliceiri and ryerse 
1984; Yildirim et al. 2013; Sobol et al. 2013; Dingova et al. 
2009; Kyselá et al. 2005; Philimonenko et al. 2004). In 
the nucleolus, we observed abundant PIP2 labeling in the 
dense fibrillar component (DFC) and at the border of fibril-
lar centers (FC), while B23 was localized predominantly in 
the granular component (gC). Some SMC2 labeling was 
present at the peripheral part of the nucleolus, possibly 
representing incoming chromatin strands, and actin clus-
ters were often observed. The border of cytoplasm typi-
cally featured abundant actin labeling in the cortical layer. 
We can conclude that as in the case of single labeling of 
individual proteins with our novel nanoparticle conjugates, 
the distribution of relevant biomolecules is as expected, yet 
the background nonspecific labeling remains negligible, 
which documents the specificity of our secondary detection 
system.

To map cellular compartments occupied by the antigens 
of interest, we used a previously developed algorithm. The 
nanoparticles were detected as points (dots) in the image, 
and their density was evaluated using the kernel density 
estimate method. Thresholding was then used to segment 
the image, thus delineating the areas with immunogold par-
ticles’ density above the background level (Schofer et al. 
2004). To observe the relative localization of the labeled 
molecules in an overall view of a larger portion of the cell, 
we performed multiple-image alignment (also referred to 
as ‘stitching’) of several adjacent images, yielding a single 
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Fig. 2  The labeling pattern using novel nanoparticles conjugates cor-
responds to typical pattern obtained using commercial conjugates. 
Single immunolabeling on ultrathin sections of lr White-embedded 
Hela cells. a–c Immunolabeling using our novel conjugates, the 
inserts show magnified view of the nanoparticles from outlined area; 
d, e parallel positive control incubations using commercial conjugates 
with 12-nm gold particles. a, d labeling of PIP2; secondary antibod-

ies conjugated with aunr a or 12-nm gold nanoparticles (commer-
cial conjugate; d). Characteristic labeling of interchromatin granules 
clusters is very similar in both cases. b, c, e labeling of B23; second-
ary antibodies conjugated with PdC nanoparticles b, agau nanoparti-
cles c, or 12-nm gold nanoparticles (commercial conjugate; e). Char-
acteristic labeling of the granular component (gC) of the nucleolus is 
very similar in all three cases
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high-resolution image of a larger area. Figure 5 shows the 
patterns and mutual localization of five simultaneously 
labeled antigens on such composite image, with main cellu-
lar compartments delineated and nanoparticles color-coded. 
Distribution of individual antigens, as shown also in Fig. 6 
for better orientation, corresponds to the patterns known 
from the literature (Biggiogera et al. 1989; eliceiri and 
ryerse 1984; Yildirim et al. 2013; Sobol et al. 2013; Din-
gova et al. 2009; Castano et al. 2010). The areas of dense 
PIP2 labeling (purple) are observed in the FC and DFC in 
nucleoli and interchromatin granule clusters, along with 
smaller foci in nucleoplasm and cytoplasm. as expected, 
B23 (orange) is neighboring the PIP2-rich areas in nucleoli, 
occupying predominantly the gC. actin (green) is heavily 
localized in the cortical layer of cytoplasm and also scat-
tered in small foci in the nucleus, nucleolus, and cyto-
plasm. Sm protein (turquoise) is also found in small clus-
ters throughout the nucleoplasm, presumably involved in 
splicing. SMC2 being a protein bound mainly to chromatin 
is localized throughout the nucleus and found also in the 
nucleoplasm. Co-localizations within small structures at 
distances <100 nm were observed in some cases. However, 
the majority of patterns constituted of PIP2-positive foci in 
a close contact with Sm-, actin-, and/or SMC2-rich foci, 
forming complementary 3D domains.

Discussion

In order to establish a tool for simultaneous labeling of 
more than three antigens, we prepared three types of metal 
nanoparticles differing by their shapes and therefore read-
ily distinguishable by TeM from each other, and from com-
mercially available spherical gold nanoparticles of various 
sizes usually used for immunodetection. The novel nano-
particles—cubic palladium nanoparticles (PdC), core–shell 

siver–gold nanoparticles (agau), and gold nanorods 
(aunr)—were characterized in detail to assess their suit-
ability for immunodetection. The average size of the nano-
particles calculated as equivalent diameter ranged from 10.5 
to 14.9 nm, which is within the suitable range for immu-
nolabeling (roth 1996; Mayhew and lucocq 2011; Slouf 
et al. 2011), and the size distribution was narrow. The par-
ticles demonstrated good stability upon exposure to elec-
tron beam in TeM, as well as in the colloid solution over 
6-month period tested. good contrast and distinct shapes 
made them very convenient for TeM observation and read-
ily distinguishable from standard spherical gold nanoparti-
cles. all three types of nanoparticles could be successfully 
non-covalently conjugated to antibodies, demonstrating that 
the surface of nanoparticles is free of contaminants which 
would eventually prevent binding of the biomolecules. The 
obtained secondary antibody conjugates were fully func-
tional, as demonstrated by the results of immunolabeling on 
ultrathin sections. Somewhat lower labeling density by PdC 
(14.85 ± 1.91 nm) and agau (13.31 ± 2.38 nm) nanopar-
ticles corresponded apparently to their somewhat larger size 
as compared to 12-nm gold nanoparticles. at the same time, 
the smaller aunr particles (10.49 ± 1.60 nm) performed 
identically to commercial 12-nm gold particles. Taken 
together, the characterization of these novel nanoparticles 
presented here demonstrates their high quality and suitabil-
ity for application in immunodetection.

Using this tool, we performed a proof-of-concept testing 
of the multiple simultaneous immunolabelling with mul-
tiple types of nanoparticles. Five cellular antigens—PIP2, 
B23, actin, Sm protein, and SMC2—were immunolabelled 
in parallel. Describing all the labeling patters would be out 
of the scope of this paper, and we will therefore discuss 
only briefly the observed patterns while concentrating on 
the method itself. as the role of PIP2 in the cell nucleus 
is poorly understood, we were especially interested in 
spatial interactions of PIP2-containing structures with the 
other four proteins with established cellular functions. Co-
localizations of two or three types of labeled molecules 
within small structures at distances <100 nm were observed 
in some cases. However, the majority of patterns consti-
tuted of PIP2-positive foci in a close contact with Sm–, 
actin-, and/or SMC2-rich foci, forming complementary 
3D domains. as the mechanism underlying PIP2 compart-
mentalization in the cell nucleus remains largely unknown 
(Barlow et al. 2010), this finding of the complementary 
localization of the above-mentioned molecular species in 
the nuclear sub-compartments may shed light on the spatial 
organization of relevant cellular processes.

The presented method for multiple immunolabeling sig-
nificantly advances the possibilities of stereological analy-
sis of the mutual distribution of the molecules of interest 
in biological objects. Statistical evaluation of clustering and 

Fig. 3  Comparison of labeling density using novel nanoparticles 
conjugates and commercial conjugates. The histogram represents 
labeling densities normalized to the labeling density of the same anti-
gen using commercial 12-nm gold conjugate
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Fig. 4  Demonstration of simultaneous ultrastructural detection of 
five different biomolecules (antigens) on ultrathin sections of Hela 
cells. a electron micrographs of individual types of nanoparticles 
(three of them newly developed). b–d examples of a fivefold immu-

nolabeling in nucleoplasm b, nucleolus c, and cytoplasm d. Color-
coded views are shown in (a’–d’). The color legend under the image 
panel shows the antigens labeled by each particles type. Scale bar 
100 nm
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co-localization patterns and mapping of antigen distribu-
tion as areas with statistically significant labeling density 
provides valuable information about spatial interactions 
between biomolecules in situ (Mayhew and lucocq 2011; 
Philimonenko et al. 2000; Schofer et al. 2004). While dou-
ble-labeling enables analysis of one type of spatial interac-
tions between different molecules and two types of inter-
actions between the molecules of the same type, with the 
five types of labeling the possible number of assessed inter-
actions increases up to ten and five, respectively, bringing 
more detailed understanding of the microarchitecture of 
functional domains in the cell. These interactions can be 
then quantitatively described using spatial statistics.

Conclusion

Using newly synthesized nanoparticles conjugated to 
secondary antibodies, we demonstrated for the first time 
a simultaneous labeling of five biomolecules, making it 
possible to co-localize them in ‘one-go’ and thus more 
reliably predict their interplay in a cell or a tissue. The 
procedural advantage is that no complex equipment is 
required except a standard TeM, and only standard meth-
odology is employed for specimen preparation. as cur-
rent molecular research provides increasingly complex 
information about the interactions of various players in 
biological processes, new tools are expected to analyze 

Fig. 5  Ultrastructural mapping 
of all five examined antigens 
(Sm, PIP2, B23, SMC2, actin) 
in a Hela cell (zoom-out view). 
a Statistically significant densi-
ties of individual biomolecules 
(antigens) are highlighted by 
color-coding in a zoom-out 
electron micrograph obtained 
by ‘stitching’ of 70 individual 
images. Main cellular com-
partments are delineated with 
a white line. b an overview 
highlighting the delineated 
compartments. Cyt cytoplasm, 
ICG interchromatin granules, 
GC granular component of 
the nucleolus, N nucleoplasm, 
asterisk–fibrillar center and 
dense fibrillar component of the 
nucleolus. c Color-coding. Scale 
bars 1 μm
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Fig. 6  Ultrastructural mapping of single antigens distribution in 
Hela cell on a macroscopic scale. Mapping of areas with statistically 
significant density of respective antigens highlighted by colors on a 
stitched electron microscopic image. Main cellular compartments 

are delineated with a pale-gray line. Cyt cytoplasm, N nucleoplasm, 
ICG interchromatin granules, NL nucleolus, F fibrillar center +dense 
fibrillar component, GC granular component. Scale bar 1 μm

85



239Histochem Cell Biol (2014) 141:229–239 

1 3

the situation in situ, and we are presenting such an ultra-
structural tool.
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skilful technical assistance. This work was supported by the academy 
of Sciences of the Czech republic (Kan200520704), the Technology 
agency of the Czech republic (Te01020118), the Ministry of edu-
cation, Youth and Sports of the Czech republic (lD12063 lD-COST 
CZ), the grant agency of the Czech republic (P305/11/2232 and 
P205/13/20110S), Human Frontier Science Program (rgP0017/2013), 
and by framework grants aV0Z50520514, BC: Z60220518 and rVO: 
61389013. a patent "The set of mutually recognizable nanoparticles, 
process of their preparation as well as their use for multiple ultrastruc-
tural identification" has been obtained (CZ 304250).

Open Access This article is distributed under the terms of the Crea-
tive Commons attribution license which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s) 
and the source are credited.

References

Barlow Ca, laishram rS, anderson ra (2010) nuclear phos-
phoinositides: a signaling enigma wrapped in a com-
partmental conundrum. Trends Cell Biol 20(1):25–35. 
doi:10.1016/j.tcb.2009.09.009

Biggiogera M, Fakan S, Kaufmann SH, Black a, Shaper JH, Busch H 
(1989) Simultaneous immunoelectron microscopic visualization 
of protein B23 and C23 distribution in the Hela cell nucleolus. J 
Histochem Cytochem 37(9):1371–1374

Castano e, Philimonenko VV, Kahle M, Fukalová J, Kalendová a, 
Yildirim S, Dzijak r, Dingová-Krásna H, Hozák P (2010) actin 
complexes in the cell nucleus: new stones in an old field. Histo-
chem Cell Biol 133(6):607–626. doi:10.1007/s00418-010-0701-2

Dingova H, Fukalova J, Maninova M, Philimonenko VV, Hozak P 
(2009) Ultrastructural localization of actin and actin-binding 
proteins in the nucleus. Histochem Cell Biol 131(3):425–434. 
doi:10.1007/s00418-008-0539-z

eliceiri gl, ryerse JS (1984) Detection of intranuclear clusters of 
Sm antigens with monoclonal anti-Sm antibodies by immuno-
electron microscopy. J Cell Physiol 121(2):449–451. doi:10.1002
/jcp.1041210226

Hozak P, Jackson Da, Cook Pr (1994) replication factories and 
nuclear bodies: the ultrastructural characterization of replication 
sites during the cell cycle. J Cell Sci 107(Pt 8):2191–2202

Kandela IK, Bleher r, albrecht rM (2007) Multiple correlative 
immunolabeling for light and electron microscopy using fluo-
rophores and colloidal metal particles. J Histochem Cytochem 
55(10):983–990. doi:10.1369/jhc.6a.7124.2007

Kyselá K, Philimonenko aa, Philimonenko VV, Janácek J, Kahle 
M, Hozák P (2005) nuclear distribution of actin and myosin I 
depends on transcriptional activity of the cell. Histochem Cell 
Biol 124(5):347–358

lim B, Jiang M, Tao J, Camargo PHC, Zhu Y, Xia Y (2009) Shape-
controlled synthesis of Pd nanocrystals in aqueous solutions. adv 
Funct Mater 19:189–200. doi:10.1002/adfm.200801439

loukanov a, Kamasawa n, Danev r, Shigemoto r, nagayama K 
(2010) Immunolocalization of multiple membrane proteins 
on a carbon replica with STeM and eDX. Ultramicroscopy 
110(4):366–374. doi:10.1016/j.ultramic.2010.01.016

