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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
HelLa 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 | 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.



SOUHRN

Navzdory moznostem, které pfinaseji molekularné-biologické metody pfi odhalovani souhry rdznych
biologickych molekul a molekularnich komplext, pochopeni jednotlivych funkci v Zivych burikach
vyZaduje pouziti in situ metod. Je zfejmé, Ze tyto metody by mély zajistit maximalni rozliSeni a nejlepsi
mozné zachovani biologického objektu v pfirozeném stavu, stejné jako spravné statistické vyhodnoceni
prostorovych charakteristik lokalizace detekovanych molekularnich komplexa.

Transmisni elektronova mikroskopie poskytuje nejlepSi mozné rozliSeni pro analyzu biologickych
vzorkl. SouCasna detekce vice biologickych molekul metodou nepfimého imunoznaceni je zdrojem
cennych informaci o jejich lokalizaci v bunécnych kompartmentech a jejich potencialnich interakci v
makromolekularnich komplexech. Vyvinuli jsme komplexni stereologickou metodu pro statistické
hodnoceni klastrovani a kolokalizace znaenych antigend na ultratenkych fezech, vCetné uZivatelsky
pfivétivého softwarového rozhrani. Dale jsme charakterizovali funkéni mikroarchitekturu replikacnich a
transkripCnich domén pomoci vyvinutych algoritmu. Vysledky ukazuji, Zze DNA replikace je v bunécném
jadfe kompartmentalizovana na urovni DNA ohnisek a nasvédcCuji modelu, ve kterém centra syntézy DNA
jsou zakotvena a chromatinové smycky se pohybuiji. V HeLa bunkach jsme ultrastrukturalné popsali dva
odlisné morfologické typy replikacnich mist — replikaéni téliska a replikacni ohniska. Oba druhy
replikacnich mist obsahuji seskupeni enzym, strukturnich a regulac¢nich proteinl se znamou ucasti v
samotném procesu replikace nebo v regulaci pribéhu S-faze bunécného cyklu. Nicméné, nékteré
regulacni a strukturni proteiny byly detekovany pouze v replikaénich téliskach nebo replikacnich
ohniskach. V transkripénich mistech jsme ultrastrukturdlné popsali pfitomnost dvou hlavnich
molekularnich motoru v burice. Na modelu stimulovanych lidskych lymfocytlu jsme ukazali, Ze pfitomnost
aktinu v bunéCnych kompartmentech byla vétSinou nezavisla na urovni fyziologické aktivace buriky,
zatimco lokalizace jaderného myosinu | vykazovala dynamické zmény béhem aktivace transkripce.

Pro rozsifeni technickych moznosti analyzy mnohoCetnych interakci molekul na ultrastrukturalni
arovni jsme vyvinuli novy systém umozniujici soucasné imunoznaceni az péti antigenu oproti stavajici
moznosti oznaceni pouze dvou. Detekce se provadi za pouZiti novych kovovych nanocastic rozdilného
tvaru snadno rozliSitelnych v transmisnim elektronovém mikroskopu. Nanocastice se stfibrnym stfedem a
zlatym povrchem, zlaté tyCinkovité nanocCastice a kubické paladiové nanocastice byly syntetizovany,
konjugovany s protilatkami a pouzity k sou¢asné detekci PIP2, B23, aktinu, Sm proteinu, a SMC2 na
ultratenkych fezech HelLa bunék. Ukazali jsme, Ze ohniska znaena PIP2 se nachazi v tésném kontaktu
s oblastmi znaCeni Sm proteinu, aktinu, a/nebo SMC2 a tvofi komplementarni 3D domény v bunéném
jadre.

Optimalni zachovani struktury biologického vzorku a zarover jeho antigennich vlastnosti neni
jednoduchym ukolem. Ukazali jsme, Zze akrylova pryskyfice LR White je vhodna pro zaliti chemicky
fixovanych vzorkll a vzorkd po mrazové fixaci. Nicméné nékteré antigeny mohou byt Iépe zachovany po
zaliti do Lowicrylu HM 20. Pfidani 1.5% vody a 0.5% glutaraldehydu do acetonu béhem mrazové
substituce ve vétsiné pfipadl zlepSuje zachovani antigenu pfi dobfe zachované ultrastrukture, jak ukazuji

vysledky znaceni imunozlatem a biochemického méreni mnozZstvi proteinu.
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uvoD

Je vSeobecné uznavano, Ze detaily jemné bunécéné struktury lezi mimo rozliSovaci schopnost
svételné mikroskopie. Moderni super-rozliSovaci techniky jiz dosahly rozliSeni na urovni nanometru,
nicméné, obvykle umozni pozorovat pouze obraz vytvofeny barvivem navazanym na pouZitou
protilatku, bez moznosti vidét pfimo detaily ultrastruktury. Nasledkem toho nam nejvySSi mozné
rozliSeni stale jeSté poskytuje transmisni elektronova mikroskopie (TEM). PFi pouziti
imunocytochemickych markerl umozni TEM zmapovat Zadouci molekuly v souvislosti s bunécnou
ultrastrukturou, spiSe nez jen na jaderné i cytoplasmatické urovni. Navic aplikace koloidnich
kovovych nanocastic, pfedevsim zlato konjugované se sekundarnimi protilatkami nebo s proteinem A,
nabizi pfilezitost nejen imunolokalizovat antigeny v riznych bunéénych a tkanovych kompartmentech,
ale také tyto lokalizace a kolokalizace kvantifikovat. Tento pfistup pak muze byt vyuzit pfi studiu
dynamickych procesu (napf. replikace DNA nebo RNA transkripce), interakci v ramci kompartmenta,
nebo k ur€eni funkénich kompartmentu, které nemaji Zzadnou napadnou morfologii. Nicméné, aby se
dosahlo optimalni analyzy a spravné interpretace ziskanych udaju, je nutné, aby védec peclivé vybral
vhodny zpusob 1) pfipravy vzorku, véetné metody fixace a volby media a metody pro zalévani do
pryskyfice, a 2) statistického hodnoceni imunoznaceni proti pozadi u rlznych bunécénych

kompartmentu.

Analyza imunoznaceni na ultratenkych rezech

Imunoznaceni zlatymi ¢asticemi (Immunogold) pfedstavuje specificky a sensitivni nastroj pro
detekci rdznych antigenu v biologickych vzorcich (Roth et al.,, 1978, 1996). Kdyz dana bunécna
struktura obsahuje marker-protein, imunoznaceni se zlatymi nanocasticemi mize byt pouzito k
muze byt vyuzito pro hodnoceni prostorovych vztahd, kolokalizace nebo vzajemné inhibice (exkluze)
dvou raznych antigent dvojitého imunoznaceni s pouzitim dvou raznych velikosti ¢astic zlata (Roth et
al., 1996).

Detekce imunoznacenim je obvykle provedena na ultratenkych fezech, tencich nez 100 nm.
Duvodem je potfeba docilit vysokého rozliSeni, které umozni ultrastrukturalni lokalizaci antigenu.
Znamé bunécné kompartmenty mohou byt rozliSeny jako objemové (napf. jadro, mitochondrie),
povrchové (napf. jaderna membrana) nebo délkové (napf. vSechny druhy viaken; Mayhew et al.,
2002). Tyto kompartmenty mohou byt heterogenni nebo homogenni. Nicméné, zobrazeni

ultratenkych FezlU neodhali skuteéné velikosti a tvary rozfiznutych bunécnych kompartmentd.



Napfiklad jadro (s objemem méFfenym v pm?) se ukaze na ultratenkém Fezu jako profil uréité velikosti
(s plochou fezu v um?) a jeho membrana (s jistou povrchovou plochou, um?) se pak zobrazi jako stopa
membrany (s délkou méfenbou v ym). To znamena, Ze ztracime informaci o rozmérech vzorku a — co
by také mélo byt vzato do uvahy — vizualizaci ultratenkych fezd mame vlastné moznost zkoumat
pouze nepatrnou ¢ast vzorku. Proto je nutné systematické, jednotné, nahodné, Ci jinymi slovy,
nestranné vybirani vzorkd (Mayhew, 2011).

KdyZz potom chceme analyzovat imunoznaceni ur€itych antigend na nahodnych ultratenkych
fezech, musime zvolit vhodnou metodu pro analyzu dvourozmérného bodového obrazu. Analyzou
bodového obrazu muzeme urcit, zda je rozloZeni Castic zlata nahodné, ve shlucich, nebo jsou
pravidelné rozptyleny.

V soucasnosti jsou nejvice pouzivany dvé metody: Vzdalenost k nejblizsi ¢astici a ¢tvercova
analyza. Ctvercova analyza je zaloZzena na analyze distribuce frekvence ¢i hustoté nanoc¢astic v ramci
zvolené sady &tvercl mrizky (Tetley et al., 1987). K zhodnoceni shlukovani ¢astic zlata je pak pouzit
pomér variance k praméru (VMR; Renau-Piqueras et al., 1989; Azorin et al.,, 2004). Systém
kvadratického testu je aplikovan na kazdy mikrograf a je odhadnut primérny pocet zlatych ¢astic na
¢tverec a VMR. VMR o hodnoté vysSi nez jedna naznacuje distribuci ve shlucich. Naopak, jestlize je
VMR menSi nez jedna, oCekava se nahodna distribuce. Vyznamnost muze byt provéfena Studentovym
t-testem nebo indexem disperse (Williams, 1977). Nicméné, tato metoda ma nevyhodu vzhledem ke
skute€nosti, Ze ctvercova analyza je v podstaté mirou disperse, takze vysledky mohou zaviset na
velikosti a orientaci kvadrantu. Variace v ramci analyzované oblasti tak nemohou byt rozpoznany
(Ripley, 1981).

Metoda vzdalenosti k nejblizsi ¢astici je zaloZzena na vzdalenostech méfenych mezi kazdymi
dvéma sousedicimi zlatymi Casticemi na mikrografu, které jsou nasledné srovnany s hodnotami
ziskanymi pro nahodny vzorek se stejnym pocétem bodd. | kdyz mize byt tento pomér pouzit
k hodnoceni bodovych vzoru, jeho hlavni nevyhodou je skuteCnost, Zze je zkreslen efektem rozhrani.
Navic je tento pFistup zalozen na primérné vzdalenosti a neodrazi mistni variance. Aby se tento
problém obeSel, pouzivaji se v sou€asnosti jiné funkce, zaloZzené na distribuci frekvenci vzdalenosti
nejbliz§iho bodu nebo vSech mezibodovych vzdalenosti.

Pro zhodnoceni imunogold-shlukil se bézné pouziva funkce parové korelace (g(r) PCF),
(Markovics et al., 1974; Renau-Piqueras et al., 1989; Martin and Medina, 1991; Rusakov et al., 1995
and Gathercole et al.,, 2000). Ta srovnava pravdépodobnost nalezeni paru zlatych C&astic se
vzajemnou vzdalenosti r s pravdépodobnosti oCekavanou pro nahodny vzorek, pokud byla pouzita
stejna hustota Castic. Funkce g(r) muze byt vyjadfena jako pomér primérné hustoty zlatych ¢astic ve

vzdalenosti r od konkrétni ¢astice k primérné hustoté zlatych &astic. Pokud je g(r) vySSi nez jedna,



pozorujeme shlukovani nanocastic ve vzdalenosti r, g(r) niZzSi nez jedna predstavuje odpudivé sily a
g(r) rovno jedné znamena nahodnou distribuci ¢astic.

