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Ectopically expressed Cdc6 is translocated from the nucleus during S phase in a cyclin A-Cdk2-dependent
process, suggesting that reinitiation of DNA replication is prevented by removal of phosphorylated Cdc6 from
chromatin after origin firing. However, whether endogenous Cdc6 translocates during S phase remains
controversial. To resolve the questions regarding regulation of endogenous Cdc6, we cloned the cDNA encoding
the Chinese hamster Cdc6 homolog and specifically focused on analyzing the localizations and chromatin
affinities of endogenous and exogenous proteins during S phase and following overexpression of cyclin A. In
agreement with other reports, ectopically expressed Cdc6 translocates from the nucleus during S phase and in
response to overexpressed cyclin A. In contrast, using a combination of biochemical and immunohistochemical
assays, we show convincingly that endogenous Cdc6 remains nuclear and chromatin bound throughout the
entire S period, while Mcm5 loses chromatin affinity during S phase. Overexpression of cyclin A is unable to
alter the nuclear localization of Cdc6. Furthermore, using a phosphospecific antibody we show that phospho-
serine-54 Cdc6 maintains a high affinity for chromatin during the S period. Considering recent in vitro studies,
these data are consistent with a proposed model in which Cdc6 is serine-54 phosphorylated during S phase and
functions as a chromatin-bound signal that prevents reformation of prereplication complexes.

Initiation of DNA replication in eukaryotic chromosomes is
governed by multiprotein complexes that assemble at origins of
replication in a temporally specified manner (2). In Saccharo-
myces cerevisiae, cis-regulatory replicator elements at plasmid
and chromosomal origins are bound throughout the cell cycle
by an aggregate of six proteins termed the origin recognition
complex (2, 3). During late mitosis or early G1, the origin
recognition complex serves as a loading site for the binding of
Cdc6 and Cdt1, followed by recruitment of the minichromo-
some maintenance (MCM) complex (2, 7, 8, 13, 37–40, 45, 47).
The resulting aggregate is known as the prereplication complex
(pre-RC).

Regulation of Cdc6 abundance and subcellular localization
is thought to be important during the cell cycle for licensing
origins and preventing further rounds of initiation in the same
cell cycle (5, 10, 11, 27–29, 31, 33). Cdc6 is required for initi-
ation of replication in yeast (7, 21, 31, 45), Xenopus laevis (8),
and likely mammals (33, 46, 48). Once replication begins, Cdc6
is degraded in yeast (5, 7, 30, 31, 45), whereas for mammals it
has been suggested that Cdc6 is translocated out of the nucleus
during S phase in a cyclin A-Cdk2- and phosphorylation-de-
pendent manner (10, 11, 27–29, 33) and then subject to deg-
radation by the anaphase-promoting complex (10, 23, 29).
However, the majority of data supporting the translocation
model have been obtained using ectopically expressed or mi-
croinjected Cdc6 cDNAs (11, 18, 28, 33) or with recombinant
Cdc6 protein added to in vitro replication systems (10, 27). In
addition, many of these studies employed tumor cell lines to
obtain data describing normal Cdc6 regulation (10, 11, 15, 16,

18, 28, 33), and synchronization regimens utilizing hydroxyu-
rea, aphidicolin, or thymidine blocks were often performed
(10, 11, 15, 16, 18, 28, 33), which could easily have created
stress or checkpoint response conditions within the cells (1, 4).
For these reasons, it is difficult to ascertain whether endoge-
nous Cdc6 is likewise regulated by translocation during a nor-
mal S phase.

In apparent contradiction of the translocation model are a
few reports that have shown that some endogenous Cdc6 pro-
tein is detergent resistant during S phase (10, 15, 16, 23, 26,
36), while one of these groups has shown by immunofluores-
cence that some endogenous Cdc6 is possibly nuclear at some
unknown point in S phase (15, 16), although the latter studies
utilized hydroxyurea-synchronized tumor cells and failed to
show that cells displaying Cdc6 in the nucleus were simulta-
neously in S phase (15). However, as with most of the ectopic
studies described above, the majority of these endogenous
approaches also utilized tumor cell lines (10, 15, 16, 23, 36)
and/or employed hydroxyurea, aphidicolin, or thymidine-
blocking methods to analyze endogenous Cdc6 regulation dur-
ing S phase (10, 15, 16, 26, 36), thus requiring caution in the
interpretation of these studies with regard to Cdc6 regulation
in normal cells. Even more important, advocates of the trans-
location model can point out that the experiments utilizing
detergent-resistant approaches (10, 15, 16, 23, 26, 36) do not
conclusively show that a recovered protein is indeed nuclear
prior to cell fractionation. Indeed, if endogenous Cdc6 is trans-
locating from nuclei along the cytoskeletal components, such
as microtubules, then it is plausible that any such Cdc6 mole-
cules might also be resistant to detergent extraction and be
recovered in the so-called “nuclear” fraction, resulting in po-
tential overinterpretation of any such chromatin-binding as-
says. For these reasons, it becomes necessary that biochemical
fractionation procedures be complemented by immunofluores-
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cence experiments on fixed cells to support or refute models
for endogenous Cdc6 regulation by translocation. It is also
important that any such studies utilize non-tumor-derived
cells, as well as experimental approaches that do not involve
any drug treatments that may complicate interpretation of the
results. To date, no such clear and comprehensive analysis
focusing specifically on regulation of endogenous Cdc6 subcel-
lular localization during S phase has been performed.

To investigate more thoroughly the regulation of endoge-
nous Cdc6 during S phase, we have cloned the cDNA encoding
the Chinese hamster (Cricetulus griseus) Cdc6 homolog and
obtained several effective antibodies that allowed us to focus
specifically on the issue of whether endogenous and exogenous
Cdc6 proteins behave the same way in tumor and non-tumor-
derived cells, both with and without synchronization. Using
biochemical fractionation together, for the first time, with thor-
ough immunohistochemical techniques, we compared the sub-
cellular distribution of endogenous and ectopically expressed
Cdc6 during G1 and S phases. We demonstrate that, in contrast
to ectopically expressed Cdc6, a significant fraction of the
endogenous Cdc6 protein not only remains nuclear throughout
the entire S period but also displays a high affinity for chro-
matin at all stages of S phase. We also demonstrate for the first
time that endogenous Cdc6 phosphorylated specifically on
serine-54 appears during S phase but does not lose its affinity
for chromatin despite its apparent Cdk2-cyclin A-mediated
modification. In agreement with this result, we additionally
show that overexpressed cyclin A fails to yield any changes in
the nuclear localization of endogenous Cdc6, whereas ectopi-
cally expressed Cdc6 is clearly translocated from the nucleus
under similar conditions.