Mayhew TM, lucocq JM (2011) Multiple-labeling immuno eM 
using different sizes of colloidal gold: alternative approaches to 
test for differential distribution and colocalization in subcellular 
structures. Histochem Cell Biol 135:317–326

Meyer Da, Oliver Ja, albrecht rM (2005) a method for quadru-
ple labeling of platelet surface epitopes for transmission elec-
tron microscopy. Microsc Microanal 11:142–143. doi:10.1017/
S1431927605502241

Meyer Da, Oliver Ja, albrecht rM (2010) Colloidal palladium parti-
cles of different shapes for electron microscopy labeling. Microsc 
Microanal 16(1):33–42. doi:10.1017/S1431927609991188

nikoobakht B, el-Sayed Ma (2003) Preparation and growth mech-
anism of gold nanorods (nrs) using seed-mediated growth 
method. Chem Mater 15:1957–1962. doi:10.1021/cm020732l

Philimonenko aa, Janacek J, Hozak P (2000) Statistical evaluation 
of colocalization patterns in immunogold labeling experiments. J 
Struct Biol 132(3):201–210. doi:10.1006/jsbi.2000.4326

Philimonenko VV, Zhao J, Iben S, Dingová H, Kyselá K, Kahle M, 
Zentgraf H, Hofmann Wa, de lanerolle P, Hozák P, grummt I 
(2004) nuclear actin and myosin I are required for rna poly-
merase I transcription. nat Cell Biol 6(12):1165–1172

roth J (1996) The silver anniversary of gold: 25 years of the colloidal 
gold marker system for immunocytochemistry and histochemis-
try. Histochem Cell Biol 106(1):1–8

roth J, Zuber C, Komminoth P, Sata T, li WP, Heitz PU (1996) 
applications of immunogold and lectin-gold labeling in tumor 
research and diagnosis. Histochem Cell Biol 106(1):131–148. doi
:10.1007/BF02473207

Saitoh n, goldberg Ig, Wood er, earnshaw WC (1994) ScII: an 
abundant chromosome scaffold protein is a member of a family 
of putative aTPases with an unusual predicted tertiary structure. J 
Cell Biol 127(2):303–318. doi:10.1083/jcb.116.5.1081

Schofer C, Janacek J, Weipoltshammer K, Pourani J, Hozak P 
(2004) Mapping of cellular compartments based on ultras-
tructural immunogold labeling. J Struct Biol 147(2):128–135. 
doi:10.1016/j.jsb.2004.01.014

Slouf M, Pavlova e, Bhardwaj MS, Plestil J, Onderkova H, Phili-
monenko aa, Hozak P (2011) Preparation of stable Pd nanopar-
ticles with tunable size for multiple immunolabeling in biomedi-
cine. Mater lett 65:1197–1200

Slouf M, Hruby M, Bakaeva Z, Vlkova H, nebesarova J, Phili-
monenko aa, Hozak P (2012) Preparation of stable Pd nano-
cubes and their use in biological labeling. Colloids Surf B Bioint-
erfaces 100:205–208. doi:10.1016/j.colsurfb.2012.05.023

Sobol M, Yildirim S, Philimonenko VV, Marášek P, Castaño e, Hozák 
P (2013) UBF complexes with phosphatidylinositol 4,5-bisphos-
phate in nucleolar organizer regions regardless of ongoing rna 
polymerase I activity. nucleus 4(6). doi:10.4161/nucl.27154

Srnová-Šloufová I, lednicky F, gemperle a, gemperlová J (2000) 
Core-shell (ag)au bimetallic nanoparticles: analysis of trans-
mission electron microscopy images. langmuir 16:9928–9935. 
doi:10.1021/la0009588

Vancova M, Slouf M, langhans J, Pavlova e, nebesarova J (2011) 
application of colloidal palladium nanoparticles for labeling 
in electron microscopy. Microsc Microanal 17(5):810–816. 
doi:10.1017/S1431927611000547

Vlckova B, Matejka P, Simonova J, Cermakova K, Pancoska P, Baum-
ruk V (1993) Surface enhanced (resonance) raman spectra of free 
base 5, 10, 15, 20 tetrakis (4 carboxyphenyl) porphyrin and its sil-
ver complex in systems with silver colloid: direct adsorption versus 
adsorption via molecular spacer. J Phys Chem 97:9719–9729

Yildirim S, Castano e, Sobol M, Philimonenko VV, Dzijak r, 
Venit T, Hozák P (2013) Involvement of phosphatidylinositol 
4,5-bisphosphate in rna polymerase I transcription. J Cell Sci 
126(12):2730–2739. doi:10.1242/jcs.123661

86

http://dx.doi.org/10.1016/j.tcb.2009.09.009
http://dx.doi.org/10.1007/s00418-010-0701-2
http://dx.doi.org/10.1007/s00418-008-0539-z
http://dx.doi.org/10.1002/jcp.1041210226
http://dx.doi.org/10.1002/jcp.1041210226
http://dx.doi.org/10.1369/jhc.6A.7124.2007
http://dx.doi.org/10.1002/adfm.200801439
http://dx.doi.org/10.1016/j.ultramic.2010.01.016
http://dx.doi.org/10.1017/S1431927605502241
http://dx.doi.org/10.1017/S1431927605502241
http://dx.doi.org/10.1017/S1431927609991188
http://dx.doi.org/10.1021/cm020732l
http://dx.doi.org/10.1006/jsbi.2000.4326
http://dx.doi.org/10.1007/BF02473207
http://dx.doi.org/10.1083/jcb.116.5.1081
http://dx.doi.org/10.1016/j.jsb.2004.01.014
http://dx.doi.org/10.1016/j.colsurfb.2012.05.023
http://dx.doi.org/10.4161/nucl.27154
http://dx.doi.org/10.1021/la0009588
http://dx.doi.org/10.1017/S1431927611000547
http://dx.doi.org/10.1242/jcs.123661


ORIGINAL PAPER

Quantitative evaluation of freeze-substitution effects
on preservation of nuclear antigens during preparation
of biological samples for immunoelectron microscopy

Margarita A. Sobol • Vlada V. Philimonenko •

Anatoly A. Philimonenko • Pavel Hozák

Accepted: 2 February 2012 / Published online: 1 March 2012

� Springer-Verlag 2012

Abstract Using quantitative evaluation of immuno-gold

labeling and antigen content, we evaluated various auto-

mated freeze-substitution protocols used in preparation of

biological samples for immunoelectron microscopy. Pro-

tein extraction from cryoimmobilized cells was identified

as a critical point during the freeze-substitution. The loss of

antigens (potentially available for subsequent immuno-gold

labeling) was not significantly affected by freezing, while

the cryosubstitution with an organic solvent caused a sig-

nificant loss of antigens. While addition of water can

improve visibility of some cell structures, it strengthened

the negative effect of cryosubstitution on antigen loss by

extraction. This was, however, significantly reversed in the

presence of 0.5% glutaraldehyde in the substitution med-

ium. Furthermore, we showed that the level of these

changes was antigen-dependent. In conclusion, low con-

centrations of glutaraldehyde can be generally recom-

mended for cryosubstitution rather than the use of pure

solvent, but the exact conditions need to be elaborated

individually for certain antigens.

Keywords Immuno-gold labeling � Automated

freeze-substitution � LR White � Immunohistochemistry �
High-pressure freezing

Introduction

Localization of biomolecules by means of specific anti-

bodies in combination with electron microscopy in tissues

and cells is a powerful and widely used technique in cell

biology (Roth 1989; Roth and Taatjes 1998; Roth et al.

1981). Immuno-gold electron microscopy provides simul-

taneously important information about the localization of a

defined molecular target as well as about fine structural

details, in other words, its environment. This obviously

requires methods of sample preparation compatible with

both antigen recognition and ultrastructure preservation. In

an ideal case, various antigens should preserve their native

state, location within the cell, and immunoreactivity during

specimen processing for immuno-gold electron micros-

copy, thus allowing for simultaneous labeling of multiple

antigens. However, in practice, one technique can barely

fulfill all of these conditions at the same time. We therefore

performed this study in order to identify the critical points

in biological sample processing, especially during the

freeze-substitution (FS) step.

Immunocytochemical localization of the majority of

antigens is usually not compatible with routine chemical

fixation and Epon resin embedding used in electron

microscopy (Monaghan et al. 1998). Various methods were

therefore developed to reduce the antigen damage in a cell

while still retaining the cell morphology (Carlemalm et al.

1982; Robertson et al. 1992). One of them is a cryofixation

or cryoimmobilization which is a fast physical fixation

procedure arresting cellular processes within milliseconds,

thus avoiding the typical artifacts introduced by the rela-

tively slow diffusion-dependent chemical fixation process

(Schwarz and Humbel 2007). Among the rapid freezing

methods suitable for immunocytochemical studies, high-

pressure freezing (HPF) is currently the most powerful tool
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due to the potential to freeze up to 200 lm deep in bio-

logical samples without apparent ice-crystal artifacts

(Sartori et al. 1993; Studer et al. 1989). High-pressure

freezing is based on lowering the freezing point and sup-

pressing the rate of ice crystal nucleation and growth

(Dubochet 2007; McDonald 2007; Moor 1987; Studer et al.

2008; Vanhecke et al. 2008). After the specimen is high-

pressure frozen, it should be freeze-substituted and

embedded in a resin suitable for immunocytochemistry.

Freeze-substitution is a cryopreparation technique that

meets many of the requirements for state-of-the-art cell

biology. It allows combining the benefits of fast sample

stabilization at very low temperatures with the convenience

of resin block sectioning at room temperature. During

freeze-substitution, frozen crystalline and noncrystalline

sample water is replaced with an organic solvent, usually

acetone, eventually with some additives (Harvey 1982;

Humbel and Müller 1985; Humbel and Schwarz 1989;

Schwarz et al. 1993; Steinbrecht and Müller 1987). The

temperature range at which recrystallization of water

becomes a problem in cryoimmobilized biological speci-

mens is not exactly known. It is determined that amorphous

(or vitreous) ice transits into cubic ice at around -130�C

for pure water (Dubochet et al. 1991; Moor 1987). For

cellular systems with a high amount of solutes as well as

associated and structurally bound water, approximately

-85�C is likely to be the critical temperature (Müller and

Moor 1984; Robards and Sleytr 1985; Vanhecke et al.

2008). The melting point of acetone is below this critical

value (-94.9�C); hence a proper cryoimmobilization of

samples could be achieved using acetone-based FS media.

Depending on the application, various protocols and sub-

stitution mixtures for sample processing are available

(Hess 2007; Hippe-Sanwald 1993; Kang 2010; McDonald

2007; McDonald and Morphew 1993). The freeze substi-

tution media may contain water, uranyl acetate, osmium

tetroxide, and glutaraldehyde at various percentages, usu-

ally in acetone (Humbel and Müller 1985; McDonald and

Morphew 1993; Monaghan et al. 1998; Steinbrecht and

Müller 1987). The addition of osmium tetroxide is not

commonly recommended, because it does not always pre-

serve protein antigenicity (Bourett et al. 1999; Favre et al.

1998; Nicolas 1991; Samuels et al. 1995), although van

Donselaar et al. (2007) noted that osmium tetroxide added

to the substitution medium did not negatively influence the

efficiency of immunolabeling. Also, it can be compatible

with immunolabeling of carbohydrates and lipids (Hess and

Frosch 1994; Kirschning et al. 1998; Lynch and Staehelin

1992; Moore et al. 1991; Samuels et al. 1995; Zhang and

Staehelin 1992). Nevertheless, it must be omitted when

used in automated regime of FS because it can provoke

irreversible corrosion processes in the reagent handling

system. Freeze-substituted specimens are then warmed up

and embedded at room temperature in Epon or Spurr’s

resins mostly for ultrastructural studies, or at low temper-

ature in Lowicryls, LR Gold or LR White resins suitable

for immunolabeling.

Some reports describe properties of immunocytochemi-

cal labeling of high-pressure frozen material (Chang et al.

2003; Eppenberger-Eberhardt et al. 1997; Kirschning et al.

1998; McDonald 2007; McDonald and Müller-Reichert

2002; Monaghan and Robertson 1990; Monaghan et al.

1998; Young et al. 1995); however, only a few of them deal

with quantitative data (Agarwal et al. 2009; Bittermann

et al. 1992; Mistrı́ková and Bednár 2010; Mühlfeld and

Richter 2006, Müller-Reichert et al. 2003; Sawaguchi et al.

2004; Strádalová et al. 2008). While several approaches and

machines have been devised to cryofix satisfactorily the

samples (Hawes et al. 2007; Hess 2003; Hess et al. 2000;

Hohenberg et al. 1994, 1996; Jiménez et al. 2006; Kiss et al.

1990; Lancelle and Hepler 1989; Marsh et al. 2001;

McDonald 1999; Mims et al. 2003; Müller and Moor 1984;

Müller-Reichert et al. 2008; Neuhaus et al. 1998; Reipert

et al. 2004; Studer et al. 1989; Wild et al. 2005), the defi-

nition of FS protocols which would be optimal for immu-

nolabeling has not been critically evaluated. It is necessary

to mention here that cryoimmobilized and freeze-substi-

tuted cells are embedded into acrylic resins which are better

suited for immunocytochemical studies (Acetarin et al.

