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FASTTRACK

Targeting of PCNA to Sites of DNA Replication in the
Mammalian Cell Nucleus
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Abstract We have examined the targeting of proliferating cell nuclear antigen (PCNA), an integral component of
the mammalian replicative enzyme DNA polymerase d, with sites of DNA replication by using confocal microscopy and
computer image analysis. Labeling (5 min pulse) of DNA replication sites in normal human diploid ®broblast cells
(NHF1) with BrdU was followed by immunostaining with PCNA antibodies. A striking degree of colocalization was seen
between PCNA and the characteristic patterns of DNA replication sites of early, middle and late S-phase (Nakayasu and
Berezney [1989] J. Cell. Biol. 108:1±11). These observations were con®rmed by quantitative computer image analysis
which revealed that approximately 90% of the PCNA-stained area overlapped with DNA replication sites in early S-
phase. Pulse-chase experiments, involving in vivo labeling for replication followed by PCNA staining at later time
points, suggested that PCNA disassembles from previously replicated sites and targets to newly active sites of DNA
replication. To further study this phenomenon in living cells, stable GFP-PCNA transfectants under the control of a
tetracycline-inducible promoter were created in mouse 3T6 cells. Like the endogenous PCNA, GFP-PCNA targeted to
sites of replication (approximately 80% colocalization) and demonstrated similar dynamic changes following pulse-
chase experiments in ®xed cells. Studies of living cells revealed progressive changes in the GFP-PCNA distribution that
mimic the replication patterns observed in ®xed cells. We conclude that GFP-PCNA targets to DNA replication sites in
living cells and is an effective marker for tracking the spatio-temporal dynamics of DNA replication as cells transverse
the S-phase. J. Cell. Biochem. 81:56±67, 2001. ß 2001 Wiley-Liss, Inc.
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In recent years research into the structural
organization of the nucleus has pointed toward
the existence of regions demarcated for the
various nuclear processes including replica-
tion, transcription and RNA splicing [Berezney
and Wei, 1998]. Several studies have demon-
strated that during early S-phase of the cell

cycle BrdU incorporation into mammalian cells
stains a large number of punctate spots
distributed throughout the nucleus [Nakamura
et al., 1986; Bravo and Macdonald-Bravo, 1987;
Nakayasu and Berezney, 1989; van Dieren-
donck et al., 1989; Mazzotti et al., 1990; Fox
et al., 1991]. The replication foci change to a
more perinuclear pattern during mid S- and
onto a few large granular spots in late S-phase.
Also termed ``replication factories,'' these foci
are regions in the nucleus where speci®c
enzymes and replicational factors; such as the
DNA polymerases, PCNA, RPA, RFC, DNA
ligases, and DNA methyltransferases assemble
to mediate DNA replication [Leonhardt and
Cardoso, 1985; Leonhardt et al., 1992; Cook
1999]. The changes in the spatial and temporal
organization of these replication sites are
thought to re¯ect DNA synthesis that proceeds
from copying transcriptionally active euchro-
matic DNA in early S to relatively inactive
heterochromatic DNA later in S [Ma et al.,
1998].
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The processes leading to the replication of
the genome also involve the systematic associa-
tion and dissociation of various enzymes and
factors at the replication fork [Dutta and Bell,
1997; Tye, 1999]. Thus changes in the organi-
zation of the replication foci should re¯ect
corresponding changes in the nuclear distribu-
tion of replicative factors. Proliferating cell
nuclear antigen (PCNA), is a highly regulated
protein necessary for cell cycle progression
[Baserga, 1991]. It was initially described as a
nuclear antigen in proliferating cells that
reacted with the sera of patients with the
autoimmune disorder systemic lupus erythe-
matosus [Miyachi et al., 1978]. Bravo and Celis
found a protein whose synthesis appeared to
correlate with the S-phase of the cell cycle
which they subsequently designated ``cyclin''
[Bravo and Celis, 1980; Bravo et al., 1982].
However, later studies revealed that PCNA
was identical to cyclin [Mathews et al., 1984]
and functions as a processivity factor for
polymerase d during DNA replication in vitro
[Tan et al., 1986; Bravo et al., 1987; Prelich
et al., 1987b].