Our analysis more thoroughly addresses the weaknesses of
other reports and strengthens the idea that endogenous Cdc6
does not appreciably translocate from the nucleus during S
phase or following ectopic cyclin A expression, instead becom-
ing phosphorylated on serine-54 in a chromatin-bound state.
Taking these data together with recent in vitro data published
by Laskey and coworkers (9), we propose a model in which
endogenous Cdc6 is phosphorylated when its associated
pre-RC is activated to initiate but remains chromatin bound,
perhaps functioning as a block to further pre-RC formation or
as a signal to later mitotic events. In this manner, chromatin-
bound and phosphorylated Cdc6 may represent another mech-
anism that prevents premature reinitiation of DNA replication
by inhibiting new pre-RC formation.

MATERIALS AND METHODS

Cell culture and synchronization. Chinese hamster ovary (CHO) or HeLa
cells were maintained in minimal essential medium (Invitrogen) supplemented
with 10% Fetal Clone II (HyClone). CHO cells were synchronized in G0 by
starving them for isoleucine for 36 h followed by release into complete minimal
essential medium. Bromodeoxyuridine (BrdU; Sigma) labeling (15 �M, 30 min)
was used to verify synchrony. Transfections were performed in 35-mm-diameter
plates with FuGENE 6 according to the protocol of the manufacturer (Roche).
Transfections lasted 24 h, after which cells were analyzed as described below.

Antibodies. Monoclonal antihemagglutinin (anti-HA), nonconjugated or con-
jugated with fluorescein isothiocyanate (FITC) (1:1,000; HA.11; Covance), and
rabbit polyclonal anti-Cdc6 (sc-8341, antibody 1) and anti-Cdc6-phospho-
serine-54 (sc-12920; 1:500) and blocking peptide (sc-12920p) were from Santa
Cruz Biotechnology; rabbit polyclonal anti-Mcm5 (1:50; provided by Rolf Knip-
pers, University of Konstanz, Konstanz, Germany), monoclonal anti-BrdU (1:20;
Roche), monoclonal anti-Cdc6 37314 (against amino acids 366 to 560 of human

Cdc6; antibody 2; 1:1,000), and monoclonal anti-Cdc6 16724 (against amino acids
1 to 224 of human Cdc6; antibody 3; 1:1,000 on immunoblots and 1:500 in
immunohistochemistry) were provided by Nicholas Heintz (University of Ver-
mont); monoclonal anti-BrdU–Alexa-594 (1:20) and monoclonal anti-Cdc6 (an-
tibody 4; immunogenic peptide shown in Fig. 1; 1:20) were from Molecular
Probes; monoclonal anti-lamin A/C (1:500) and monoclonal antitubulin (1:1,000)
were from Calbiochem; rabbit polyclonal anti-cyclin A (1 �g/ml) was from
Upstate Biotechnology Inc.

Cloning and subcloning. Human and murine Cdc6 sequences (GenBank ac-
cession numbers NM_001254 and NM_011799, respectively) were aligned, and
identical stretches of DNA sequences were used to design primers for use in 5�
rapid amplification of cDNA ends (5�-RACE) and reverse transcription-PCRs
(RT-PCRs) on Chinese hamster cDNA. 5�-RACE was performed according to
the instructions of the manufacturer (Invitrogen) to obtain a hamster Cdc6 5�
fragment. PCR conditions and primer sequences are available upon request. The
5�-RACE product was sequenced to determine the hamster 5� coding region.
These sequence data were used to design a new primer (Cdc6-5�Met), with an
in-frame BamHI site. PCR using the Cdc6-5�Met primer and the Cdc6-3�B
primer (based on identical murine and human sequence in the 3� tail of Cdc6)
was performed on hamster cDNA with High Fidelity Platinum Taq polymerase
(Invitrogen). PCR conditions and primer sequences are available upon request.
The 1.9-kb product was subcloned, and four independent clones were sequenced
two to four times on each strand to determine the wild-type Chinese hamster
Cdc6 coding sequence.

A Homo sapiens cyclin A (HsCyclin A) plasmid was provided by Joseph Nevins
(Duke University). HsCyclin E (E1 isoform 2; see GenBank entry NP_476530)
was obtained from human cDNA by RT-PCR. PCR using Pfu-Turbo (Strat-
agene) was performed on the HsCyclin A plasmid or on human cDNA. Primers
contained an in-frame BamHI or EcoRI site at the 5� end of the gene and a NotI
site at the 3� end (primers and methods are available upon request). PCR
products were verified by sequencing.

The C. griseus Cdc6 (CgCdc6), HsCyclin A, and HsCyclin E cDNAs were
transferred to pcDNA3 (Invitrogen) and to pcDNA3-3�HA (containing three
HA tags) by using BamHI and NotI (for CgCdc6 and HsCyclin A genes) or
EcoRI and NotI (for HsCyclin E). This produced the expression vectors pc2HA-
CgCdc6, pc2HA-HsCyclin A, pc3HA-HsCyclin E, pcDNA3-CgCdc6, pcDNA3-
HsCyclin A, and pcDNA3-HsCyclin E. CgCdc6 was transferred to the vectors
pGEX-4T1 (Amersham Pharmacia) and pET28a (Novagen) for bacterial expres-
sion with an in-frame glutathione S-transferase (GST) tag or six-histidine tag.
CgCdc6 was also subcloned into the vector pRcLac (49), allowing expression with
an in-frame LacI tag.