1986; Roth 1989; Roth and Taatjes 1998; Roth et al. 1981).

Among them, Lowicryl resins are usually chosen, but LR

White is the resin of our first choice that was previously

discussed (Sobol et al. 2010; Sobol et al. 2011).

Here we compare various media for the automated FS of

high-pressure frozen cells followed by low-temperature LR

White resin embedment to achieve the optimal efficiency

of the immuno-gold labeling. Our quantitative evaluation

clearly showed that the FS is a critical point for the antigen

preservation in cryoimmobilized cells. We demonstrated

that the presence of 0.5% glutaraldehyde and 1.5% water in

the FS medium prevents the extraction of proteins which

allows the detection of nuclear antigens in cryofixed cells

with a high efficiency. While this data provides a platform

for further development of the FS methods based on

measurable criteria, it is also shown that the degree of

signal improvement depends on the particular antigen, and

an empirical approach to each new sample as well as

antibody is recommended.

Materials and methods

Cell culture

HeLa cells were cultured in suspension in 150 cm2 tissue

culture flasks (Techno Plastic Products AG, Trasadingen,

168 Histochem Cell Biol (2012) 138:167–177
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Switzerland) in Eagle‘s minimum essential medium

(S-MEM, 0.15% NaHCO3, Sigma-Aldrich, St. Louis, MO,

USA) supplemented with 5% fetal bovine serum (Gibco,

Grand Island, NY, USA). Cell culture was grown at 37�C

in a humidified 5% CO2 atmosphere to the extent of

*30 9 106 cells in 50 ml of culture medium per flask, and

cells were then harvested for high-pressure freezing.

High-pressure freezing, freeze-substitution,

and LR White embedding

HeLa suspension cells were mixed with fetal bovine

serum and low-temperature gelling agarose at 37�C (type

VII, Sigma-Aldrich) and concentrated by centrifugation.

The cell pellets were then high-pressure frozen in the

Leica EM PACT2 (Leica Microsystems AG, Wetzlar,

Germany) high-pressure freezer as discussed previously

(Sobol et al. 2010), and the frozen samples were freeze-

substituted in the automatic FS machine Leica EM AFS2

equipped with an automatic reagent handling system

Leica EM FSP. The FS methods in the automatic FSP

mode of the Leica EM AFS2 machine were as described

previously (Sobol et al. 2010). Briefly, in Method A, the

cells were freeze-substituted in acetone (Lach-Ner s.r.o.,

Neratovice, Czech Republic; dehydrated using molecular

sieves, Sigma-Aldrich) from -90�C to 0�C for 111 h

followed by LR White resin (Sigma-Aldrich) embedment

(0�C, 50 h) and polymerization (4�C, 128 h). In Method B

the FS medium contained acetone with 1% water, and in

Method C the cells were freeze-substituted in acetone

supplemented with 0.5% glutaraldehyde (Agar Scientific

Ltd., Essex, United Kingdom) and 1.5% water; other

details were the same as for Method A. Note that the

glutaraldehyde was dissolved in acetone from a 25% stock

solution in water which was taken into account for cal-

culation of final water content.

Electron microscopy

Thin sections (*70–90 nm) were cut using Ultramicro-

tome Leica EM UC6 equipped with a diamond knife

(Diatome AG, Biel, Switzerland). Sections were mounted

on copper grids coated with pioloform (Agar Scientific

Ltd., Essex, UK), contrasted with a saturated aqueous

solution of uranyl acetate (Agar Scientific Ltd.) for 4 min,

washed, and air-dried. The sections were examined in

Morgagni 268 transmission electron microscope (FEI,

Eindhoven, The Netherlands) at 80 kV. Images were

captured with Mega View III CCD camera (Olympus Soft

Imaging Solutions GmbH, Munster, Germany). Multiple

sections of at least five independent samples from each

FS procedure were compared for their ultrastructural

quality.

Immunolabeling, antibodies, and evaluation

of immuno-gold labeling density

For immuno-gold labeling, sections on gilded copper grids

were treated as described previously (Strádalová et al. 2008).

Primary antibodies used were mouse monoclonal anti-DNA

IgM antibody, clone AC-30-10 (Millipore, Billerica, MA,

United States; 1 lg/ml); mouse monoclonal anti-hnRNP C1/

C2 IgG1 antibody (gift from Dr. G. Dreyfuss; 0.4 lg/ml for

immuno-gold electron microscopy, and 1 lg/ml for immu-

noblotting); mouse monoclonal anti-RNA polymerase II

CTD IgG2/K antibody (Abcam, Cambridge, UK; 2.5 lg/

ml); and rabbit polyclonal anti-histone H3 IgG antibody

(Sigma–Aldrich; dilution 1:100). Secondary antibodies used

were goat anti-mouse IgM (l-chain specific) antibody cou-

pled with 12 nm colloidal gold particles, goat anti-mouse

IgG ? IgM antibody coupled with 6 nm colloidal gold

particles, donkey anti-mouse IgG (H ? L) antibody coupled

with 12 nm colloidal gold particles, and goat anti-rabbit IgG

(H ? L) antibody coupled with 12 nm colloidal gold parti-

cles (all from Jackson Immuno Research Laboratories Inc.,

West Grove, PA, United States; diluted 1:30) for immuno-

gold electron microscopy, and IRDye 800CW-conjugated

goat anti-mouse IgG (H ? L) antibody (LI-COR Biosci-

ences, Lincoln, NE, USA; diluted 1:10,000) for immuno-

blotting. For controls, primary antibodies were omitted.

Immuno-gold labeling densities of nuclear antigens detected

on sections of cryoimmobilized samples, freeze-substituted

by three different Methods A, B, and C, were compared. To

normalize the conditions, the immunolabeling was carried

out at the same time on samples processed by Methods A, B,

and C. In negative controls, sections were nearly devoid of

labeling. For quantitative comparison, we evaluated *35

random digital images of cell nuclei per each sample at

magnification of 22,000–36,000. Labeling density is repre-

sented as a number of gold particles per square micrometer of

the section surface ± STD. t test was used in the compara-

tive studies at p B 0.01.

Protein content assays

Total protein concentration in the samples was measured

before freezing, immediately after freezing, and after fin-

ishing each of the FS Methods A, B, and C by standard

microplate procedure using Pierce BCA Protein Assay Kit

(Thermo Scientific, Erembodegem, Belgium). To obtain

sufficient amount of Hela suspension cells for protein

content assays, the samples were frozen by plunging into

liquid nitrogen. Five samples per each variant were mea-

sured with Multiscan EX (Thermo Scientific) for each

variant, and the average value was calculated. t test was

used in comparative studies at p B 0.001–0.05 for different

compared pairs of values.
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The same samples were also fractionated by SDS-PAGE

using a standard method of Laemmli (1970) and electro-

transferred to nitrocellulose membrane (Pall Corporation,

Pensacola, FL, United States). The membrane was then

probed with anti-hnRNP C1/C2 antibody. The intensity

of bands was quantified in Odyssey Infrared Imager 9120

(LI-COR Biosciences) as integrated intensity of the posi-

tive bands after deducting the background intensity, and

presented in arbitrary units.

Results

Immuno-gold labeling of nuclear epitopes

in high-pressure frozen cells freeze-substituted

by various methods

All the samples freeze-substituted by Methods A, B, and C

showed reasonable preservation of cytoplasm and nuclear

ultrastructure, although the best ultrastructural preservation

was achieved in Method C in agreement with (Sobol et al.

2010).

The repetitive results allowed us to explore the influence

of automated FS on preservation of antigens in nuclei with

immuno-gold labeling. Ultrastructural detection of nuclear

antigen histone H3 showed specific patterns in samples

processed by all three Methods A, B, and C (Fig. 1a–d), so

we proceeded to the quantitative evaluation.

Two series of experiments were carried out for the

comparison of the influence of different additives to FS

medium on the efficiency of immuno-gold labeling. In the

first one, we compared the effect of water added to pure

acetone, so the high-pressure frozen samples were divided

into two parts: one part was freeze-substituted by Method

A, and the other one by Method B. In the second series of

experiments, we explored the result of glutaraldehyde and

water addition to acetone, so another portion of the cryo-

fixed samples was freeze-substituted simultaneously by

Method A and C. In all experiments, we revealed high

specificity of each antibody and reasonable intensity of

Fig. 1 Immuno-gold labeling patterns on LR White sections of high-

pressure frozen and freeze-substituted HeLa cells. The samples were

processed according to the various automated freeze-substitution

procedures, and nuclear antigen histone H3 was detected with

secondary 12 nm immuno-gold particles. a, b Comparison of the FS

in pure acetone (Method A) and the FS in acetone with 1% water

(Method B); c, d comparison of the FS in pure acetone (Method A)

and the FS in acetone with 0.5% glutaraldehyde and 1.5% water

(Method C). C cytoplasm, M mitochondria, IF intermediate filaments,

arrowheads nuclear envelope, N nucleus, NL nucleolus. Scale bar
represents 200 nm
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immunolabeling, which differed according to the antibody

used. First, an anti-DNA antibody produced the labeling

density of 72.4–156.4 gold particles/lm2. Then, hnRNP

C1/C2 labeling intensity was 13.9–37.2 gold particles/lm2.

Immuno-gold labeling with an anti-RNA polymerase II

CTD antibody was evaluated as 0.9–2.9 gold particles/

lm2. An anti-histone H3 antibody was revealed with the

intensity of 36.8–159.8 gold particles/lm2. To compare the

intensities of immuno-gold labeling with different anti-

bodies and find a tendency between them, we normalized

the absolute values calculated as gold particles/lm2 and

presented them graphically as relative labeling densities,

where the values obtained after AFS with Method A were

taken as 100% (Figs. 2a–d, 3a–d).

Protein content in cells at different stages of freezing/

substitution processing

Since all of the Methods used for the automated FS (A, B,

and C) resulted in the acceptable preservation of cell

ultrastructure but differed in the immuno-gold labeling

density, we questioned as to which were the critical steps

that influenced most the antigen retention/extraction during

the AFS. We therefore examined the protein concentration

in samples before freezing, immediately after freezing, and

after each of the FS procedures. The protein concentration

in the samples before freezing was 2,540 ± 57 lg/ml, and

this value did not change significantly after freezing

(2,460 ± 111 lg/ml). The samples automatically freeze-

substituted in pure acetone (Method A) showed the protein

concentration of 1,652 ± 144 lg/ml. FS of the samples in

a presence of 1% water (Method B) resulted in the con-

centration of proteins of 1,267 ± 53 lg/ml. The total

protein amount revealed in the samples processed with

0.5% glutaraldehyde and 1.5% water added to the FS

medium (Method C) was 1,984 ± 38 lg/ml (Fig. 4).

Based on the qualitative ultrastructural results as well as

quantitative data obtained using immuno-gold electron

microscopy and total protein content assay, the facts sug-

gested that protein extraction might be the principal factor

influencing labeling efficiency. We therefore decided to

confirm this for a concrete protein-hnRNP C1/C2. In this

way, we could compare hnRNP C1/C2 content in cells before

and after freezing as well as processed by the different FS

procedures and simultaneously confirm the alterations in the

immuno-gold labeling intensities. We demonstrated that the

amount of hnRNP C1/C2 calculated as integrated intensity

was before freezing 5.40 arbitrary units (AU), while 5.36 AU

after freezing, 2.94 AU after FS in pure acetone (Method A),

1.6 AU after FS with 1% water added to acetone (Method B),

and 4.19 AU after FS in the presence of 0.5% glutaraldehyde

and 1.5% water by Method C (Fig. 5).

Fig. 2 Influence of the FS

mixtures composed of pure

acetone (Method A) or acetone

supplemented with 1% water

(Method B) on the densities of

immuno-gold labeling of

nuclear antigens detected on

sections of cryoimmobilized

samples
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Discussion

Influence of HPF/FS with pure acetone on preservation

of antigens

The aim of this paper was to find the optimal conditions of

automated FS for subsequent immuno-gold labeling. For

this purpose, we detected various nuclear antigens on thin

sections of high-pressure frozen human cultured cells

processed using three different protocols of automated FS

followed by low-temperature embedding in LR White

resin. In parallel, the protein concentrations were compared

in samples taken before freezing, immediately after freez-

ing, as well after processing by each of the FS protocols to

Fig. 3 Comparison of

immuno-gold labeling densities

of nuclear antigens detected on

sections of cryoimmobilized

samples automatically freeze-

substituted in the FS media

consisting of pure acetone

(Method A) or acetone with

0.5% glutaraldehyde and 1.5%

water (Method C)

Fig. 4 Comparison of total

protein concentrations in

samples before freezing,

immediately after freezing, and

after freeze-substitution

procedures in pure acetone

(Method A), in acetone

supplemented with 1% water

(Method B), and in acetone

containing 0.5% glutaraldehyde

and 1.5% water (Method C)
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specify the critical steps most contributing to the loss of

antigens. HPF used in our study offers the advantage for

ultrastructural immunocytochemistry that cross-linking

fixatives can be completely or partially avoided without

compromising the morphology.

