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Components of ORC (the origin recognition complex)
are highly conserved among eukaryotes and are thought
to play an essential role in the initiation of DNA repli-
cation. The level of the largest subunit of human ORC
(ORC1) during the cell cycle was studied in several hu-
man cell lines with a specific antibody. In all cell lines,
ORC1 levels oscillate: ORC1 starts to accumulate in
mid-G, phase, reaches a peak at the G,/S boundary, and
decreases to a basal level in S phase. In contrast, the
levels of other ORC subunits (ORCs 2-5) remain con-
stant throughout the cell cycle. The oscillation of ORC1,
or the ORC1 cycle, also occurs in cells expressing ORC1
ectopically from a constitutive promoter. Furthermore,
the 26 S proteasome inhibitor MG132 blocks the de-
crease in ORCI1, suggesting that the ORC1 cycle is
mainly due to 26 S proteasome-dependent degradation.
Arrest of the cell cycle in early S phase by hydroxyurea,
aphidicolin, or thymidine treatment is associated with
basal levels of ORC1, indicating that ORC1 proteolysis
starts in early S phase and is independent of S phase
progression. These observations indicate that the ORC1
cycle in human cells is highly linked with cell cycle
progression, allowing the initiation of replication to be
coordinated with the cell cycle and preventing origins
from refiring.

The replication of chromosomal DNA in eukaryotes is limited
to once per cell division cycle. This control appears to be
achieved mainly by the regulation of replication origins so that
they fire only once per cell cycle. The origin recognition complex
(ORC),! identified in budding yeast as a protein complex that
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binds origins, consists of six gene products (1-5). In addition to
ORC, several factors highly conserved among eukaryotes are
involved in initiation (6—8). The sequential assembly of these
factors on origin-ORC complexes precedes initiation, as has
been shown in yeast and Xenopus systems. For example, mini-
chromosome maintenance (MCM) proteins are loaded onto or-
igins in the presence of ORC and CDC6, which establishes the
pre-replicative complex (pre-RC) necessary for subsequent pro-
tein assembly (9-13). After origin firing, the pre-RC changes to
a post-replicative form by the dissociation of MCM from the
complex (12, 14, 15). These associations provide an important
mechanism that 1) ensures that replication origins fire at pre-
cise times and 2) prevents re-initiation.

Budding yeast ORC is a static complex that is maintained at
a constant level and remains bound to origins throughout the
cell cycle (4, 5). Thus, MCM loading in yeast is mainly regu-
lated by other factors such as cell cycle-regulated Cdc6 or CDK
kinase activities (7, 8, 16). It is also known that the phospho-
rylation status of ORC subunits correlates with the timing of
pre-RC formation, suggesting a role for ORC phosphorylation
in MCM loading (16). Similar phosphorylation of ORC subunits
was found in a Xenopus egg extract system, suggesting a con-
served mechanism for the regulation of ORC functions (17, 18).
Recent studies have elucidated possible mechanisms for the
regulation of ORC activity in mammals. In human and hamster
cells, ORC1, the largest subunit, is ubiquitinated in S phase
(19-21). In human cells, ORC1 is poly-ubiquitinated by the
SCF*<P2 ubiquitin ligase complex and degraded through the 26
S proteasome pathway (19). Indeed, the cellular content of
ORC1 is greatly reduced in S phase (19, 22). In hamster cells,
ORC1 is only mono-ubiquitinated and may be regulated by a
mechanism other than degradation (21). Indeed, the cellular
ORC1 level remains constant in hamster cells (21, 23). These
data suggest that the activity of mammalian ORC is regulated
by ubiquitination of ORC1, but ubiquitinated ORC1 has differ-
ent fates in different species or cell lines.

To elucidate the mechanisms that regulate ORC activity in
mammals, and especially in humans, we determined the levels
of ORC subunits in several human cell lines throughout the cell
cycle. From systematic studies in which we synchronized these
cells by a variety of methods, we conclude that ORC1 exhibits
cell cycle-dependent oscillation, a phenomenon we have termed
the ORC1 cycle. The ORC1 cycle ensures the dynamic assembly
of ORC and MCM on chromatin in G, phase, which may cor-
respond to the formation of the pre-RC in human cells, as
demonstrated in an accompanying paper (24).

liquid chromatography-tandem mass spectrometry; FACS, fluores-
cence-activate cell sorting; BrdUrd, 5-bromo-2’-deoxy-uridine.
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Oscillation of the ORC1 Protein in Human Cells