Immunoblotting. CHO, 3T3, or HeLa cells were washed with cold phosphate-
buffered saline (150 mM NaCl, 5 mM Na2HPO4, 1.7 mM KH2PO4, pH 7.4). Cells
were lysed, and total cell extract (TCE) was analyzed by immunoblotting. For
antibody blocking, a fivefold excess of blocking peptide (by weight) was incu-
bated with antibody on ice for 2 h in phosphate-buffered saline. Membranes were
probed with antisera in the presence of 3% dried milk in TBS-T (20 mM Tris
base, 137 mM NaCl [pH 8], 0.1% Tween 20), followed by incubation with a
1:10,000 dilution of secondary antibody conjugated with horseradish peroxidase
(anti-mouse immunoglobulin G [IgG], Amersham Pharmacia; anti-rabbit IgG,
Jackson Immunoresearch; anti-mouse IgM, Pierce). Membranes were subjected
to enhanced chemiluminescence (Amersham Pharmacia).

To collect detergent-resistant chromatin and detergent-soluble (cytosolic and
nucleosolic) fractions, a published protocol (23) was followed with some modi-
fications. Monolayer CHO cells were collected at each time point following
synchronization. Samples were normalized to cell number prior to fractionation
(cell numbers never varied by more than 5%). CHO cells were separated into S1
and P3 fractions as described previously (23). The S2 samples in the previous
report are referred to here as S1. In the end, all S1 and P3 sample pairs had equal
volumes of CHO cell equivalent extract. TCE samples were collected at each
time point without fractionation. Equal amounts of TCE, S1, and P3 were
analyzed by immunoblotting.

Bacterial expression. GST-CgCdc6 was purified from bacteria according to the
suggestions of the manufacturer (Amersham Pharmacia). Histidine-tagged
CgCdc6 (His6-CgCdc6) was purified using BD Talon Resin (BD Biosciences).
For phospho-Cdc6 antibody analysis, approximately 0.75 �g of full-length GST-
CgCdc6 was used. For analysis of the monoclonal anti-Cdc6 antibody (antibody
3), approximately 1 �g of purified His6-CgCdc6 protein was used.

Immunohistochemistry. CHO or HeLa cells on coverslips were fixed with 2%
formaldehyde. In some experiments, cells were incubated in a Triton X-100
buffer (0.1% Triton X-100, 10 mM HEPES-KOH [pH 7.9], 10 mM KCl, 1.5 mM
MgCl2, 0.5 mM dithiothreitol) prior to formaldehyde fixation to remove deter-
gent-sensitive proteins. Immunohistochemistry was performed as described pre-
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viously (49). BrdU incorporation was detected after treatment with 1.5 N HCl for
30 min. Secondary antibodies consisted of the following: anti-mouse–Texas Red,
anti-mouse–FITC, and anti-rabbit–Texas Red (Jackson Immunoresearch). Cov-
erslips were mounted with Prolong Antifade reagent (Molecular Probes) and
examined with a Nikon Microphot-SA fluorescence microscope equipped with a
Spot digital camera and software.

For double labeling experiments with anti-BrdU or anti-HA and anti-Cdc6,
signals from the monoclonal antibodies were visualized using sequential prob-
ings. Primary, nonlabeled antibodies to Cdc6 were incubated with fixed cells and
then bound by secondary antibody. The cells and antibodies were fixed again with
formaldehyde, and anti-HA conjugated with FITC and anti-BrdU–Alexa-594
were used as probes.

Nucleotide sequence accession number. The wild-type Chinese hamster Cdc6
coding cDNA sequence is deposited in GenBank under accession number
AY491989.

RESULTS

Cloning of CgCdc6 cDNA and characterization of Cdc6 an-
tibodies. Using a combination of 5�-RACE and RT-PCR tech-
niques, we have cloned the 1.9-kb sequence corresponding to
the Chinese hamster Cdc6 cDNA (CgCdc6; Fig. 1). Primers
were designed using the alignments of human and murine

FIG. 1. Alignment of the amino acid sequences of Chinese hamster Cdc6, human Cdc6, and murine Cdc6. The alignment was performed using
Clustal W algorithms, followed by shading with the program Boxshade, both available at the Internet location http://restools.sdsc.edu. Residues
identical between two or among three species are indicated by dark shading, and similar residues are indicated by light shading. The immunogenic
peptide to which the Molecular Probes anti-Cdc6 monoclonal antibody (antibody 4) was made is indicated above the amino acid sequence, as are
the Walker A and B boxes (43). Conserved serines that are putative substrates of cyclin-dependent kinases in vitro and in vivo are indicated below
the amino acid sequence (see text for references). GenBank accession numbers are as follows: human Cdc6, NM_001254; murine Cdc6,
NM_011799; Chinese hamster Cdc6, AY491989.
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Cdc6 sequences. Clustal W alignments showed that hamster
and human coding regions are 82% identical and 13% similar,
while murine and hamster regions show 83% identity and 12%
similarity. This suggests that Cdc6 performs the same function
in all mammals, presumably regulating replication origin activ-
ity.

The CgCdc6 gene encodes a 561-amino-acid polypeptide
with a predicted size of �62 kDa (33, 46). To test the integrity
of the cloned CgCdc6 cDNA, it was inserted into an expression
vector carrying two in-frame HA tags and the fusion protein
was transiently expressed in CHO cells. Immunoblotting with
anti-HA detected a 65-kDa polypeptide, which corresponds to
the expected 62-kDa Cdc6 polypeptide when corrected for the
size of the tags (data not shown).

Several antibodies proved effective in the various applica-
tions employed here. Polyclonal anti-Cdc6 (antibody 1) and
monoclonal anti-Cdc6 (antibody 2) recognized a �62-kDa
polypeptide in immunoblots of TCEs from three mammalian
species, as well as CgCdc6 fused to the LacI DNA-binding
domain (Fig. 2A) (49). Both antibodies detect a second band
(and sometimes a third) at a slightly higher molecular weight in
hamster cells (Fig. 2A and C; see also Fig. 3 below). Others
have also detected a species of similar size in human cells (10).
Since antibodies 1 and 2 did not efficiently recognize Cdc6 in
formaldehyde-fixed cells, we used two additional monoclonal
antibodies (antibodies 3 and 4) that were effective in cytolog-
ical assays (see below). On immunoblots, antibody 3 recog-
nized endogenous mammalian Cdc6, as well as bacterially ex-
pressed histidine-tagged CgCdc6 (Fig. 2B), and could be
blocked with purified Cdc6 (data not shown). Antibody 4 did
not efficiently recognize Cdc6 on immunoblots following cell
lysis and protein denaturation.