However, for reasonable cryofixation of any particular

specimen several variables should be considered, including

the procedure of sample preparation and the choice of a

suitable cryoprotectant to fill the remaining volume around

the sample. There is no doubt that these points are quite

critical for the quality of the resulting data. So, we enclosed

the cells in the mixture of agarose with fetal bovine serum

and pelleted cell suspension by double centrifugation. The

advantage of this approach is that we omitted the prob-

lematic cryoprotectants and thus reduced biological dis-

turbance to a minimum, and finally obtained good freezing

results as confirmed by both well-preserved ultrastructure

and protein content. While slight decreasing of total protein

concentration as well as discrete protein amount is

observed after freezing as compared with the input value,

this difference was not significant.

Next, we focused on the processing of high-pressure

frozen specimens from an immunocytochemical perspec-

tive to determine protocols which give samples with min-

imal loss of fine ultrastructural details and maximally

preserved antigenicity. Hawes et al. (2007) considered that

the experimental requirements of immuno-gold labeling

and morphology are mutually exclusive and suggested that

the addition of osmium (0.1–2%) or uranyl acetate (0.2%)

is unavoidable for simultaneous visible ultrastructure and

successful immunolabeling. Unlike this report, we

achieved well-preserved cell ultrastructure with minimal

apparent segregation patterns (Sobol et al. 2010) correlated

with retention of antigenicity for nuclear targets using the

automated FS Method A completely devoid of any cross-

linking fixative. This corresponds to the results of Agarwal

et al. (2009), Bittermann et al. (1992), Mistrı́ková and

Bednár (2010), and Sawaguchi et al. (2004) showing rea-

sonable efficiency of immuno-gold labeling after cryofix-

ation and FS in pure solvent of Synechocystis cells,

Paramecium tetraurelia cells, Saccharomyces cerevisiae

cells, and rabbit gastric gland parietal cells, respectively.

Effect of water presence in FS mixture

on the preservation of antigens

Since the positive effect of water added to the FS medium

on the contrast and preservation of cultured cells was

recently demonstrated (Buser and Walther 2008; Walther

and Ziegler 2002), we studied the influence of water

present throughout the entire automated FS procedure

(Method B), and compared the immunolabeling intensities

for different antigens on the samples processed by Methods

A and B. The supplementing of acetone with 1% of water

resulted in an enhancement of the overall contrast and the

degree of discernibility of the membrane details (Sobol

et al. 2010), whereas all tested antibodies against nuclear

antigens displayed a decrease in immunolabeling density:

anti-DNA antibody—1.3-fold, anti-histone H3 antibody—

1.5-fold, anti-hnRNP C1/C2 antibody—twofold, and anti-

RNA polymerase II CTD antibody—threefold. This effect

is confirmed by the alterations in total protein concentra-

tion revealed in the samples processed by method B—1.3-

fold decrease as regards to the value measured after FS by

Method A. Noteworthily, the tendency of changes in total

protein amount and in the amount of selected protein is the

same upon the addition of water to the FS medium, namely

1.8-fold decrease in the amount of hnRNP C1/C2. The

exact mechanisms underlying the revealed changes in the

immuno-gold efficiency and protein content are neither

Fig. 5 Comparison of hnRNP

C1/C2 amount in samples

before freezing, immediately

after freezing, and after FS

procedures in pure acetone

(Method A), in acetone

containing 1% water (Method

B), and in acetone with 0.5%

glutaraldehyde and 1.5% water

(Method C). Amount of hnRNP

C1/C2 is presented as integrated

intensity in arbitrary units,

which is proportional to the

amount of dye-labeled antibody

bound to the target molecule on

the membrane, after SDS-PAGE

and western blotting
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fully understood nor elucidated in the available literature.

To attempt explaining our results, we needed to address

some principles of physical chemistry applied to the FS

process. It is known that nucleic acids and proteins are

stabilized by the sequential use of cryofixation and cryo-

substitution, and this stabilization persists during dehy-

dratation in organic solvents and resin embedment

(Bohrmann and Kellenberger 2001; Usuda et al. 1990; von

Schack et al. 1993). During FS, frozen molecules interact

with the solvent through the interface formed by regularly

arranged water dipoles at the surface of macromolecules

(Kellenberger 1991). The removal of this hydration shell,

referred to as bound or structural water, causes aggrega-

tions of proteins and nucleic acids and their integration into

a cross-linked matrix (Kellenberger 1987; Kellenberger

1991). Till now, it has not been firmly established why the

hydration persists in organic solvents at very low temper-

atures. It is only supposed that the binding of water mol-

ecules is increased with lower temperatures (Gross 1987).

Therefore, FS could result in retention of hydration shell

that inhibits the rough aggregation of biomolecules. As

concerns nucleic acids, at low temperatures their neigh-

boring fibers randomly form contacts between each other

directly or through the hydration shells, leading to the

permanent linkages; however, these processes progress

very slowly and a coarse aggregation is avoided. The cross-

linkage is enduring while the temperature is raised and the

solvent soaks the sample, till a specific ‘‘melting temper-

ature’’ when the hydration shell disappears (Bohrmann and

Kellenberger 2001; Kellenberger 1987). Thus, we can

hypothesize that water added to the FS medium favors to

retain the surrounding layer of structural water, which in

turn stabilizes DNA/bound macromolecules; this can result

in preservation of fine ultrastructural details of high-pres-

sure frozen cells, but on the other hand, this could mask

antigenic sites on DNA, thus reducing their accessibility

for anti-DNA antibodies. Concerning globular biomole-

cules, during cryosubstitution covalent cross-links are

formed between proteins, but only fine reticulations are

generally produced due to the slow thermal movements and

the high solvent viscosity. During elevation of the tem-

perature, the solubility of hydration shell increases, and

additional water present in the sample environment could

provoke certain extraction of proteins, which leads to a

decrease in their amount and, consequently, in the intensity

of immunolabeling of protein antigens. It corresponds to

the revealed wash-out processes during cryosubstitution

measured using different radioactive ions (Harvey 1982).

Using chemical fixation and dehydratation, Hamilton et al.

(1992) observed the highest reduction of immuno-gold

labeling intensity of cell membrane antigens after exposure

of cells to acrylic resins rather than during pre-embedding

steps. They concluded that the antigens remained in the cell

membrane, but were indirectly influenced by the extrac-

tion/modification of adjacent membrane constituents. On

one hand, it corresponds to our conclusion on masking

some nuclear antigens and decreasing their accessibility for

the antibodies. On the other hand, the processes running in

a cell during chemical fixation/dehydratation and during

HPF/FS are not identical and most probably affect the

retention/extraction of cell molecules in a different manner.

Impact of FS medium, containing glutaraldehyde

and water, on the preservation of antigens

As far as we encountered the situation when the preser-

vation of fine cell ultrastructure after HPF/FS was not

accompanied by the full retention of the antigens in the

sample, it was necessary to improve the procedure for the

automated FS considering its suitability for the immuno-

gold labeling experiments. Taking into account previously

published results of other groups, which used 0.1–3.5%

glutaraldehyde as an additive to the FS medium (Bitter-

mann et al. 1992; Chang et al. 2003; Giddings 2003; Kang

2010; McDonald 2007; McDonald and Müller-Reichert

2002; Mistrı́ková and Bednár 2010; Sawaguchi et al. 2001;

Wild et al. 2005), we supplemented the acetone with 0.5%

glutaraldehyde and 1.5% water (Method C). In agreement

with available literature data, we demonstrated higher

discernibility of the nucleolar components and remarkable

enhancement of contrast of the mitochondrial inner mem-

branes as compared with the FS Methods A and B where

glutaraldehyde was omitted (Sobol et al. 2010). It should

be mentioned that we intended to preserve maximally the

cell ultrastructure and allow subsequent immunolabeling

with minimal addition of fixative or contrasting agents. As

opposed to the available data on the well-retained ultra-

structure after using 0.05–0.5% uranyl acetate with or

without 0.01–1% osmium tetroxide (Bittermann et al.

1992; Chang et al. 2003; Giddings 2003; Kang 2010;

McDonald 2007; McDonald and Müller-Reichert 2002;

Mistrı́ková and Bednár 2010), we achieved the fine pres-

ervation of the ultrastructural details and well-contrasted

organelles with only 0.5% glutaraldehyde and 1.5% water

added to the FS medium. Then we compared the densities

of immuno-gold labeling with various antibodies targeting

the nuclear antigens on the samples processed by Methods

A and C. The addition of 0.5% glutaraldehyde and 1.5%

water to acetone caused different effect dependent on the

epitope: a 1.4-fold decrease for DNA, no significant dif-

ference for hnRNP C1/C2, while a 1.3-fold increase for

RNA polymerase II CTD, and a 1.5-fold increase for his-

tone H3. Comparatively, total protein concentration in the

samples, freeze-substituted by Method C, 1.2-fold

increased in regard to the samples processed with no

additives in FS cocktail (Method A). Remarkably, the same
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tendency was observed when the amounts of individual

protein were compared. The supplementing of acetone with

0.5% glutaraldehyde and 1.5% water 1.4-fold increased the

amount of hnRNP C1/C2. As was shown by Bittermann

et al. (1992), even 3.5% glutaraldehyde did not depress

immuno-gold labeling efficiency after cryofixation and FS.

In spite of the extensive application of aldehydes as the

additives to the FS medium, the mode of their chemical

action in a non-aqueous, organic environment at low

temperatures is not well understood so far. Moreover, the

exact temperatures at which these additives can interact at

appreciable rates with the various cellular components are

largely unknown (Kellenberger 1991). Glutaraldehyde

starts to have an effect at -50�C, but it is entirely efficient

only at or above -30�C (Humbel and Müller 1985).

Concerning chromatin cross-linking, 3% glutaraldehyde in

acetone begins to act at -45�C (Horowitz et al. 1990).

Nevertheless, it is usually necessary to directly supplement

the FS medium with an additive. At -90�C, acetone dis-

solves the cell water over a period of hours to days, but the

supplements are not considered to be very reactive at this

temperature. However, the stabilizing compounds or fixa-

tives infiltrate the sample slowly and simultaneously with

the dehydrating agent. By that time the temperature is

permissive for reaction, the agent is already distributed

throughout the entire cell and starts to effectively function.

Thus, penetration and diffusion artifacts are avoided

(Humbel and Schwarz 1989). We could suggest that during

FS, cryoimmobilized protein complexes stabilized by

acetone become additionally cross-linked with glutaralde-

hyde present in the FS medium. Hence, proteins are less

extracted from the sample that leads to an increase in both

their concentration and the efficiency of immunolabeling.

On the other hand, the lower extraction of proteins asso-

ciated with chromatin might result in masking the epitopes

for the anti-DNA antibody leading to a decrease in the

intensity of the immunolabeling signal as compared with

the samples processed in the absence of glutaraldehyde.

In summary, we evaluated various automated FS pro-

tocols for preparation of biological samples for immuno-

electron microscopy using quantitative evaluation of

immuno-gold labeling and antigen content. Protein

extraction from cryoimmobilized cells was identified as a

critical point during the FS. The loss of antigens available

for immuno-gold labeling was not significantly affected by

high-pressure freezing, while the cryosubstitution with an

organic solvent caused a significant loss of antigens. While

addition of water can improve visibility of some cell

structures, it strengthened the negative effect of cryosub-

stitution on antigen loss by extraction. This was, however,

significantly reversed in the presence of 0.5% glutaralde-

hyde in the substitution medium. Furthermore, we showed

that the level of these changes was antigen-dependent. In

conclusion, low concentrations of glutaraldehyde can be

generally recommended for cryosubstitution rather than the

use of pure solvent, but the exact conditions need to be

elaborated individually for certain antigens.
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Abstract 

This paper presents a comparison of four acrylic resins - LR White, LR Gold, 

Lowicryl HM-20, and Lowicryl K4M – with regard of immunolabeling efficiency on 

ultrathin sections.  Atomic force microscopy demonstrated no substantial differences in 

the nanostructure of the pure resins surfaces. Antigens were detected in either 

chemically fixed or high-pressure frozen and freeze-substituted HeLa cells after 

embedment into each of the listed resins.  We observed significant differences in 

immunolabeling densities between studied resins; however, the influence of the resin 

type was fixation-dependent and antigen-dependent.  

 

Key words: Cryofixation, freeze substitution, high-pressure freezing, immunogold 

labeling, LR White, LR Gold, Lowicryl, electron microscopy, atomic force microscopy. 
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Introduction 

 

Ultrastructural immunolabeling brings important information about localization of 

biological molecules inside the cell compartments and is an indispensable tool of cell biology 

(Roth, 1989; Roth et al., 1981; Roth and Taatjes, 1998). For optimal result, it is necessary to 

preserve well both the fine structure and the antigenic properties of the sample. The choice of 

optimal technique for the sample preparation is therefore crucial. During the preparation of 

samples for post-embedding immunolabeling, the antigenic properties of the biological material 

are  influenced by a number of factors, the most important being the fixation method, 

dehydration procedure, and the resin properties (Skepper, 2000; Stirling, 1990). Classical epoxy 

resins are in most cases not suitable for subsequent immunolabeling, therefore, a number of 

acrylic resins have been formulated, which, along with milder fixation,  help to overcome the 

drawbacks of epoxy resins in the antigen preservation and accessibility (Acetarin et al., 1986; 

Carlemalm et al., 1985). Although the properties of epoxy and acrylic resins have been 

compared in many studies (see e.g. (Biggiogera and Fakan, 1998; Brilakis et al., 2001; Brorson, 

1999; Merighi et al., 1989; Roth and Berger, 1982), only a few papers report comparisons 

between different acrylic resins (Hamilton et al., 1992; Philimonenko et al., 2002; Schwarz and 

Humbel, 1989). We therefore performed this study in order to compare four widely used acrylic 

resins – LR White, LR Gold, Lowicryl HM20, and Lowicryl K4M with respect of efficiency of 

immunogold labeling on ultrathin sections of embedded HeLa cells. 