With an apparent molecular mass of 36 kDa,
PCNA is believed to be an integral component
of the eukaryotic replication machinery based
on its requirement for in vitro leading strand
synthesis of simian virus 40 (SV 40) DNA
[Prelich et al., 1987a; Prelich and Stillman,
1988]. In addition, depletion of PCNA from
cells using anti-sense oligonucleotides or
microinjected antibodies revealed that the
protein was essential for in vivo cellular DNA
replication [Jaskulski et al., 1988; Zuber et al.,
1989]. Although inherently lacking the ability
to bind DNA, a homotrimeric complex of PCNA
can be loaded onto DNA at the primer±
template junction in an ATP-dependent man-
ner by the multi-protein complex-replication
factor C (RFC) [Tsurimoto and Stillman, 1990,
1991; Lee et al., 1991; Cai et al., 1996]. Similar
to its bacterial counterpart, the dimeric b-
subunit complex of pol III, the homotrimeric
complex of PCNA is proposed to form a closed
ring structure with a hole in the center that
encircles the DNA [Waga and Stillman, 1998].

Earlier studies on the distribution of PCNA
in the nucleus revealed the existence of two
populations during the cell cycle [Bravo and
Macdonald-Bravo, 1987]. A soluble form of the
protein sensitive to ®xation with organic sol-
vents was found to exist throughout all stages

of the cell cycle. However, a detergent-resistant
insoluble form of PCNA appeared only during
the S-phase and was highly phosphorylated in
human ®broblasts suggesting that this post-
translational modi®cation could be essential in
binding to chromatin, during the transition
from G1 to S-phase [Prosperi et al., 1994]. The
soluble form of PCNA was hypophosphorylated
and immuno¯uorescence microscopy showed
diffuse staining throughout the nucleus. In
contrast, the spatial distribution of the insolu-
ble form of PCNA closely resembled those of
replication foci [Bravo and Macdonald-Bravo,
1987].

The fact that staining patterns of the inso-
luble form of PCNA appeared similar to those of
DNA replication sites implied that the protein
associated at sites of replication [Madsen and
Celis, 1985; Bravo, 1986]. Direct visualization
of colocalization between replication sites and
PCNA, however, was hampered by procedural
constraints in BrdU detection involving DNA
denaturation. This precluded doing double
immuno¯uoresence staining for PCNA and
BrdU in the same cell. Kill et al. [1991] attem-
pted to surmount this problem by using biotin-
11-dUTP as an analog, which had earlier been
shown to label sites of replication in permeabi-
lized cell systems [Nakayasu and Berezney,
1989]. The extent of colocalization of PCNA
with replication sites in this study, however,
was not complete [Kill et al., 1991]. Humbert
et al. [1992] used a nuclease detection system
for BrdU incorporation sites along with double
channel confocal microscopy. The results are
consistent with signi®cant levels of colocali-
zation of PCNA with replication sites but
precise quantitation of colocalization was not
performed.

Owing to these technical dif®culties the asso-
ciation of PCNA at sites of active replication in
intact cells remains to be clari®ed. To directly
address this question, we have employed a
modi®ed double labeling procedure along with
laser scanning confocal microscopy and com-
puter image analysis to quantitate the coloca-
lization between PCNA and replication sites in
normal diploid mammalian cells. We then
studied the localization of GFP-PCNA consti-
tuents in live cells undergoing DNA replication
and monitored the dynamic rearrangements of
the expressed protein in real time. We demon-
strate in this study that PCNA associates at
sites of replication throughout S-phase. In
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addition, we ®nd that PCNA dissociates from
sites where replication has concluded and dy-
namically targets to sites of ongoing replica-
tion. The GFP-PCNA fusion construct targeted
to sites of replication throughout S-phase of
living cells and followed dynamics similar to
that observed with the endogenous PCNA.