We also obtained a rabbit polyclonal antibody directed
against Cdc6 phosphorylated on serine-54 (Cdc654P). This an-
tiserum efficiently recognized endogenous human Cdc654P and,
less efficiently, the endogenous hamster counterpart (Fig. 2C,
top panel). Preincubation with an excess of the immunogenic
Cdc654P peptide blocked reactivity (data not shown). Trans-
fected LacI-CgCdc6 protein was efficiently recognized by this
antibody, suggesting that hamster Cdc654P is recognized but
that there are low levels of endogenous Cdc654P in extracts
prepared from unsynchronized cultures. As shown in Fig. 2C
(upper panel), an excess of bacterially expressed, unphosphor-
ylated, GST-tagged CgCdc6 is not recognized by this phos-
phospecific antibody whereas antibody 1 to Cdc6 gives a very
strong signal (Fig. 2C, lower panel), demonstrating the speci-
ficity of this preparation.

Endogenous Cdc6 and Cdc654P are associated with chroma-
tin throughout S phase. We first asked how endogenous Cdc6
levels in CHO cells fluctuate during the G1-to-S-phase transi-
tion following release from a G0 block. Immunoblotting of
TCE at the times after release indicated in Fig. 3 showed that
Cdc6 levels are slightly reduced during starvation itself (Iso�)
relative to log-phase samples but rise somewhat following re-
lease from the G0 block (compare to the lamin A/C and tubulin
loading controls). These data are consistent with results pub-
lished by other groups (28, 35, 36, 46). The polyclonal anti-
Cdc6 used here (antibody 1) detects three distinct Cdc6 species
in this experiment, the middle one of which is absent in G0 but
reappears �6 h after release from the block, around the time

at which the population begins to enter the S period (see
below). A corresponding increase in signal strength with the
Cdc654P antibody suggests that this band represents a phos-
phorylated isoform of Cdc6 (Fig. 3, TCE samples). Assign-
ments of approximate cell cycle positions were made by
monitoring the appearance of cyclin A (Fig. 3) and by pulse-
labeling parallel cultures with BrdU to determine the percent-
age of cells in S phase at each time point (see Fig. 6).

To determine the affinity of endogenous Cdc6 for chromatin
during G1 and S phases, parallel cultures were subjected to a
modified chromatin binding assay published previously (23) in
which Triton X-100 is used to separate nucleosolic and cyto-
solic proteins (fraction S1) from chromatin-bound, detergent-
resistant material (fraction P3). Immunoblotting with anti-
lamin A/C and antitubulin verified that the fractionation was
effective (Fig. 3), and more importantly, it suggested that if any
cytoplasmic proteins were tightly associated with microtubules
then they were unlikely to be present in the chromatin pellets
in our experiments, since tubulin itself was detergent sensitive
and not associated with the pellets. Note, however, that a
minor portion of the total tubulin appears to become more
resistant to detergent �18 h after release from G0, a time when
some cells have finished S phase and are entering G2 and
mitosis.

Interestingly, the endogenous Cdc6 isoforms partition into
different fractions (Fig. 3, top rows) during the cell cycle. No-
tably, the middle Cdc6 (presumably phosphorylated) band that
appears in late G1 and S phase fractionates with the P3 chro-
matin fraction, while the two other isoforms are largely (but
not completely) solubilized by Triton X-100. Probing with the
Cdc654P antibody suggests that the middle band corresponds to
phospho-Cdc6 (Fig. 3, Cdc6-P). A small portion of Cdc654P

begins to appear in the soluble S3 fraction only in the later
stages of S phase. Thus, phosphorylation of Cdc6 may lead to
its increased affinity for chromatin.

Subcellular distributions of endogenous and ectopically ex-
pressed Cdc6 in unsynchronized cell populations. We also
analyzed the subcellular distribution of endogenous Cdc6 in
cells by immunohistochemical methods. In unsynchronized
CHO and HeLa cells, both monoclonal antibodies to Cdc6
(antibodies 3 and 4) display a predominantly nuclear pattern
(Fig. 4A). However, both reagents also detect a less pro-
nounced extranuclear signal distributed throughout the cyto-
plasm in many discrete foci (arrowheads in Fig. 4A).

HA-tagged CgCdc6 also displays a predominantly nuclear
staining pattern when expressed in unsynchronized CHO cells,
again with a less-pronounced focal cytoplasmic signal (Fig. 4B,
arrowheads). However, in 20 to 30% of transfected cells ex-
amined, the HA-CgCdc6 protein was completely cytoplasmic,
with little staining detectable in the nucleus (Fig. 4B, upper left
panel). Neither of the monoclonal antibodies detected this
“nuclear ghost” pattern with endogenous Cdc6, in either CHO
or HeLa cells. Thus, these immunohistochemical studies sug-
gest that endogenous Cdc6 is primarily nuclear, while exoge-
nous Cdc6 is localized to the cytoplasm in some cells. Since the
biochemical fractionation studies presented in Fig. 3 show that
a significant portion of endogenous Cdc6 is detergent soluble
at all time points, much of the Cdc6 protein detected here by
immunohistochemical methods may actually be nucleoplasmic
rather than tightly bound to chromatin.
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Transfected Cdc6 is cytoplasmic in S-phase cells. The dif-
ferences in behavior between endogenous and ectopically ex-
pressed Cdc6 in the experiments presented above suggested
that cells may regulate the intracellular localization of the two

species differently. Several studies have suggested that ectopi-
cally expressed Cdc6 is lost from the nucleus during S phase
(10, 18, 27, 28, 33). Therefore, the possibility arose that the
lack of nuclear staining in some of our transfected cells was