Nicméné, pokud je g(r) odhadnuto na nékolika malych mikrografech (coz je nutné pro ziskani
statisticky vyznamnych vysledkul), vybirani vzorkd dlouhych vzdalenosti r (ve srovnani s velikosti
mikrofotografie) je negativné ovlivnéno, protoze pravdépodobnost, ze jedna zlata Castice z paru je
situovana vné mikrografu €i sledované oblasti, se zvySuje. Tento negativni vliv, zvany efekt rozhrani,
muZze byt zkorigovan pouzitim geometrického kovariogramu (Ripley, 1988).

Nedavno (Hess et al., 2005; Philimonenko et al., 2000; Prior et al., 2003; Roy et al., 2005) byla také
pouzita k hodnoceni imunogold-klastrovani &i kolokalizace K-funkce odhadnutd meérenim vzdalenosti
pro vSechny kombinace parl €astic. Na zakladé PCF predstavuje K(r) analyzu distribuce vzajemnych
vzdalenosti mezi vSemi Casticemi na mikrografu. Ve srovnani s vétSinou metod vzdalenosti k nejblizsi
¢astici umoznuje funkce K(r) testovani charakteristik obrazu zlatych €astic na riznych vzdalenostnich
stupnicich.

Zavérem, tyto metody umoznuji dedukovat fyzikalni interakce mezi antigeny &i jejich umisténi
v blizkosti a tedy pravdépodobnost jejich podileni se na stejném procesu ¢i funkci v bunice v pfipadé
statisticky vyznamné kolokalizace (Kysela et al., 2005, Philimonenko et al.,, 2006). V pfipadé
signifikantniho klastrovani ur€uji tyto metody velikost (Philimonenko et al., 2000) a tvar (Schofer et al.,
2004) kompartmentu, které obsahuji odpovidajici antigen (a to i v pfipadé, kdy tyto kompartmenty
nemaji zadnou napadnou ultrastrukturu). Védci se tak muze podafit odhalit nové a neznamé
uCastniky znamych procesu a ur€it nové detaily mechanismu regulace jejich funkci. Tyto metody nam

vSak chybély a bylo tfeba je vyvinout (Philimonenko et al., 2000; Schofer et al., 2004).

Metody detekce pfi mnohoéetném imuno-znaceni v elektronové mikroskopii

Fluorescentni mikroskopie umozniuje mnohocetné znaceni, ale jeji rozliSeni je Ccasto
nedostate¢né pro jednoznacnou lokalizaci znaCenych molekul a jejich pfifazeni do specifickych
bunécnych kompartmentl. Elektronova mikroskopie (EM) tento problém Fesi vy$Sim rozliSenim. Od
pionyrskych praci Rotha a spol. vyuziva EM pro detekci cilovych antigenu zlaté ¢astice s navazanym
imunoglobulinem ¢&i jinymi bio-aktivnimi molekulami (Roth et al., 1996). Nicméné&, pocet souCasné
detekovanych antigent je omezeny na dva, maximalné tfi. Hlavnim limitujicim prvkem je skute¢nost,
Ze zlaté nanocastice mohou byt rozliSeny jen na zakladé své velikosti, ktera se muze ménit v ramci
uzkého vymezeni, takze imunodetekce nemuze probéhnout spravné. PFi pouziti zlatych Castic o
velikosti 15 nm a vic, se sensitivita imunoznaceni dramaticky snizuje. Jednim z duvodu je problém

sterickych efektl (Hainfeld, 1987; Seidel and Zabel, 2001). Velké zlaté Castice mohou také pfi
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znaceni malych struktur uméle zvétsit shluky ¢astic (Iborra and Cook, 1998). Navic vétsi nanocastice
maiji tendenci vykazovat vétsi variaci velikosti, coz vede k problematickému hodnoceni raznych typu

¢astic.

Priprava vzorku pro imunoelektronovou mikrosklopii: optimalizace zalévani do pryskyfrice

Pro ziskani optimalniho vysledku pfi ultrastrukturalnim imunoznaceni je nutné dobfe
zachovat jak jemnou strukturu, tak antigenni vlastnosti vzorku. Proto je volba optimalni techniky pro
pfipravu vzorku kliCova. Antigenni viastnosti biologického materialu jsou béhem pfipravy vzorkd pro
imunoznaceni ovlivnény po zaliti do pryskyfice fadou faktorl, z nichz nejdilezitéjSi je metoda fixace,
dehydrataéni proces a vilastnosti pryskyfice (Skepper, 2000; Stirling, 1990). Klasické epoxydové
pryskyfice nejsou ve vétsSiné pfipadu vhodné pro nasledné imunoznaceni. Proto byla formulovana
pryskyfic ve sméru zachovani antigent a jejich pfistupnosti (Acetarin et al., 1986; Carlemalm et al.,
1985). Ackoliv vliastnosti epoxydovych a akrylovych pryskyfic byly srovnany v mnoha studiich (napf.
Biggiogera and Fakan, 1998; Brilakis et al., 2001; Brorson, 1999; Merighi et al., 1989; Roth and
Berger, 1982), pouze v nékolika malo publikacich najdeme srovnani mezi rlznymi akrylovymi
pryskyficemi (Hamilton et al., 1992; Philimonenko et al., 2002; Schwarz and Humbel, 1989).

Fixace biologického materialu je dalSim kritickym bodem (Muhlfeld, 2010; Webster et al.,
2008). Bézna chemicka fixace aldehydy poskytuje dobrou imobilizaci molekul ve vzorku, ale na druhé
strané se soubézné se zvySujicim kfizovym provazanim tkané signifikantné snizuje pfistupnost
protilatek k epitopim. Protoze mnoho epitopl je sensitivnich na vysoké koncentrace glutaraldehydu
(Miller, 1972; Smit et al., 1974), obecné se doporu€uje jako vhodny kompromis pro zachovani jak
ultrastruktury, tak antigenicity mirna fixace smési 2-4% formaldehydu a 0,1-1% glutaraldehydu
(Tokuyasu, 1984). Spolu se skutecnosti, Ze tento protokol nevyZaduje zadné specialni a drahé
vybaveni, je to stale pro mnoho laboratofi primarni metoda. DalSi moznosti je pouZiti kryofixace Ci
kryoimobilizace pfi vysokém tlaku, coz je rychly fyzicky fixaCni proces, zastavujici bunééné pochody
béhem milisekund, vyhybajici se tak typickym artefaktim, zplsobenym relativné pomalym procesem
chemické fixace, zavislé na difuzi (Schwarz and Humbel, 2007).

Pro zaliti zmrazeného materialu do pryskyfice musi byt nejdfive voda nahrazena organickym
rozpoustédlem (vétSinou acetonem) béhem procesu zvaného kryosubstituce (FS; Muhlfeld, 2010).
Podle toho, jestli je preferovanym cilem lepSi ultrastruktura nebo zachovani antigenu, mohou FS
media obsahovat vodu, uranyl acetat, osmium tetroxid a glutaraldehyd v rizném procentudlnim

zastoupeni, obvykle v acetonu (Humbel and Mdller, 1985; McDonald and Morphew, 1993; Monaghan
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et al., 1998; Steinbrecht and Muller, 1987). Pro imunocytochemické studie jsou pak kryoimobilizované
a FS buriky zalité do akrylovych pryskyfic (Acetarin et al., 1986; Roth, 1989; Roth and Taatjes, 1998;
Roth et al., 1981). Obvykle jsou pouzity rizné Lowicryl pryskyfice, ale vhodna muze byt i LR White
(Sobol et al., 2010, 2011). Nékteré prace popisuji vlastnosti imunocytochemického znaceni materialu
zmrazeného pod vysokym tlakem (Chang et al., 2003; Eppenberger-Eberhardt et al., 1997;
Kirschning et al., 1998; McDonald, 2007; McDonald and Miuller-Reichert, 2002; Monaghan and
Robertson, 1990; Monaghan et al., 1998; Young et al., 1995), ale jen nékolik malo z nich se zabyva
kvantitativnimi udaji. Napf. Bittermann et al. (1992) demonstrovali, Zze jakékoliv chemické pred-
oSetfeni nebo pFitomnost chemickych fixativa v FS médiu vzdy snizilo hustotu znaceni. Stradalova et
al. (2008) ukazali, ze signal imunoznaceni ruznych jadernych antigent byl 4-13x vysSi v burnkach
zmrazenych pod vysokym tlakem, nez v bunkach chemicky fixovanych. Zatimco pro uspokojivé
kryofixovani vzorkl bylo vyvinuto nékolik pfistupu a pfistroju (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; Muller and Moor, 1984; Muller-
Reichert et al., 2008; Neuhaus et al., 1998; Reipert et al., 2004; Studer et al., 1989; Wild et al., 2005),

definice optimalniho FS protokolu pro imunoznaceni nebyla objektivhé zhodnocena.
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MOTIVACE A CILE

Ultrastrukturalni detekce rGznych antigent v bufce za pouziti protilatek konjugovanych ke
kovovym nanocasticim predstavuje mocny nastroj v biologickém vyzkumu. Nicméné, statistické Ci
stereologické nastroje na testovani pozorovaného znaceni pro vyznamné shlukovani €i kolokalizaci
na zacCatku 21. stoleti chybély. Proto byl adresovan dalSi ukol:

Cil 1. Vyvinuti komplexni stereologické metody pro statistické hodnoceni shlukovani a
kolokalizace antigent v biologickych vzorcich, véetné uzivatelsky prijatelného

rozhrani

Vyvinuté metody prostorové statistiky (Cil 1) nam umoznily vyjasnit nékteré nezodpovézené
otazky o zakladnich bunéénych procesech jako je transkripce a replikace. Koncem 20. stoleti bylo
demonstrovano, Ze replikace DNA je béhem celé S-faze organizovana do ohnisek v nukleoplasmé
(Hozak et al., 1993; Hozak et al., 1994; Jackson and Pombo, 1998; Nakayasu and Berezney, 1989).
Nicméné nebylo jasné, jestli tato ohniska predstavuji replikacni komplexy, pohybujici se podél
fetézce DNA, nebo jestli jsou tyto komplexy organizovany do struktur vysSiho stupné a néjak fixované
v jadie, zatimco templatova DNA jimi prochazi. Pfesné slozeni replikacnich komplexd také nebylo
znamo. Diky nové vyvinuté metodé a celé fadé primarnich protilatek proti ¢etnym strukturalnim a
regulacnim proteinim, které dobfe znaci vzorky zalité v LR White pryskyfici, jsme méli pfilezitost
studovat slozeni replikaCnich tovaren na ultrastrukturalni urovni. Co se tyka transkripce, soustredili
jsme se na projevy NMI and actin v transkripénich ohniscich béhem aktivace transkripce. DalSim
cilem tedy bylo:

Cil 2. Charakterizovat funkéni mikroarchitekturu replika¢nich a transcripénich mist za

pouziti vyvinutych nastroju

Sensitivni imunodetekce elektronovou mikroskopii je v sou€asnosti omezena na imunoznaceni
pouze dvou antigenu soucCasné (Roth et al., 1996). Tato skuteCnost omezuje moznosti studia
prostorovych mnohacetnych interakci v komplexnich biologickych procesech. Proto jsme naplanovali:

Cil 3. Vyvinuti systému pro simultanni mnohonasobné ultrastrukturalni imunoznaceni

vice nez tfi antigen

KliC¢ovou podminkou pro UspésSné imunoznaceni je zachovani antigent biologického vzorku,

Mg viiv s

vlastnosti pryskyfice (Skepper, 2000; Stirling, 1990). Proto jsme naplanovali:

Cil 4. Optimalizovat proces zalévani biologickych vzorktl do pryskyfice pro
imunoznaceni

11



VYSLEDKY
Byla vyvinuta metoda pro kvantitativni analyzu imunogold-zna€eni

Imunoznaceni kovovymi nanocasticemi umoznuje vizualizaci riznych antigen(

na ultratenkych fezech. Nicméné&, pro zhodnoceni pozorovaného znacCeni je zapotfebi vhodna
stereologicka metoda. Zdola-cenzurovana funkce K — K(rl, r2) — byla pouzita za ucelem testovani
shlukovani a kolokalizace antigenu. Tato funkce je vhodna také pro testovani statistické vyznamnosti
pozorovaného znadeni. Dale jsme prevedli standardni funkci K(r) na K*(r1, r2). ProtoZe jde o
integraly PCF a PCCF, jsou K™ funkce snadno interpretovany jako plocha sloupce histogramu pro
kazdy interval vzdalenosti r2-r1 a tak mohou byt pouzity pro nazorné vyjadfeni viastnosti PCF a
PCCF. Vypoéty funkce K, stejné jako funkce K™ byly opraveny na efekt rozhrani. Nagi metodu jsme
pak otestovali na modelu replikace DNA. DNA polymeraza a, hlavni replikacéni DNA polymeraza
v aktivné se délicich eukaryotickych burikach (Salas et al., 1999), ukazuje silnou kolokalizaci
s nascentni DNA v intervalu vzdalenosti, ktery odpovida znamé velikosti replikacnich ohnisek 30-200
nm (Obr. 1a; Hughes et al., 1995). Naproti tomu, nukleolarni protein Nopp 140 (Meier and Blobel,
1992), u kterého se nepfedpoklada, Ze se ufastni replikace DNA, nekolokalizoval s nascentni DNA
(Obr. 1b).

I o 1.5
s T T PR AN Wi A R
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Obr. 1. Kolokalizace DNA polymerazy a a Nopp 140 s nascentni DNA. a DNA polymeraza a a
nascentni DNA silné lokalizuji v intervalu 20-175 nm, kdy PCCF funkce dosahuje hodnoty vyS$si nez
1; b Nopp 140 a nascentni DNA spolu nelokalizuji: PCCF nema v zadném intervalu vrchol a fluktuuje
okolo 1.

Na zakladé této metody byly vyvinuty plug-iny k programu Ellipse (ViDiTo, KoSice, Slovensko). Plug-
iny umoziuji provést cely hodnotici proces, poCinaje automatickou detekci zlatych Castic az ke
statistickému zpracovani a vytvoreni grafli, ve stejné podobé jako ty uvedené v Philimonenko et al.
(2000) a v Schofer et al. (2004). Plug-iny jsou volné pfistupné na http://nucleus.img.cas.cz/gold/
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Nascentni DNA v HeLa bunkach je organizovana do zaoblenych ohnisek, ktera rostou béhem

replikace

Pouzitim ,pulse“ (5, 15 a 30 min) a ,pulse-and-chase” (5+10 and 5+25 min) strategie s
inkorporaci biotin-dUTP do nascentni DNA jsme demonstrovali, Zze prubéhem replikace zvétsuji
znacené lokality svoji velikost az do 240 nm (30 min inkorporace), za sou¢asného udrzovani Siroce
zakulaceného tvaru. V pokusech ,pulse-and-chase” tvofila znaéena DNA ohniska o priméru asi 400
nm. Ve vSech experimentalnich skupinach byla cirkularita ~0,7 a elongace ~2,3, coZ naznacuje, ze
shluky, obsahujici nascentni DNA byly vzdy kulaté/elipsoidni. Tyto vysledky demonstruji, Ze replikace
DNA je v bunécném jadfe roz¢lenéna na urovni ohnisek DNA, a podporuji nazor, ze synteticka centra

jsou prostorové vymezena, kdezto smycky chromatinu jsou b&éhem syntézy DNA dynamicke.

Mikroarchitektura domén DNA replikace

V naSich pokusech jsme demonstrovali, Zze vjadfe HelLa bunék je mozno vidét dva
ultrastrukturalné odlidné typy replikaCnich mist. Replika¢ni téliska (RB — replication bodies) jsou
denzni struktury (Obr. 2a; Hozak et al., 1993 and 1995), kdeZto replikacni ohniska (RF - replication
foci) odpovidaji mistdm znaceni nascentni DNA mimo teliska a nemaji zadnou typicky zahusténou
strukturu v pozadi (Obr. 2b).

@

Obr. 2. Mikrografy RB a RF. Buriky permeabilizované uprostfed S-faze byly ponechany syntetizovat
DNA v pfitomnosti biotin-dUTP, pak byly pfipraveny ultratenké fezy a provedeno imunoznaceni. Zlaté
Castice o velikosti 5 nm znaCi DNA polymerazu o, 10-nm ¢&astice znali mista obsahujici
inkorporovany biotin (t.j. nascentni DNA); a RB (f) je silné znaCeno obéma protilatkami; b shiluky DNA
polymerazy o jsou detekovatelné oddélené (samostatna hlavicka Sipky) nebo spojené s RF (Sipka).
Méfitko: 100 nm.
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Jak RB, tak RF obsahuji sadu enzymatickych, strukturalnich a regulaénich proteint, o nichz je
znamo, ze se ucastni vlastni replikace (DNA polymeraza o, PCNA) nebo regulace S-faze (Cyclin A a E,
p21, Cdk 2, viz Tab. 1). V obou typech replikacnich mist jsme nasli také nékolik proteinl, zahrnutych v
metabolismu RNA. Nékteré regulacni a strukturalni proteiny byly ale nalezeny jenom v replikaCnich
mistech jednoho typu. Konkrétné, Cdk 1 a cyclin B1 byly nalezeny pouze v RB, kdezto PML a lamin
B1 pouze v RF.

Tabulka 1. Antigeny detekované v ramci obou typU replikacnich mist DNA.

RF RB
. . Vyznamnost
Skupina Antigen kolokalizace s nové LD Lokalizace
syntetizovanou DNA
Proteiny, které se ugastni | DNA pog/merase wox o+ difuzni
DNA replikace
PCNA ** +++ difuzni
Cot {odea- NS et difuzni
Cdk2 *x -az+ malé zény
p21 WAF1/Cipl * -az+ malé zony
Regulatory bun&&ného Cyclin A ** -aZ+ malé zény
cyklu Cyclin B1 NS -az+ malé zony
malé zony v mistech
Cyclin E *x +++ kontaktu chromatin( a
RB
Cyclin D1 NS - -
Cdc34 NS - -
Al hnRNP *x + difuzni
jen na perifernich
C1/C2 hnRNP *x -az+ chromatinovych
. . vlaknech
Proteiny zapojené do
metabolismu RNA Nopp 140 NS - -
p80-coilin *k ++ zonalni
Sm *x +++ difuzni
SS-Bl/La *x +++ difuzni
PML ** - -
Ostatni proteiny Lamin A/C NS ) )
Lamin B1 ** - -

Hustoty znageni (labeling densities, LD) v RB byly vyjadreny jako “-” (<30 &astic/um?), “+” (30-59
gastic/um?), “++” (60-89 &astic per um2) a “+++’ (>89 &astic/lm2). V RF byla vyznamnost
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kolokalizace nascentni DNA s rGznymi jadernymi proteiny testovana pomoci K-funkce v intervalu
vzdalenosti 30-250 nm pfi 1% (**) a 5% (*) kritickych hodnotach ziskanych Monte-Carlo-simulacemi
Poisson-procesu. Vysledky, liSici se pro RB a RF, jsou zvyraznény Sedou barvou.

Jaderna distribuce aktinu a NMI zavisi na transkrip€ni aktivité bunky

Odhalili jsme dynamické vlastnosti nuklearniho aktinu a myosinu (NMI) na modelu
fytohemaglutininem (PHA) stimulovanych lidskych lymfocytl. Po stimulaci prochazi lymfocyty rapidni
transcripCni  aktivaci, provazenou dramatickymi zménami morfologie jadra a jadérka.
Charakteristickymi znaky tohoto procesu je zvétSeni jadra, dekondenzace chromatinu a aktivace
jadérek (Smetana a Potmésil, 1968; Busch a Smetana, 1970; Hozak et al., 1989). Ukazali jsme, ze
aktivace lidskych lymfocytl byla provazena zvySenim exprese NMI mRNA a proteinu v bunkach,
kdezto exprese aktinu byla relativné stabilni. Podobné vysledky byly ziskany imunogold-znacenim na
ultratenkych fezech. Demonstrovali jsme také, Ze v jadérkach klidovych nebo PHA-stimulovanych
lymfocytd byl aktin lokalizovan pfevazné v FCs, kdezto NMI hlavné v DFC. Béhem aktivace
transkripce byl aktin pfemistén z FCs do jinych nukleolarnich kompartmentl, kdezto NMI byl
akumulovan v DFC, kde probiha transkripce rDNA. V nukleoplasmé byl po aktivaci aktin i NMI
pfemistén z kondenzovaného chromatinu do chromatinu dekondenzovaného a oba proteiny
kolokalizovaly s transkripnimi misty. Nicméné, v klidovych bunkach byl v transkripénich mistech

detekovan pouze aktin.

Soucasna detekce vice antigent pro ultrastrukturalni imunocytochemii

Pfipravili jsme tfi nové typy stabilnich nanocastic snadno rozliSitelnych na konvenénim TEM
podle tvaru: dvojvrstvé nanocastice se zlatym povrchem a stfibrnym jadrem (AgAu), zlaté tyCinkovité
nanoCastice (AuNR) a kubické paladiové nanocastice (PdC).