Fixation of biological material is another critical point (Muhlfeld, 2010; Webster et al., 

2008). Routine chemical fixation with aldehydes provides good immobilization of the molecules 

within the sample, but on the other hand, with increasing degree of cross-linking the tissue the 

accessibility of the epitopes to recognition significantly decreases. Another option is the use of 

physical methods for immobilization of biological molecules, the most undisturbing being fast 

freezing. To embed the material in the resin, it should be freeze-substituted after freezing 

(Muhlfeld, 2010). So we studied the influence of resin type after these two approaches. 

We analyzed resin nanostructure by means of atomic force microscopy and compared 

the density of immunogold labeling of four different antigens in cells embedded in four different 

resins after either chemical o physical fixation. The results demonstrate some differences in the 

resins performance, which are strongly antigen-dependent and fixation-dependent. 

 



101 
 

Materials and methods 

 

Cell culture and high-pressure freezing of HeLa cells 

 

HeLa S3 cells were grown in suspension in S-MEM (Sigma, 0.22% NaHCO3) 

supplemented with 10% fetal bovine serum (Gibco) at 37°C. Before freezing, 10 ml of cell culture 

was centrifuged at 180 g for 1 minute and the supernatant was removed except for 200-

of medium to prepare a dense cell suspension. This suspension was mixed 3:1 (v:v) with 2% 

low-temperature gelling agarose at 37°C (type VII, Sigma; diluted in D-MEM without serum). 

This mixture was transferred to the flat specimen carrier (Leica, 1.2 mm cavity diameter) using a 

pre-heated (37°C) tip, and the cells were frozen in the Leica EM PACT2 high-pressure freezer 

(Studer et al., 2001). The time interval between the removal of the cells from the incubator and 

the freezing was kept at minimum (always less than 10 min). 

 

Freeze substitution and resin embedding 

 

Frozen samples in the carriers were transferred under liquid nitrogen to the Leica AFS2 

automatic freeze substitution machine equipped with Leica EM FSP. Cells were freeze 

substituted in acetone at -90°C for 2 days, then the temperature was elevated at a rate of 5°C 

per hour to -50°C, and the samples were incubated for next 24 hours.  

The acetone was dehydrated using dried molecular sieves (Sigma) and changed three 

times during the freeze substitution. Thereafter, samples were removed from the metal carriers 

with a needle and transferred to special plastic capsules (Leica Flo through capsules) which 

were placed into pre-cooled chamber (Leica FT-chamber) filled with -30°C acetone. The 

temperature was then raised at a rate of 10°C per hour to 0°C, and the FT-chamber with 

samples was placed on ice. After transfer to ice, the substituted samples were washed with ice-

cold ethanol (96%; 4 times 15 min) to remove the acetone completely since it might interfere 

with polymerization of the resins. The embedding protocol was then carried out. 

The samples were infiltrated in 2:1 (v:v) and 1:2 (v:v) 96% ethanol/resin mixtures, 30 min 

each, and then kept in pure resin overnight on ice (LR White: Sigma, with 2% benzoyl peroxide 

as initiator; Lowicryl: H4M, LR Gold: ) The resin was exchanged the next day for another 2 
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hours, and the Leica capsules containing the samples were placed into gelatin capsules and 

covered with  fresh resin. The polymerization was done by UV light at 4°C for 48 hours. 

 

Chemical fixation and resin embedding 

 

HeLa S3 cells grown as described above were washed with Sörensen phosphate buffer 

(SB; 0.1 M Na/K phosphate buffer, pH 7.3), fixed in a mixture of 3% formaldehyde and 0.1% 

glutaraldehyde in SB for 20 min at ambient temperature and washed in three changes of SB (5 

min each). Cells were then incubated with 0.2 M glycine in SB for 10 min. After two washing 

steps, the pellet in SB was warmed to 37°C and the same volume of 2% low gelling temperature 

agarose was quickly added to the cell suspension. This suspension was centrifuged in 

Eppendorf microtubes and placed on ice.  

The hardened agarose blocks were cut under SB into ~1.5 mm pieces, dehydrated in 

graded ethanol series (30, 50, 70, 90 and 96%; 10 min each), and infiltrated in 2:1 (v:v) and 1:2 

(v:v) ethanol /LR White mixtures, 20 min each, on ice. The cells were then infiltrated in pure LR 

White overnight at 0°C. The resin was exchanged the next day, and after 2 hours the samples 

were placed into gelatin capsules and UV light-polymerized for 48 h at 4°C. 

 

Sectioning and electron microscopy 

 

70 nm thick sections were cut with an Ultracut Leica EM UC6 equipped with a diamond 

knife (45°; Diatome). and contrasted with a saturated aqueous solution of uranyl acetate (Agar 

Scientific) for 4 min, washed, air-dried and examined in a FEI Morgagni 268(D) transmission 

electron microscope at 80 kV. Images were captured with SIS MegaView III CCD camera. 
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Atomic force microscopy 

 

Images of resin surfaces were acquired by atomic force microscope Nanoscope IIIa 

Multimode (Digital Instruments, USA) in tapping mode, using standard silicon cantilevers 

OTESPA with resonant frequency ~200 kHz. The off-line image analysis - area roughness 

analysis - was performed using standard image analysis software for Nanoscope (described in 

Nanoscope Reference Manual) without any image data filtration. 

 

Immunolabeling and evaluation of immunogold labeling density 

 

For immunogold labeling, sections on gilded copper grids were blocked in 10% normal 

goat serum in PBTB (PBS + 0.1 % Tween 20 + 1% BSA) for 30 min, and incubated for 1 h on 

droplets of primary antibody diluted in 1% goat serum/PBTB. Afterwards, the grids were washed 

with PBT (PBS + 0.005% Tween 20) three times 10 min, and incubated with gold-conjugated 

secondary antibody for 1 h. In controls, the primary antibody was omitted. After three washes in 

PBT, the grids were finally washed twice in distilled water, air-dried and contrasted as described 

above.  

 Immunogold labeling density of nuclear antigens detected on sections of HPF/FS or 

chemically fixed cells were compared. The comparison was based on evaluating 25-30 random 

digital images of cell nuclei per each sample at 36,000 x (DNA immunolabeling) or 44,000 x 

(lamin labeling), respectively. Labeling density was expressed as number 

of gold particles per square micrometer section surface ± STD. 

 

Antibodies 

 

Primary antibodies: mouse monoclonal anti-DNA, clone AC-30-

Boehringer Mannheim Biochemica; now sold by Millipore); mouse monoclonal anti-hnRNP 

C1/C2, (IgG1, dilution 1:1000; gift from Dr. G. Dreyfuss); mouse monoclonal anti-actin, clone 

JLA-20 (IgM, dilution 1:200; University of Iowa). Secondary antibodies: 12 nm goat anti-mouse 

IgM-gold; 6 nm goat anti-mouse IgG/IgM-gold; 12 nm goat anti-rabbit IgG-gold (all from Jackson 

Immunoresearch Laboratories, diluted 1:30).  
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Results 

 

Comparison of resins nanostructure by atomic force microscopy 

 

To reveal possible differences in potential accessibility of the epitopes in the studied 

resins, we analyzed the resins microstructure. The blocks of pure LR White, Lowicryl HM20, and 

LR Gold were prepared and their surface was cut with a diamond knife to reproduce the 

conditions of ultrathin sectioning. Images of resin surfaces were acquired by atomic force 

microscope Nanoscope IIIa Multimode in tapping mode, using standard silicon cantilevers 

OTESPA with resonant frequency ~200 kHz. The off-line image analysis - area roughness 

analysis - was performed using standard image analysis software for Nanoscope without any 

image data filtration. The results are shown in Table 1. Images of resin cuts show flat surface 

with the overall axial corrugation well below 5 nm, caused mainly by the resin grains with the 

lateral size ~20 nm, from which all resins are composed. Besides that, Lowicryl HM20 showed 

certain porosity with the nm-sized pits. We can conclude that no substantial differences were 

observed in the nanostructure of the resins. 

 

Comparison of LR White, LR Gold, and Lowicryl HM20 after chemical fixation 

 

Labeling density over nucleoplasm of chemically fixed HeLa cells embedded in one of 

the three acrylic resins – LR White, LR Gold, or Lowicryl HM20 – was quantified. For this 

purpose, we evaluated 25-30 randomly taken digital electron micrographs of cell nuclei 

excluding nucleoli for each sample. The intensity of immunolabeling of four different antigens – 

DNA, hnRNP C1/C2, histone H1, and Sm antigen - was quantified for each resin. The labeling 

density of each sample was normalized to the average volume of live cells nuclei and expressed 

in percents relative to Lowicryl HM20. The results are shown in Fig. 1. We demonstrate that anti-

DNA labeling is most abundant in LR White-embedded cells, while for three other antigens, the 

labeling in LR White is somewhat lower than in two other resins. Lowicryl and LR Gold perform 

in a very similar manner in the case of two antigens – DNA and hnRNP C1/C2, while in two 

other cases there significant differences in the labeling density. 
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Comparison of LR White, LR Gold, and Lowicryl HM20 after high pressure freezing 

 

Comparison of labeling density in high-pressure frozen and freeze-substituted HeLa cells 

embedded into one of the three resins is shown in Fig. 2. As in the case of chemical fixation, the 

variations in labeling intensity between resins are antigen-dependent. We observe very similar 

performance of all three resins in the case of detection of hnRNP C1/C2 and Sm antigen, while 

for histone H1, the labeling is substantially higher in LR Gold and LR White than in Lowicryl 

HM20. Vice versa, DNA labeling density is higher in Lowicryl HM20, than in LR White and LR 

Gold, which is an opposite tendency for this antigen compared with chemically fixed samples. 

 

Comparison of immunolabeling properties of Lowicryls HM20 and K4M 

 

To gain more insight into possible mechanisms of differing immunolabeling properties, 

we compared two types of Lowicryl resins – Lowicryl HM20, which is hydrophobic, and 

hydrophilic Lowicryl K4M. The results of quantification of immunolabeling efficiency of the same 

four antigens as in previously described resins are presented in Fig. 3. After chemical fixation, 

immunolabeling density is in most cases slightly higher in HM20-embedded cells, except for 

hnRNP C1/C2 where the tendency is opposite. The results in cells after high-pressure freezing 

and freeze-substitution are more variable. Anti-histone H1 labeling is virtually of equal density in 

these two resins; in the case of hnRNP C1/C2 and Sm antigen HM20 is performing slightly 

better than K4M; and anti-DNA labeling is considerably higher in K4M. 
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Discussion 

 

The sample processing for ulltrastructural immunohistochemistry influences significantly 

the quality of subsequent antigen detection. Each of the steps in the procedure have 

their impact, the most crucial being the fixation method, the resin used, and the 

conditions of dehydration and resin infiltration (Skepper, 2000; Webster et al., 2008). 

These factors do not act separately but modify the sample properties in their 

combination. In this paper we performed quantitative evaluation of immunogold labeling 

properties of four acrylic resins – LR White, LR Gold, Lowicryl HM20, and Lowicryl K4M 

– after either mild chemical fixation or physical fixation with high-pressure freezing.  

There are two main groups of resins used for embedding of samples for electron 

microscopy – epoxy resins and acrylic resins (Skepper, 2000; Webster et al., 2008). It is 

known that epoxy resins are in most cases unsuitable for subsequent immunolabeling of 

embedded material. Obvious reasons are harsh treatments during the embedding 

procedure – thorough dehydration in organic solvents, high temperature polymerization 

– leading to extraction of antigens and denaturing epitopes.  Polymerized epoxy resins 

are also highly cross-linked and form covalent bonds with the molecules of the sample, 

particularly with proteins (Monaghan et al, 1998). On the other hand, acrylic resins do 

not require such high level of dehydration, the infiltration procedures can be made much 

shorter than in the case of epoxy resins, and both infiltration and polymerization can be 

carried out at low temperatures (Acetarin et al., 1986; Carlemalm et al., 1985; Robertson 

et al., 1992). These differences give an advantage of much better preservation of 

antigens in the sample. Another consideration of acrylic resins advantages for 

immunolabeling is that polymerized acrylics do not co-polymerize with the sample and 

permeate the embedded biological material without binding to it. A theoretical 

consideration from this fact is that the behavior of epoxies and acrylics during sectioning 

will be different. In acrylics the knife during sectioning tends to follow the areas of least 

resistance, which would be the interfaces between resin and proteins. In epoxy resins 

the resistance is similar in the protein-rich structures and in resin interfaces, thus the 
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knife edge has no preference for cutting through any of them. Accordingly, the number 

of undamaged epitopes accessible for immunostaining significantly decreases. Indeed, 

the differences in the surface relief of the sectioned sample have been reported for 

epoxy and acrylic resins (Kellenberger et al., 1987). 