MATERIALS AND METHODS

Cell Culture

Mouse 3T6 ®broblasts (American Type Cul-
ture Collection [ATCC], Rockville, MD) were
grown as monolayers in DMEM supplemented
with 10% fetal bovine serum. Cells were grown
at 37�C with 5% CO2 and diluted �1:40 at each
passage. Normal diploid human ®broblast
(NHF1) cells were a gift from Dr. David G.
Kaufman at the University of North Carolina
at Chapel Hill and were grown as indicated
above.

Selection of a Cell Line Stably Transfected
with a GFP-PCNA Construct

The methods of Gossen and Bujard [Gossen
and Bujard, 1992; Gossen et al., 1995] were
applied to obtain a stable cell line in mouse 3T6
cells where expression of GFP-PCNA is tightly
regulated by use of a tetracycline-inducible
system. This involved consecutive stages of
transfection and selection to ®rst generate
stable cell lines expressing the reverse tetra-
cycline transactivator (rtTA) and later the
GFP-PCNA construct. Major steps in this
strategy are described below.

Construction of pUHD(GFP-PCNA)10-3
plasmid. pUHD 10-3 response vector, con-
taining the minimal promoter-tetracycline ope-
rator PhCMV*-1 of the tetracycline regulatory
system, was graciously provided by Dr. Her-
mann Bujard of the University of Heidelberg,
Germany. pEGFP N-1 vector containing the
S65T GFP mutant cDNA was obtained from
Clonetech [Palo Alto, CA]. pCG4 vector con-
taining a 1.4 kb human PCNA cDNA insert was
kindly provided by Dr. Renato Baserga of
Thomas Jefferson University, Philadelphia,
PA. pUHD 10-3 and pEGFP N-1 were digested
with EcoR1 and Xba1 to produce a 3.15 kb
pUHD 10-3 fragment cut in the multiple
cloning site region, and a 0.7 kb GFP fragment
from the pEGFP vector. These fragments were
gel-isolated and combined in a ligation reaction
to produce the pUHD(GFP) 10-3 vector. A

PCNA cDNA insert with a Sal1 site at the N-
terminus and an Age1 site at the C-terminus
was produced by PCR ampli®cation of the
region between the two primers PCNA-N (50

ACTGTCTGAGTCGACCTAGACTT TCCTCC-
TTCC 30) and PCNA-C (50 TGATCACCGG-
TTGAGATCCTTCTTCATCC TC 30) and sub-
sequently gel-isolated. This insert includes the
entire PCNA cDNA sequence except for the
®nal TAG stop codon. The PCNA cDNA insert
and the pUHD(GFP) 10-3 vector were digested
with Sal1 and Age1 and both were gel-puri®ed.
These two fragments were ligated to form the
pUHD(PCNA/GFP) 10-3 vector containing a
fusion cDNA where GFP is connected to the C-
terminus of PCNA. The fusion protein pro-
duced by this vector has a ®ve amino acid linker
(Gly±Pro±Val±Ala±Thr) between the ®nal Ser
residue of PCNA and the initial Met of GFP.