Uspésné jsme otestovali pouziti t&chto &astic pro ultrastrukturalni imunoznadeni. Pramérna
velikost nanocastic, pocitana jako jejich primér, se pohybovala mezi 10.5 a 14.9 nm, coz odpovida
rozsahu vhodnému pro imunoznaceni, a distribuce velikosti byla Uzka. Ziskané konjugaty se
sekundarni protilatkou byly pIlné funkéni, jak demonstruji vysledky imunoznaceni na ultratenkych
fezech. Pouzitim tohoto nastroje jsme detekovali na ultratenkych fezech chemicky fixovanych a do
LR White pryskyfice zalitych bunék Hela, pfi ultrastrukturalnim rozliSeni, pét bunéénych antigenu
soucasné (PIP2, B23, aktin, Sm protein a SMC2; Obr. 3). Oblasti hustého znaceni PIP2 (fialova; Obr.
3b) jsou pozorovany v FC a DFC v jadérkach a ve shlucich interchromatinovych granuli, spolu s
mensimi ohnisky v nukleoplasmé a cytoplasmé. Podle ofekavani se B23 (oranzova) nachazi v
jadérkach vedle oblasti bohatych na PIP2, pfevazné v GC. Aktin (zelend) je ve vysoké mife
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" br. 3. Ultrastrukturalni

. . . . . . mapovani vsech péti testovanych

. S : antigenti (Sm, PIP2, B23, SMC2,
actin) v buice Hela.

a Elektronové mikrografy
jednotlivych typu nanocastic. PdC,
#° AgAu a AuNR byly nové vyvinuty,
| kdeZto 6 nm (Au6) a 12 nm (Au12)
zlaté nanocastice byly komerc¢ni
konjugaty sekundarnich protilatek
¥ se zlatem.

b  Statisticky vyznamné
hustoty jednotlivych biomolekul
(antigent) jsou zvyraznény
barevnym znacenim na oddalené
mikrofotografii slozené ze 70
jednotlivych  obrazka. Hlavni
bunéfné  kompartmenty  jsou
ohranic¢eny bilou linii.

Sm @ PdC c PFehled, zduraziujici
ohrani¢ené kompartmenty. Cyt
PIP2 \ AuNR cytoplasma,|CG interchromatinove
B23 o AgAu 9ranule, GC granulamni slozka
jadérka, N nukleoplasma,
SMC2 e Aul2 e gicka — fibrilami centrum a
actin ¢ Au6 husta fibrilarni sloZka jadérka.

d Barevné znaceni.

Méfitko: 1 um.

lokalizovan v kortikalni vrstvé cytoplasmy a také roztrouseny v malych ohniscich v jadfe, jadérku a
cytoplasmé. Sm protein (tyrkysova) se také nachazi v malych shlucich v nukleoplasmé,
pravdépodobné zpojeny ve splicingu. SMC2, protein vazany hlavné na chromatin, je lokalizovany v
jadfe a byl zjistén také v nukleoplasmé. V nékterych pfipadech byly pozorovany kolokalizace v ramci
malych struktur pfi vzdalenostech <100 nm. Nicméné, vétSina PIP2-pozitivnich ohnisek byla v t€sném

kontaktu s misty bohatymi na Sm, aktin, anebo SMC2, vytvafejic komplementarni 3D domény.

Priprava vzorku pro imunoelektronovou mikroskopii: optimalizace zalévani do pryskyrice

Zpusob pripravy vzorku pro ultrastrukturalni imunohistochemii vyznacné ovliviiuje kvalitu

nasledné detekce antigenu. Kazdy z jednotlivych krok( pfipravy ma svuj vliv, kliCova je ale metoda
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fixace, druh pouzité pryskyfice, podminky dehydratace a infiltrace pryskyfici (Skepper, 2000; Webster
et al., 2008). Provedli jsme kvantitativni zhodnoceni imunogold-znaceni pfi pouziti ¢tyf rlznych
akrylovych pryskyfic - LR White, LR Gold, Lowicryl HM20 a Lowicryl KAM — a dvou riznych zplUsobu
fixace - mirna chemicka fixace a fyzicka fixace se zmrazenim pod vysokym tlakem. Abychom odhalili
mozné vyhody nékterych srovnavanych pryskyfic pfed druhymi, analyzovali jsme nejdfive
nanostrukturu Cistych pryskyfic pomoci mikroskopie atomarnich sil. VSechny pryskyfice ukazaly
jemné-granularni nanostrukturu s boéni velikosti zrna asi 20 nm. Rezna plocha byla ve vSech tfech
pfipadech rovna a faktor hrubosti byl stejny. Tyto vysledky tedy neukazaly Zadny zfejmy rozdil mezi
vybranymi pryskyficemi. Dale jsme kvantifikovali intenzitu imunogold-znaceni na ultratenkych fezech
bunék Hela, zalitych - po chemické fixaci nebo fixaci zmrazenim pod vysokym tlakem - ve Ctyfech
riznych, vySe zminénych, pryskyficich, a byla analyzovana hustota znaceni ¢tyf rlznych antigent —
DNA, hnRNP C1/C2, histonu H1 a Sm. Mezi srovnavanymi pryskyficemi byly ve vétSiné pfipada
pozorovany ne velmi dramatické, ale signifikantni rozdily. Zadna ze studovanych pryskyfic
nevykazovala tendenci konsistentné lepSich vysledkl. Variace vlastnosti pryskyfic byly silné zavislé
na antigenu. Navic se znaceni liSilo v zavislosti na pouzité fixaci. Obecné mizeme fFict, Ze vlastnosti
pryskyfic v souvislosti s rlznymi antigeny byly jednotnéjSi po chemické fixaci a rliznorodéjsi po
zmrazeni pod vysokym tlakem Ci po kryosubstituci.

Vzhledem k tomu, Ze se pfi pfipravé biologickych vzorka dava prednost kryofixaci, soustiedili
jsme se na hledani optimalnich podminek pro automatizovany krok kryosubstituce (FS). Na
ultratenkych fezech bunék Hela, zmrazenych pod vysokym tlakem, zpracovanych za pouZiti tfi
riznych médii pro FS a zalitych do pryskyfice LR White, jsme detekovali DNA, hnRNP C1/C2, histon
H3 a RNA polymerazu Il CTD. Paralelné byly ve vzorcich, pouzitych pfed zmrazenim, bezprostiedné
po zmrazeni a po FS s pouzitim kazdého z FS-médii, porovnany koncentrace proteini (BCA Protein
Assay Kit, Thermo Scientific) a celkové mnozstvi hnRNP C1/C2 (Western blotting). Nezaznamenali
jsme zadné vyznamné zmény v mnozstvi antigenl po zmrazeni pod vysokym tlakem, ale
kryosubstituce s pouzitim acetonu méla za nasledek jejich signifikantni ztratu. Zatimco pfidani vody
muze zlepSit vizibilitu nékterych bunéénych struktur, posililo to negativni efekt kryosubstituce na
ztratu antigenu. VSechny Ctyfi sledované nuklearni antigeny vykazaly vyznamné nizSi hustotu
imunogold-znaceni, kdyz byl aceton doplnén jednim procentem vody. Biochemicka méfeni
demonstrovala stejny efekt, ukazujice dramatickou ztratu jak celkového proteinu, tak mnozstvi
hnRNP C1/C2. Nicméné, pfidani 0,5% glutaraldehydu k acetonu s 1,5% vody vyznamné vysledek
prevratilo a v pfipadé protilatek anti-histon H3 a anti-RNA polymeraza Il CTD dokonce zvysilo hustotu

znadeni az o0 50%.
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DISKUSE

Transmisni elektronova microscopie umoznuje mapovat zZadouci molekuly v souvislosti s
bunéCnou ultrastrukturou s nejvysSim moznym rozliSenim. Vyvinuli jsme efektivni metodu pro
hodnoceni kolokalizace a shlukovani riznych antigend v biologickych vzorcich. Dfive popsané
postupy mély nékolik nevyhod. Pfekonali jsme problém kratkého rozmezi vyvinutim zdola-
cenzurované K-funkce K(r1, r2), kalkulované pouze ze vzdalenosti Zadouciho intervalu (r1, r2). Toto
také umozZfiuje zuzit interval pro studium shlukovani &i kolokalizaci na Zadouci hodnoty. Udaje
ziskané ve 2D je mozno aplikovat také na 3D, protoze kalkulované charakteristiky jsou stejné ve 2D i
3D. K'(r1, r2) poskytuje grafické znazornéni shlukovani/kolokalizace. Kolekce dat je také jednodussi,
jelikoz data mohou byt shomazdovana z jakéhokoliv po¢tu nahodné vybranych mikrografu, diky tomu,
7e na vypodty K-funkce i K* funkce byla aplikovana korekce pro efekt rozhrani. Niz$i hodnoty
imunoznaceni mohou byt kompenzovany vy$Sim poctem zhodnocenych mikrografl. Spolehlivost
metody byla uspésné otestovana na antigenech, znamych svou ucasti v replikaci DNA. Vytvorili jsme
také sadu softwarovych nastroju, jednoduchych k ovladani, umoznujicich provést celé zhodnoceni,
pocCinaje automatickou detekci zlatych ¢astic az ke statistickému ohodnoceni shlukovani/kolokalizace
a vytvoreni grafického znazornéni. Tato metoda ma velky vyznam, protoze ji mize snadno pouzit
kdokoliv, kdo pracuje na transmisnim imunoelektronovém mikroskopu, bez potieby specialnich
matematickych znalosti.

Pouzitim vyvinutych stereologickych nastroji0 jsme uUspé&Sné charakterizovali funkéni
mikroarchitekturu replika¢nich a transkripénich mist. Koncem 20. stoleti bylo demonstrovano, Ze
béhem celé S-faze je replikace DNA zorganizovana v ohniskach skrze nukleoplasmu (Hozak et al.,
1993; Hozak et al., 1994; Jackson and Pombo, 1998; Ma et al.,, 1998; Nakamura et al., 1986;
Nakayasu and Berezney, 1989). Nicméné nebylo jasné, jestli tato ohniska predstavuji replikacni
komplexy, pohybujici se podél fetézce DNA, nebo jestli jsou tyto komplexy organizovany do struktur
vySSiho stupné a néjak fixované v jadie, zatimco templatova DNA jimi prochazi. Na ultrastrukturalni
urovni jsme zkontrolovali, jestli jsou stopy nascentni DNA vyznamné prodlouzeny (coz by
naznacovalo pohyb polymerizacniho komplexu podél templatu), nebo jestli jsou naopak rozlozeny
radialné, coZz by naznacCovalo fixovanou 3D-organizaci replikacnich mist. Ukazali jsme, Ze s
pokracujici replikaci se znacena mista zvétSuji az do 240 nm (30 min inkorporace), udrzujice pfitom
Siroce zaokrouhleny tvar. Tyto vysledky demonstruji, ze replikace DNA je v ramci jadra
kompartmentalizovana na urovni ohnisek DNA a podporuji nazor, zZe syntetickd centra jsou
prostorové vymezena, kdezto smyCky chromatinu jsou béhem syntézy DNA dynamické. V nedavné
dobé byla replikacni mista vizualizovana pomoci super-rozliSovaci techniky STED (Cseresnyes et al.,
2009) a jejich velikost byla zméfena. Byla velka asi 150 nm pfi imunoznaceni PCNA a 160 nm pfi
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znaceni RPA. To je v souhlase s nasimi udaji, kdy jsme vizualizovali smyCky nascentni DNA, ale ne
samotnou replikaci. Jaunin et al. (2000) demonstrovali za pouziti metody “pulse-chase-pulse”, Ze
znaceni nascentni DNA se nachazi primarné v oblasti perichromatinu a Ze replikovana DNA se pak
presunuje do sousedni oblasti, bohaté na chromatin. Navzdory skuteCnosti, ze DNA replikace
organizovana do ohnisek nebyla prokazana, obé prace podporuji hypotézu, ze replikace probiha v
ramci definovaného inter-chromatinového kompartmentu, tak, ze béhem replikace musi byt DNA
pfemisténa ze sousedniho kompartmentu bohatého na chromatin do aktivniho mista na hranici
domény chromatinu.

