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Aim. The ultrastructural aspect of replicating chromatin organization is a matter of dispute. Here, we have ana-
lyzed the ultrastructural organization of replication foci using prematurely condensed chromosomes (PCC).
Methods. To investigate the ultrastructure of replicating chromatin, we have used correlative light and electron
microscopy as well as immunogold staining. Results. Replication in PCC occurs in the gaps between condensed
chromatin domains. Using correlative light and electron microscopy, we observed that the replication foci contain
decondensed chromatin as well as 80 and 130 nm globules, those were also found in condensed non-replicating
chromatin domains. Using immunogolding, we demonstrated that DNA replication in S-phase PCC occurs in
loose chromatin on the periphery of dense chromatin domains. Conclusion. Replication in PCC occurred in the
decondensed chromatin neighboring the condensed chromatin without formation of special structures.
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Introduction

A characteristic feature of DNA replication in nuclei
of higher eukaryotes is that it occurs at a few hun-
dred discrete replication foci [1]. The molecular fun-
ctioning and composition of replication foci have been
previously comprehensively studied [2]. However,
their ultrastructural organization was a matter of dis-
pute for a long time, and it has remained unclear un-
til now. In various studies, the replication foci were
examined using chromatin digestion followed by
chromatin electroelution, which visualized them as
ovoid bodies, so called «the replication factories»
ranging from 100 to 1000 nm in diameter, that con-
tain all the necessary replication factors to drive the
progression of many replication forks [3, 4]. How-
ever, the removal of 90 % of chromatin, which was
required to discover those bodies, violently alters the
native chromatin structure. Later studies revealed

that the structures analogous to the replication facto-
ries could be visualized in permeabilized cells with-
out chromatin extraction [5]. Two types of DNA rep-
licating factories, approximately 100- and 400-nm in
diameter, were observed. Both of them contained the
proteins involved in DNA replication (polymerase o
and PCNA). These data were obtained using perme-
abilization, which could be a source of artifacts [6].
In contrast to the previously described data, the stud-
ies on unpermeabilized cells indicate that DNA rep-
lication occurs in a loose material on the periphery
of condensed chromatin domains [7-9]. Thus, the
data concerning the replication domain structure are
contradictory. The existence of special bodies, which
implement DNA replication, has been only confir-
med in permeabilized cells.

It is possible that the structures such as replication
factories could be masked in situ by an intra-nuclear
material, e.g., RNA and proteins. Physiological con-
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densation of interphase chromatin with partial remo-
val of the soluble fraction can be achieved in prema-
turely condensed chromosomes (PCC). Formation
of PCC can be induced by fusing mitotic and inter-
phase cells [10]. It has been demonstrated that chro-
matin condensation does not invade replication foci
during S-phase PCC [11-13]. Therefore, this experi-
mental system provides a great opportunity to inves-
tigate replicating chromatin in situ. In this study, we
propose the application of a method utilizing PCC
and a 5-ethynyl-2’-deoxyuridine (EdU) replication
detection system as an approach for studying the ul-
trastructure of replication fo ci.

Material and Methods

M-HeLa cells were grown in DMEM supplemented
with L-glutamine, 10 % fetal calf serum (HyClone,
UK) and an antibiotic/antimycotic solution (Invitro-
gen, USA). Before experimentation, cells were seed-
ed on glass coverslips or in Petri dishes and grown
for 1-2 days until they formed a subconfluent monol-
ayer. To induce the formation of PCC, cells were
washed twice with PBS, incubated in 50 % PEG (Sig-
ma, USA) in PBS for 30 sec and washed three more
times with PBS. Subsequently, the cells were returned
to culture medium and incubated for an hour. Replica-
tion pulse labeling was performed by the addition of
20 uM EdU during the last 5 (for immunogolding) or
10 (for light microscopy) min of incubation.

After PCC induction, the cells were prepared for
the chromosome spread by harvesting from Petri di-
shes using a Trypsin-EDTA solution and incubation
in 0.075 M KCl for 10 min at 37 °C. Cell suspensi-
ons were subsequently fixed by overnight incubation
in a chilled ethanol-acetic acid solution. Fixed cell
suspensions were dropped onto wet glass pieces and
air-dried at room temperature. After drying, the sam-
ples were rehydrated and incubated in 1 % BSA for
30 min. EdU-labeled cells were developed using an
Alexa Fluor-555 Imaging Kit (Invitrogen, USA).
The samples were additionally stained with 1 pg/ml
DAPI (Sigma, USA) and mounted into Mowiol 4-88
with the addition of 50 mg/ml DABCO.