Production of stable rtTA and PCNA/
GFP expressing 3T6 cell lines. 3T6 cells
were trypsinized and electroporated with 30 ng
of pUHD 172-1 vector containing the reverse
tetracycline transactivator (rtTA) cDNA and
neomycin resistance (pUHD 172-1 provided by
Dr. Hermann Bujard). The cells were plated on
6-well multiwell plates at different dilutions,
and grown for 24 h in normal medium.
Geneticin (0.5 g/ml) was then added followed
by growth for 5 more days. Colonies were
selected and maintained in selection media
containing 0.2 g/ml of geneticin and tested for
rtTA expression by secondary transient trans-
fection with pUHD(GFP-PCNA) 10-3 vector.
These cells, transiently expressing GFP-
PCNA, were plated onto coverslips in multiwell
dishes where they were incubated with differ-
ent levels of doxycyclin (0, 5, 10, 50, 100, and
200 ng/ml) for 24 h. Colonies demonstrating the
ability to increase GFP-PCNA expression
levels (both ¯uorescence intensity and number
of cells showing ¯uorescence) with increasing
doxycyclin concentration were selected. One
such colony (C13) was co-transfected with 5mg
of pUHD(GFP-PCNA) 10-3 vector, which does
not express a drug resistance, and 25 ng of a
hygromycin resistance vector. Cells were
grown in non-selective media for 1 day and
then switched to media containing 0.5 mg/ml
hygromycin. Colonies were then selected and
maintained in media containing 0.2 mg/ml
hygromycin and 0.2 g/ml of geneticin. Colonies
were tested for increases in GFP-PCNA expres-
sion levels in response to doxycyclin (0, 5, 10,
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50, 100, 200 ng/ml) by monitoring ¯uorescence
intensity and the percent of ¯uorescent positive
cells. Colony 7-4, which demonstrated a dose-
dependent increase in the level of ¯uorescence
upon treatment with doxycyclin, and virtually
no ¯uorescence in its absence, was selected for
further studies.

Double Labeling of Replication Site and
Endogenous PCNA

Single pulse experiments. Exponentially
growing NHF1 were pulsed with BrdU (10 mM)
for 5 min. Cells were then ®xed in methanol for
30 min at ÿ20�C, washed in phosphate-
buffered saline and incubated with anti-PCNA
monoclonal antibody (1:10 dilution, Sigma,
Madison, WI) for 1 h. Following incubation
with appropriate secondary antibodies, cells
were brie¯y ®xed with 4% paraformaldehyde
for 5 min at room temperature. DNA was then
denatured for BrdU detection by incubation
with 4N HCl for 10 min on ice. Rat anti-BrdU-
monoclonal antibody (1:10 dilution, Sera-Lab)
along with biotin-labeled goat anti-rat second-
ary antibody (1:50 dilution, Jackson ImmunoR-
esearch Laboratories) and Texas red
conjugated to strepavidin (1:50 dilution,
GIBCO, BRL) was used to label replication
sites.

Pulse-chase experiments. Exponentially
growing NHF1 cells were pulsed with BrdU
for 5 min followed by a chase for 2 h and
replication sites and PCNA detected as per the
protocol described above.

Immunodetection of Replication Sites in Cells
Stably Transfected with GFP-PCNA

The selected cell line (7-4) stably transfected
with GFP-PCNA was plated onto glass cover-
slips and allowed to grow for at least 24 h. Cells
were then washed in TBS followed by incuba-
tion in glycerol buffer containing 25% glycerol,
20 mM Tris±HCl (pH 7.4), 5 mM MgCl2, 0.5
mM EGTA, and 5 mM PMSF for 10 min at room
temperature. Cells were then permeabilized in
0.25% Triton X-100 in glycerol buffer for 5 min
on ice. Digoxigenin-dUTP incorporation was
performed by incubating coverslips in DNA-
synthesis buffer containing 25% glycerol, 150
mM NaCl, 20 mM Tris±HCl (pH 7.4), 5 mM
MgCl2, 1.8 mM ATP, 0.5 mM EGTA, 0.1 mM of
dATP, dGTP, dCTP, and 25 mM digoxigenin-11-
dUTP for 10 min at 37�C. Cells were then
washed with TBS buffer containing 0.5%

Triton X-100 and ®xed with 3% paraformalde-
hyde for 10 min on ice. Digoxigenin-dUTP
incorporation was detected with a mouse anti-
digoxigenin antibody (Boehringer-Manneheim)
followed by a goat-anti-mouse antibody con-
jugated to Texas red (Jackson ImmunoRe-
search Laboratories).