Slozeni téchto vazanych replikacnich komplext nebylo znamo. Diky nové vyvinuté metodé
(Philimonenko et al., 2000) a docela rozsahlé knihovné primarnich protilatek proti Cetnym strukturnim
a regulacnim proteinim, dobfe fungujicich na materialu zalitém do pryskyfice LR White, jsme méli
moznost odhalit molekularni sloZeni replikaCnich tovaren a navrhnout nové hra¢e v daném procesu.
Demonstrovali jsme, Ze v jadrech bunék HeLa mohou byt pozorovany dva ultrastrukturalné se liSici
typy replikaCnich mist: denzni struktury (Hozak et al., 1993; Hozak et al., 1994), zde pojmenované
jako replikacni téliska (RB - replication bodies), a replikaéni ohniska (RF - replication foci), které
odpovidaji mistdm znaceni nascentni DNA mimo teliska a nemaji Zadnou typicky zahusténou
strukturu v pozadi. Funkéni rozdily mezi témito dvéma replikacnimi strukturami stale nejsou znamy,
nicméné mohou byt navrzeny. Presto, ze oba typy replikacnich mist obsahuji uprostfed S-faze
oCekavanou sadu syntetickych a regulacnich nuklearnich protein, nasli jsme mezi nimi také
vyznamné rozdily. Jak se oCekavalo, DNA polymeraza a a PCNA silné kolokalizovaly s nascentni
DNA v RF a byly pozorovany ve velkém mnozstvi v RB. Regulatofi bunécného cyklu cyclin A a cyclin
E byly také detekovany uprostied S-faze v obou typech replikaCnich mist. Ackoliv nebyla
demonstrovana zadna pfima funkce v replikaci DNA pro Sm, Coilin a La proteiny (vSechny tfi jsou
zahrnuty v metabolism RNA), ukazali jsme jejich vysokou kolokalizaci s replikacnimi misty obou typa.
To mize byt vysvétleno skuteCnosti, Ze replikace a transkripce €asto kolokalizuji (Hassan et al.,
1994), a ze splicing je zahajen pfed dokoncenim transkripce nascentni RNA (Wuarin a Schibler,
1994). Tyto vysledky naznacuji existenci funk&nich domén v buné€ném jadre, kde mohou byt razné
procesy, propojené substratem ¢i u€astnicimi se faktory, prostorové uspofadany velmi ekonomickym
zpusobem.

Laminy typu B (ale ne A/C) byly dfive lokalizovany, za pouziti immunofluorescence, v mysich
3T3-bunkach v replikaCnich mistech stfedni az pozdni S-faze. (Moir et al., 1994). My jsme ukazali
pfitomnost laminu B1 v RF, ale ne v RB, coz naznacuje, Ze v RB je strukturalni organizace replikace
udrZzovana odliSnou sadou proteinu.

PML protein je lidsky rustovy supresor a je soustfedén hlavné ve specialnich strukturach -

PML téliskach. Specifické funkce PML proteinu nejsou znamy, ale PML téliska byla spojena s
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procesy jako alternativni prodluzovani telomér v sav€ich bufikach (Henson et al., 2002), replikace
virové DNA a post-replikani procesy (Jul-Larsen et al., 2004; Maul, 1998). Bylo také ukazano, ze
velka cast PML télisek (50-80%) je tésné spojena s doménami replikace DNA, ale vyhradné béhem
stfedni az pozdni S-faze (Grande et al., 1996). NaSe pokusy demonstrovaly, Zze pouze RF kolokalizuji
s proteinem PML. Myslime si, Ze odstrafiovaci a podplrné mechanismy v RB jsou zajistény jejich
vlastni strukturou, kdezto RF mozna potfebuji spojeni s PML. Navic pfimy a nepfimy dikaz
podporuje hypotézu Ze PML téliska interaguji se specifickymi geny ¢i genomovymi lokusy (reviewed
in Ching et al., 2005). TakzZe replikace takovych genu by také mohla nastat ve spojeni s PML télisky a
my navrhujeme, Ze jsou replikovany v RF, ale ne v RB.

Zavérem navrhujeme, Ze existence dvou typl replikacnich mist reflektuje rozdily ve strukture
genomovych oblasti, které jsou v nich replikovany. RB mohou pfedstavovat hlavni replikacni struktury
a byt zodpovédné za replikaci vétSiho mnozstvi DNA, cozZ je organizovano takovym zplsobem, Ze
shluky replikonu jsou v kazdém RB replikovany spole¢né. Naproti tomu RF jsou mensi a méné slozité
struktury, které, zda se, provadéji replikaci izolovanych replikona &i replikonovych shlukl s velmi malo

spojenymi replikony.

Bylo ukazano, ze aktin je pro transkripci polymerazou I, Il a lll nepostradatelny (Fomproix and
Percipalle, 2004; Hofmann et al., 2004; Hu et al., 2004; Philimonenko V. et al., 2004) a nuklearni
myosin | (NMI) se ucastni transkripce polymerazou | a Il (Castano et al., 2010; de Lanerolle, 2012;
Pestic-Dragovich et al., 2000; Philimonenko V. et al., 2004). V této studii jsme na modelu PHA-
stimulovanych lidskych lymfocytl odhalili dynamické vlastnosti nuklearniho aktinu a NMI. Po stimulaci
dochazi v lymfocytech k rapidni transkripéni aktivaci, provazené dramatickymi zménami v morfologii
jadra a jadérka.

V jadérku byl NMI lokalizovan predevsim v DFC, coz je misto transkripce rRNA. Lokalizace
NMI a jeho nahromadéni v DFC béhem transkripéni aktivace je v souladu s jeho roli pfi syntéze
rRNA, anebo to mlze také indikovat ucast NMI v €asnych stadiich procesovani prekursord rRNA.
Dulezité je, ze NMI je spojen s transkripnim faktorem TIF-1A, zakladnim transkripénim faktorem,
ktery propujcuje iniciani kompetenci polymeraze | a zprostfedkovava regulaci syntézy rRNA zavislou
na rustu (Philimonenko V. et al., 2004). Takze regulacni role NMI v aktivaci transkripce ribosomalnich
genu ve stimulovanych lidskych lymfocytech nemuze byt vylou€ena.

Aktin a NMI jsou v klidovych burikach nahromadény pfevazné v doménach kondenzovaného
chromatinu a méné jich je v oblastech obsahujicich dekondenzovany chromatin. NasSe udaje,
ukazujici, Ze aktin je obohacen v kondenzovaném chromatinu, také odpovidaji dfivéjSim
pozorovanim, ktera odhalila spojeni aktinu-pfibuzného proteinu Arp4 se stfedovym

heterochromatinem a kolokalizaci Arp4 s heterochromatinovym proteinem HP1 u Drosofil (Frankel et
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al., 1997). Jedna z funkci aktinu v chromatinu by mohla souviset se spojenim aktinu a Ino80
chromatin-remodelizujicim komplexem (Kapoor and Shen, 2014; Treisman, 2013). Ackoliv role NMI v
remodelovani chromatinu byla zatim demonstrovana jenom pro nukleolarni geny (Percipalle et al.,
2006; Sarshad et al., 2013), je NMI také obohacen v kondenzovaném chromatinu nestimulovanych
lymfocytd. Transkripni aktivace lidskych lymfocytd vede k pfemisténi aktinu i NMI do oblasti
dekondenzovaného chromatinu. Jak aktin, tak NMI kolokalizuji s transkrip&nimi misty v nukleoplasmé
aktivovanych lidskych lymfocytd. V klidovych burikach byl ale detekovan v transkripénich mistech
pouze aktin. Vysoké mnozstvi NMI v heterochromatinu klidovych lymfocytd naznaluje, Zze
heterochromatin mozna pfedstavuje zasobni misto NMI, ktery je po stimulaci pfemistén do jadernych
kompartmentt s aktivni transkripci DNA. Tyto vysledky demonstruji, Zze aktin a NMI jsou v jadfe

kompartmentalizovany a mohou se dynamicky pfemistovat v zavislosti na transkripéni aktivité bunék.

Za ucCelem ziskani nastroje pro sou€asné znaceni vice nez tfi antigent jsme pfipravili tfi nové
typy konjugovanych kovovych nanocastic, liSicich se svymi tvary, a proto pfi pouziti TEM pohotovée
rozliSitelnych navzajem i od komeréné dostupnych kulatych zlatych nanoc€astic. Nové nanocastice -
kubické paladiové nanocastice (PdC), dvojvrstevné nanocCastice se zlatym povrchem a stfibrnym
jadrem (AgAu) a zlaté tyCinkovité nanocCastice (AuNR) - splnily vSechna pozadovana kritéria jako
jsou vhodné rozmezi velikosti, stabilita v roztocich a po vystaveni elektronovému paprsku v TEM a
uspésna konjugace s protilatkami a tedy vhodnost pro imunodetekci.

Otestovali jsme tento nastroj na imunoznaceni péti bunénych antigenl souc¢asné: PIP2, B23,
actin, Sm protein a SMC2. Protoze role PIP2 v buné&ném jadie je stale nejasna, zajimaly nas zvlasté
prostorové interakce PIP2-obsahujicich struktur s ostatnimi Ctyfmi proteiny, jejichz funkce jsou
znamy. V nékterych pfipadech byly pozorovany kolokalizace dvou az tfi typl znaCenych molekul v
ramci malych struktur ve vzdalenostech <100 nm. PIP2-pozitivni ohniska se nachazela vétSinou v
tésném kontaktu s ohnisky bohatymi na SM, aktin, anebo SMC2, tvofici komplementarni 3D-domény.
ProtoZze mechanismus kompartmentalizace PIP2 v bunétném jadfe zlstava znatné neznamy
(Barlow et al., 2010), toto zjiSténi komplementarni lokalizace vySe zminénych druhl molekul v
jadernych pod-oddélenich muze trochu osvétlit prostorovou organizaci relevantnich bunécnych
procesu.

Uvedena metoda pro nasobné imunoznaCeni vyznamné posunuje vpfed moznosti
stereologické analyzy vzajemné distribuce zadoucich molekul v biologickych objektech. Zatimco
dvojité znaeni umoznuje analyzu jednoho typu prostorovych interakci mezi riznymi molekulami a
dvou typu interakci mezi molekulami téhoz typu, zvySuje se pfi pétinasobném znaceni mozny pocet
stanovenych interakci az na deset a pét, pfinasSejice podrobnéjSi pochopeni mikroarchitektury

funkénich domén v bunce.
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Kvalita detekce antigenu je vyznamné ovlivnéna pfipravou vzorku pro ultrastrukturalni
imunohistochemii. Kazdy krok celého procesu ma svuj vliv, kliCova je ale metoda fixace, druh pouzité
pryskyfice, podminky dehydratace a infiltrace pryskyfici (Skepper, 2000; Webster et al., 2008).
Provedli jsme kvantitativni ohodnoceni vlastnosti pro imunoznaceni u ¢&tyf rdznych akrylovych
pryskyfic — LR White, LR Gold, Lowicryl HM20 a Lowicryl KAM — po mirné chemické fixaci, nebo po
fyzické fixaci zmrazenim pod vysokym tlakem.

