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SUMMARY

Sites of replication in synchronized Hel a cells were visu-
alized by light and electron microscopy; cells were perme-
abilized and incubated with biotin-16-dUTP, and incor po-
ration sites were immunolabelled. Electron microscopy of
thick resinless sections from which ~90% chromatin had
been removed showed that most DNA synthesis occurs in
specific dense structures (replication factories) attached to
a diffuse nucleoskeleton. These factories appear at the end
of Gi-phase and quickly become active; as S-phase pro-
gresses, they increase in size and decrease in number like
sites of incorporation seen by light microscopy. Electron
microscopy of conventional thin sections proved that these

factoriesareasubset of nuclear bodies; they changed in the
same characteristic way and contained DNA polymerase a
and proliferating cell nuclear antigen. As replication
factories can be observed and labelled in non-permeabi-
lized cells, they cannot be aggr egation artifacts. Somerepli-
cation occurs outside factories at discrete sites on the
diffuse skeleton; it becomes significant by mid S-phase and
later becomes concentrated beneath the lamina.

Key words: cell nucleus, ultrastructure, nuclear body,
nucleoskeleton, replication factory

INTRODUCTION

Various sub-compartments within nuclei have recently been
characterized (e.g. see Saunders et al., 1991; Lamond and
Carmo-Fonseca, 1993), including severa different types of
‘nuclear bodies' (for reviews, see Bouteille et al., 1974; Ascoli
and Maul, 1991; Brasch and Ochs, 1992). These electron-dense
structures are seen in conventional thin sections, but their func-
tional role remains obscure. Whilst characterizing replication
sites, we found that these sites corresponded to a sub-set of
nuclear bodies.

Replication sites are not diffusely spread throughout nuclei
but concentrated in discrete regions. For example, early in S
phase ~150 foci can be seen by fluorescence microscopy after
incubating rat fibroblasts with bromodeoxyuridine and
immunolabelling sites of incorporation; later during S-phase
thefoci are fewer in number and larger (Nakamuraet al., 1986;
Nakayasu and Berezney, 1989). Ana ogous foci can belabelled
after incubating permeabilized mammalian cells or demem-
branated frog sperm in egg extracts in the presence of biotin-
dUTP (e.g. see Mills et a., 1989; Hozék et al., 1993; see also
O'Keefe et a., 1992).

The ultrastructural characterization of replication sites poses
several problems. [3H]thymidine incorporated by living cells
can be localized autoradiographically, but the path-length of f3-
particles is too long to allow precise localization. Synthetic

sites can aso be immunolabelled after incubation with bro-
modeoxyuridine (e.g. see Mazzotti et al., 1990; O’'Keefe et al.,
1992). However, DNA synthesis occurs so rapidly in vivo (i.e.
at ~1500 nucleotides or 0.5 pm/min) that during incubations
sufficient to allow subsequent detection, nascent DNA can
move far from its synthetic site. Whilst synthetic rates can be
reduced using permeabilized cells, the non-physiological
buffers often used may artifactually aggregate nascent DNA
and polymerases on to underlying structures (Cook, 1988;
Martelli et al., 1990).

We minimize these problems by encapsulating living HeLa
cells in agarose microbeads (diameter ~25-150 um), before
permeabilizing cell membranes with streptolysin O (Ahnert-
Higler et al., 1989) in a ‘physiological’ buffer. Under optimal
conditions, such permeabilized cells synthesize DNA at the in
vivo rate (Jackson et al., 1988); if complexes containing poly-
merases had aggregated artifactually, they should lose activity.
Such permeabilized cells incorporate biotin-dUTP into foci
that can be subsequently immunolabelled with fluorescent tags;
these cannot be fixation artifacts because similar foci are found
in unfixed cells (Hassan and Cook, 1993). Encapsulation
protects fragile cells and alows thorough washing to remove
endogenous pools of triphosphates and unbound antibodies;
then the use of low precursor concentrations ensures that only
synthetic sites are labelled. Encapsulation also alows both
structure and function to be preserved during lengthy manipu-
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lations. For example, after cutting the chromatin fibre with
nucleases and electrophoretic removal of most obscuring
chromatin, a diffuse nucleoskeleton can be seen in thick
(resinless) sections (Jackson and Cook, 1988); essentially all
polymerizing activity and nascent DNA remain associated with
residual nuclear structures (Jackson and Cook, 1986a,b).