EXPERIMENTAL PROCEDURES

Cell Culture and Synchronization—Cells were grown in Dulbecco’s
modified Eagle’s medium with 10% fetal calf serum (FCS). To impose
cell cycle arrest by the double-thymidine block method, HeLa S3 cells
were incubated in the presence of 2.5 mM thymidine for two periods of
24 h with an intervening incubation of 12 h in the absence of thymidine.
For M phase arrest, cells were subjected to the double-thymidine block
procedure and then cultured in the presence of 150 ng/ml TN16 (WAKO,
Japan) for 12 h. Synchronous growth following arrest was achieved by
two washes with PBS and subsequent culturing without reagents.
Telomerase-immortalized human retina pigment epithelial cells
(TERT-RPE1 cells, Invitrogen) were synchronized by serum starvation.
TERT-PREL1 cells (50% confluent) were incubated with Dulbecco’s mod-
ified Eagle’s medium without FCS for 84-96 h and then released from
starvation by the addition of 10% FCS. Hydroxyurea (HU) was included
at 2.5 mM. Synchronized growth was monitored by flow cytometry (BD
Biosciences) of propidium iodide-stained cells (25), by immunoblot anal-
ysis of cyclin E and cyclin A levels, and by 5-bromo-2’-deoxy-uridine
(BrdUrd) incorporation. Incorporated BrdUrd was detected using the
5-Bromo-2’-deoxyuridine Labeling and Detection Kit I (Roche Applied
Science, Germany). Briefly, cells were labeled with BrdUrd for 10 min
and detected using a monoclonal antibody against BrdUrd and a fluo-
rescein-conjugated second antibody, as specified by the manufacturer.
Cells were also stained with 4,6-diamidino-2-phenylindole (DAPI) as
described previously (25). The fluorescent signals were visualized with
a Leica DMRBE and captured with Photometrics PXL.

Expression of ORC1-FLAG in Human 293 Cells—The ORC1 ¢cDNA
with a C-terminal fusion to the 3xFLAG sequence (5'-GACTACAAAG-
ACCATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATG-
ACGATGACAAG-3') and an N-terminal fusion to an artificial Kozak
sequence (5'-GCCGCCGCC-3') was inserted downstream of the CMV
promoter of pcDNA3.1zeo (Invitrogen). The resulting plasmid
(pcDNA-ORC1-FLAG) was transfected into 293 cells with FuGENE 6
(Roche Applied Science, Germany), and clones expressing ORC1-FLAG
were obtained by selection on zeocin. A clone (1C2) expressing a level of
ORC1-FLAG equivalent to the endogenous level of ORC1 was chosen
for the experiments shown in Fig. 4C.

Preparation of Cell Extracts—For whole cell extracts, cells plated on
dishes were washed three times with PBS, suspended in modified CSK
buffer (0.1% TX-100mCSK: 100 mm NaCl, 10 mum Pipes (pH 7.0), 300 mMm
sucrose, 0.1% Triton X-100 (Triton), 1 mm MgCl,, 1 mMm EGTA, 0.1 mMm
phenylmethylsulfonyl fluoride, 2 pg/ml leupeptin), and mixed with an
equal volume of 2X SDS sample buffer (100 mm Tris-Cl (pH 6.8), 200
mM dithiothreitol, 4% SDS, 0.1% bromphenol blue, and 20% glycerol).
Trichloroacetic acid fixation was done as described previously (25).
Proteins from HeLa S3 cells were fractionated with Triton as previously
described (25).

Antibodies—Antibodies against human ORC1 (#209) and human
ORC5 (#241) were generated from New Zealand White rabbits immu-
nized with recombinant ORC1 protein fragments (amino acid residues
1-698) tagged with Hisg (5'-CACCACCACCACCACCAC-3’) or full-
length ORC5 tagged with glutathione S-transferase at their respective
N termini. The peptides were expressed and purified from Escherichia
coli by standard methods. To obtain monospecific antibodies, the crude
antisera were affinity-purified with antigens. Anti-human ORC2 and
MCMY7 monoclonal antibodies, 3B7 and 4B4, were purchased from MBL
(Japan), and anti-human ORC3 and ORC4 antisera were kindly pro-
vided by Dr. A. Dutta (26, 27). Rabbit anti-murine MCM3 (mMCM3)
antiserum, which reacts with human MCM3, has been described pre-
viously (28). Anti-FLAG monoclonal antibody (M2) was purchased from
Sigma. Immunoblotting with these antibodies was done as described
previously (25).