To reveal the potential advantage of some of the compared resins over the 

others, we analyzed the resin nanostructure by atomic force microscopy. LR White, LR 

Gold, and Lowicryl HM20 showed fine-granular nanostructure (grains lateral size was 

~20 nm), and the roughness factor was the same in all three cases. So, these results did 

not show any obvious surface differences between these resins. 

We then quantified the intensity of immunogold labeling on ultrathin sections of 

HeLa cells embedded in LR White, LR Gold, Lowicryl HM20 or Lowicryl K4M after 

chemical fixation or high-pressure freezing. Labeling density of four different antigens – 

DNA, hnRNP C1/C2, histone H1, and Sm antigen was analyzed. Not very dramatic, but 

significant differences were observed between compared resins in most cases. Notably, 

there was no clear tendency for any of the studied resins to show consistently better 

results over the others. The variations in the resins performance were strongly 

dependent on the antigen. Moreover, the picture was different depending on the fixation 

used. Generally, we can state that the performance of the resins for different antigens 

was more uniform after chemical fixation, and more variable after high-pressure freezing 

and freeze-substitution.  

What could be the reason for the observed variations? As we do not detect 

obvious differences in the nanostructure of the resins, the reason is not connected with 

the surface area and epitopes accessibility on the section. So, the difference is caused 

by earlier steps. We assume, that different antigens have different sensitivity to the 

extraction during the infiltration of the resin. Considerable extraction properties of 

monomeric acrylic resins have been described (Hamilton et al., 1992). This would 

explain more uniform results for chemically fixed samples, where slightly cross-linked 

molecules are possibly more resistant to extraction. In high-pressure frozen cells, these 

effects would be more pronounced, which is consistent with our observation. Still there is 
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some unknown reason that for each antigen one resin can be preferable over the others 

under equal other conditions.  

To summarize, as all the tested resins gave overall similar results, the routine use 

of low-toxic LR White can be recommended. However, for optimal detection of some 

antigens, other resins may be needed, which should be tested individually. 

 

 

 

 

 

 

Acknowledgements  

We are grateful to Dr. G. Dreyfuss for providing us the anti-hnRNP C1/C2. We 

thank Dr.  Margarita A. Sobol for helpful discussions  and technical help. We thank to 

Ivana Nováková, Iva Jelínková and Karel Janoušek for their excellent technical help and 

assistance.  This work was supported by the TACR (TE01020118); the project „BIOCEV 

– Biotechnology and Biomedicine Centre of the Academy of Sciences and Charles 

University“ (CZ.1.05/1.1.00/02.0109) from the European Regional Development Fund; 

the IMG (RVO68378050). 



109 
 

References 

Acetarin, J.D., E. Carlemalm, and W. Villiger. 1986. Developments of new Lowicryl resins for 

embedding biological specimens at even lower temperatures. Journal of microscopy. 

143:81-88. 

Biggiogera, M., and S. Fakan. 1998. Fine structural specific visualization of RNA on ultrathin 

sections. J Histochem Cytochem. 46:389-395. 

Brilakis, H.S., C.R. Hann, and D.H. Johnson. 2001. A comparison of different embedding media 

on the ultrastructure of the trabecular meshwork. Current eye research. 22:235-244. 

Brorson, S.H. 1999. Fixative-dependent increase in immunogold labeling following antigen 

retrieval on acrylic and epoxy sections. Biotechnic & histochemistry : official publication 

of the Biological Stain Commission. 74:248-260. 

Carlemalm, E., W. Villiger, J.A. Hobot, J.D. Acetarin, and E. Kellenberger. 1985. Low 

temperature embedding with Lowicryl resins: two new formulations and some 

applications. Journal of microscopy. 140:55-63. 

Hamilton, G., B. Hamilton, and R. Mallinger. 1992. Effects of monomeric acrylic embedding 

media on the antigenicity of two epitopes of the MIC2-encoded Ewing's sarcoma cell 

membrane antigen. Histochemistry. 97:87-94. 

Kellenberger, E., M. Durrenberger, W. Villiger, E. Carlemalm, and M. Wurtz. 1987. The efficiency 

of immunolabel on Lowicryl sections compared to theoretical predictions. J Histochem 

Cytochem. 35:959-969. 

Merighi, A., J.M. Polak, G. Fumagalli, and D.T. Theodosis. 1989. Ultrastructural localization of 

neuropeptides and GABA in rat dorsal horn: a comparison of different immunogold 

labeling techniques. J Histochem Cytochem. 37:529-540. 

Monaghan, P., N. Perusinghe, and M. Muller. 1998. High-pressure freezing for 

immunocytochemistry. Journal of microscopy. 192:248-258. 

Muhlfeld, C. 2010. High-pressure freezing, chemical fixation and freeze-substitution for immuno-

electron microscopy. Methods Mol Biol. 611:87-101. 

Philimonenko, V.V., J. Janacek, and P. Hozak. 2002. LR White is preferable to Unicryl for 

immunogold detection of fixation-sensitive nuclear antigens. Eur J Histochem. 46:359-

364. 

Roth, J. 1989. Postembedding labeling on Lowicryl K4M tissue sections: detection and 

modification of cellular components. Methods Cell Biol. 31:513-551. 

Roth, J., M. Bendayan, E. Carlemalm, W. Villiger, and M. Garavito. 1981. Enhancement of 

structural preservation and immunocytochemical staining in low temperature embedded 

pancreatic tissue. J Histochem Cytochem. 29:663-671. 

Roth, J., and E.G. Berger. 1982. Immunocytochemical localization of galactosyltransferase in 

HeLa cells: codistribution with thiamine pyrophosphatase in trans-Golgi cisternae. The 

Journal of cell biology. 93:223-229. 

Roth, J., and D.J. Taatjes. 1998. Tubules of the trans Golgi apparatus visualized by 

immunoelectron microscopy. Histochem Cell Biol. 109:545-553. 

Schwarz, H., and B.M. Humbel. 1989. Influence of fixatives and embedding media on 

immunolabeling of freeze-substituted cells. Scanning microscopy. Supplement. 3:57-63; 

discussion 63-54. 

Skepper, J.N. 2000. Immunocytochemical strategies for electron microscopy: choice or 

compromise. Journal of microscopy. 199:1-36. 

Stirling, J.W. 1990. Immuno- and affinity probes for electron microscopy: a review of labeling and 

preparation techniques. J Histochem Cytochem. 38:145-157. 

Studer, D., W. Graber, A. Al-Amoudi, and P. Eggli. 2001. A new approach for cryofixation by 

high-pressure freezing. Journal of microscopy. 203:285-294. 

Webster, P., H. Schwarz, and G. Griffiths. 2008. Preparation of cells and tissues for immuno EM. 

Methods Cell Biol. 88:45-58. 



110 
 

Table and figure legends 

 

Table 1. No substantial differences have been observed in the nanostructure of the resins. *Ra, 

roughness factor, is an arithmetic average of absolute values of the surface height deviations 

measured from the mean plane of a sample (absolute peak heights). 

 

Figure 1. Relative labeling densities in the nucleoplasm of HeLa cells after chemical fixation and 

embedment into Lowicryl HM20, LR Gold or LR White. A - Anti-DNA antibody, B - Anti-hnRNP 

C1/C2 antibody, C - Anti-histone H1 antibody, D - Anti-Sm antibody.  * - P<0.05, ** - P<0.01. 

 

Figure 2. Relative labeling densities in the nucleoplasm of HeLa cells after HPF-FS and 

embedment into Lowicryl HM20, LR Gold or LR White. A - Anti-DNA antibody, B - Anti-hnRNP 

C1/C2 antibody, C - Anti-histone H1 antibody, D - Anti-Sm antibody. ** - P<0.01. 

 

Figure 3. Relative labeling densities in the nucleoplasm of HeLa cells after chemical fixation and 

embedment into Lowicryl HM20 or K4M. A - Anti-DNA antibody, B - Anti-hnRNP C1/C2 antibody, 

C - Anti-histone H1 antibody, D - Anti-Sm antibody. ** - P<0.01. 

 

Figure 4. Relative labeling densities in the nucleoplasm of HeLa cells after HPF-FS and 

embedment into Lowicryl HM20 or K4M. A - Anti-DNA antibody, B - Anti-hnRNP C1/C2 antibody, 

C - Anti-histone H1 antibody, D - Anti-Sm antibody. ** - P<0.01.  
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Table 1 

 

 

 

 

  

name
Ra*
[nm]

geom.
surface
[µm2]

Real
surface [µm2] difference [%] %

LRWHITE 0,598 4 4,017 0,432 99,93

LRGOLD 0,439 4 4,009 0,217 99,73

LOWICRYL 0,440 4 4,020 0,505 100,00

HM20 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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6. DISCUSSION 

 

6.1. Quantitative analysis of immunogold labeling patterns 

 

We have developed a powerful method for ultrastructural studies that allows one to 

evaluate the colocalization and clustering of different antigens in biological samples. The 

previously described approaches had several drawbacks. We had first overcome the problem of 

short-range effects by the development of bottom-censored K function K(r1, r2), calculated only 

from distances of the desired interval (r1, r2). Another preference outcoming from this feature is 

the possibility to narrow the interval investigated for clustering or colocalization to the desirable 

values. We also recommend to use K(r1, r2) function for testing the statistical significance of 

colocalization/clustering. The method allows application of the data obtained in 2D on 3D 

volume, because the calculated characteristics are the same in 2D and 3D, if the micrographs 

are randomly taken from several ultrathin sections (not necessarily the serial ones). 

We further transformed the standard Ripley’s K(r) into K-1 functions, which are calculated 

by weighting the sampled distances by -1st power of these distances. Being the integral of PCF 

or PCCF from r1 to r2, K-1(r1, r2) has an easy interpretation as an area of the histogram bar for 

each interval of distances r2-r1 and thus can be used for graphical representation of the (cross) 

correlation functions. 

Our method allows evaluation of immunogold labeling and hence, delineation of the 

functional compartments which are not defined ultrastructurally (e.g. the situation in the 

nucleoplasm of a cell nucleus). A researcher can compile data from any number of randomly 

taken micrographs as we have applied the correction for boundary effect to the calculations of 

both K and K-1 functions. While theoretically this is correct only for absolutely random position of 

observation window/micrograph, the error caused by violation of randomness is assumed to be 

negligible for the distances of interest we have used, as they are much shorter than the window 

size. The densities of gold labeling obtained in our testing experiments of about 10 – 150 

particles per µm2 appear to be entirely sufficient for the efficient detection of clustering or 

colocalization. Lower densities can be also used as this can be compensated by a higher 

number of evaluated micrographs. It is necessary to mention here that these features makes 

easier the collection of the data. 

We have tested our method on the model of DNA replication. DNA polymerase , the 

principal replicative DNA polymerase in actively multiplying eukaryotic cells (Salas et al., 1999), 

demonstrates a strong colocalization with nascent DNA over the range of distances that 

corresponds to the known size of replication foci (30 - 200 nm, for a review, see Hughes et al., 

1995). In contrast, the nucleolar protein Nopp 140 (Meier and Blobel, 1992) that is not expected 

to be involved in DNA replication did not colocalize with nascent DNA. 

Finally it is important to mention that in collaboration with Dr. Jiří Janáček (Department of 

Biomathematics, Institute of Physiology, Academy of Sciences of the Czech Republic, Prague, 
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Czech Republic) we have created a set of user-friendly software tools in the form of “Gold” plug-

ins for the Ellipse program (ViDiTo, Košice, Slovakia). A researcher thus can perform the whole 

evaluation procedure starting with the automated detection of gold particles on his/her 

micrographs till the statistical evaluation and producing the graphical output in the form identical 

to those presented in Philimonenko et al. (2000) and in Schofer et al. (2004). Currently the plug-

ins are included into Ellipse software package. However, they can be also obtained from the 

authors without charge upon request at http://nucleus.img.cas.cz/gold/. 

 

6.2. Functional microarchitecture of replication and transcription sites has been 

successfully characterized using the developed stereological tools 

 

6.2.1. DNA replication 

 

In proliferating cells, DNA synthesis must be controlled with the absolute precision so 

that each base pair of DNA is replicated once but only once in every cell cycle. An eukaryotic 

genome is very big and complex, so one can easily suggest that in the cell nucleus this process 

has a 3D organization. In the end of 1900-s it was demonstrated that during the whole S-phase, 

DNA replication is organized into foci throughout nucleoplasm (Hozak et al., 1993; Hozak et al., 

1994b; Jackson and Pombo, 1998; Ma et al., 1998; Nakamura et al., 1986; Nakayasu and 

Berezney, 1989). However, it was not clear if these foci are reflecting a snapshot of replicating 

DNA synthetic complexes, moving along the DNA string, or if they are organized into higher-

level structures, somehow fixed to an appropriate position in the nucleus, while template DNA is 

reeling through them. So, we decided to check on the ultrastructural level if nascent DNA traces 

are significantly elongated (thus, suggesting the movement of polymerization complex along a 

template) or, oppositely, these traces are radially spread, suggesting a fixed 3D organization of 

replication sites (Philimonenko et al., 2004). Both puls and puls-and-chase strategies had been 

explored. We have demonstrated that as the replication proceeds, the labeled sites increase in 

size up to 240 nm (30 min incorporation) while maintaining a broadly round shape. In pulse-and-

chase experiments the labeled DNA was shown to spread to occupy DNA foci of about 400 nm 

in diameter. These results demonstrate that DNA replication is compartmentalized within cell 

nuclei at the level of DNA foci and support the view that the synthetic centers are spatially 

constrained while the chromatin loops are dynamic during DNA synthesis. Recently, replication 

sites were visualized using STED super-resolution technique (Cseresnyes et al., 2009) and their 

size was measured. It was about 150 nm for PCNA immunolabeling and 160 nm for RPA. This is 

in agreement with our data as we have visualized nascent DNA loops, but not the machinery 

itself.   