Earlier, we used this approach to immunolocalize sites of
replication in early S-phase cells using thick (resinless)
sections, which allow the visualization of three-dimensional
structures (Hozék et al., 1993). Chromatin-depleted nuclei
contain a diffuse nucleoskeleton associated with residua
chromatin. Ovoid bodies, which had roughly the same size and
number as fluorescent foci at the same stage of the cycle, were
attached to this skeleton. Immunolabelling after incorporation
of biotin-dUTP showed that these ovoids were sites of repli-
cation. As each ovoid must contain ~20 replication forks, we
called them replication ‘factories. We now extend this study
to other stages of interphase and confirm that replication takes
place in a sub-set of nuclear bodies.

MATERIALS AND METHODS

Cell culture and synchronization

Suspension cultures of Hela cells were grown in minimal essential
medium supplemented with 10% foetal calf serum. They were then
synchronized using thymidine and nitrous oxide (Jackson and Cook,
1986b): cellswere blocked in S-phase (2.5 mM thymidine; 22 hours),
washed carefully, regrown for 4 hours in fresh medium, arrested in
mitosis using nitrous oxide at high pressure (8 hours; >98% in mitosis)
and regrown (sometimes up to 10% remain blocked in mitosis).
Samples were taken at 4 hours (G1), 6 and 8 hours (G1/S border), 10
hours (early S), 14 hours (mid S), 16.5 hours (late S), and 18 hours
(late SIG2).

Encapsulation and lysis

Cells were washed in PBS and in some cases were encapsulated
(1x106 to 10x105 cells/ml) in 0.5% agarose. Encapsulated or unen-
capsulated cells were incubated with streptolysin O (Murex; 1.5
i.u/ml per 10° cells; 30 minutes; 4°C), washed with ice-cold PBS to
remove unbound streptolysin and then a modified ‘physiological’
buffer (PB; Jackson et a., 1988). PB (pH 7.4) contains 22 mM Na',
130 mM K*, 1 mM Mg?*, <0.3 uM free Ca?*, 67 mM CI~, 65 mM
CH3COO™, 11 mM phosphate, 1 mM ATP, 1 mM dithiothreitol and
0.1 mM phenylmethylsulphonyl fluoride (PM SF). Beads or cells were
resuspended in 10 vol. PB and immediately permeabilized by incu-
bation (37°C; 2 minutes).

Replication in vitro

A prewarmed replication mix (10x concentrate) was added to lysed
cells (whether encapsulated or not) to give final concentrations of 100
UM CTP, UTP and GTP, 250 uM dCTP, dATP and dGTP, plus 100
UM biotin-16-dUTP (Boehringer) and 2.15 mM MgCl2 (1 mM ATP
and 1 mM MgCl, are present in PB). After 5 or 30 minutes (for
electron microscopy and immunofluorescence, respectively) at 33°C,
reactions were stopped with 10 vol. ice-cold PB.

Immunofluorescence

After stopping replication in vitro, encapsulated cells were washed in
0.2% Triton in PB (10 minutes, 0°C) to permeabilize nuclear
membranes, washed 3x in PB, fixed (15 minutes; 4°C) in fresh 4%
paraformaldehyde in PB, washed 4x in PBS, incubated (4 hours;
20°C) with primary antibody (goat anti-biotin; 2.5 pg/ml; Sigma) in
PBS supplemented with 0.05% bovine serum albumin and 0.1%

Fig. 1. Fluorescence micrographs of replication patterns found in
cells at different stages of the cycle. Cells (8, 10, 12, 14, 14, 14, 16.5,
16.5 and 18 hours post-mitosis for A-l, respectively) were
encapsulated, permeabilized and incubated with biotin-dUTP, and
sites of incorporation were indirectly immunolabelled. Bar, 5 um.
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Fig. 2. Changing replication patterns during the cell cycle. The
percentages of cells with early, mid and late patternsillustrated in
Fig. 1A-C, D-F and G-I were determined at the timesindicated; 200
cells from 3-5 experiments were counted at each time.

Tween 20, washed 4% in PBS + supplements, incubated (16 hours;
4°C) with secondary antibody (donkey anti-goat; 2.5 pg/ml; Jackson
Laboratories), washed 4x in PBS + supplements and the beads were
mounted under coverslipsin Vectashield (Vector Labs). Photographs
were taken using a Zeiss Axiophot microscope and Kodak T-max
black and white film.