Two-step Immunostaining with Anti-ORC1 and Anti-BrdUrd Anti-
bodies—For the initial staining with the #209 antibody, cells on cover-
slips were washed with PBS three times, fixed with 1% formaldehyde in
PBS for 10 min, and washed three times with PBS. The coverslips were
incubated with Tris-buffered saline (TBS) containing 0.1% Triton for 10
min, washed three times with TBS containing 0.1% Tween 20 (TBS-T),
incubated with #209 in TBS-T containing 10% FCS overnight at 4 °C,
washed three times with TBS-T and incubated with a Cy3-conjugated
secondary antibody (Zymed Laboratories Inc., reactive with rabbit IgG)
at room temperature for 2 h. After three washes with TBS-T followed by
one PBS wash, cells were treated with 1% formaldehyde in PBS for 10
min and washed three times with PBS. Samples were stained with the
anti-BrdUrd antibody in the same way. Fluorescent images were col-
lected using a Leica DMRBE microscope coupled to a Photometrics PXL
capturing system (Fig. 2), or by using an Olympus confocal microscope
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Fic. 1. Detection of cellular ORC1 protein with the #209 poly-
clonal antibody. Proteins in a whole cell lysate prepared from 1 X 10°
HeLa S3 cells were separated in a 12.5% SDS-polyacrylamide gel and
subjected to immunoblot analysis with the #209 antibody.

(Fluoview FV500; Fig. 3). To count BrdUrd- and ORC1-positive cells
(Fig. 2), threshold levels were set just above the cytoplasmic back-
ground (Iplab Spectrum P 3.1.2¢, Scanalytics Inc.), and cells showing
nuclear signals were scored as positive.

RESULTS

Detection of Human ORC1 from Human Cell Lysates with
Anti-ORC1 Antibodies—We previously characterized ORC1 in
human cells using the monoclonal antibody 3A2A, which was
raised against a human ORC1 peptide (25). In this study, we
prepared a new polyclonal anti-ORC1 antibody, #209, which
detected a 100-kDa polypeptide band, as shown by immunoblot
analysis (Fig. 1), and precipitated proteins of the same size
from human cell extracts (24). We have confirmed that the
100-kDa polypeptide that reacts with #209 is ORC1 by two
lines of evidence. First, the amino acid sequences of 16 tryptic
peptides produced from the immunoprecipitated band matched
those of human ORC1, as shown by LC/MS/MS analysis (24).
Second, the 100-kDa band shown in Fig. 1 disappeared after
cells were subjected to RNA interference with human ORC1-
specific small interference RNAs (24). Therefore, the new an-
tibody is highly specific to human ORC1. On the other hand,
although our previous antibody, 3A2A, also reacted specifically
with 100-kDa polypeptide(s) in human cells, including ORC1,
LC/MS/MS analysis showed that it also cross-reacted with the
100-kDa polypyrimidine tract binding protein-associated splic-
ing factor (data not shown). The broader recognition specificity
of 3A2A may affect our previous conclusions concerning human
ORC1 (25). Thus, we re-examined human ORC1 with the new
antibody and confirmed that most of our original results are
valid, except that we now estimate the ORC1 content of HeLa
S3 cells to be 1.5 X 10* molecules/cell (data not shown), and the
ORC1 level oscillates in a cell cycle-dependent manner as de-
scribed bellow. Hereafter, we used the #209 antibody to char-
acterize ORC1 in human cells.