For correlative electron and light microscopy, cells
were lysed in 1 % Triton X-100 for 1 min and then fi-
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xed in 2.5 % glutaraldehyde (both solutions contai-
ned 2 mM Tris-HCl and 3 mM CaCl,). After exten-
sive washing and 30 min incubation in a 1 % BSA
solution, EdU was developed according to the Click-
iT® EdU Alexa Fluor 555 Imaging Kit (Invitrogen,
USA) protocol. The samples were embedded into Epon
812 (Sigma, USA) using a standard protocol for ele-
ctron microscopy excluding osmium tetroxide, as it
suppresses fluorescence. Ultrathin sections were stai-
ned with DAPI and photographed using a fluorescent
microscope. Stacks of optical sections were decon-
voluted with a constrained iterative algorithm using
the AxioVision 3.1 software (Carl Zeiss, Germany).
Subsequently, the sections were examined with elec-
tron microscope.

For immunoelectron microscopy, the cells were ly-
sed in 1 % Triton X-100 for 1 min and fixed in 3.7 %
formaldehyde (both solutions contained 50 mM PI-
PES and 5 mM MgCl,). This was followed by 30 min
incubation with a 1 % BSA solution in PBS with 5
mM MgCl, and EdU developing. During the immu-
nostaining procedure, the cells were incubated for 1
hour with anti-Alexa Fluor 488 antibodies (Invitro-
gen, USA) diluted 1:1000 in PBS with 5 mM MgCl,.
After extensive washing, the cells were incubated
for 1 hour with Nanogold antibodies (Nanoprobes,
USA) conjugated to 1.2 nm gold particles, diluted
1:50 in PBS with 5 mM MgCl,. After extensive wa-
shing, the samples were additionally fixed with 2.5 %
glutaraldehyde in PBS with 5 mM MgCl, and treated
with 1 mg/ml sodium borohydride. Subsequently,
the cells were subjected to the silver enhancement
procedure [14] followed by the standard electron mi-
croscopy embedding protocol. To obtain images, we
used JEM-1400 electron microscope (Jeol, Japan)
and Axiovert 200M (Carl Zeiss, Germany) equipped
with ORCAII-ERG2 camera (Hamamatsu, Japan)
for fluorescent microscopy.

Results and Discussion

To detect replicating chromatin in PCC, EdU was
added to the culture medium for 10 min, and the cells
were subsequently harvested and fixed for the chro-
mosome spread preparation. Fig. 1, A shows a gen-
eral view of cells with PCC. The presence of replica-
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Fig. 1. Chromosome spread of S-phase PCC. DNA is colored in green, and the EdU label is in red. Graphs on the bottom show the rela-
tive brightness in both channels along the profile line (yellow) of the corresponding pictures. A — A general view of PCC plates with
mitotic chromosomes; B — A chromatin fiber with short alternating condensed and replicating domains; C — A chromatin fiber with long
condensed and coupled replication foci
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Fig. 2. Correlative microscopy of S-phase PCCs. Cells were permeabilized and fixed in 2 mM Tris-HCI with 3 mM CaCl,. DNA is
colored in green, and the EdU label is in red. A — A general view of S-phase PCC and mitotic chromosomes at the ultrastructural
level; B — 500-nm chromatin complexes (green on merge) and replication zones (red on merge) with decondensed chromatin (i) and
80 and 130 nm globules (ii)
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tion labeling indicated S-phase PCC. The relatively
large inductor mitotic chromosomes displayed an or-
ganization that was typical for the spread samples.
PCC consisted of chromatin globules and fibers of
different thickness. There was no colocalization be-
tween condensed chromatin domains and replication
foci. We analyzed linear fragments of S-phase PCC.
Replicating foci are typically separated by the beads
of condensed chromatin (Fig. 1, B), but some of
them could be adjoined like beads on a string, not
separated by the condensed chromatin. Importantly,
there were many relatively long fragments of the
condensed S-phase chromosomes, but the replicat-
ing regions were always divided into discrete repli-
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Fig. 3. Immunogolding of S-phase PCC. A — PCCs with groups
of silver granules; B — Mitotic chromosomes nearly completely
lack silver particles; C — Silver granules on the periphery of con-
densed chromatin blocks
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cation foci (Fig. 1, C). In all cases, the brightness
profile demonstrated almost no colocalization be-
tween the condensed chromatin and replication foci
(Fig. 1, B, C graphs). Similar ‘beads on a string’ dis-
tribution of replication foci was reported in the cells
with drug-induced PCC [15]. Our results are also in
agreement with the early studies of DNA replication
on PCC model [11-13].