Jaunin et al. (2000) using classical immuno-electron microscopy techniques showed that 

nascent sites – detected using a 2 min pulse-label with BrdU – were localized to the diffuse 

chromatin of the perichromatin regions, often in the vicinity of perichromatin fibrils. During 
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prolonged pulses and pulse-chase experiments the regions of dense chromatin adjacent to 

these perichromatin regions became labeled. When a pulse-chase-pulse approach was used to 

label the DNA with IdU and then CldU, the nascent label was found in the perichromatin zone, 

supporting the view that replication occurred within a defined nuclear zone and that the 

replicated DNA then moved into the adjacent chromatin-rich area. Earlier studies using a 

specialized technique that allowed cell structure to be preserved while removing almost all 

chromatin showed that early S phase replication occurs within discrete replication ‘factories’ of 

50 100 nm, and in larger ‘factories’ in mid- and late-S phase  (Hozak et al., 1993; Hozak et al., 

1994b). Although these reports cannot be directly compared as they use so different techniques, 

they both support the hypothesis that replication occurs within a defined inter-chromatin 

compartment so that during replication DNA from the adjacent chromatin-rich compartment must 

be translocated to the active site at the border of the chromatin domain. 

The composition of these tethered replication complexes was not known. With the newly 

developed method (Philimonenko et al., 2000) and owning quite a rich library of primary 

antibodies against numerous structural and regulatory proteins working well on LR White-

embedded material, we had an opportunity to study the replication factories composition at the 

ultrastructural level. We decided to check the presence of various nuclear antigens at the sites of 

DNA replication in order to reveal the molecular composition of replication foci, and to suggest 

new players of the process. We have demonstrated that two ultrastructurally differing types of 

replication sites can be observed in the nuclei of HeLa cells. One type is electron-dense 

structures (Hozak et al., 1993; Hozak et al., 1994b), termed here as RB (replication bodies). 

Another type corresponds to the sites of extra-bodies labeling that have no typical dense 

underlying structure, termed here as RF (replication foci). They can be visualized only via 

immunogold detection of e.g. biotin-labelled precursors of nascent DNA. Our stereological 

method for Identification of clustering and colocalization allowed us to reveal the presence of 

tested antigens also in RF. 

Both DNA polymerase  (being one of the principal replicative DNA polymerases in 

multiplying eukaryotic cells, Salas et al., 1999) and PCNA (forms a closed ring structure around 

DNA duplex and serving as a sliding clamp for DNA polymerases; Moldovan et al., 2007) 

demonstrate a strong colocalization with nascent DNA in RF and were found in large amounts in 

RB, thus serving as positive control in our experiments. 

We have also demonstrated either presence or absence of several regulatory and 

structural proteins in both types of replication factories, which were already demonstrated to be 

involved in replication, or, on the contrary, excluded from replication sites. For example, Cyclin A 

is one of the main S-phase regulator (Sanchez and Dynlacht, 2005). It’s presence in the sites of 

replication was previously confirmed in immunofluorescent experiments (Cardoso et al., 1993). 

The cyclin E/E2F complex is detected in the cell nucleus primarily during the G1 phase of the 

cell cycle and it’s content decreases (but not disappear) as cells enter S phase. E2F activity is 
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crucial for the G1/S transition and DNA replication in mammalian cells (Cam and Dynlacht, 

2003). Both cyclin A and E were present in variable amounts in mid S phase RB and RF. 

On the other hand, the human ubiquitin-conjugating enzyme Cdc34 controls cellular 

proliferation through regulation of p27Kip1 protein (Butz et al., 2005), which is by-turn an 

inhibitor of cyclin E and A-dependent kinases (Sanchez and Dynlacht, 2005). Our data show no 

colocalization of Cdc34 with both types of DNA replication sites. 

B-type lamins (but not A/C) were previously localized in mid-late S-phase replication sites 

in mouse 3T3 cells using immunofluorescence (Moir et al., 1994). We also have not found Lamin 

A/C in any type of replication sites, however we have shown the presence of lamin B1 in RF. At 

the same time, Lamin B1 was not detected in RB in our experiments. While we cannot exclude 

that it was inaccessible to antibodies within RB, another possibility is that in RB the structural 

organization of replication is maintained by a different set of proteins. 

Although no direct function in DNA replication was demonstrated for Sm, Coilin and La 

proteins (all three are involved in RNA metabolism), we have shown their high colocalization with 

replication sites of both types. This can be explained by the fact that replication and transcription 

often colocalize (Hassan et al., 1994) and that splicing starts before finishing the transcription of 

nascent RNA (Wuarin and Schibler, 1994). These results suggest the existence of functional 

domains in the cell nucleus where different processes connected by substrate or participating 

factors can be spatially arranged in a very economical way. 

PML protein is a human growth suppressor and is concentrated mainly in special 

structures -PML bodies. The specific functions of PML protein are unknown, however, PML 

bodies have been associated with such processes as alternative lengthening of telomeres in 

mammalian cells (Henson et al., 2002), viral DNA replication and post-replication processes (Jul-

Larsen et al., 2004; Maul, 1998), and it was shown that a large fraction of PML bodies (50–80%) 

is closely associated with DNA replication domains but exclusively during middle-late S-phase 

(Grande et al., 1996). Our experiments demonstrated that only RF colocalize with the PML 

protein. We suggest that the sequestering and facilitating mechanisms in RB are provided by 

their own structure, while RF may need association with PML. Furthermore, direct and indirect 

evidence supports the hypothesis that PML bodies interact with specific genes or genomic loci 

(reviewed in Ching et al., 2005). Thus, replication of such genes could also take place in 

connection with PML bodies and we can suggest that they are replicated in RF but not in RB. 

Different antibodies to proteins that would not be expected to localize to DNA replication 

sites (such as the nucleolar protein Nopp 140; Meier and Blobel, 1992) were used as controls. 

No labeling in either RB or RF was obtained, indicating the validity of the immunolabeling 

approach used. 

In conclusion, we suggest that the existence of two types of replication sites reflects 

differences in the structure of the genome regions that are replicated by them. RB may represent 

the major replication structures and are responsible for replication of the bulk of DNA, which is 

organized in such a way that clusters of replicons are replicated together in each RB. RF, in 



120 
 

contrast, are smaller, less complex structures, which appear to perform replication of isolated 

replicons or replicon clusters with very few linked replicons. 

 

6.2.2. DNA transcription 

 

It has been shown that actin is indispensable for transcription by Pol I, II, and III 

(Fomproix and Percipalle, 2004; Hofmann et al., 2004; Hu et al., 2004; Philimonenko V. et al., 

2004) and nuclear myosin I (NMI) has been found to participate in transcription by Pol I and II 

(Castano et al., 2010; de Lanerolle, 2012; Pestic-Dragovich et al., 2000; Philimonenko V. et al., 

2004). 

In article 4, we revealed the dynamic properties of nuclear actin and NMI on the model of 

PHA-stimulated human lymphocytes. Upon stimulation, lymphocytes undergo rapid 

transcriptional activation accompanied by dramatic changes in nuclear and nucleolar 

morphology. The analysis of immunogold labeling on nuclear profiles revealed (in line with the 

biochemical data) significant increase of the total amount of NMI in the nucleoplasm and in 

nucleoli upon PHA-stimulation. In contrast, the protein level of actin in human lymphocytes 

during transcriptional activation was rather stable, as shown by both Western blot and 

quantification of immunogold labeling. This is an expected result, as actin is known to be stably 

expressed and is commonly used as an internal standard for quantitative determination of 

mRNA of interest (Suzuki et al., 2000). 

In the nucleolus, NMI was preferentially localized in the DFC which is the site of rDNA 

transcription. The localization of NMI and its accumulation in DFC during transcriptional 

activation is in agreement with its role in the synthesis of rRNA, and/or it may also indicate the 

involvement of NMI in the early processing events of rRNA precursors. Importantly, NMI is 

associated with transcription factor TIF-IA, a basal transcription factor that confers initiation 

competence to Pol I and mediates the growth-dependent regulation of rRNA synthesis 

(Philimonenko V. et al., 2004). Thus, the regulatory role of NMI in activation of ribosomal genes 

transcription in stimulated human lymphocytes cannot be excluded. 

A small pool of actin in nucleoli is present in the DFC together with NMI, consistent with 

the function of actin in transcription by Pol I (Fomproix and Percipalle, 2004; Philimonenko V. et 

al., 2004). However, the main site of actin localization in nucleoli are the FCs, the labeling 

density there being the highest in unstimulated lymphocytes and decreasing in the course of 

transcriptional activation. Such dual localization points to multiple functions of actin in the 

nucleolus. The FCs are known to be the storage sites for inactive Pol I and other components of 

Pol I transcription machinery (Jordan et al., 1996; Mosgoeller et al., 1998; Roussel et al., 1996), 

and actin was shown to be associated with Pol I regardless of Pol I transcriptional state 

(Philimonenko V. et al., 2004). Therefore, it is possible that a significant part of actin in FCs is 

associated with inactive Pol I. Moreover, the described dynamics of actin suggests that it is 

accumulated in FCs in inactive cells and it is then recruited to sites of function upon 
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transcriptional activation, possibly together with Pol I. Such behavior may reflect a mechanism of 

sequestration described as a role of nucleolus in the case of regulating the activity of proteins 

involved in various aspects of cell-cycle progression (Audas et al., 2012; Visintin and Amon, 

2000). Remarkably, nucleolar accumulation of actin in FCs described here, seems to be closely 

related to growth arrest of human lymphocytes. The abundance of actin in FCs, which serve as 

principal elements in forming not only active nucleoli, but also the nucleoskeletal filaments 

radiating from FCs towards nuclear periphery (Hozak et al., 1994a; Schwarzacher and 

Mosgoeller, 2000), possibly indicates the involvement of nucleolar actin in formation of nuclear 

architecture. 

In resting cells, actin and NMI are both concentrated predominantly in condensed 

chromatin domains, and they are less abundant in regions containing decondensed chromatin. 

Our data showing that actin is enriched in condensed chromatin are also consistent with earlier 

observations that revealed an association of actin-related protein ARP4 with centric 

heterochromatin and a colocalization with heterochromatin protein HP1 in Drosophila (Frankel et 

al., 1997). One of the functions of actin in chromatin might be connected with the association of 

actin and Ino80 chromatin-remodeling complex (Kapoor and Shen, 2014; Treisman, 2013). 

Although a role of NMI in chromatin remodeling has yet been demonstrated only for nucleolar 

genes (Percipalle et al., 2006; Sarshad et al., 2013), it is also enriched in condensed chromatin 

in unstimulated lymphocytes. The transcriptional activation of human lymphocytes leads to the 

relocalization of both actin and NMI to decondensed chromatin area. Both actin and NMI 

colocalize with transcription sites in the nucleoplasm of activated human lymphocytes. In resting 

cells, however, only actin was found in transcription sites. High amount of NMI in 

heterochromatin of resting lymphocytes allows us to suggest that heterochromatin may 

represent a storage site of NMI, which after stimulation is redistributed to nuclear compartments 

with active DNA transcription. These results demonstrate that actin and NMI are 

compartmentalized in the nuclei where they can dynamically translocate depending on 

transcriptional activity of the cells. 

 

6.3. Simultaneous detection of multiple targets for ultrastructural immunocytochemistry 

 

In order to establish a tool for simultaneous labeling of more than three antigens, we 

prepared three novel types of conjugated metal nanoparticles differing by their shapes and 

therefore readily distinguishable by TEM from each other, and from commercially available 

spherical gold nanoparticles of various sizes usually used for immunodetection (Slouf et al., 

2011; 2012; Philimonenko et al., 2014). The novel nanoparticles - cubic palladium nanoparticles 

(PdC), core–shell siver–gold nanoparticles (AgAu), and gold nanorods (AuNR) - were 

characterized in detail to assess their suitability for immunodetection. The average size of the 

nanoparticles calculated as equivalent diameter ranged from 10.5 to 14.9 nm, which is within the 

suitable range for immunolabeling (Roth 1996; Mayhew and Lucocq 2011; Slouf et al., 2011), 
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and the size distribution was narrow. The particles demonstrated good stability upon exposure to 

electron beam in TEM, as well as in the colloid solution over 6-month period tested. Good 

contrast and distinct shapes made them very convenient for TEM observation, and readily 

distinguishable from standard spherical gold nanoparticles. All three types of nanoparticles could 

be successfully non-covalently conjugated to antibodies, demonstrating that the surface of 

nanoparticles is free of contaminants which would eventually prevent binding of the 

biomolecules. The obtained secondary antibody conjugates were fully functional, as 

demonstrated by the results of immunolabeling on ultrathin sections. Somewhat lower labeling 

density by PdC (14.85 ± 1.91 nm) and AgAu (13.31 ± 2.38 nm) nanoparticles corresponded 

apparently to their somewhat larger size as compared to 12-nm gold nanoparticles. At the same 

time, the smaller AuNR particles (10.49 ± 1.60 nm) performed identically to commercial 12-nm 

gold particles. The SDS–PAGE of protein-stripped nanoparticles confirmed a successful 

conjugation and enabled us to estimate the optimal amount of antibodies for conjugation by 

means of titration and saturation. Taken together, the characterization of these novel 

nanoparticles presented here demonstrates their high quality and suitability for application in 

immunodetection. 