Cell Cycle-dependent Oscillation of ORC1 in HeLa S3 Cells
Synchronized by M Phase Arrest—As described under “Exper-
imental Procedures” and above for the #209 antibody, we ob-
tained antibodies specific for ORCs 1-5 that could be used to
detect their respective targets in HeLa S3 cell lysates. We
analyzed synchronously growing HeLa S3 cells released from a
metaphase arrest imposed by treatment with TN16. Cell cycle
progression was monitored by counting BrdUrd-positive cells
and by analyzing the single-parameter FACS patterns. These
profiles indicated that S phase started between 6 and 9 h after
release from arrest (Fig. 2). Whole-cell extracts were prepared
from cells withdrawn at indicated time points and subjected to
immunoblot analysis with antibodies against ORC subunits,
cyclins A and E. The latter two proteins were used as repre-
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Fic. 2. Quantitative analysis of ORC subunits in synchronously growing HeLa S3 released from M phase arrest. HeLa S3 cells were
released from M phase arrest by TN16 treatment and harvested at the indicated time points. FACS profiles (upper left panels, first row) and
staining patterns with 4,6-diamidino-2-phenylindole (DAPI, second row) or antibodies to ORC1 (#209, third row) and BrdUrd (fourth row) are
shown. The ratio of ORC1 (closed circles)- and BrdUrd (open circles)-positive cells to total DAPI-stained cells is shown graphically, upper right.
Quantitative immunoblot analysis of ORC subunits, cyclin A and cyclin E (left panels, fifth to eleventh rows) was performed on whole cell lysates
prepared from 1 X 10° cells at each indicated time point. Relative band intensities of ORC1 (closed circles), cyclin A (open squares), and cyclin E
(open triangles) with the highest values taken as 1 are shown graphically at lower right.

sentative markers for cell cycle transitions (29). It is notable
that the cyclin E level correlated with the frequency of BrdUrd-
positive cells and that the cyclin A level increased in S phase.
ORC1 was at a basal level from metaphase to early G; (0-3 h),
started to increase between 3 and 6 h, peaked at 9 h (G,/S) at
a level 10-fold higher than the basal level, and then decreased
from S to G, phase (Fig. 2). In contrast, the levels of the
ORC2-5 subunits remained constant over time. The oscillation
of ORC1 observed by immunoblotting was confirmed by count-
ing #209-positive cells. The ORC1-positive proportion of cells
increased during G; up to the G;/S boundary (3-9 h) and
decreased during S phase (9-15 h). These two results clearly
indicate that the increase in ORC1 abundance occurred slightly
earlier than the increases in the cyclin E level and in the
frequency of BrdUrd-positive cells, which both peaked at 15 h
(Fig. 2).

The ORCI1 Level Decreases before S Phase in Individual
Cells—More precise observations of cells stained with the #209
antibody by confocal microscopy showed that ORC1 appeared
as punctate signals in HeLa S3 nuclei, suggesting that it asso-
ciates with nuclear structures (Fig. 3). The number of dots in a
cell was correlated with its position in the cell cycle by simul-
taneously staining for BrdUrd. As indicated in Fig. 3, more
than 500 ORC1-specific dots were dispersed throughout the
nucleus in G, phase cells, but this number decreased in parallel
with cell cycle progression (Fig. 3, early S and late S). These
data strongly suggest that the decrease in ORC1 abundance
that precedes S phase is a result of changes in protein levels in
individual cells. Interestingly, ORC1 signals did not overlap
with BrdUrd signals, suggesting that ORC1 is not present at
sites of DNA synthesis.

Cell Cycle-dependent Oscillation of ORCI Observed under
Various Conditions—Next, we asked whether the oscillation of
ORC1 in HeLa S3 cells described above is cell type-specific. We
tested two human cell lines, 293 (an embryonic kidney cell line

Phase ORC1 BrdUrd Merge

Fic. 3. Confocal microscopic observations of ORC1 and Brd-
Urd signals in HeLa S3 cells. Confocal microscopic images of HeLa
S3 cells visualized by phase contrast (Phase) or by staining with the
#209 (ORC1) and anti-BrdUrd (BrdUrd) antibodies and their merged
images (Merge; ORC1 is red and BrdUrd is green) are shown. Cell cycle
phases were determined by patterns of BrdUrd staining. Typical results
for G4, early S, and late S phases are shown.

transformed with adenovirus type 5, Fig. 4A) and HEp-2 (a
larynx carcinoma cell line, Fig. 4B). Synchronization experi-
ments demonstrated that HEp-2 cells enter S phase with a
schedule similar to that of HeLa S3 cells, but 293 cells enter S
phase slightly earlier, as indicated by FACS analysis and the
frequency of BrdUrd-positive cells. For both cell lines, ORC1-
specific oscillations were observed, and the ORC1 level peaked
earlier than the increase in the frequency of BrdUrd positive
cells, although ORCs 2-5 remained at constant levels through-
out the cell cycle, as seen for HeLa S3 cells (Fig. 4, A and B).
Next we tested whether oscillation could be observed for FLAG-
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tagged ORC1 ectopically expressed from a CMV-promoter in
293 cells. For a cell line expressing FLAG-tagged ORC1 at a
level similar to that of endogenous ORC1 (data not shown), we
observed oscillation in the levels of the FLAG-tagged protein as
that of endogenous ORC1 (Fig. 40).