Microscope Stage Incubator for
Real Time Studies

7-4 cells were plated onto Bioptech (Bather,
PN) 35 mm coverslips and treated with 100 nM
doxycyclin for 24 h. A coverslip was then moun-
ted into the Bioptech FCS2 Foeht chamber
which was maintained at 37�C and had a media
¯ow through rate of �12 ml/h produced by a
peristaltic pump at its lowest setting. The
media containing 100 nM doxycyclin and
buffered with 10 nM Hepes at pH 7.2, was
incubated in a 37�C water bath and continu-
ously perfused to the Foecht chamber through
tubing surrounded by a water jacket main-
tained at �37�C.

Confocal Microscopy and Computer
Image Analysis

All ®xed cell images were produced by a
Biorad MRC-1024 confocal microscope system
equipped with a krypton-argon laser and Nikon
upright (OptophotTM) epi¯uorescence micro-
scope. The objective used was a Zeiss 60X oil
immersion planApo with 1.4 numerical aper-
ture. The 488 nm (FITC or GFP) and 568 nm
(Texas red) emissions from the krypton-argon
laser were used for excitation of the ¯uoro-
phores. For real time studies on living cells, the
Bioptech Foecht chamber was mounted onto a
Nikon Inverted (DiaphotTM) microscope and
the laser optics shifted to this system. Optical
sections of 512� 512 pixels� 8 bits/pixel were
collected through the samples at 0.5 mm inter-
vals. Confocal images were segmented using IP
Lab software (Signal Analytics). Following
three-color segmentation, the area occupied
by each site and the extent of colocalization was
determined based on the number of pixels
within each segmented site.

RESULTS

PCNA Colocalizes with Active Sites of DNA
Replication Throughout S-Phase

Normal diploid human ®broblast (NHF1)
cells were pulsed for short intervals (5 min)
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with the thymidine analog 5-bromodeoxyuri-
dine (BrdU) and subsequently ®xed and stai-
ned using antibodies against PCNA and the
halogenated nucleoside. Using this approach
we found that, following a 5 min BrdU pulse,
the early S-phase replication patterns [Berez-
ney and Nakayasu, 1989; Ma et al., 1998]
strikingly colocalize with sites of PCNA stain-
ing (Fig. 1A). Similar results were obtained
with cells labeled in mid- and late S-phase (Fig.
1B,C) [Berezney and Nakayasu, 1989; Ma et al.,
1998].

We then applied a spot-based algorithm to
determine the number of sites of PCNA within
the nucleus and the extent of colocalization
with sites of replication [Samarabandu et al.,
1995; Ma et al., 1998]. We found that on an
average there were about 1000 sites of replica-
tion and PCNA within the cell nucleus in early
S-phase. <90% of the total PCNA-stained area
colocalized with sites of replication during
early S-phase (Fig. 4A). We failed to detect
signi®cant levels of PCNA in non-S phase cells
(data not shown). These results demonstrate
that endogenous PCNA tracks with sites of
DNA replication throughout the S-phase.

PCNA Dissociates from Replication Sites
Following Completion of DNA Synthesis and

Reassembles at Sites of New Synthesis

Recent results indicate that active replica-
tion sites in mammalian cells have an average
lifetime of <1 h [Manders et al., 1996; Jackson
and Pombo, 1998; Ma et al., 1998]. We therefore
performed pulse-chase experiments designed
to directly determine whether PCNA dissoci-
ates from active DNA replication sites follow-
ing completion of replication. We found that the
BrdU-labeled sitesÐindependent of whether
they are labeled in early or late S-phaseÐare
always completely separated from the PCNA
sites labeled 2 h later (Fig. 2A±C). Since PCNA
colocalizes with active DNA replication sites
independent of the stage of S-phase (Fig. 1),
these results suggest that within this 2-hour
chase period, PCNA dynamically dissociates
from previously active replication sites and is
translocated to new sites of active replication.
For example, when early S-phase replication
patterns are labeled, subsequent PCNA sites
show a labeling pattern similar but spatially
distinct from the earlier S-pattern of replica-
tion sites (Fig. 2A) or have shifted to a mid S-
type pattern, characterized by enhanced stain-