Abychom odhalili potencialni vyhodu nékterych pryskyfic pfed ostatnimi, analyzovali jsme
nanostrukturu pryskyfice pomoci mikroskopie atomarnich sil. LR White, LR Gold a Lowicryl HM20
ukazaly jemné zrnitou strukturu (lateralni rozmér granuli byl ~20 nm) a faktor zrnitosti byl ve vSech
trech pfipadech stejny. Tyto vysledky tedy neukazaly Zadné zfejmé povrchové rozdily mezi
testovanymi pryskyficemi.

Potom jsme kvantifikovali intenzitu immunogold-znaceni na ultratenkych fezech bunék Hela,
zalitych v pryskyficich LR White, LR Gold, Lowicryl HM20, nebo Lowicryl K4M po chemické fixaci
nebo zmrazeni pod vysokym tlakem. Byla analyzovana hustota znaceni €ty riznych antigeni — DNA,
hnRNP C1/C2, histonu H1 a Sm. Ve vétsiné pfipadi byly mezi srovnavanymi pryskyficemi
pozorovany vyznamné, i kdyZz ne velmi dramatické, rozdily. Zadna ze studovanych pryskyfic
nevykazala zretelné lepSi vysledky, nez ostatni. Variace v projevech pryskyfic byly silné zavislé na
antigenu. Znaceni se take liilo v zavislosti na pouzité fixaci. Obecné muzeme Fict, Ze projev pryskyfic
pro rizné antigeny byl jednotné&jsi po chemické fixaci a variabilnéjSi po zmrazeni pod vysokym tlakem
a kryosubstituci.

Co by mohlo byt pfi€inou pozorovanych variaci? Duvod zfejmé& neni spojen s povrchovou
plochou a pfistupnosti antigenu na fezu, protoze jsme nedetekovali zfejmé rozdily v nanostruktuie
antigeny maji riznou sensitivitu vici extrakci béhem infiltrace pryskyfici. Byly popsany vyznacné
extrakéni vlastnosti monomerickych akrylovych pryskyfic (Hamilton et al., 1992). To by vysvétlilo
jednotnéjsi vysledky u chemicky fixovanych vzorku, kde jsou mozna lehce kroslinkované molekuly
odolngjsi vuci extrakci. V burkach, zmrazenych pod vysokym tlakem, by pak tyto efekty byly
vyraznéjsi, coz odpovida naSemu pozorovani. Ve shrnuti - pro rutinni pouziti muze byt doporu¢ena
nizkotoxicka pryskyfice LR White, protoZze vSechny testované pryskyfice vykazaly celkové podobné
vysledky. Nicméné, pro optimalni detekci nékterych antigent mohou byt nutné jiné pryskyfice a to by

mélo byt testovano individualné.

ProtoZe kryofixace je povazovana za vhodné&jSi pro pfipravu biologickych vzorkl, soustfedili

jsme se dale na hledani optimalnich podminek pro automatizovanou kryosubstituci (FS). Detekovali
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jsme rGzné jaderné antigeny na ultratenkych fezech bunék HelLa, zmrazenych pod vysokym tlakem,
zpracovanych za pouziti tfi rznych médii pro automatizovanou kryosubstituci a zalitych do pryskyfice
LR White. Soubé&zné byly srovnany celkové koncentrace proteinl ve vzorcich pfed zmrazenim,
bezprostfedné po zmrazZeni a po jejich zpracovani za pouziti kazdého z FS médii, aby se urcily
kritické kroky, které nejvice prispivaji ke ztraté antigenu. Hawes et al. (2007) uvazili, ze
experimentalni pozadavky immunogold-znaceni a morfologie se vzajemné vylu€uji a navrhli, Ze pro
souCasné dosazeni viditelné ultrastruktury a uspésSného imunoznaceni je nevyhnutelné pfidat do FS
media osmium (0.1-2%) nebo uranyl acetat (0.2%). Jini autofi vSak navrhuji, Ze dobfe zachovana
ultrastruktura koreluje s udrzenim antigenicity jadernych cilt i bez pouziti jakéhokoliv cross-linking
fixativa (Agarwal et al., 2009; Sobol et al., 2010). Zhodnatili jsme rizné protokoly automatizované FS
pro pfipravu biologickych vzorkd na imunoelektronovou mikroskopii na zakladé kvantitativniho
ohodnoceni znaceni a obsahu antigenl. Extrakce proteind z kryo-imobilizovanych bunék byla
identifikovana jako kriticky bod bé&éhem kryosubstituce. Ztrata antigend pro immunogold-znaceni
nebyla zmrazenim pod vysokym tlakem vyznamné ovlivnéna, kdezto kryosubstituce s acetonem
zpusobila signifikantni ztratu antigenu. Zatimco pfidani vody mulze zlepSit viditelnost nékterych
bunéénych struktur, zesililo to negativni efekt kryosubstituce na ztratu antigent extrakci. VSechny
Ctyfi studované jaderné antigeny demonstrovaly nizsi hustotu immunogold-znaceni, kdyz byl aceton
doplInén jednim procentem vody. Pfidani 0,5% glutaraldehydu do acetonu s 1,5% vody v8ak vysledek
vyznamné prevratilo a v pfipadé protilatek anti-histon H3 a anti-RNA polymeraza Il CTD zpusobilo
dokonce az 50%-zvySeni hustoty znaceni. Zavérem — obecné mohou byt doporuéeny pro
kryosubstituce nizké koncentrace glutaraldehydu, spiSe nez Cista rozpoustédla, ale presné podminky

je tfeba pro urcité antigeny optimalizovat.
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SHRNUTI A ZAVERY

1. Byla vyvinuta komplexni stereologicka metoda pro statistické zhodnoceni shlukovani a
kolokalizace antigeni v biologickych vzorcich, v€etné uzivatelsky pfrijatelného rozhrani.
Vyvinuli jsme dv& zdola-cenzurované K-funkce. K™(rl, r2) poskytuje grafické znazornéni
shlukovani/kolokalizace. K(rl, r2) je vhodna pro testovani statistické vyznamnosti pozorovaného
znadeni a pomaha prekonat problém efektl kratkého rozmezi. Na vypoéty K-funkce i K funkce byla
aplikovana korekce pro efekt rozhrani. Nasi metodu jsme uspeSné otestovali na modelu replikace
DNA. Na zakladé této metody byly vyvinuty softwarové nastroje, které umoznuji provést cely
hodnotici proces, pocCinaje automatickou detekci zlatych Castic az ke statistickému zpracovani a
vytvofeni grafl a jsou uzivatelsky pfijatelné.

2. S pouzitim vyvinutych stereologickych nastroju byla Uspésné charakterizovana funkéni
mikroarchitektura replikaénich a transkripénich mist. V HelLa bunkach jsme ultrastrukturalné
demonstrovali, Ze béhem replikace se znaCena mista zvétsSuji az do 400 nm, zatimco si udrzuji Siroce
okrouhly tvar. Replikace DNA je kompartmentalizovana v ramci bunécného jadra na urovni ohnisek
DNA a podporuje nazor, Ze synteticka centra jsou prostorové vymezena, kdezto smyCky chromatinu
jsou béhem syntézy DNA dynamické. Elektronovou mikroskopii je mozno rozlisit dva morfologické
typy replikacnich mist (replikacni téliska - RB a replika¢ni ohniska - RF). RB predstavuje hlavni
replikacni struktury v bunfkach HelLa a jsou odpovédné za replikaci vétSiny DNA. Maji specifickou
ultrastrukturu jadernych télisek. Naproti tomu RF, jsou menSi, méné komplexni struktury, bez
prominentni struktury v pozadi. RB i RF obsahuji sadu enzymatickych, strukturalnich a regulacnich
proteinl, o nichz je znamo, Ze se Ucastni vlastni replikace nebo regulace S-faze. Nicméné, nékteré
regulacni a strukturalni proteiny byly nalezeny v replikacnich mistech jenom jednoho typu. Aktin i NMI
kolokalizuji s transcrip&nimi misty v nukleoplasmé aktivovanych lidskych lymfocytu, coz je v souladu s
vyznamem obou proteint pro transkripci. V klidovych burikach byl vSak v transkripEnich mistech
nalezen pouze aktin. Vysoky obsah NMI v heterochromatinu klidovych lymfocytd mize naznacovat,
Ze heterochromatin predstavuje zasobni misto pro NMI, ktery je pak po stimulaci pfemistén do
jadernych kompartmentu s aktivni transkripci DNA.

3. Bylo zrealizovano simultanni mnohonasobné ultrastrukturalni imunoznaceni péti jadernych
antigenu. Byly nasyntetizovany tfi nové typy stabilnich nanocéastic snadno rozliSitelnych v
konvencnim TEM podle tvaru (dvojvrstvé AgAu nanocastice se zlatym povrchem a stfibrnym jadrem,
zlaté tyCinkovité AuNR nanocastice a kubické paladiové PdC nanocastice). Nanoc&astice pak byly
uspésné otestovany na pouzitelnost pfi ultrastrukturalnim imunoznaceni. Na chemicky fixovanych
ultratenkych fezech bunék Hela, zalitych v pryskyfici LR White, byly pfi ultrastrukturalnim rozlieni
simultanné detekovany PIP2, B23, aktin, Sm protein a SMC2. PIP2-pozitivni ohniska se nachazela
vétSinou v tésném kontaktu s ohnisky bohatymi na Sm, aktin, anebo SMC2, tvofice komplementarni
3D-domény.

4. Optimalizovali jsme proces zalévani biologickych vzork do pryskyfice pro imunoznaceni.
Pryskyfice LR White je vhodna pro zalévani vzorku jak po chemické fixaci, tak po kryofixaci. Pro
nékteré antigeny by ale mohla mit pfednost pryskyfice Lowicryl HM 20. Pfidani 1,5% vody a 0,5%
glutaraldehydu do acetonu pro kryosubstituci zlepSi ve vétSiné pfipadd uchovani antigenu, jak
ukazuje immunogold-znaceni a biochemicka kvantifikace mnozstvi proteinu.
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PERSPEKTIVA / VYHLIDKY DO BUDOUCNA

Nase nové vyvinuté a optimalizované metody pfipravy vzorkd pro transmisni
elektronovou mikroskopii a stereologické metody zvySily moznosti analyzy biologickych
vzorku. Pro uspésné ziskani jesté komplexnéjSich informaci o prostorovych interakcich

funkénich molekul v biologickém materialu se nabizeji dalSi feSeni:

1. Vyvinuti metod, umoznujicich komplexni analyzu biologickych vzorkua v 3D.

Detekce antigenu v objemu biologickych vzorku predstavuje pro soucasnou
elektronovou mikroskopii jednu z nejvétSich vyzev. Moznosti detekce nasobnych antigenu v
objemu vzorku prostfednictvim imunoznaceni pfed zalitim vzorku do pryskyfice jsou technicky
omezené. Planujeme vyvinout spolehlivou metodu s kombinaci imunoznaceni pfed- a po-
zaliti vzorku do pryskyfice, coz by nam umoznilo ziskat informace o mnoha antigenech
soucCasng, jeden v 3D a az Ctyfi ve 2D. DalSim smérem bude testovani rlznych markeru pro
detekci, pro znaceni intrabunéénych struktur pfed zalitim do pryskyfice. Toto vdak mize byt
omezeno nizkou penetraci markerd spojenou s jejich rostouci velikosti. Podstatnym ukolem
bude vytvofeni 3D prostorovych algoritmu, umoZnujicich statistické hodnoceni znaéeni v

objemu vzorku.