We further tested a different synchronization method to con-
firm ORC1 oscillation. HeLa S3, 293, and HEp-2 cells were
arrested in early S phase for 24 h by the double-thymidine
block method, and cellular protein contents were studied as
described above after release from arrest (time 0) (Fig. 5, A-C).
In all cases, ORC1 was at a basal level at time 0 and remained
there until the beginning of BrdUrd incorporation. As was seen
in M phase synchronization experiments, the ORC1 peak ap-
peared earlier than the increase in the frequency of BrdUrd-
positive cells. Again, the levels of ORC2-5 were constant.

We used a relatively mild lysis method in the preceding
experiments, by first suspending cells in Triton buffer and
subsequently mixing them with SDS buffer. Thus, it is formally
possible that the decrease in ORC1 might be due simply to

time after release from metaphase (h)

degradation during sample preparation, because ORC1 has
been reported to be very unstable (21, 23). To address this
concern, we tested more direct extraction conditions: 1) cells in
culture dishes were directly lysed with SDS buffer, and 2) cells
were first fixed with trichloroacetic acid and then lysed with
SDS buffer (Fig. 5D). In both cases, the extent of degradation of
ORC1 in extracts prepared from thymidine-blocked cells was
the same as in extracts prepared by our original method, indi-
cating that the levels of ORC1 observed in our cell lysates
reflect the levels of ORC1 in human cells.

Further studies done with TERT-RPE1 cells (telomerase-
immortalized human retina pigment epithelial cells) arrested
in G, by serum starvation for 4 days showed that the level of
ORC1 was also low in these cells (Fig. 6). When the cells were
stimulated with serum, the level of ORC1 started to increase
at 12 h, peaked at 18 h, and decreased in the following S
phase (1827 h, Fig. 6). This result indicates that the ORC1
cycle also occurs in synchronized non-cancer cells. Therefore,
irrespective of cell types, antibodies for detection and syn-
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Fic. 6. Oscillation of ORC1 in synchronously growing TERT-PREI cells released from serum starvation. Serum-starved TERT-PRE1
cells were released from arrest by the addition of 10% FCS at time 0 and harvested at the indicated time points. FACS profiles (panels upper left),
ratios of BrdUrd-positive cells to DAPI-stained cells (graph at right), quantitative immunoblot analysis of ORC subunits (panels at lower left), and

relative band intensities of ORC1 (graph at right) are shown as in Fig.

chronization methods, the ORC1 cycle can be observed in
human cells.

Cell Cycle-dependent Degradation Controls the ORC1 Cy-
cle—It has been shown that there are E2F sites upstream of the

2.

ORC1 gene and that ORC1 expression is cell cycle-regulated
(30). This observation suggested that E2F dependence of ORC1
expression may control ORC1 accumulation during G; phase.
However, we demonstrated that FLAG-tagged ORC1 expressed
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from a CMV promoter exhibited cyclical expression, indicating
that transcriptional control makes only a minimal contribution
to the regulation of ORC1 levels in cancer cells (Fig. 4C). We
also observed that the reduced level of ORC1 in S phase-
arrested cells was increased by treatment with a proteasome-
specific inhibitor, MG132 (Fig. 7). This result indicates that the
ORC1 cycle includes the periodic degradation of ORC1 medi-
ated by the ubiquitin-26 S proteasome pathway. Recently, it
has been reported that ORC1 is poly-ubiquitinated by Skp2
during S phase and degraded via the 26 S proteasome pathway
in human cells (19).

ORC1 Degradation Is Programmed to Occur Prior to or Early
in S Phase—As described above, ORC1 is present at a basal
level in cells arrested in early S phase by thymidine, although
the ORC1 level is high in early S phase cells released from M
phase arrest. The S phase arrest-specific degradation of ORC1
was also observed during arrest promoted by hydroxyurea
(HU) or aphidicolin treatment (data not shown). These results
suggest that the programmed degradation of ORC1 is initiated
before the early S phase arrest point, causing the protein to
decrease to a basal level in arrested cells. To study the transi-
tion in the level of ORC1 in cells approaching the early S phase
arrest point, HeLa S3 cells were first arrested in M phase and
then released in the presence of HU (Fig. 8). FACS analysis
indicates that these cells made the transition from M to Gy
between 0 and 6 h, but exhibited a 2N DNA content until at
least 21 h, indicating that they were arrested in early S phase
by HU treatment. Under these conditions, the ORC1 cycle was
apparent, indicating that the program of ORC1 degradation
turns on prior to or at early S phase. On the other hand,
although an increase in the level of MCM3 in the chromatin
fraction paralleled the increase in ORC1, MCM3 bound to
chromatin remained at high levels even after ORC1 was de-