Chromatin digestion and electroelution

After stopping replication in vitro, encapsulated cells were pelleted,
incubated (20 vol.; 2x 5 minutes; 0°C) in 0.2% Triton in PB to per-
meabilize nuclei, washed 4x in ice-cold PB, incubated (20 minutes;
33°C) with EcoRI (2500 units/ml) and Haelll (500 units/ml) in PB
and then subjected to electrophoresis (0.8% agarose gel; 4 V/cm; 3.5
hours, 4°C) in PB supplemented with PM SF. The nuclease treatment
cuts chromatin into ~10 kb pieces (EcoRI cuts a Haelll-resistant
satellite) and electroelution routinely removes ~90% chromatin as
measured by removal of 3H after pre-labelling living cells with
[3H]thymidine (Jackson et al., 1990).
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Fig. 3. Electron micrograph of cell 10 hours post-mitosis from which ~90% chromatin has been removed. Encapsulated cells were
permeabilized, incubated with biotin-dUTP and treated with nucleases; chromatin was el uted, incorporated biotin immunolabelled with 5 nm
gold particles, and a 500 nm resinless section was prepared. Agarose (&) surrounds cytoplasmic (c) and nuclear remnants where residua clumps
of chromatin are attached to a diffuse network that ramifies from nucleolus (nu) to lamina. Gold particles, which are not visible at this

magnification, were concentrated in replication factories (f). Bar, 1 um.

Pre-embedding immunoelectron microscopy

Encapsulated and eluted cells were fixed (10 minutes; 0°C) with 0.5%
glutaraldehyde in PB, washed 2x in 0.1 M Na/K phosphate Sorensen
buffer (pH 7.4; SB), incubated (10 minutes) in 0.02 M glycinein SB,
and rewashed in SB. After incubation (20 minutes; 20°C) with 5%
normal rabhbit serum, cells were incubated (1 hour; 20°C) with goat
anti-biotin antibody (5 pg/ml; Sigma) in TBT buffer (20 mM Tris,
150 mM NaCl, 0.1% bovine serum abumin, 0.005% Tween 20,
20 mM NasN; pH 8.2), washed 3x in TBT and incubated (1 hour)
with rabbit anti-goat antibody conjugated with 5 nm gold particles
(50x dilution in TBT + 0.5% fish gelatine; BioCell). After washing
2xin TBT and once in SB, cells were fixed (20 minutes) in 2.5% glu-
taraldehyde in SB, washed 3x in SB, postfixed with 0.5% OsOj4 in
SB, dehydrated through an ethanol series (including 30 minutes of
incubation in 2% uranyl acetate in 70% ethanol), and embedded in
Araldite epoxy-resin for conventional electron microscopy. Ultrathin
sectionswere contrasted with uranyl acetate and lead citrate according
to Reynolds. For resinless sections, the ethanol was replaced in three
steps by n-butanol. Samples were then embedded in the removable
compound diethylene glycol distearate (DGD; Polysciences) and
resinless sections were prepared (Fey et al., 1986; Hozék et al., 1993):
beads were immersed in a DGD/n-butanol mixture at 60°C, impreg-
nated with pure DGD, blocks were hardened, and 500 nm thick
sections were cut using a diamond knife and placed onto Pioloform-
coated grids (Agar; grids preincubated with poly-L-lysine in water),

DGD was removed (3x 1.5 hours incubations in n-butanol; 20°C),
butanol replaced by acetone, and specimens were critical-point dried.
Sections were observed in Jeol JEM 100CX electron microscope
(accelerating voltage 80 kV). Quantitative data were obtained from
50 random resinless nuclear sections for each cell cycle stage studied.
The best-preserved sections were obtained when: (i) beads were
pelleted slowly; (ii) al solutions (made using diethylpyrocarbonate-
treated water) contained PMSF and placental ribonuclease inhibitor
(Amersham) at final concentrations of 25, 2.5 and 0.25 unitsml during
incubations with antibodies, subsequent washes and electroelution,
respectively; and (iii) samples were critical-point dried, taking care
that they were free of water (Ris, 1985).

Postembedding immunoelectron microscopy

After stopping replication in vitro, unencapsul ated cells were pelleted
and immediately fixed (20 minutes; 0°C) in 3% paraformal dehyde and
0.1% glutaraldehyde in PB. After washing in SB (including 10
minutes of incubation in 0.02 M glycinein SB), cells were dehydrated
inice-cold ethanol, embedded in LR White (polymerization, 24 hours
at 50°C) and ultrathin sections on gilded copper grids were immuno-
labelled. Unspecific binding was blocked by preincubation (30
minutes) with an appropriate 10% pre-immune serum in PBS with
0.1% Tween-20 and 1% BSA (PBTB buffer), sections wereincubated
(40 minutes) with primary antibodies (1-5 pg/ml) in PBTB, washed
in PBS, incubated (40 minutes) with gold-conjugated secondary
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antibody in PBTB (pH 8.2), rewashed and contrasted with a saturated
solution of uranyl acetate in water. Primary antibodies used included
goat anti-biotin (Sigma) and a monoclonal anti-PCNA (proliferating
cell nuclear antigen) antibody, PC-10 (Oncogene Science); 5 or 10
nm gold-conjugated antibodiesincluded rabbit anti-goat (Sigma), goat
anti-mouse (BioCell), or goat anti-biotin (BioCell).