Using this tool, we performed a proof-of-concept testing of the multiple simultaneous 

immunolabeling. Five cellular antigens – PIP2, B23, actin, Sm protein, and SMC2 – were 

immunolabelled in parallel. As the role of PIP2 in the cell nucleus is poorly understood, we were 

especially interested in spatial interactions of PIP2-containing structures with the other four 

proteins with established cellular functions. Co-localizations of two or three types of labeled 

molecules within small structures at distances <100 nm were observed in some cases. However, 

the majority of patterns constituted of PIP2-positive foci in a close contact with Sm-, actin-, 

and/or SMC2-rich foci, forming complementary 3D domains. As the mechanism underlying PIP2 

compartmentalization in the cell nucleus remains largely unknown (Barlow et al., 2010), this 

finding of the complementary localization of the above-mentioned molecular species in the 

nuclear sub-compartments may shed light on the spatial organization of relevant cellular 

processes. 

The presented method for multiple immunolabeling significantly advances the 

possibilities of the stereological analysis of the mutual distribution of molecules of interest in 

biological objects. The statistical evaluation of clustering and co-localization patterns, and 

mapping of antigen distribution as areas with statistically significant labeling density provides a 

valuable information about spatial interactions between biomolecules in situ (Mayhew and 

Lucocq, 2011; Philimonenko et al., 2000; Schofer et al., 2004). While double-labeling enables 

analysis of one type of spatial interactions between different molecules and two types of 

interactions between the molecules of the same type, with the five types of labeling the possible 

number of assessed interactions increases up to ten and five, respectively, bringing more 

detailed understanding of the microarchitecture of functional domains in the cell. These 

interactions can be then quantitatively described using spatial statistics. 
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6.4. Sample preparation for immunoelectron microscopy: optimalization of resin 

embedding 

 

The sample processing for ulltrastructural immunohistochemistry influences significantly 

the quality of subsequent antigen detection. Each of the steps in the procedure have their 

impact, the most crucial being the fixation method, the resin used, and the conditions of 

dehydration and resin infiltration (Skepper, 2000; Webster et al., 2008). We performed 

quantitative evaluation of immunogold labeling properties of four acrylic resins – LR White, LR 

Gold, Lowicryl HM20, and Lowicryl K4M – after either mild chemical fixation or physical fixation 

with high-pressure freezing.  

Acrylic resins do not require such high level of dehydration and the infiltration procedures 

can be made much shorter than in the case of epoxy resins, and both infiltration and 

polymerization can be carried out at low temperatures. These differences give an advantage of 

much better preservation of antigens in the sample. Another consideration of acrylic resins 

advantages for immunolabeling is that polymerized acrylics do not co-polymerize with the 

sample and permeate the embedded biological material without binding to it. A theoretical 

consideration from this fact is that the behavior of epoxies and acrylics during sectioning will be 

different. In acrylics the knife during sectioning tends to follow the areas of least resistance, 

which would be the interfaces between resin and proteins. In epoxy resins the resistance is 

similar in the protein-rich structures and in resin interfaces, thus the knife edge has no 

preference for cutting through any of them. Accordingly, the number of undamaged epitopes 

accessible for immunostaining significantly decreases. Indeed, the differences in the surface 

relief of the sectioned sample have been reported for epoxy and acrylic resins (Kellenberger et 

al., 1987). 

To reveal the potential advantage of some of the compared resins over the others, we 

analyzed the resin nanostructure by atomic force microscopy. LR White, LR Gold, and Lowicryl 

HM20 showed fine-granular nanostructure (grains lateral size was ~20 nm), and the roughness 

factor was the same in all three cases. So, these results did not show any obvious surface 

differences between these resins. 

We then quantified the intensity of immunogold labeling on ultrathin sections of HeLa 

cells embedded in LR White, LR Gold, Lowicryl HM20 or Lowicryl K4M after chemical fixation or 

high-pressure freezing. Labeling density of four different antigens – DNA, hnRNP C1/C2, histone 

H1, and Sm antigen was analyzed. Not very dramatic, but significant differences were observed 

between compared resins in most cases. Notably, there was no clear tendency for any of the 

studied resins to show consistently better results over the others. The variations in the resins 

performance were strongly dependent on the antigen. Moreover, the picture was different 

depending on the fixation used. Generally, we can state that the performance of the resins for 
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different antigens was more uniform after chemical fixation, and more variable after high-

pressure freezing and freeze-substitution.  

What could be the reason for the observed variations? As we do not detect obvious 

differences in the nanostructure of the resins, the reason is probably not connected with the 

surface area and epitope accessibility on the section. So, the difference is caused by earlier 

steps of sample processing. We assume that different antigens have different sensitivity to the 

extraction during the infiltration of the resin. Considerable extraction properties of monomeric 

acrylic resins have been described (Hamilton et al., 1992). This would explain more uniform 

results for chemically fixed samples, where slightly cross-linked molecules are possibly more 

resistant to extraction. In high-pressure frozen cells, these effects would be more pronounced, 

which is consistent with our observation. Still there is some unknown reasons that for each 

antigen one resin can be preferable over the others under equal other conditions. 

To summarize, as all the tested resins gave overall similar results, the routine use of low-

toxic LR White can be recommended. However, for optimal detection of some antigens, other 

resins may be needed, and this should be tested individually. 

As cryofixation is considered to be preferable for the preparation of biological samples, 

we then concentrated on the search of the optimal conditions for automated freeze substitution 

(FS) step. We detected various nuclear antigens on ultrathin sections of high-pressure frozen 

human cultured cells processed using three different protocols of automated FS followed by low-

temperature embedding in LR White resin. In parallel, the total protein concentrations were 

compared in samples taken before freezing, immediately after freezing, and after processing 

using each of the FS protocols to specify the critical steps most contributing to the loss of 

antigens. Hawes et al. (2007) considered that the experimental requirements of immunogold 

labeling and morphology are mutually exclusive and suggested that the addition of osmium (0.1–

2%) or uranyl acetate (0.2%) is unavoidable for simultaneous visible ultrastructure and 

successful immunolabeling. Other authors, however, reported well-preserved cell ultrastructure 

with minimal apparent segregation patterns correlated with retention of antigenicity for nuclear 

targets without use of any cross-linking fixative (Agarwal et al., 2009; Sobol et al., 2010). We 

evaluated various automated FS protocols for preparation of biological samples for 

immunoelectron microscopy using quantitative evaluation of immunogold labeling and antigen 

content. The protein extraction from cryoimmobilized cells was identified as a critical point during 

the FS. The loss of antigens available for immunogold labeling was not significantly affected by 

high-pressure freezing, while the cryosubstitution with an organic solvent caused a significant 

loss of antigens. While addition of water can improve visibility of some cell structures, it 

strengthened the negative effect of cryosubstitution on antigen loss by extraction. All four studied 

nuclear antigens demonstrated lower densities of immunogold labeling when acetone was 

supplemented with 1% water. However, the addition of 0.5% glutaraldehyde to the acetone with 

1,5% water significantly reversed the result and in case of anti-histone H3 and anti-RNA 

polymerase II CTD antibodies even provided up to 50% increase of labeling density. In 
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conclusion, low concentrations of glutaraldehyde can be generally recommended for 

cryosubstitution rather than the use of pure solvent, but the exact conditions need to be 

elaborated individually for certain antigens. 
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7. SUMMARY AND CONCLUSIONS 

 

7.1. A complex stereological method for statistical evaluation of clustering and 

colocalization of antigens in biological samples, including a user-friendly interface 

has been developed 

- We have developed two bottom-censored K functions K(r1 ,r2) and K-1(r1, r2). The  

K-1(r1, r2) provides the graphical representation of clustering/colocalization patterns, 

while the K(r1, r2) is necessary for testing of the statistical significance of these patterns 

and helps to overcome the problem of short-range effects. We have also applied the 

correction for boundary effect to the calculations of both K and K-1 functions. 

- We have demonstrated the reliability of the method using the antigens with known 

participation in DNA replication. 

- We have created a set of user-friendly software tools, allowing to perform the whole 

evaluation procedure starting with the automated detection of gold particles till the 

statistical evaluation of clustering/colocalization and producing the graphical output.  

 

7.2. Functional microarchitecture of DNA replication and transcription sites has been 

successfully characterized using the developed stereological tools 

- We have demonstrated ultrastructurally that as replication proceeds, the labeled sites 

increase in size up to 400 nm, while maintaining a broadly round shape.  The results 

demonstrate that DNA replication is compartmentalized within cell nuclei at the level of 

DNA foci and support the view that the synthetic centers are spatially constrained while 

the chromatin loops are dynamic during DNA synthesis. 

- Replication in HeLa cells takes place in replication factories, with two morphological 

types (replication bodies, RB and replication foci, RF) that can be distinguished by 

electron microscopy.  

- RB represent the major replication structures in this cell type and they are responsible for 

replication of the bulk of DNA. They have specific ultrastructure of respective nuclear 

bodies. RF, in contrast, are smaller, less complex structures, without prominent 

underlying structure.  

- Both RB and RF contain a set of enzymatic, structural and regulatory proteins, which are 

known to take part in replication itself or in S-phase regulation. Some regulatory and 

structural proteins, however, were found only in replication sites of one type. 

- Both actin and NMI colocalize with transcription sites in the nucleoplasm of activated 

human lymphocytes, which is in agreement with the importance of both proteins for 

transcription. In resting cells, however, only actin was found in transcription sites. High 

amount of NMI in heterochromatin of resting lymphocytes allows us to suggest that 

heterochromatin may represent a storage site of NMI, which after stimulation is 

redistributed to nuclear compartments with active DNA transcription.  
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7.3. Simultaneous multiple ultrastructural immunolabeling of five nuclear antigens have 

been performed.  

- Three new types of stable nanoparticles easily distinguishable in conventional TEM by 

their shape (gold-silver core-shell nanoparticles, gold nanorods and cubic palladium 

nanoparticles) were synthesized. 

- The nanoparticles have been successfully tested for their applicability in ultrastructural 

immunolabeling. 

- Five cellular antigens (PIP2, B23, actin, Sm protein, and SMC2) were simultaneously 

detected at ultrastructural resolution on ultrathin sections of chemically fixed HeLa cells, 

embedded into LR White resin. The experiments demonstrated that PIP2-positive foci 

were found in a close contact with Sm-, actin-, and/or SMC2-rich foci, forming 

complementary 3D domains. 

 

7.4. We have optimized the procedure of resin embedding of biological samples for post-

embedding immunolabeling  

- LR White resin is suitable for sample embedding after both chemical and cryo fixation. 

However, for some antigens Lowicryl HM 20 could be preferable. 

- Addition of 1.5% water and 0.5% glutaraldehyde into the acetone for freeze substitution 

improves the antigen preservation in most cases, as shown by immunogold labeling and 

biochemical quantification of protein amount. 

 

  



128 
 

 

8. PROSPECTS 

 

Our newly developed and optimized methods of sample preparation for transmission electron 

microscopy and stereological methods advanced the possibilities of analysis of biological 

samples. In order to successfully obtain yet more complex information about the spatial 

interactions of functional molecules in biological object, the following tasks arise: 

 

1. To develop methods allowing for complex analysis of biological samples in 3D. 

Detection of antigens in the volume of biological samples represents one of the challenges for 

contemporary electron microscopy. The possibilities of multiple antigens detection in the volume 

of the sample by means of pre-embedding immunolabeling are currently technically limited. We 

plan to develop a reliable method with a combination of pre-embedding and post-embedding 

immunolabeling, which would allow us to collect the information about multiple antigens 

simultaneously, one in 3D and up to four in 2D. Another direction will be testing of various 

detection labels for labeling of intracellular structures before embedding. This can be, however, 

limited by low penetration of the markers with their increasing size. An essential part would be 

the development of 3D spatial algorithms allowing for statistical evaluation of labeling patterns in 

the volume of the sample. 

 

2. To develop methods for correlative light and electron microscopy. 

Correlative light-electron microscopy is a powerful tool for studying relationships between 

structure and function at various levels of resolution. This approach is especially useful for 

analysis of rare events in cell population, and for correlation of live cell observations with 

analysis at sub-nanometer resolution. We plan to develop methods of sample preparation for 

correlative light and transmission electron microscopy allowing for the best ultrastructure 

preservation and simultaneous detection of multiple antigens using our new approaches. 
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