FIG. 2. Characterization of antibodies. (A) (Left) Western analysis of TCEs from asynchronous HeLa, 3T3, and CHO cells or from CHO cells
transfected with pRcLac-CgCdc6, probed with polyclonal anti-Cdc6 (antibody 1). Arrowheads indicate Cdc6 bands. (Right) Western analysis of
the same samples probed with monoclonal anti-Cdc6 (antibody 2). (B) (Left) TCEs from asynchronous HeLa, 3T3, and CHO cells analyzed by
immunoblotting using mouse monoclonal anti-Cdc6 (antibody 3). (Right) Histidine-tagged CgCdc6 purified from Escherichia coli was analyzed by
immunoblotting using monoclonal anti-Cdc6 (antibody 3). Note the degradation product below the predominant full-length Cdc6 band. (C) Asyn-
chronous HeLa and CHO TCEs, HeLa and CHO nuclear fractions (Nucl; isolated as described for log-phase P3 pellet in Fig. 3), bacterially
expressed GST-tagged CgCdc6, and log-phase CHO cells transfected with pRcLac-CgCdc6 were used to analyze the specificity of the anti-Cdc6-
phosphoserine-54 polyclonal antibody. (Top) Cells probed with phosphoserine-54-specific anti-Cdc6 antibody. (Bottom) Cells probed with
nonphosphospecific anti-Cdc6 polyclonal antibody 1. Arrowheads in the lower panel indicate two Cdc6-specific bands in this experiment, while a
third is visible upon longer exposure (data not shown). Numbers at left of panels indicate molecular masses in kilodaltons.
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due to their being in S phase at the time of transfection,
resulting in the appearance of exogenous Cdc6 in the cyto-
plasm.

To determine whether there is a strict correlation between
cytoplasmic staining of HA-CgCdc6 and residence in S phase,
we performed dual-labeling assays on transfected CHO cells
with antibodies directed toward HA-CgCdc6 and BrdU (the
HeLa cell line used here was resistant to lipid-based transfec-
tion methods and was not analyzed in this experiment). As
shown in Fig. 5A, transfected CHO cells that displayed a clear
nuclear staining pattern with anti-Cdc6 did not stain with anti-
BrdU, indicating that these cells were not in S phase during the
transfection procedure. In contrast, cells that displayed only
the extranuclear staining pattern with anti-HA-CgCdc6 also
exhibited distinct BrdU labeling, indicating that the cells were
in S phase, or had entered S phase, during the transfection
process (Fig. 5B).

Endogenous Cdc6 is nuclear and chromatin bound through-
out S phase in mammalian cells. It appears that when HA-
CgCdc6 is expressed ectopically during S phase, it is translo-
cated to the cytoplasm (our data and references 10, 18, 27, 28,
and 33). However, the immunohistochemical studies presented
in Fig. 4 showed that endogenous Cdc6 is detected primarily in
the nucleus in the majority of asynchronous CHO and HeLa
cells, many of which are likely to be in S phase. Furthermore,
in fractionation studies from our own and other laboratories
(Fig. 3) (10, 23, 26, 35, 36), a significant portion of endogenous
Cdc6 is nuclear and bound to chromatin in S phase. These data
suggested a potentially significant difference in behavior be-
tween endogenous and ectopically delivered Cdc6.

Therefore, we determined the subcellular location of endog-
enous Cdc6 at various stages of S phase under circumstances in
which the cells had not been synchronized. To accomplish this,
we first characterized the early-, middle-, and late-S-phase

BrdU staining patterns in synchronized cultures of CHO cells
that were arrested in G0 and were then released from this
block and pulse-labeled with BrdU at the time points shown in
Fig. 6. After fixation and staining with anti-BrdU, microscopic
examination showed that most cells entered S phase 6 to 9 h
after release from the G0 block and that S phase was complete
in the majority of cells between 15 and 18 h (top panels).
High-magnification views showed distinctly different patterns
of BrdU staining at various stages of S phase (lower panels), in
agreement with earlier reports (20, 25), and are classified in
Fig. 6 according to the five stages identified in those studies.

When unsynchronized CHO and HeLa cells were pulsed
with BrdU, fixed, and probed simultaneously with anti-Cdc6
and anti-BrdU, the resulting patterns show clearly that endog-
enous Cdc6 localizes primarily to the nucleus in all stages of S
phase (Fig. 7A). Identical results were obtained with both
monoclonal anti-Cdc6 antibodies 3 and 4 (compare left two
panels with right two in each case). We also tested whether the
affinity of Cdc6 for the nucleus (and likely chromatin) was
changed in S-phase versus non-S-phase nuclei. After labeling
with BrdU, cells were incubated in Triton X-100 buffer prior to
fixation with formaldehyde. Although the level of fluorescence
was reduced relative to that in non-detergent-treated samples,
endogenous Cdc6 was again observed to localize to the nucleus
and to resist extraction with Triton X-100 at all stages of S
phase in both CHO and HeLa cells (Fig. 7B). These findings
are consistent with those of earlier studies in which Cdc6 was
suggested to be nuclear at some unknown point in S phase (15,
16). (Note that all five S-phase stages were detected in both
CHO and HeLa preparations with each of the two monoclonal
antibodies to Cdc6, but only selected examples are shown.)

As a control for the effectiveness of the Triton X-100 pre-
treatment, HeLa cells were either fixed immediately with form-
aldehyde or treated with Triton X-100 prior to fixation, and the

FIG. 3. Chromatin association and detergent sensitivity of Cdc6 and Cdc654P during G0, G1, and S phases. CHO cells were synchronized in G0
by isoleucine deprivation, followed by release into G1 and S phases. TCEs, cytosolic-nucleosolic S1 fractions, and detergent-resistant P3 chromatin
fractions were isolated at the times indicated above. Asynchronous CHO cells (Log) were also collected as a reference sample. Western blotting
with anti-Cdc6 polyclonal antibody 1 (Cdc6), anti-Cdc654P polyclonal antibody (Cdc6-P), and anti-cyclin A polyclonal antiserum was performed.
Probing with anti-lamin A/C and antitubulin monoclonal antibodies confirmed that the fractionation procedure was effective. BrdU analysis using
immunohistochemistry was performed to verify that cells had been adequately synchronized (Fig. 6).
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nuclear localization and affinity of Mcm5 were determined. In
agreement with previously published results for other MCM
family members (14, 19, 22, 32, 41), when fixed immediately,
Mcm5 clearly localized to the nucleus in non-S-phase cells and
during all stages of S phase (Fig. 8A). However, when cells

were pretreated with Triton X-100 prior to fixation, Mcm5
became sensitive to extraction in early S phase and was virtu-
ally undetectable in late-S-phase nuclei (Fig. 8B). We conclude
from these immunohistochemical data that a subpopulation of
endogenous Cdc6 not only is nuclear but remains tightly bound