Electron microscopy of intact cells

Synchronized cells were washed in SB, fixed immediately without
permeabilization, embedded in epoxy resin or LR White and immuno-
labelled as above.

RESULTS

Immunofluorescence

We first characterized synthetic sites by immunofluorescence.
More than 95% Hel a cells were blocked in mitosis and after
releasing the block the first cells enter S-phase 5.5 hours later;
DNA synthesis then peaks 10 hours after mitosis before the
last cells leave S-phase 18 hours post-mitosis (see Jackson and
Cook, 1986b, for an illustration of the quality of synchrony).
Cdls at different stages were encapsulated, lysed with strep-
tolysin, incubated for 30 minuteswith biotin-16-dUTPto allow
elongation of nascent DNA chains by ~3000 nucleotides, and
sites of biotin incorporation were indirectly immunolabelled
(Hozék et a., 1993; Hassan and Cook, 1993). Despite the
excellent synchrony at mitosis, each time-point inevitably
contains amixture of cells at different stages of the cycle; even
S0, it was obvious that the pattern of fluorescent foci changed,
asindicated in the typical examples shown in Fig. 1. Asthese
are photographs of round nuclel, many foci lie above or below
the focal plane and generate abackground ‘flare’. Incorporated
label is removed by DNase treatment (Hozak et al., 1993;
Hassan and Cook, 1993).

Replication begins in small foci spread throughout extra-
nucleolar regions (Fig. 1A). They become brighter, larger and
more numerous (Fig. 1B,C), before they aggregate (Fig. 1D,E)
to become concentrated around nucleoli and the nuclear
periphery (Fig. 1F) in mid S-phase. Later, they become more

Fig. 4. AsFig. 3, but the cell is 8 hours post-
mitosis. Three structures (factories; f) are
associated with a diffuse skeleton. A
background level of gold particlesis
distributed throughout the field. Bar, 200 nm.

central, larger and fewer in number (Fig. 1G-I). These patterns
illustrate arbitrarily chosen points along a continuum and are
typical of patterns seen by others (e.g. see Nakamura et al.,
1986; Nakayasu and Berezney, 1989; Kill et al., 1991;
Humbert and Usson, 1992). Given that ~3000 replication forks
are active at any one time, even the smallest foci must contain
>20 replication forks.

This sequence was confirmed by measuring the percentage
of cells with each pattern at different times; early, middle and
late patterns (i.e. Fig. 1A-C, D-F and G-I, respectively) peaked
after 10, 16.5 and 18 hours, respectively (Fig. 2).

Replication factories in the cell cycle

We next characterized replication sites by electron microscopy
of thick resinless sections; permeabilized cells were incubated
with biotin-dUTP for 5 minutes, ~90% chromatin removed and
sites containing incorporated biotin immunolabelled with 5 nm
gold particles. Under these conditions, nascent chains are
extended by ~500 nucleotides and essentially all remain within
nucle despite removal of most chromatin (Hozak et al., 1993).

Fig. 5. AsFig. 3 (cell 10 hours post-mitosis). (A) There are 77 gold
particlesin this field, which are not visible at this magnification; 58%
were in factories (f) attached to a diffuse skeleton (d), whichis
connected to core filaments (c) and the lamina (1). Bar, 0.5 um.

(B) High-power view of arrowed factory in A. Arrowheads indicate
some gold particles that are difficult to see against the dense
background. Bar, 100 nm. (C) Higher magnification and
underexposure of lower half of factory in B. Arrowheads indicate the
same gold particles arrowed in B. Bar, 50 nm.