- DMSO MG - DMSO MG
ORC1 EEITHS 1 ORC?
3 2
>200 5200
g 100 £100
0 0

Fic. 7. Effects of 26 S proteasome inhibitors on ORC1 degra-
dation. HeLaS3 cells arrested by the double-thymidine block method
for 18 h were further treated with Me,SO (DMSO) and 5 um MG132
(MG) for 6 h before harvest. Quantification of ORC1 (left) and ORC2
(right) in whole cell lysates prepared from equivalent numbers of cells
(1 X 10°) was done as in Fig. 4. Band intensities were normalized to
those of control bands representing ORC1 or ORC2 from untreated cells
(—), as indicated.
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graded (Fig. 8). This result suggests that, although MCM3 is
loaded onto chromatin in an ORC1-dependent manner (24), its
subsequent fate is independent of ORC1 degradation.

DISCUSSION

It is well known that the eukaryotic replication initiation
factor, ORC, remains at a constant level in chromatin through-
out the cell cycle of various species (4, 5, 7, 8, 31-33). However,
thus far we have shown that, in four different cell lines sub-
jected to three synchronization methods, human ORC1 exhibits
a cell cycle-specific oscillation in abundance, as judged by im-
munoblotting and immunostaining analyses. On the other
hand, the other ORC subunits, ORCs 2-5, remain at constant
levels throughout the cell cycle. These same observations have
been reported for HeLa and Raji cells by others (19). Taking
these results into consideration, we conclude that, in human
cells, the levels of ORC1 oscillate, a phenomenon we have
termed “the ORC1 cycle” (8). Previous studies had reported
that the level of ORC1 was constant throughout the human cell
cycle (25, 34), an observation that may be explained by the
cross-reactivity of the human ORC1 antibody with other pro-
tein(s), as we have demonstrated here.

One important question concerns the time of appearance of
the ORC1 cycle during evolution, because it does not exist in
yeast or frogs. We have not been able to study the behavior of
ORC1 in other species, because our antibody is highly specific
to human ORC1. However, a variant ORC1 cycle has been
reported in Chinese hamster cells; in these cells, the level of
ORC1 is constant (21, 23), but the protein is released from the
chromatin fraction in S phase (21, 33). Therefore, the level of
ORC1 associated with chromatin cycles in both human and
hamster cells, regardless of its overall cellular level. In connec-
tion with these behaviors, the S phase-specific ubiquitination of
ORC1 has been reported for both species (19-21). Interest-
ingly, hamster ORC1 is only mono-ubiquitinated, but human
ORC1 is poly-ubiquitinated, and these distinctions may have
consequences for the different fates of the two ORC1 proteins in
S phase.

In serum-starved quiescent cells, ORC1 is at a basal level, as
observed for M or early S phase-arrested cells. This basal level
may be maintained by degradation, but E2F regulation might
also have a role in keeping the level of ORC1 low in quiescent
cells. Indeed, ectopic expression of ORC1 in quiescent Drosoph-
ila cells alters the program of proliferation during development
(35). In addition, transcription of the ORC1 gene is at a basal
level in serum-starved cells, and it can be induced by the
addition of serum or by overproduction of the E2F transcription
factor (30), suggesting the importance of transcriptional regu-
lation in the maintenance of a low level of ORC1 during G,
arrest.