2. Vyvinuti metod pro korelativni svételnou a elektronovou mikroskopii

Korelativni svételna-elektronova mikroskopie je efektivni nastroj pro studovani vztaha
mezi strukturou a funkci pfi riznych hladinach rozliSeni. Tento pfistup je zvlasté uzite¢ny pro
analyzu vzacnych udalosti v bunééné populaci a pro korelaci pozorovani na Zivych bunkach s
analyzou sub-nanometrického rozliSeni. Planujeme vypracovat metody pfipravy vzorkd pro
korelativni svételnou a transmisni elektronovou mikroskopii, které by umozZnily uchovani
nejlepSi ultrastruktury a souasné znaleni mnohych antigent za pouZiti nasSich novych

pFistupu.
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PREHLED POUZITYCH METOD

Kultivace bunék

Izolace lidskych lymfocytu

DNA replikace v permeabilizovanych burkach
Znaceni nové syntetizovanych transkriptl v nepermeabilizovanych burikach
Transmisni elektronova mikroskopie
Vysokotlakové zamrazovani

Mrazova substituce

Imunoznaceni na tenkych fezech

SDS-PAGE

Imunoblotovani

Izolace RNA a RT-gPCR

Morfometrie a prostorova statistika

Syntéza nanocastic ve vodnich roztocich
Konjugace protilatek na nanocCastice
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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
HelLa 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 | 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.
40



SOUHRN

Navzdory moznostem, které pfinaseji molekularné-biologické metody pfi odhalovani souhry rdznych
biologickych molekul a molekularnich komplext, pochopeni jednotlivych funkci v Zivych burikach
vyZzaduje pouziti in situ metod. Je zifejmé, Ze tyto metody by mély zajistit maximalni rozliSeni a nejlepsi
mozné zachovani biologického objektu v pfirozeném stavu, stejné jako spravné statistické vyhodnoceni
prostorovych charakteristik lokalizace detekovanych molekularnich komplexu.

Transmisni elektronova mikroskopie poskytuje nejlepSi mozné rozliSeni pro analyzu biologickych
vzorkl. SouCasna detekce vice biologickych molekul metodou nepfimého imunoznaceni je zdrojem
cennych informaci o jejich lokalizaci v bunécnych kompartmentech a jejich potencialnich interakci v
makromolekularnich komplexech. Vyvinuli jsme komplexni stereologickou metodu pro statistické
hodnoceni klastrovani a kolokalizace znaenych antigend na ultratenkych fezech, vCetné uZivatelsky
pFivétivého softwarového rozhrani. Dale jsme charakterizovali funkéni mikroarchitekturu replikacnich a
transkripCnich domén pomoci vyvinutych algoritmu. Vysledky ukazuji, Zze DNA replikace je v bunécném
jadfe kompartmentalizovana na urovni DNA ohnisek a nasvédc¢uji modelu, ve kterém centra syntézy DNA
jsou zakotvena a chromatinové smyc¢ky se pohybuji. V HeLa bunkach jsme ultrastrukturalné popsali dva
odlisné morfologické typy replikacnich mist — replikaéni téliska a replikacni ohniska. Oba druhy
replikacnich mist obsahuji seskupeni enzym, strukturnich a regulacnich proteinl se znamou ucasti v
samotném procesu replikace nebo v regulaci pribéhu S-faze bunécného cyklu. Nicméné, nékteré
regulacni a strukturni proteiny byly detekovany pouze v replikaénich téliskach nebo replikacnich
ohniskach. V transkripCnich mistech jsme ultrastrukturdlné popsali pfitomnost dvou hlavnich
molekularnich motoru v burice. Na modelu stimulovanych lidskych lymfocytlu jsme ukazali, Ze pfitomnost
aktinu v bunéCnych kompartmentech byla vétSinou nezavisla na urovni fyziologické aktivace buriky,
zatimco lokalizace jaderného myosinu | vykazovala dynamické zmény béhem aktivace transkripce.

Pro rozsifeni technickych moznosti analyzy mnohoCetnych interakci molekul na ultrastrukturalni
arovni jsme vyvinuli novy systém umozriujici soucasné imunoznaceni az péti antigenu oproti stavajici
moznosti oznaceni pouze dvou. Detekce se provadi za pouZiti novych kovovych nanocastic rozdilného
tvaru snadno rozliSitelnych v transmisnim elektronovém mikroskopu. Nanocastice se stfibrnym stfedem a
zlatym povrchem, zlaté tyCinkovité nanocCastice a kubické paladiové nanocastice byly syntetizovany,
konjugovany s protilatkami a pouzity k sou¢asné detekci PIP2, B23, aktinu, Sm proteinu, a SMC2 na
ultratenkych fezech HelLa bunék. Ukazali jsme, Ze ohniska znacena PIP2 se nachazi v tésném kontaktu
s oblastmi znaCeni Sm proteinu, aktinu, a/nebo SMC2 a tvofi komplementarni 3D domény v bunéném
jadre.

Optimalni zachovani struktury biologického vzorku a zarover jeho antigennich vlastnosti neni
jednoduchym ukolem. Ukazali jsme, Zze akrylova pryskyfice LR White je vhodna pro zaliti chemicky
fixovanych vzorkll a vzorkd po mrazové fixaci. Nicméné nékteré antigeny mohou byt Iépe zachovany po
zaliti do Lowicrylu HM 20. Pfidani 1.5% vody a 0.5% glutaraldehydu do acetonu béhem mrazové
substituce ve vétsiné pfipadl zlepSuje zachovani antigenu pfi dobfe zachované ultrastrukture, jak ukazuji

vysledky znaceni imunozlatem a biochemického méreni mnozZstvi proteinu.
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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 immunolabeling patterns over the

background of different cellular compartments.

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 um?) appears on an ultrathin section as a profile of a certain
size (with a section area in uym?) and its envelope (with a certain surface area, pm?) is then seen as a
membrane trace (with a length, measured in um). This means that we lose the dimensional information about

the specimen and, what should be also rigorously taken into account — via visualization of ultrathin sections,
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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.

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.

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.

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.
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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 (Kysela et al., 2005, Philimonenko et al., 2006). 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 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).

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.

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 nanopatrticle.
Several reports have been presented on using nanoparticles of 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 nanopatrticles 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.
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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, thus avoiding the typical artifacts introduced by the relatively slow diffusion-
dependent chemical fixation process (Schwarz and Humbel, 1989).

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 Mdaller 1985, McDonald and Morphew, 1993; Monaghan et al., 1998, Steinbrecht and Muller
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.
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Stradalova 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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MOTIVATION AND 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
guestions 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., 1994; 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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RESULTS

The method for quantitative analysis of immunogold labeling patterns was developed

Immunolabeling with metal nanopatrticles allows visualization of different antigens on ultrathin
sections. However, for the evaluation of the observed labeling pattern an appropriate stereological
method is needed. The bottom-censored K function K(r1, r2) was introduced in order to test clustering
and/or colocalization of antigens. This function is also suitable for testing the statistical significance of
the observed patterns. We further transformed the standard K(r) functions into K*(r1, r2). Being the
integrals of PCF and PCCEF (pair (cross) correlation functions), they have an easy interpretation as an
area of the histogram bar for each interval of distances r2 - rl and thus can be used for graphical
representation of the PCF and PCCF. The correction for boundary effect was also applied to the
calculations of both K and K™ functions. We then tested our method on the model of DNA replication.
DNA polymerase a, 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 of 30 - 200 nm (Fig. 1a; Hughes et al.,
1995), as expected. 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 (Fig. 1b).
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Fig. 1. Colocalization patterns of DNA polymerase a and Nopp 140 with nascent DNA. a DNA
polymerase o and nascent DNA strongly colocalize in the interval of 20-175 nm as the PCCF
function reaches values well above 1; b Nopp 140 and nascent DNA do not colocalize: the PCCF has
no peak in any interval and is fluctuating around 1.

On the base of the method, a set of user-friendly software tools in the form of “Gold” plug-ins
for the Ellipse program (ViDiTo, KoSice, Slovakia) was developed in collaboration with Dr. Jifi
Janacek (Department of Biomathematics, Institute of Physiology, Academy of Sciences of the Czech
Republic, Prague, Czech Republic). They allow to perform the whole evaluation procedure starting
with the automated detection of gold particles 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). The plug-ins are available free of charge at http://nucleus.img.cas.cz/gold/
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Nascent DNA in HelLa cells is organized into roundish foci, which are growing while
replication occurs

Using puls (5, 15 and 30 min) and puls-and-chase (5+10 and 5+25 min) strategies of biotin-
dUTP incorporation into nascent DNA, 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
about 400 nm in diameter. The circularity of ~0.7 and elongation of ~2.3 in all experimental groups
indicate that the clusters containing nascent DNA were always round/ellipsoid. 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.

The microarchitecture of DNA replication domains

In our experiments we have demonstrated that two ultrastructurally differing types of replication
sites can be observed in the nuclei of HelLa cells. Replication bodies (RB) are electron-dense
structures (Fig. 2a; Hozak et al., 1993; Hozak et al., 1994), while replication foci (RF) correspond to
the sites of extra-bodies labeling and have no typical dense underlying structure (Fig. 2b).

DA e LT AN el
Fig. 2. Micrographs of RB and RF. Permeabilized cells in mid S-phase were allowed to synthesize
DNA in the presence of biotin-dUTP, ultrathin sections prepared and immunolabeled. 5 nm gold
particles mark DNA polymerase a, whilst 10 nm patrticles label sites containing incorporated biotin
(i.e., nascent DNA). (a) RB (f) is strongly labeled with both antibodies. (B) Clusters of DNA
polymerase o are detectable separately (arrowhead) or intermingled with RF (arrow). Bar: 100 nm.