Fig. 6. AsFig. 3, but the cell is 14 hours post-mitosis. (A) Clusters of
labelled factories (f) and unlabelled dense factories (df) surround a
nucleolus (nu) and afibrous network (arrowed); 28, 10 and 21% of
the 70 nuclear gold particles, which are not visible at this
magnification, were in factories, dense factories and extra-factory
clusters on the skeleton, respectively. |, lamina. Arrow indicates area
enlarged in B. Bar, 0.5 pm. (B) Enlargement of arrowed regionin A.
Arrowheads indicate some gold particles in two labelled factories (f).
df, unlabelled dense factory. Bar, 100 nm. (C,D) Enlargements and
underexposures of labelled factories (f) in B; arrowheads indicate the
same gold particlesasin B. Bar, 50 nm.
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In atypical low-power view of an early S-phase cell (Fig. 3),
agarose filaments (a) surround the remains of the cytoplasm (c)
and within the nuclear region, ovoid replication factories (f)
are attached to a diffuse skeleton.

Gz cells contain up to four (unlabelled) dense structures like
the factoriesin Fig. 3. At the G1/S border, the numbers of these
structures increases rapidly (see below) to equal the number of
fluorescent foci at the same stage (e.g. Fig. 1B). They are
initially unlabelled (Fig. 4), but soon become labelled and
contain most gold particles in the section (Hozék et al., 1993,
have analyzed this time-point in detail).

By mid S-phase, factories become rounder, larger - with a
long axis of 250-400 nm - and not so diffusely spread, just like
fluorescent foci (compare Fig. 5A with Fig. 1D). In the
medium-power view of Fig. 5A, the skeletal network is seen
to be composed of core filaments (c) covered by diffuse
elements (d). As before, label is concentrated in these mid-
sized factories (Fig. 5B,C).

Fig. 6 illustrates factories clustered around nucleoli and the
nuclear periphery, like fluorescent foci in Fig. 1E,F. A signif-
icant fraction of these medium-sized factories are very dense,
round and poorly labelled (Fig. 6A, df), often close to aregion
rich in diffuse skeleton. Later in S-phase (and again like their

Fig. 7. AsFig. 3, but the cell is 16.5 hours post-mitosis. (A) 72 and
12% of the 429 particlesin the field were in the factories (f) and
extra-factory clusters on the skeleton, respectively. |, lamina. Arrow
indicates factory enlarged in B. Bar, 0.5 pum. (B) Enlargement of
arrowed factory in A. Arrowheads mark gold particles. Bar, 100 nm.
(C) Enlargement and underexposure of top of factory in B;
arrowheads indicate the same gold particles arrowed in B. Bar, 50 nm.
Fig. 8. AsFig. 3, but the cell is 18 hours post-mitosis. (A) 60 and
14% of the 85 particlesin the field were in the large factory (f) and
extra-factory clusters on the skeleton, respectively. |, lamina. Bar, 0.5
pum. (B) Enlargement of factory in A. Arrowheads mark gold
particles. Bar, 100 nm. (C) Enlargement and underexposure of
middle of factory in B; arrowheads indicate the same gold particles
arrowed in B. Bar, 50 nm.
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Fig. 9. AsFig. 3, but cell 16.5 hours post-
mitosis. 93% of the 53 particlesin the field
werein 5 extra-factory clusters
(arrowheads). ¢, cytoplasm. |, lamina. Bar,
100 nm.

fluorescent counterparts) factories are more internal and often
bi- or tri-lobed, as if they had arisen by fusion of smaler,
rounder structures (Fig. 7) in a process reminiscent of the
fusion of prenucleolar bodies during nucleologenesis
(reviewed by Fischer et al., 1991). Finally, they become very
large (i.e. up to 700 nm long) and frequently sausage-like; they
are amost always labelled (Fig. 8).

Extra-factory labelling

Although label is concentrated in factories throughout S-phase,
some is found outside factories in focal regions on the diffuse
skeleton. Initialy, afew foci are scattered throughout nuclei,
usually where many elements of the diffuse skeleton are con-
centrated. Such scattered extra-factory labelling only becomes
significant during mid S-phase and later the foci become con-
centrated under the lamina (Fig. 9).

The life-cycle of factories

These results could suggest that small factories grow progres-
sively into medium-sized factories and ultimately into large
factories. Although difficult to prove formally, a detailed
analysis of 50 nuclear sections at each time-point supports such
atransition (Fig. 10). At the different times, values for the per-
centage of labelled sections (i.e. containing at least 1 factory
with at least 2 gold particles) mirrored the percentage of cells
with fluorescent foci (Fig. 2). Factories were classified
according to size - small, medium and large (i.e. with long axes
of <250, 250-400 and >400 nm, respectively). Small factories
appeared first, to be followed by medium and large factories
(Fig. 10A); the percentage of each kind of structure that was
labelled roughly followed the same pattern (Fig. 10B). Many
mid-sized factories were clustered 14 hours post-mitosis (Fig.
10C), coincidentally with clustering seen by fluorescence
microscopy (Fig. 1D-F).