ing along the nuclear periphery (Fig. 2B). Simi-
larly, when replication sites are labeled in early
stages of late S, the subsequent PCNA labeling
pattern typically is a late S-type that is spa-
tially distinct from the earlier replication site
labeling (Fig. 2C). In contrast, if replication
sites are labeled very late in the S-phase as
characterized by a limited number of very large
staining foci, then no staining is seen by PCNA
2 h later (Fig. 2D bottom half). This is con-
sistent with the cells having completed S-phase
and entered into G2 phase and further con®rms
the earlier observations that PCNA is not
detected in mammalian cells in non-S stages
of the cell cycle using our ®xation conditions
[Bravo and McDonald-Bravo, 1987]. In a small
percentage of cases (<10%) we observed no
labeling of replication sites but PCNA staining
2 h later in a pattern resembling early S repli-
cation sites (Fig. 2D, top half). This is consis-
tent with cells being in G1 phase and entering
S-phase following the 2-hour chase.

A GFP-PCNA Construct Targets to
Sites of Replication

As a step toward studying the spatial organi-
zation and dynamics of PCNA in living cells we
have constructed a stably transfected GFP-
PCNA cell line whose expression is under
control of an inducible tetracycline promoter
(see Materials and Methods). Before perform-
ing studies in living cells, however, it was of
paramount importance to determine whether
signi®cant amounts of the GFP-PCNA con-
struct actually associate with sites of DNA
replication. To overcome the deleterious effects
of alcohol ®xation and acid denaturation on
GFP ¯uorescence, we labeled replication sites
in stably transfected mouse 3T6 cells using an
in situ procedure that incorporated digoxi-
genin-11-dUTP at sites of replication (see
Materials and Methods). In earlier studies we
have shown that this procedure labels sites of
replication similar to those observed when cells
are pulsed with BrdU in vivo [Nakayasu and
Berezney, 1989; Wei et al., 1998, 1999]. The
results from these double-labeling experiments
show that the GFP-PCNA fusion construct
targets to sites of replication throughout the
S-phase (Fig. 3B,C). Approximately 80% of the
GFP-PCNA signal colocalized with sites of re-
plication in the early S-phase (Fig. 4B). Con-
sistent with these ®ndings the GFP-PCNA
signal overlaps virtually completely with sites

60 Somanathan et al.



of endogenous PCNA (results not shown).
Moreover, non-replicating cells showed weak
homogenous staining throughout the nucleus
(Fig. 3A) and the expression of GFP, without
fusion to PCNA, remained cytoplasmic (data
not shown). We also found that expression of
the fusion construct had no observable effect on
the proliferating rates of these cells over
several days (data not shown).

In evaluating the colocalization of endogen-
ous PCNA and the GFP-PCNA construct with

DNA replication sites it is important to stress
that yellow color as an indicator of colocaliza-
tion in the original microscopic images is only
valid when the two signals, i.e., red and green,
are of similar intensity. Thus if a relatively
weak intensity for PCNA (green) was found
over a replication site (red), the site would still
appear red even though it contained signi®cant
PCNA. Indeed we observe that the intensity of
PCNA staining is often not distributed homo-
geneously over individual replication sites and