In yeast, ORC binds to replication origins as a complex of six
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Fic. 8. ORC1 is degraded prior to early S phase. HeLa S3 cells blocked in M phase were released from arrest in the presence of HU,
harvested at the indicated time points, and fractionated into soluble and insoluble fractions with Triton X-100. FACS profiles are shown in the top
panels. Quantitative immunoblot analysis of ORC1 (ORC1 WCE; whole cell extract) and MCMS3 in the insoluble fraction (MCM ppt: lower left

panels), and graphs of their relative band intensities (right) are shown.
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proteins throughout the cell cycle, and defects in any of these
subunits result in a failure in the initiation of replication,
suggesting that an intact ORC is necessary (36, 37). Similarly,
if intact ORC is required for human DNA replication, the
concentration of ORC1 may be a major factor in the regulation
of ORC activity, because the levels of ORCs 2-5 are constant.
Human ORC6 appears to associate with ORCs 1-5 only
weakly, and its functional roles are currently not well under-
stood (38, 39). As we have demonstrated, the level of human
ORC1 protein is under strict cell cycle control, which in turn
indicates that ORC activity is strictly controlled by cell cycle
progression. Indeed, we have demonstrated that formation of
the ORC1-5 complex parallels the accumulation of ORC1 in
human nuclei, which is further linked with the loading of MCM
onto chromatin. These points are discussed in the accompany-
ing paper (24).

Human ORC1 is at a basal level in cells arrested in early S
phase by aphidicolin, HU, or thymidine. Furthermore, the ar-
rested cells can start DNA synthesis without accumulating
ORC1 after release from this block. Thus, we propose that
ORC1 degradation begins prior to S phase. A similar behavior
was observed for Xenopus ORC1 (XIORC1) when Chinese ham-
ster nuclei were introduced into Xenopus egg extracts (33).
XIORC1 loaded onto hamster chromatin was released soon
after the assembly of pre-RCs on chromatin. It has been also
suggested that XIORC is not required for the progression of S
phase once pre-RCs have assembled (33, 40). Thus, it is possi-
ble that a basal level of ORC1 is sufficient for origin firing.
However, we prefer another possibility: that ORC1 that has
accumulated in G; is used to mark origin sites and is not
necessary for subsequent actual firing. Immunostaining exper-
iments showed that ORC1 and BrdUrd signals do not overlap.
This result strongly supports the second possibility and fur-
thermore inspires the idea that the removal or degradation of
ORC1 is necessary to allow the cell cycle to progress from the
initiation reaction to the next stage.

It is important to know what triggers the degradation of
ORC1 prior to origin firing. Among candidate processes are the
assembly of the pre-RC and the increase in S-CDK or CDC7
kinase activity. Further studies of molecular assemblies, in-
cluding ORC at specific origins in human cells, will be neces-
sary to address this issue.
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The origin recognition complex (ORC) plays a central
role in regulating the initiation of DNA replication in
eukaryotes. The level of the ORC1 subunit oscillates
throughout the cell cycle, defining an ORC1 cycle. ORC1
accumulates in G, and is degraded in S phase, although
other ORC subunits (ORCs 2-5) remain at almost con-
stant levels. The behavior of ORC components in human
cell nuclei with respect to the ORC1 cycle demonstrates
that ORCs 2-5 form a complex that is present through-
out the cell cycle and that associates with ORC1 when it
accumulates in G; nuclei. ORCs 2-5 are found in both
nuclease-insoluble and -soluble fractions. The appear-
ance of nuclease-insoluble ORCs 2-5 parallels the in-
crease in the level of ORC1 associating with nuclease-
insoluble, non-chromatin nuclear structures. Thus,
ORCs 2-5 are temporally recruited to nuclease-insoluble
structures by formation of the ORC1-5 complex. An ar-
tificial reduction in the level of ORC1 in human cells by
RNA interference results in a shift of ORC2 to the nu-
clease-soluble fraction, and the association of MCM pro-
teins with chromatin fractions is also blocked by this
treatment. These results indicate that ORC1 regulates
the status of the ORC complex in human nuclei by teth-
ering ORCs 2-5 to nuclear structures. This dynamic shift
is further required for the loading of MCM proteins onto
chromatin. Thus, the pre-replication complex in human
cells may be regulated by the temporal accumulation of
ORC1 in G, nuclei.

The replication of eukaryotic chromosomes occurs in a highly
regulated manner during S phase. In the budding yeast Sac-
charomyces cerevisiae the origin recognition complex (ORC),!
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which is composed of six polypeptides, is essential for initia-
tion, and it remains bound to replication origins throughout the
cell cycle (1-3). Prior to the initiation of DNA replication, ORC
forms a large protein complex, called the pre-replicative com-
plex (pre-RC), in association with other initiation factors, in-
cluding Cdc6 and the mini-chromosome maintenance (MCM)
proteins. The pre-RC then changes to a post-replicative form
with the dissociation of these factors, in parallel with alter-
ations in the ORC-DNA interaction (2—-6). Thus, dynamic
changes in DNA-protein complexes at replication origins ap-
pear to be closely connected with the initiation of replication
(2-7).