Our previous study showed that factories found during early
S-phase (i.e. 10.5 hours) were uniform in size (long axis 185
nm, standard deviation 45, range 120-320; Hozak et al., 1993);
most of these are categorized here as ‘small’ factories. The
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Fig. 10. The changing percentages of different structures during S-
phase; 50 sections like those illustrated in Figs 3-10 were examined
at each time indicated; then the percentages of sections containing
small (long axis <250 nm), medium (long axis 250-400 nm) and
large (long axis >400 nm) factories, factory clusters and extra-
factory sites were calculated. (A) Percentage of sections with
factories of different sizes (whether labelled or not). As sections
from cellsin Gy and G2 contained 0-4 small and 0-2 medium-sized
structures, only sections with >4 small and >2 medium-sized
structures are included in the histogram. (B) Percentage of factories
of different size that were labelled with at least 2 gold particles. The
total numbers of small, medium and large factoriesin the 50 sections
at the different timeswere: 93, 35, 0 (4 hours); 142, 43, 0 (6 hours);
259, 43, 0 (8 hours); 174, 8, 1 (10 hours); 209, 75, 10 (14 hours);
173, 73, 4 (16.5 hours); 114, 32, 7 (18 hours), respectively.

(C) Percentage of sections with factory clusters and extra-factory
sites. A cluster contained >3 factories and extra-factory sites >3 gold
particles.

absence of partialy built (i.e. smaller) factories implies that
they only become active after attaining aminimum size. If con-
struction were lengthy, we might expect to see many unla-
belled (small) factories before cells enter S-phase, but we do

not (Fig. 10A, 6 hours). Moreover, when small factories first
appeared in dtatistically significant numbers (Fig. 10A, 8
hours) <50% were unlabelled (Fig. 10B); therefore, small
factories must be assembled rapidly, to become active quickly.
Medium-sized factories behave similarly; when they appear in
numbers (Fig. 10A, 14 hours) <50% are again unlabelled, so
that they, too, must be assembled rapidly, to become active
immediately. However, large factories behave differently;
when they first appear in numbers none are unlabelled (Fig.
10B, 14 hours). (Only 1 unlabelled large factory was seen in
the 50 sections (Fig. 10B).) Thisimplies that they do not have
to achieve full size before commissioning and are probably
generated by growth and/or aggregation of smaller, active,
factories.

Deconstruction of factories seems to be slower than con-
struction. Thus, at later times, >50% small and medium-sized
factories are unlabelled (Fig. 10B). We have not yet analyzed
the later stages of G2 and so do not know how long large unla-
belled factories persist.

We aso estimated the numbers of extra-factory replication
sites - defined as a cluster of >3 particles on the diffuse
skeleton. The first few clusters appeared just after the first
labelled factories (Fig. 10C, 6 hours); such clusters were only
seen in sections that also contained labelled factories. Signifi-
cant numbers then appeared during mid S-phase (Fig. 10C, 14
hours), suggesting that extra-factory replication follows repli-
cation in factories. As labelled extrafactory sites were
generally remote from factories, it seems unlikely that label
had been extruded from factories.

Identification of replication factories in thin sections
The electron density of factories suggested they might be
related to nuclear bodies seen in conventional thin sections.
Therefore we compared labelled structures in thick and thin
sections. Fig. 11A illustrates a typical view of an LR White-
labelled section of an early S-phase cell; small dense bodies
are labelled as shown in detail in Fig. 11B. Similar structures
are seen after eluting most chromatin (Fig. 11C), which are
obviously related to the factories seen in the same sample in
thick sections (Fig. 11D). The dense structuresin thick and thin
sections changed similarly in number, size and nuclear
location. For example, medium and large (labelled) structures
can be seen in LR White sections from mid and late S-phase
(compare Fig. 11E with Fig. 6 and Fig. 11F with Fig. 8).

In resinless sections, PCNA is concentrated in factories as
well as spread over the diffuse skeleton; therefore it provides
an additional marker for afactory (Hozak et al., 1993). The LR
White section illustrated in Fig. 11F is doubly labelled to mark
sites of biotin incorporation (10 nm particles) and PCNA (5
nm particles); the dense region is doubly labelled, confirming
itsidentity as afactory. These results clearly identify factories
as a kind of nuclear body seen in thin sections.