Fig. 1. Association of PCNA with sites of DNA replication. NHF1 cells were pulsed with BrdU for 5 min at
different stages in S-phase: (A) early S; (B) mid S; (C) late S; and dual-labeled for replication sites (green) and
PCNA (red). Bars, 5 mm.
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Fig. 2. Dynamic association of PCNA with DNA replication
sites. NHF1 cells were pulsed with BrdU for 5 min. Following a
chase of 2 h the cells were ®xed and labeled for replication sites
(green) and PCNA (red). The right panel shows cells that were
labeled with BrdU at different stages in S-phase: (A) early S; (B)

mid S; (C) late S. The subsequent PCNA (red) staining following
the 2-hour chase is represented in the middle panel. Cells that
showed only labeling for either of the two signals are repre-
sented in the bottom panel (D). Bars, 5 mm.
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viceversa. Thus there could be signi®cant reg-
ions of PCNA and replication site labeling that
are colocalized but do not show a yellow color
due to a large imbalance in the signal intensity
of the two labels at a particular area. This
limitation of colocalization based on yellow
color is apparent in our results by comparing
the individual channels of PCNA and replica-
tion site labeling before merging. Often the
degree of yellow color is much less than would
be expected (see Figs. 1C and 3C). We overcome
this dif®culty by using parameters in our image
analysis which segment ``yellow'' even when
only a relatively low intensity of green ¯uores-
cence is found at the same pixel site as higher
intensity red ¯uorescence and viceversa.

Dynamic Translocation of GFP-PCNA
During S-Phase of Living Cells

With the con®dence that GFP-PCNA expre-
ssed over a 12-hour period signi®cantly coloca-
lizes with replication sites throughout the S-
phase in these stably transfected cells (Fig. 3),
we have carried out real time studies of GFP-
PCNA localized in living cells. Coverslips cont-
aining 3T6 cells, stably transfected with GFP-
PCNA, were put in a microscopy chamber for
live cells that maintained temperature at 37�C.
Characteristic early, mid- and late-S type
patterns of GFP-PCNA were readily identi®ed
(Fig. 5A±C). A series of optical sections of
individual nuclei were then collected over time

Fig. 3. Association of GFP-PCNA with DNA replication sites.
The association of GFP-PCNA with DNA replication sites was
examined in a 3T6 mouse ®broblast cell line (7-4) stably
tranfected with GFP-PCNA. Cells were grown on cover slips for
approximately 12 h after induction with 100 ng/ml of doxy-
cycline and labeled with digoxigenin-dUTP. Patterns of

replication sites in early (B), and late S (C), shown in the middle
panels were compared to those of GFP-PCNA localization in the
left panels with merging of the two channels in the right panels.
GFP-PCNA in nonreplicating cells (A) is found nearly exclu-
sively in the nucleus in a diffuse pattern. Bars, 5 mm.
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with the confocal microscope. Cells expressing
the fusion construct underwent characteristic
changes in the localization of the protein.
Depending on when in the S-phase a cell was
imaged, the patterns changed with time to
those characteristic of later S-phases. Figure
5D±F, shows a nucleus imaged over a period of
6 h. During the initial stages the nucleus con-
tains small punctate foci that appear through-
out the nucleus and are characteristic of early S
replication sites (Fig. 5D). These then change
to larger granular sites characteristic of mid
and late S replication patterns (Fig. 5E,F).
Similarly, Figure 5G±I tracks a nucleus over a
4 hour period showing a GFP-PCNA pattern
characteristic of mid S-phase replication sites
(Fig. 5G) going to late S-phase (Fig. 5H) and
further onto the non-replicating state of G2

phase (Fig. 5I). Our results are consistent with
a dynamic translocation of PCNA to active sites
of DNA replication throughout the S-phase of
living cells and provide a new approach for
directly studying the targeting of replicative
factors to replication sites in living cells.

DISCUSSION

We have studied in mammalian cells the
spatial and temporal dynamics of PCNA, an
essential factor of the DNA replication machin-
ery. Our results demonstrate that a detergent-
resistant form of PCNA associates at sites of
replication during all stages of S-phase. These
®ndings are consistent with other studies that
have demonstrated that the detergent-resis-
tant form of the protein occurs only during the
S-phase [Bravo and Macdonald-Bravo, 1987].
The targeting of PCNA to replication sites may
be related to a preferential phosphorylation of
the protein by association with cyclins and
cyclin-dependent kinases [Prosperi et al.,
1994]. Since the kinases associate with PCNA
in both the bound and unbound forms, phos-
phorylation could be the signal that triggers
the association of the protein with DNA at sites
of replication. Alternatively, phosphorylation
could occur following binding of the protein to
DNA, prior to or during the elongation phase of
DNA synthesis.