FIG. 4. Immunohistochemical analysis of endogenous Cdc6 in CHO and HeLa cells and transfected CgCdc6 in CHO cells. (A) Asynchronous
HeLa or CHO cells were analyzed by immunohistochemistry with two independently derived monoclonal antibodies to mammalian Cdc6
(antibodies 3 and 4). The secondary antibody was anti-mouse antibody conjugated with FITC. Arrowheads indicate discrete cytoplasmic focal
staining with either antibody. At least 300 nuclei were observed; representative photographs are shown. (B) Asynchronous CHO cells were
transfected with the pc2HA-CgCdc6 vector and fixed and analyzed by immunohistochemistry with anti-HA monoclonal antibody followed by
anti-mouse antibody conjugated with FITC. Arrowheads indicate diffuse and focal cytoplasmic staining for exogenous HA-CgCdc6. More than 50
transfected cells were observed, and representative cells were photographed.
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to some structure in the nucleus during the entire S phase.
These results are in general agreement with the biochemical
fractionation data presented above. (Note that the fluor used
to detect BrdU in Fig. 8 is FITC [green], while in Fig. 5 and 7
it is Alexa-594 [red].)

Overexpression of cyclin A causes ectopically expressed, but
not endogenous, Cdc6 to translocate to the cytoplasm. It has
been shown that when Cdc6-expressing plasmids are comicro-
injected into unsynchronized cell populations with a cyclin A
expression vector (but not with a cyclin E vector), the ectopic
Cdc6 localizes to the cytoplasm (28). However, we showed
above that, while overexpressed HA-CgCdc6 is efficiently
translocated to the cytoplasm during S phase, endogenous
Cdc6 is retained in the nucleus throughout S phase. Thus, the
question arose whether the localization of endogenous Cdc6 is
regulated by cyclin A.

As shown in Fig. 9A, ectopically expressed HA-CgCdc6
does, indeed, localize exclusively to the cytoplasm when unsyn-
chronized cells are cotransfected with a cyclin A expression
plasmid, but not with a vector encoding cyclin E. In contrast,
neither HA-cyclin A nor HA-cyclin E overexpression in unsyn-
chronized CHO cell populations provoked a relocalization of
endogenous Cdc6 to the cytoplasm: the endogenous Cdc6 sig-
nal remained nuclear in all cells examined (Fig. 9B and C).
Identical results were obtained with both monoclonal anti-
Cdc6 preparations. We were unable to test whether endoge-
nous Cdc6 became detergent sensitive when either cyclin A or
cyclin E was overexpressed in log-phase cells, since the exog-
enous cyclin proteins were themselves removed from nuclei by
the Triton X-100 treatment, precluding the identification of
cyclin-overexpressing cells (data not shown). However, we can
conclude that the overexpression of either cyclin A or cyclin E
does not provoke the relocalization of endogenous Cdc6 from
the nucleus to the cytoplasm.

DISCUSSION

There are conflicting reports in the literature regarding the
subcellular distribution of mammalian Cdc6 during G1-to-S-
phase progression. Several studies have shown that ectopically
expressed Cdc6 translocates from the nucleus to the cytoplasm
in an S-phase- and cyclin A-Cdk2-dependent manner (10, 11,
27, 28, 33). This has led to a model in which the subcellular
distribution of mammalian Cdc6 is regulated by cyclin A dur-
ing S phase as a means of preventing reinitiation of DNA
replication. A few studies of the behavior of endogenous Cdc6
have indicated that, while some of the protein exits the nucleus
upon entry into S phase, a subpopulation remains chromatin
bound (10, 15, 16, 23, 26, 35, 36). It could be that the differ-
ences in behaviors of endogenous versus ectopically expressed
Cdc6 result from differences in the cell lines used (i.e., tumor
derived versus non-tumor derived) or from the application of
inhibitors or double-thymidine blocks to synchronize cells in
different stages of the cycle (10, 15, 16, 23, 26, 28, 33). To
attempt to resolve these issues, we have utilized both immu-
nohistochemical and biochemical fractionation methods to de-
termine how endogenous and ectopically expressed Cdc6 pro-
teins behave in synchronized and unsynchronized cultures of
tumor-derived HeLa cells and non-tumor-derived CHO cells.

The biochemical fractionation method of Mendez and Still-

FIG. 5. Transfected CgCdc6 is cytoplasmic in S-phase cells. Asyn-
chronous CHO cells were transfected with pc2HA-CgCdc6 and ana-
lyzed for exogenous protein expression and BrdU incorporation by
immunohistochemistry. BrdU was added to cells for 30 min prior to
fixation. HA-CgCdc6 was detected with anti-HA monoclonal antibody
conjugated with FITC (green), and BrdU was detected with anti-BrdU
monoclonal antibody conjugated with Alexa-594 fluorophore (red).
More than 100 transfected cells were analyzed, and representative
photographs are shown. (A) Cells expressing Cdc6 in the nucleus do
not simultaneously show BrdU labeling and are therefore non-S-phase
cells. Arrowheads indicate nuclei with a clear reciprocal relationship
between anti-BrdU and anti-HA (Cdc6p) staining. (B) Cells in S phase
are labeled with BrdU and consistently show ectopic Cdc6 expression
in the cytoplasm.
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man (23) was modified here to allow efficient separation of
chromatin-bound proteins from cytosolic and nucleosolic pro-
teins in synchronized monolayer cultures of CHO cells. Our
studies show that a significant portion of endogenous Cdc6 can
be solubilized with detergent during G1 and S phase, while an
isoform of Cdc6 appears in late G1 and throughout S phase
that is reduced in mobility and remains detergent resistant
throughout S phase (Fig. 3). Based on the observation that
Cdc6 is phosphorylated during S phase in mammalian cells (10,
18, 27–29), we suspected that this isoform of Cdc6 was phos-
phorylated. Support for this conclusion came from immuno-
blotting (Fig. 3) with a phosphoserine-54-specific anti-Cdc6
antibody, which showed that Cdc654P is indeed present in late-
G1- and S-phase cells and is detergent resistant (and likely
chromatin bound) throughout S phase. The latter result is also
supported by data published by others (10). Overall, the bio-
chemical fractionation data in the present report are consistent
with work from other laboratories showing that a subpopula-
tion of endogenous Cdc6 remains bound to chromatin during
S phase (10, 15, 16, 23, 26, 35, 36).