Ultrastructure of factories in non-permeabilized
cells

It is formally possible that the labelled structures seen in both
thick and thin sections are created artifactually during cell per-
meabilization and/or incubation. Therefore, thin sections from
unlysed cells were prepared and factories identified using anti-
PCNA, as unpermeabilized cells do not incorporate biotin-
dUTP. At 14 hours post-mitosis, nuclear bodiesin the sections
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Fig. 11. Replication factories are nuclear bodies. Unencapsulated (A,B) or encapsulated (C-F) cells at various stages post-mitosis were
permeabilized and incubated with biotin-dUTP; most chromatin was removed from some samples by nuclease treatment and electrophoresis
(C,D) before different kinds of sections were prepared. Sites containing incorporated biotin were immunolabelled (pre- or post-embedding)
with 5 (A-E) or 10 nm (F) gold particles. (A) 10 hours post-mitosis, thin (LR White) section, al chromatin present, post-embedding labelling.
Most gold particles in the field, which are not visible at this magnification, were over the 4 nuclear bodies (arrowed). Bar, 1 um. (B) An
enlargement of the left-hand nuclear body in A showing gold particles. Bar, 100 nm. (C,D) 10 hours post-mitosis, thin (epoxy-resin) and thick
(DGD) sections, respectively, most chromatin removed, pre-embedding labelling. Gold particles lie over factories. Magnification as B. (E) 14
hours post-mitosis, thin (LR White) section, all chromatin present, post-embedding labelling. Gold particles label the medium-sized factory.
Bar: 100 nm. (F) 18 hours post-mitosis, thin (LR White) section, all chromatin present, post-embedding double-labelling. PCNA and
incorporated biotin were labelled with 5 and 10 nm gold particles, respectively (some of each are labelled with small and large arrowheads); the
large factory is doubly labelled. Bar, 100 nm.
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(Fig. 12A) contain PCNA (Fig. 12C). Each body consists of a
dense fibrillar core from which other fibres (20-25 nm diam.)
radiate (Fig. 12B,D illustrates various sections). Some
medium-sized bodies contain only a dense fibrillar core (Fig.
12E) and are perhaps the medium-sized dense factories seen at
a comparable stage in resinless sections (Fig. 6A,B, df).
Clearly, the structures in permeabilized and unpermeabilized
cells are similar in number, distribution and PCNA content.

DISCUSSION

Replication factories are associated with a
nucleoskeleton throughout S-phase

We have visualized sites of replication using synchronized
Hel acells encapsulated in agarose microbeads; cellswere per-
meabilized, incubated with biotin-16-dUTP in a ‘physiologi-
cal’ buffer and incorporation sites were immunolabelled with
gold particles. Conditions were adjusted so that nascent DNA
was elongated by ~500 and ~3000 nucleotides for electron and
light microscopy, respectively. Electron microscopy of thick
resinless sections from which ~90% chromatin had been
removed showed that at all stages of S phase synthesis occurs
in specific structures or ‘factories’ attached to a diffuse
skeleton. Synthesis begins in large numbers of small factories
(long axis <250 nm); in mid S-phase synthesis occursin fewer
medium-sized factories (long axis 250-400 nm) clustered
around nucleoli and the nuclear periphery, whilst later a few
large factories (long axis >400 nm) are found more centrally.
These changes mirror those seen by immunofluorescence (Fig.
1; Nakamura et al., 1986; Nakayasu and Berezney, 1989; Kill
et al., 1991; Fox et al., 1991; Humbert and Usson, 1992;
Manders et al., 1992; O'Keefe et d., 1992).

During mid S-phase a small amount of extra-factory
synthesis occurs at discrete sites on the diffuse skeleton (Fig.
10C); later this becomes concentrated benesth the lamina (Fig.
9). It is attractive to suppose that this extra-factory synthesis
reflects the ‘tidying-up’ replication of unduplicated DNA left
between factories.

Replication factories are nuclear bodies

Various types of ‘nuclear bodies' have been seen in conven-
tional thin sections, but no role in replication for theseill-char-
acterized structures has yet been demonstrated (for reviews,