The internal organization of replication foci can-
not be revealed using light microscopy. To analyze
the ultrastructural organization of replication foci,
we used correlative light and electron microscopy.
This approach allowed us to combine the cell imag-
es, which were subsequently photographed using
fluorescent and electron microscopes (Fig. 2, A). At
the ultrastructural level, S-phase PCC consisted of
condensed chromatin complexes with average diam-
eters of approximately 500 nm, which was half the
thickness of inductor’s mitotic chromosomes from
the same section. The 500 nm complexes consisted
of 80 and 130 nm globules that were often joined to
fibers (Fig. 2, B). Similar globules (so-called chro-
mosomeres) were described in partially decondensed
metaphase chromosomes [16]. There was no replica-
tion label in the 500 nm chromatin agglomerates as
in the inductor cell chromosomes (Fig. 2, B). EAU-
labeled regions contained two types of structures
(Fig. 2, B): (1) decondesed chromatin, which occu-
pied most of the replication foci area and (ii) loosely
lying globules of 80 and 130 nm, similar to those
found in condensed chromatin. Thus, the replicating
chromatin regions were less densely packed com-
pared to the non-replicating chromatin complexes.
However, the correlative microscopy did not allow
us to determine whether replication occurs in the
decondensed chromatin or in the globules.

We used pre-embedded immunogold labeling to
investigate the replication foci more accurately. Be-
cause EdU labeling is adapted for fluorescent detec-
tion only, we applied antibodies versus fluorochro-
mes to reveal EAU nucleotide [17]. The PCC were
strongly labeled with silver granules (Fig. 3, A),
whereas almost no labeling was observed inside the
inductor metaphase chromosomes (Fig. 3, B). The
labeled regions (ultrastructural equivalents of repli-
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cation foci) had irregular form and were preferen-
tially localized on the periphery or between the con-
densed chromatin blocks (Fig. 3, C). Scant groups of
gold particles were also visible inside the condensed
chromatin but were typically found in small zones of
decondenced material. The label inside the conden-
sed chromatin was never detected.

It appears that, like in interphase nucleus [8, 9],
PCC chromatin replicates in a decondensed state.
We were unable to visualize any special structures
that could be interpreted as «replication factories».
There were, however, loosely packed 80 and 130 nm
globules inside replication foci, but the globules of
the same size and morphology were visualized in-
side the condensed (non-replicating) chromatin. It
could thus be supposed that the structures such as the
«replication factories» may only appear in the inter-
phase cells in conditions of in vivo permeabilization,
during which the nucleoplasm material aggregates
with chromatin.

Conclusions

The DNA replication in S-phase PCC occurs in the
decondensed chromatin. The replication foci at an
ultrastructural level have an irregular form, and con-
tain no special structures that could be interpreted as
the «replication factories».
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YabTpacTpyKkTypHa oprasizanis
XPOMAaTHHY, L0 PENIKYEThCS B ePeI4acHo
KOH/JICHCOBAHHX XPOMOCOMAX