Biochemical fractionation approaches are useful for deter-
mining the relative detergent sensitivities of proteins. How-
ever, proteins solubilized by detergent may actually have re-
sided in the nucleus, either loosely affixed to chromatin or in
the nucleosolic phase, prior to fractionation. In addition, pro-

teins that are detergent resistant, and therefore operationally
defined as chromatin bound, may actually be cytoplasmic but
tightly associated with structures such as microtubules that may
themselves interact with detergent-resistant nuclear proteins
(e.g., lamins).

We therefore employed a thorough set of immunohisto-
chemical assays to independently assess the intracellular dis-
tribution of endogenous Cdc6. The results from these studies
showed that endogenous Cdc6 is primarily nuclear in HeLa
and CHO cells, with some evidence of cytoplasmic staining.
Simultaneous staining of endogenous Cdc6 and BrdU showed
that the protein is present in the nucleus at all stages of S
phase. Pretreatment of cells with Triton X-100 prior to fixation
indicated that, although some of the Cdc6 was lost from the
nucleus, a significant fraction remained tightly associated at all
stages of S phase and is likely to be bound to chromatin (Fig.
7). In combination with the fractionation data, these studies
suggest that the majority of the detergent-sensitive Cdc6 de-
tected on immunoblots (Fig. 3, S1 samples) was probably nu-
clear prior to the fractionation procedure but was either nu-
cleoplasmic or loosely affixed to chromatin.

The overexpression of either cyclin A or cyclin E clearly did
not affect the nuclear localization of endogenous Cdc6. These
results contrast sharply with those obtained by us and others
(28) with transfected or microinjected HA-CgCdc6, respec-

FIG. 6. BrdU incorporation in synchronized CHO cells and staging of BrdU patterns. CHO cells were synchronized in G0 by isoleucine
deprivation (Iso� sample) and were released into G1 and S phase in complete medium for the times indicated above (see Materials and Methods).
Cells were pulsed with BrdU for 30 min prior to fixing. Asynchronous cells were also labeled with BrdU (log-phase sample). BrdU labeling was
visualized using anti-BrdU monoclonal antibody followed by secondary anti-mouse antibody conjugated with FITC. (Top) Multiple fields were
observed for each time point, and representative fields are shown at �20 magnification. Log-phase cells generally showed 30 to 50% BrdU
incorporation. At the peak periods (12 and 15 h), 90 to 95% of cells were labeled. (Bottom) Magnifications of �100 showing details of nuclei at
different stages of S phase. The 9-h point showed primarily stage 1 BrdU patterns. The 12-h point showed a few stage 1, many stage 2, and some
stage 3 BrdU patterns. The 15-h point showed primarily stage 3 and 4 BrdU patterns. The 18-h point showed mostly stage 4 and 5 BrdU patterns.
At least 100 nuclei were analyzed at each time point, and representative photographs are shown.
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tively, which cycles from the nucleus to the cytoplasm during S
phase but which is exclusively cytoplasmic when coexpressed
with cyclin A. Our results are consistent with other studies
demonstrating that mammalian cells phosphorylate both en-
dogenous and ectopic Cdc6 in S phase on serine-54 (11, 18, 27,
28) in a cyclin A-dependent manner (10, 28); however, our
data clearly show that the cells partition these phospho-Cdc6
proteins into different compartments.

The immunohistochemical data presented here differ some-
what from those of Tsurumi and colleagues (15, 16), in that we
did not detect a significant translocation of endogenous Cdc6
from the nucleus to the cytoplasm during any stage of S phase
(Fig. 7A and B). However, Triton X-100 treatment prior to
fixation yielded results nearly identical to theirs: during S
phase, endogenous Cdc6 was clearly nuclear and the Cdc6
staining patterns appeared more punctate and reduced in the

FIG. 7. Endogenous Cdc6 remains nuclear and chromatin bound throughout the entire S phase. Asynchronous HeLa and CHO cells were
labeled for 30 min with BrdU, fixed immediately (A) or following Triton X-100 treatment (B), and analyzed by immunohistochemistry for BrdU
incorporation and endogenous Cdc6 localization. Cdc6-labeled nuclei and BrdU-labeled nuclei are shown in horizontal pairs. Cdc6 was visualized
with anti-Cdc6 monoclonal antibodies 3 and 4, and both Cdc6 monoclonal antibodies were detected with anti-mouse secondary antibody
conjugated with FITC (green). Following Cdc6 probing, cells and Cdc6 primary and secondary antibodies were fixed again, and then BrdU was
detected with anti-BrdU monoclonal antibody conjugated with Alexa-594 (red). Labeled arrowheads point to S-phase nuclei staged according to
the results of Fig. 6. Unlabeled arrowheads indicate non-S-phase cells. For each pair of pictures, at least 100 nuclei were analyzed, and
representative pictures are shown.
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S-phase nuclei (Fig. 7B). Our findings extend these earlier
studies by showing that this is true throughout the entire S
period. It seems unlikely that epitope masking could explain
our inability to detect an increase in cytoplasmic endogenous
Cdc6 in S-phase cells, since two independently derived mono-
clonal antibodies gave the same results. It is conceivable that
hydroxyurea, which was used to prepare synchronized cultures
in the studies by Fujita et al. (15, 16), could have affected the
intracellular location of Cdc6 in some way, perhaps by eliciting
a cellular damage-sensing response (1, 4). In addition, the
studies by Fujita et al. did not directly demonstrate that the
cells they examined were actually in S phase, which compli-
cates interpretation of their data. Here we used BrdU to de-
finitively correlate Cdc6 localization with S-phase state in un-
synchronized populations.