Following termination of replication at a site,
we ®nd that PCNA dissociates and targets to
other sites of active replication. Temporally,
this occurs within a window of 2 h or less in the
early S-phase. These results are consistent
with previous reports demonstrating that the
time taken for completion of replication at a
site is less than 1 h [Manders et al., 1992, 1996;
Jackson and Pombo, 1998; Ma et al., 1998]. Our
observations on the targeting of PCNA to active
sites of replication are supported by similar
results observed in CHO cells [Dimitrova et al.,
1999]. The mechanisms by which the protein
dissociates and then re-associates with sites
of ongoing replication, however, remain to be
resolved.

Upon induction, cells expressing a stable
GFP-PCNA fusion construct showed dynamic
spatial rearrangements that mimic expression
of endogenous PCNA observed in ®xed cells.
The chimeric protein also targeted to sites of
replication throughout the S-phase, indicating
that the fusion of GFP to PCNA did not inhibit
its targeting to DNA replication sites. While
this paper was in preparation, Leonhardt et al.
[2000] also demonstrated the colocalization of
GFP-PCNA to active sites of DNA replication.
Similar results were observed in studies that
used GFP fusion constructs to other replication
proteins, including DNA ligase and DNA

Fig. 4. Extent of colocalization between endogenous PCNA,
GFP-PCNA and replication sites during early S-phase. Three
color segmentation was performed on the confocal images to
determine the extent of colocalization between endogenous
PCNA (A) or GFP-PCNA (B) and replication sites. The area
occupied by the segments was determined based on the number
of pixels enclosed within the segments. Each area represents the
average of at least 12 determinants.
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methyltransferase [Leonhardt et al., 1992; Car-
doso et al., 1997].

There is growing evidence that functions in
the nucleus such as DNA replication, tran-
scription, and RNA splicing are spatially and
temporally segregated, with factors and enzy-
mes involved in these processes targeting to
their respective sites at presumably high
concentrations [Spector, 1993; Berezney et al.,

1995; Nickerson et al., 1995; Stein et al., 1995,
1999; van Driel et al., 1995; Berezney and Wei,
1998; Wei et al., 1999]. During the cell cycle
this may be achieved by a myriad of genetic and
biochemical signals that target these factors to
the various compartments within the nucleus
[Leonhardt and Cardoso, 1995; Zeng et al.,
1997, 1998]. Using the replication protein
PCNA as a model, we have shown that this

Fig. 5. Dynamic changes in PCNA localization during S-phase
in living cells correlates with the characteristic S-phase
dependent patterns of replication. Using the stable transfectant
cell line (7-4) we tracked the pattern of GFP-PCNA in living cells
pretreated, with 100 ng/ml of doxycycline for 12 h. Cells
displaying early-S (A), mid-S (B) and late S-like (C) replication
patterns of the GFP-PCNA were readily identi®ed. Individual

cells were then tracked by collecting a series of confocal
sections approximately every hour. Row (D±F) shows GFP-
PCNA going from early S to late S patterns at 2-hour intervals.
Row (G±I) shows a transition from mid-S to late-S to G2 patterns
at 2-hour intervals. Arrows in (B) point to GFP-PCNA located at
the perinucleolar (bottom) and perinuclear (top) borders,
respectively. Bars, 5 mm.
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factor undergoes dynamic spatial rearrange-
ments during the cell cycle that result in its
targeting to sites of replication. Ongoing inves-
tigations in our laboratory are currently focu-
sed on the dynamic changes occurring at
replication sites during the S-phase and the
involvement of nuclear architecture in these
processes.
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