Both RB and RF contain a set of enzymatic, structural and regulatory proteins, which are known to
take part in replication itself (DNA polymerase o, PCNA) or in S-phase regulation (Cyclin A and E, p21,
Cdk 2, see Table 1). We also have found several proteins involved in RNA metabolism in both types of
the sites of replication. Some regulatory and structural proteins, however, were found only in
replication sites of one type. Namely, Cdk 1 and Cyclin B1 were found only in RB, while PML and
lamin B1 — only in RF.
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Table 1. Antigens detected within DNA replication sites of both types

Group Antigen RF RB

Significancy of colocalization LD Pattern
with nascent DNA

Proteins involved in DNA polymerase « b bt DifTuse
DNA replication PCNA il i i - Diffuse
Cell cycle regulators Cdkl (cdc2-kinase) NS e o Diffuse
Cdk2 i —to + Small zones
p21 WAF1/Cipl b —to + Small zones
Cyclin A g —to + Small zones
Cyclin Bl NS —to + Small zones
Cyclin E % + + + Small zones enriched
at chromatin contact
sites with RB
Cyclin DI NS - —
Cdc34 NS - —
Proteins involved in Al hnRNP *¥ + Diffuse
RNA metabolism C1/C2 hnRNP b4 —to + Only in peripheral
chromatin threads
Nopp 140 NS — —
p80-coilin *¥ + + Zonal
Sm e + + + Diffuse
SS-B/La % L 28 ik Diffuse
Other proteins PML o — —

Lamin A/C NS — -
Lamin Bl s — —

Labeling densities (LD) in RB were expressed as “-” (<30 particles/um?), “+” (30-59 particles/um?),
“++” (60—89 particles per um2) and “+++” (>89 particles/Im2). In RF 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.

Nuclear distribution of actin and NMI depends on transcriptional activity of the cell

We revealed the dynamic properties of nuclear actin and nuclear myosin | (NMI) on the model
of phytohemagglutinin (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 Potmésil 1968; Busch and Smetana 1970; Hozak 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.
Similar results were obtained using immunogold labeling on ultrathin sections. We also demonstrated
that in nucleoli of resting or PHA-stimulated lymphocytes, actin localized predominantly to FCs, while
NMI localized mainly in the DFC. During transcriptional activation, actin was recruited from FCs to
other nucleolar compartments, whereas NMI was accumulated in DFC where transcription of rDNA
takes place. In the nucleoplasm, both actin and NMI relocalized from condensed chromatin to
decondensed chromatin upon activation. Finally, actin and NMI colocalized with transcription sites in
the nucleoplasm of activated human lymphocytes. In resting cells, however, only actin was found in
transcription sites.
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Simultaneous detection of multiple targets for ultrastructural immunocytochemistry

We have prepared three new types of stable nanoparticles easily distinguishable in
conventional TEM by their shape: gold-silver core-shell nanoparticles (AgAu), gold nanorods (AuNR)
and cubic palladium nanopatrticles (PdC).

We then successfully tested these nanoparticles for their applicability in ultrastructural
immunolabeling. 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, and the size distribution
was narrow. The obtained secondary antibody conjugates were fully functional, as demonstrated by
the results of immunolabeling on ultrathin sections.

Using this tool, we detected simultaneously five cellular antigens (PIP2, B23, actin, Sm protein,
and SMC2) at ultrastructural resolution on ultrathin sections of chemically fixed HeLa cells, embedded
into LR White resin (Fig. 3). The areas of dense PIP2 labeling (purple; Fig. 3b) are observed in the
FC and DFC in nucleoli and interchromatin granule clusters, along with smaller foci in nucleoplasm

Fig. 3. Ultrastructural mapping
of all five examined antigens (Sm,
PIP2, B23, SMC2, actin) in a HeLa
cell.

a Electron micrographs of
individual types of nanoparticles.
© PdC, AgAu and AuNR were newly
. developed, while 6 nm (Au6) and 12
nm (Aul2) gold nanospheres were
, commercial secondary antibodies-

2 gold conjugates.
y b  Statistically  significant
densities of individual biomolecules
(antigens) are highlighted by color-
coding in a zoom-out electron
micrograph obtained by ‘stitching’ of
70 individual images. Main cellular
compartments are delineated with a
white line.

¢ An overview highlighting the
delineated compartments. Cyt
cytoplasm, ICG interchromatin
PIP2 N\ AuNR granules, GC granular component of
B23 o AgAu the nucleolus, N nucleoplasm,

asterisk—fibrillar center and dense
SMC2 e Aul2 fibrillar component of the nucleolus.

actin e« Aub d Color-coding.
Scale bars: 1 ym.
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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 scattered in small
foci in the nucleus, nucleolus, and cytoplasm. Sm protein (turquoise) is also found in small clusters
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 was in a close contact with Sm-, actin-, and/or SMC2-rich

foci, forming complementary 3D domains.

Sample preparation for immunoelectron microscopy: optimalization of resin embedding

The sample processing for ulltrastructural immunohistochemistry influences significantly the
guality 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. To
reveal potential advantage of some of the compared resins over the others, we first analyzed the
nanostructure of pure resins by atomic force microscopy. All the resins showed fine-granular
nanostructure with the grain lateral size ~20 nm. The sectioned area was flat in all three cases, and
the roughness factor was the same. So, these results did not show any obvious difference between
LR White, LR Gold, and two Lowicryls. We then quantified the intensity of immunogold labeling on
ultrathin sections of HelLa 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.

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 DNA, hnRNP C1/C2, histone H3 and RNA polymerase Il CTD on ultrathin sections of

high-pressure frozen Hela cells processed using three different media for automated FS and
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embedded into LR White resin. In parallel, the protein concentrations (BCA Protein Assay Kit, Thermo
Scientific) and the total hnRNP C1/C2 amount (Western blotting) were compared in samples taken
before freezing, immediately after freezing, and after freeze substitution using each of the FS media.
We have not recognized any significant alteration of antigens amount after high-pressure freezing,
however the cryosubstitution with acetone caused their significant loss. 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 significantly lower densities
of immunogold labeling, when acetone was supplemented with 1% water. Biochemical
measurements demonstrated the same effect, showing dramatic loss of both total protein and hnRNP
C1/C2 amount. 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 1l CTD
antibodies even provided up to 50% increase of labeling density.

DISCUSSION

Transmission electron microscopy allows molecules of interest to be mapped in the context of
cellular ultrastructure with the highest possible resolution. We have developed a powerful method that
allows one to evaluate the colocalization and clustering of different antigens in biological samples.
The previously described approaches had several drawbacks. We had 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 (rl, r2). This also allows to narrow the interval investigated for
clustering or colocalization to the desirable values. The data obtained in 2D can be also applied on
3D volume, because the calculated characteristics are the same in 2D and 3D. The K(r1, r2)
provides the graphical representation of clustering/colocalization patterns. The collection of the data
also becomes easier as one can compile data from any number of randomly taken micrographs as
the correction for boundary effect was applied to the calculations of both K and K™ functions. Lower
immunolabeling densities can be compensated by a higher number of evaluated micrographs.
Reliability of the method was successfully tested using the antigens with known participation in DNA
replication. We also 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. This is of great
significance, as the method can be easily applied by anybody who uses transmission immunoelectron

microscopy on ultrathin sections, without special mathematical background.
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Using the developed stereological tools we have successfully characterized functional
microarchitecture of replication and transcription sites. 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., 1994; Jackson and Pombo, 1998; Ma et al., 1998; Nakamura et al., 1986;
Nakayasu and Berezney, 1989). However, it was not clear if these foci reflect a snapshot of
replicating DNA synthetic complexes, moving along the DNA string or if they are organized into
higher-level structures somehow fixed in the nucleus, while template DNA is reeling through them.
We checked 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. We showed that as
replication proceeds, the labeled sites increase in size up to 240 nm (30 min incorporation) while
maintaining a broadly round shape. 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) while using pulse-chase-pulse approach demonstrated that
nascent DNA label was primarily found in the perichromatin zone, and that the replicated DNA then
moved into the adjacent chromatin-rich area. Despite of the fact that they did not report the focal
organization of DNA replication, both studies 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 reveal the molecular composition of replication factories, 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: electron-dense structures (Hozak et al.,
1993; Hozak et al., 1994), termed here as RB (replication bodies), and sited extra-bodies nascent
DNA labeling, termed here as RF (replication foci). Functional differences between these two
replication structures are still unknown. However, they can be suggested, as while in mid S-phase
both types of replication sites contain expected set of synthetic and regulatory nuclear proteins, we

have also found some significant differences between them. As expected, both DNA polymerase o
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and PCNA strongly colocalized with nascent DNA in RF and were found in large amounts in RB. Cell
cycle regulator cyclin A and cyclin E were also found in both types of replication sites in mid-S phase.
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.

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 have shown the presence of lamin
B1 in RF, but not in RB, suggesting that in RB the structural organization of replication is maintained
by a different set of proteins.

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.

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 contrast, are
smaller, less complex structures, which appear to perform replication of isolated replicons or replicon

clusters with very few linked replicons.

It has been shown that actin is indispensable for transcription by Pol |, 1l, and Il (Fomproix and
Percipalle, 2004; Hofmann et al., 2004; Hu et al., 2004; Philimonenko V. et al., 2004) and nuclear

myosin | (NMI) has been found to participate in transcription by Pol | and Il Il (Castano et al., 2010; de
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Lanerolle, 2012; Pestic-Dragovich et al., 2000; Philimonenko V. et al., 2004). 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.

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-1A, a basal transcription factor that confers initiation competence to Pol | 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.

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 hetechromatin 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.

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. The novel nanoparticles - cubic palladium nanoparticles (PdC), core—
shell siver—gold nanoparticles (AgAu), and gold nanorods (AuNR) - fulfilled all the criteria, such as
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suitable size range, stability in the solution and upon exposure to electron beam in TEM, as well as
successful conjugation to antibodies and thus were suitable for 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
immunolabeled 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. 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.

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.

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 HelLa cells
embedded in LR White, LR Gold, Lowicryl HM20 or Lowicryl KAM 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
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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 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. 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 the 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 HelLa cells
processed using three different media for automated FS and embedded into 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 media 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 acetone caused a significant loss of antigens. While addition of water
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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 Il CTD antibodies even provided up to 50% increase of labeling
density. 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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SUMMARY AND CONCLUSIONS

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. The K™(rl, r2) provides the graphical
representation of clustering/colocalization patterns, while the K(rl, 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™
functions. Reliability of the method was tested 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.

2. Functional microarchitecture of DNA replication and transcription sites has been
successfully characterized using the developed stereological tools. We have demonstrated
ultrastructurally in HeLa cells that as replication proceeds, the labeled sites increase in size up to 400
nm, while maintaining a broadly round shape. 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. Two morphological types of replication sites
(replication bodies, RB and replication foci, RF) can be distinguished by electron microscopy. RB
represent the major replication structures in HeLa cells 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.

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. 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 PIP2-positive foci were found in a close contact with Sm—, actin-, and/or
SMC2-rich foci, forming complementary 3D domains.

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 acetone for freeze substitution improves the antigen preservation
in most cases, as shown by immunogold labeling and biochemical quantification of protein amount.
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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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OVERVIEW OF USED METHODS

Cultivation of cells

Isolation of human lymphocytes

DNA replication in permeabilized cells
Labeling of nascent transcripts in non-permeabilized cells
Transmission electron microscopy

High pressure freezing

Freeze substitution

Immunolabeling on ultrathin sections
SDS-PAGE

Immunoblotting

RNA isolation and RT-gPCR

Morphometry and Spatial statistics
Nanoparticle synthesis in aqueous solutions
Conjugation of antibodies to nanoparticles
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