Helin and colleagues also have used immunohistochemical
methods to monitor the distributions of endogenous and ex-
ogenously delivered Cdc6 under various conditions (28). Like
Tsurumi and colleagues (15, 16), they concluded in one exper-
iment that endogenous Cdc6, like its ectopically expressed
counterpart, translocates out of the nucleus into the cytoplasm
during S phase, due primarily to a detectable increase in cyto-

plasmic staining. However, the authors also noted that a sig-
nificant fraction of endogenous Cdc6 could still be detected in
the nucleus when the majority of the cell population was in S
phase. Importantly, the most prominent cytoplasmic Cdc6 sig-
nal was observed 24 h after release from a G0 block, by which
time many of the cells in the population likely would have
completed S phase.

Taking into account the results from our own and other
laboratories, we suggest the following general model for the
regulation of Cdc6. The endogenous protein is normally local-
ized to the nucleus, where it participates in the formation of
pre-RCs (reviewed in reference 2). Once organized, the pre-
RCs recruit other replication proteins such as DNA poly-
merases (12, 24, 44), and the complex is triggered to initiate
DNA synthesis by cyclin-dependent kinases, including cyclin
A-Cdk2 (9, 10, 17, 18, 28). Endogenous Cdc6 is one substrate
for this kinase (10, 18, 27, 28), and after phosphorylation on
one or more serines (18, 28), the phospho-Cdc6 could serve as
a distinguishing chromatin-bound mark for pre-RCs that have
already fired, possibly preventing rebinding of MCMs and thus
disallowing reinitiation. Indeed, Laskey and coworkers have
recently presented in vitro evidence supporting such a mech-

FIG. 8. Pretreatment with Triton X-100 effectively removes Mcm5 from S-phase nuclei. Asynchronous HeLa cells were labeled for 30 min with
BrdU, fixed immediately (A) or following Triton X-100 treatment (B), and analyzed by immunohistochemistry for BrdU incorporation and Mcm5
localization. Mcm5 was detected with polyclonal anti-Mcm5 followed by secondary anti-rabbit antibody conjugated with Texas Red (red). BrdU
was detected with monoclonal anti-BrdU followed by secondary anti-mouse antibody conjugated with FITC (green). Arrowheads point to
non-S-phase cells or S-phase cells staged according to the results in Fig. 6. At least 100 nuclei were examined, and representative photographs are
shown.
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anism (9). In their studies it was shown that, in contrast to what
was seen with untreated Cdc6 protein, cyclin A-Cdk2-phos-
phorylated Cdc6 protein added to mid-G1 nuclei failed to allow
these nuclei to initiate replication when incubated with S-

phase cytosolic extracts. More importantly, this lack of initia-
tion was coincident with a failure to recruit Mcm2 to chromatin
(9). Alternatively, and not mutually exclusive with the reinitia-
tion mechanism, chromatin-bound phospho-Cdc6 might func-

FIG. 9. Overexpression of cyclin A causes exogenous, transfected CgCdc6 to translocate to the cytoplasm but has no effect on endogenous
CgCdc6. (A) Asynchronous CHO cells were transfected with the HA-tagged CgCdc6 expression vector and a fivefold molar excess of either
untagged pcDNA3-HsCyclin A (left panels) or untagged pcDNA3-HsCyclin E (right panels). Cells expressing HA-CgCdc6 were detected with
monoclonal anti-HA followed by secondary anti-mouse antibody conjugated with FITC. (B and C) Asynchronous CHO cells were transfected with
pc2HA-HsCyclin A (B) or pc3HA-HsCyclin E (C) and analyzed for endogenous Cdc6 in HA-cyclin-expressing cells. Cdc6 was detected with
monoclonal anti-Cdc6 antibody 4 (panel pairs on left) or monoclonal anti-Cdc6 antibody 3 (panel pairs on right), followed by secondary anti-mouse
antibody conjugated with Texas Red (red images). Cells and Cdc6 primary and secondary antibodies were fixed again, and HA-cyclin A (B) or
HA-cyclin E (C) was detected with monoclonal anti-HA conjugated with FITC (green images). In all experiments, �50 HA-expressing cells were
analyzed, and representative photographs are shown.

VOL. 24, 2004 PHOSPHO-Cdc6 IS CHROMATIN BOUND THROUGHOUT S PHASE 1625



tion as a negative signal to prevent mitosis until S phase is
complete or as a positive signal that S phase is complete and
mitosis can occur. Such a role for Cdc6 has recently been
proposed by others (6, 42).

We also suggest that some endogenous Cdc6 can be phos-
phorylated by cyclin A-Cdk2, even though it has not been
incorporated into pre-RCs (i.e., is nucleosolic) or resides in
pre-RCs that have not functioned in an initiation reaction (the
latter have been shown to exist in yeast cells [34]). The nucleo-
solic or nonutilized Cdc6 then could either be translocated to
the cytoplasm (10, 11, 16, 28, 33) or have its affinity for chro-
matin reduced but still remain in the nucleus (as our immu-
nohistochemical and biochemical data would suggest); this
would prevent inappropriate pre-RC formation and reinitia-
tion of DNA replication. It is likely that the majority of ectopi-
cally expressed Cdc6 would fall into the nucleosolic category,
since it might not be able to integrate into preformed pre-RCs
because of the timing of transfection with respect to the cell
cycle and endogenous pre-RC assembly. Our studies raise the
possibility that it may not be possible to design valid studies
using transient, ectopically delivered Cdc6 as a marker for
endogenous Cdc6 behavior, since the exogenous proteins may
not actually be incorporated into pre-RCs.

Altogether, in this report we have thoroughly addressed the
weaknesses of other reports and strengthened the idea that
endogenous Cdc6 does not appreciably translocate from the
nucleus to the cytoplasm during any stage of S phase, or fol-
lowing ectopic cyclin A or E expression. Endogenous Cdc6
instead becomes phosphorylated on serine-54 and remains nu-
clear and in a chromatin-bound state. We propose that chro-
matin-bound and phosphorylated Cdc6 may represent another
mechanism that prevents premature reinitiation of DNA rep-
lication by inhibiting new pre-RC formation.
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