€. A. Apudynin

Mera. [lo nuux nip HeMae €JMHOI TyMKH IIPO YIABTPACTPYKTYpi
PEIUIMIMPYIOMUXCS XpOMaTHHY. MH TIpoaHallizyBaiH yIbTpa-
CTPYKTYpHY opraHizamiro Permikaniiiauii goxyca B KIiTKax 3
nepenyacHo kKoHaeHcoBaHUMH xpomocomamu (ITKX). Meroau.
JIns BUBYCHHSI XPOMATHHY HA YJABTPACTPYKTYPHOMY PiBHI BH-
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KOPHCTOBYBAJIM METOAN KOPEILILIHHOI eIeKTPOHHOT Ta CBITIIOBOT
MIKpOCKoOIii, a TAKOXK iIMMyHOTOJIIHT. Pe3ynsraru. Bymo nokaza-
Ho, 1m0 perurikamis B [TKX BinOyBaeTbcs B MpOMiXKKaxX MK J0-
MEHaMH KOHJICHCOBAHOTO XpoMaTHHY. C JOTIOMOTO0 KOPEIIAIiii-
HO1 MiKpocKomii Oy10 BCTaHOBJIEHO, 10 B Permikamiiauii Gpoky-
cax HNPHUCYTHIN JeKOHICHCIPOBAHHMI XPOMATHH i II00YIH JiaMe-
Tpom 80 1 130 HM, Tak camMO NMPUCYTHI B KOHJIGHCOBAaHUX HEPETLTi-
LIPYFOIIIXCST XPOMaTiHOBYX JIOMEHaX. Bijb Toro, 3a 101oMororo
iMMyHoOTOIIAIIHTa OYI10 MTOKa3aHo, 1o perutikaris JJHK B S-dazanx
[IKX BinOyBaeThes B MyXKOMY XpOMAaTHHI Ha iepuepii IMUTbHIX
XpOMaTiHOBUX JoMeHiB. BucHoBku. Perumikaris B [IKX BinOysa-
€TBCS1 B JICKOH/ICHCIPOBAaHHOM XPOMATHHI CYCiIUTh 3 KOHICHCOBa-
HHUM XPOMaTHHOM 0e3 YTBOPEHHSI CIIelialIbHUX CTPYKTYP.

Knaw4uoBi c¢0Ba: XpoMarrH, perutikaiiis, epeqdacHo KOHIe-
HcoBani xpomocomu (ITKX), ymsrpacTpykrypa.

YabTpacTpyKTypHAasi OpraHu3anus
PeIIMIMPYIOIIErocsi XpoOMaTHHA B MpeskieBpeMeHHO
KOH/ICHCHPOBAHHBIX XpPOMOCOMAaX

E. A. Apudynun

Heas. /lo cux mop HET €MHOTO MHEHUS 00 YIBTPacTPyKType
PETUIMIMPYIOMIETOCS XPOMaTHHA. MBI TPOAHATM3UPOBANIN YIlb-
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TPacCTPYKTYPHYIO OpPraHM3alMI0 PEIUTMKAIMOHHOro (okyca B
KJIETKaX C IIPEKICBPEMEHHO KOHACHCUPOBaHHBIMU XPOMOCOMa-
mu (IIKX). Metoasl. [Ins n3ydeHus XpoMaTHHA Ha YIbTpac-
TPYKTYPHOM YPOBHE HCIOJIB30BAI METOJBI KOPPEISIIMOHHOM
2JIEKTPOHHOM U CBETOBOM MMKPOCKOIIUH, @ TAK)KE HMMYHOTI'OJI-
quHr. Pesynbrarsl. beuto nokazano, yto pemukanus B [TKX
MIPOUCXOAUT B NMPOMEKYTKAX MEXKIY JOMEHaMH KOHAEHCHPO-
BaHHOI0 XpoMaTHHa. C IOMOILBI0 KOPPEISILIUOHHON MUKPOCKO-
iy OBLIO YCTAHOBIICHO, YTO B PEILTHKAIIMOHHBIX (DOKycax MpH-
CYTCTBYET A€KOHICHCHPOBAHHBIN XPOMATHH U TIIOOYITBI AUaMeT-
pom 80 u 130 HM, Tak e IPUCYTCTBYIOIINE B KOHICHCUPOBAH-
HBIX HEPEIUIMIMPYIOMUXCS XPOMAaTHHOBBIX JoMeHax. bomee
TOTO, C MOMOIIBI0 UIMMYHOTOJIAMHTA OBIJIO MOKAa3aHO, YTO perl-
mkanust JJHK B S-dazusix [TKX nporncxomur B ppIXiIoM XpoMa-
THHE Ha Nepu(epHH IUIOTHBIX XPOMAaTHHOBBIX JOMEHOB. BbIBO-
abl. Permukanus B [IKX npoucxoaur B 1eKOHAEHCUPOBAHHOM
XPOMATHHE COCECTBYIOIIEM C KOHIEHCHPOBAHHBIM XPOMATHHOM
6e3 00pa3oBaHMsl CIICIUATIBHBIX CTPYKTYP.

KiawuyeBble €J10Ba: XpOMATHH, PEIUTUKALVS, IPEKICBPEMEH-
HO KoHAeHcupoBaHHBEIe Xpomocombl ([TIKX), ymerpacTpykrypa.
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