Fig. 12. The ultrastructure of replication factories/nuclear bodiesin
intact cells (14 hours post-mitosis). Synchronized cells were fixed
without any further treatment and embedded in epoxy resin
(A,B,D,E) or LR White (C). Epoxy resin preserves ultrastructure
better; LR Whiteis best for immunolabelling. (A) Low-power view
showing clusters of factories (some are arrowed) typical of mid S-
phase. ¢, cytoplasm. nu, nucleolus. Bar, 500 nm. (B) Arrowed
factoriesin A. Factories consist of adensefibrillar core from which
radiates 20-25 nm fibrils. Different sections have different
appearances; central sections (as D) reveal both zones, apical
sections (as factory on left in B) show only profiles of radiating
fibrils and intermediate sections have mixed profiles (as three
factorieson right in B). Bar, 200 nm. (C) Densely staining region
immunolabelled with anti-PCNA (5 nm gold particles); PCNA is
found in replication factories. Bar, 100 nm. (D) Central sections
through two factories. Bar, 200 nm. (E) Section through a dense
factory; this may correspond to an unlabelled factory like those
illustrated in Fig. 6A,B. Bar, 200 nm.
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see Boutellle et a., 1974; Ascoli and Maul, 1991; Brasch and
Ochs, 1992). Our results clearly show that the factories seen in
resinless sections correspond to nuclear bodies, they are
similarly labelled with biotin-dUTP and PCNA and they
change in number, shape and distribution in much the same
way. In the absence of specific markers it is difficult to be
certain which of the known nuclear bodies equates best with
our factories. However, using morphological criteria, small
replication factories can probably be classified as ‘simple
nuclear bodies, which are known to increase in number when
cells are stimulated to replicate their DNA (Brasch and Ochs,
1992). Categorization of the medium and large factories is
problematic. The factories/bodies cannot be artifacts induced
during permeabilization and/or incubation, since they are
found in intact cells (Fig. 12).

Fig. 13. Models for chromosome duplication. The G1 chromatin fibre
is shown looped by attachment to transcription factories (circles) on
askeleton (horizontal line). Small and large loops represent eu- and
hetero-chromatin. For the sake of clarity, only one of the ~50 loops
attached to each transcription factory during Gi, G1/S and G, and
none of those during mid and late S-phase (MS and LS), are shown.
Most DNA is synthesized as templates slide through factories but
some ‘tidying-up’ replication occurs outside factories to give the
duplicated G fibre. (See Hassan and Cook (1994), Hassan et al.
(1994), Jackson and Cook (1993) and Cook (1991, 1994) for details.)
Left: large factories grow from small factories. At the G1/S border,
small replication factories (shaded ovals 1-6) quickly assemble
around pairs of transcription factories (generally on the same
chromosome), which immediately become active. As one factory
replicates many loops, not al origins need fire simultaneously. By
mid S-phase, some small replication factories (e.g. 1) have become
redundant; on disassembly their components are incorporated into
medium-sized factories, which arise by growth and fusion (e.g. 2,3).
By late S-phase, disassembly of most factories and growth/fusion of
afew generates large factories (i.e. 4,5,6) which replicate most
heterochromatin; they are always labelled as they grow from smaller
active factories. Right: factories of different sizes are created ab
initio at new sites at different times (first A1—3, then B, then C). If
assembly of large factories takes time, we should see partialy built,
but inactive, factories (not shown).
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Early autoradiographic studies suggested that [3H]thymidine
was incorporated into dispersed chromatin, close to variably
sized masses of condensed chromatin (Bouteille et al., 1974,
Fakan, 1978). As such autoradiographs provide less resolution
than our micrographs, small, medium and large factories could
be mistaken for chromatin clumps, especialy in cells contain-
ing large amounts of heterochromatin; moreover, nascent DNA
could well have moved away from its synthetic site during the
longer labelling times required for autoradiography. The same
is true of experiments in which synthetic sites are immunola-
belled after incubating living cells for 5 minutes or more with
bromodeoxyuridine (e.g. see Mazzotti et a., 1990; O’ Keefe et
al., 1992). Therefore these results may be consistent with ours.

Models for the duplication of the chromatin fibre

We can imagine two extreme models to explain the life cycle
of factories. Small (active) factories might grow progressively
and/or aggregate into larger factories (Fig. 13, left). Such a
model has the advantage of simplicity, as assembly of all
factories could be triggered by only one event, and it fits the
morphological observations that factories grow and/or fuse as
cells progress through S-phase. Alternatively, factories of
different sizes might be built ab initio at different stages in
different parts of the genome (Fig. 13, right), but then some
mechanism must control assembly of factories of the appro-
priate size at the right time and place. Asit probably takestime
to build a large factory, we would then expect to see many
partly built, but inactive, factories, however, we see few (Fig.
10B), consistent with the first alternative. In contrast, Kill et
al. (1991) showed that PCNA was incorporated into fluores-
cent foci before they became active; their observations support
the second alternative, as such foci are probably the equivalent
of partly built, inactive, factories. Given the preliminary nature
of these results, and the complexity of chromosome duplica-
tion, it seems prudent at this stage to assume that both alter-
natives apply at different stages during S-phase.
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