Counterparts of yeast pre-RC components have been identi-
fied in higher eukaryotes, indicating that basic mechanisms for
the initiation of replication are highly conserved (7). Putative
ORC subunits that constitute multi-protein complexes similar
to those seen in S. cerevisiae have been identified in Drosophila
(8, 9) and Xenopus (10-12). In the latter, the depletion of ORC
from egg extracts inhibits the initiation of replication (10, 11).
Similarly, in Drosophila, conditional mutations in the DmORC2,
-3, and -5 genes cause strong defects in replication and cellular
proliferation (13, 14). Putative human ORC genes have also
been identified (12, 14, 15-20), and their products have been
shown to interact with each other (21, 22), suggesting that a
similar protein complex functions in replication in human cells.

Recent studies have demonstrated that several nuclear
events, including replication, take place in specialized compart-
ments where specific factors assemble in highly organized
structures (23). Therefore, to understand how replication is
initiated and regulated in eukaryotic cells, it is necessary to
determine how replication proteins are assembled into higher
order complexes and how they are distributed among sub-
nuclear compartments. Previous studies have demonstrated
that MCMs associate with pre-replicative chromatin and sub-
sequently dissociate upon the initiation of replication (2, 5, 6,
24-26). Similarly, mammalian CDC6 proteins appear to accu-
mulate in G; phase nuclei and to move to the cytoplasm in early
S phase (27-29). These observations suggest that the dynamic
behavior of these proteins in S phase nuclei may be linked to
the mechanism that restricts replication to only once per cell
cycle. In budding yeast, however, ORC behaves as a static
nuclear component and associates with chromatin DNA
throughout the cell cycle (2, 3, 6). Despite the overall high
conservation of ORC proteins among species, animal ORCs
exhibit greater regulatory flexibility than their yeast counter-
parts. For example, expression of the mammalian ORC1 gene
is regulated by the E2F protein (16, 30), and Xenopus ORC is
known to dissociate from metaphase chromatin, as observed in
an egg extract system (11). In addition, the Drosophila ORC1
protein changes in abundance depending on developmental
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stage and on the cell cycle, and ectopic expression of DmORC1
alters the program of proliferation. This finding suggests that
ORC, and especially ORC1, regulates the growth of animal
cells by controlling S phase progression (30). Indeed, the ac-
companying paper (31) describes an ORC1 cycle in human cells,
which is characterized by ORC1 accumulation during G; and
reduction during the S phase.

In this study, we demonstrate that chromatin-bound
ORC2-5 subunits are recruited to nuclease-insoluble, non-
chromatin structures in a manner that parallels the ORC1
cycle. Furthermore, this shift in the distribution of ORCs 2-5
tightly correlates with the partitioning of MCMs to chromatin
fractions. These results strongly suggest that the accumulation
of ORC1 precedes replication complex assembly in human nu-
clei prior to the S phase.

EXPERIMENTAL PROCEDURES

Cell Culture and Synchronization—Cell culture, synchronization,
and monitoring of the cell cycle were done as described (31, 32). Con-
struction of the 293 cell line expressing FLAG-ORC1 (1C2) was also
described (31).

Fractionation of Cellular Proteins—Whole cell extract preparation
and fractionation of proteins from HeLa S3 cells with Triton X-100
(Triton), NaCl, or DNase I were done as described (31, 32).

RNA Interference Experiments—RNA interference (RNAi) experi-
ments were done essentially as specified by “The siRNA User’s Guide”
(www.mpibpc.gwdg.de/abteilungen/100/105/sirna.html). Annealed
siRNAs specific for ORC1 (ORC1 plus 73a, 5'-CUGCACUACCAAAC-
CUAUAdTAT; ORC1 plus 73b, 5'-UAUAGGUUUGGUAGUGCAGTT-
3'), CDC6 (CDC6 plus 82, 5'-CUCCAGUGAUGCCAAACUAdTAT-3’;
5'-UAGUUUGGCATCACUGGAGATAT-3'), LaminA/C (33), and pGL
(luciferase, 33) were transfected into HeLa S3 cells with Oligofectamine
(Invitrogen) following the manufacturer’s instruction. Cells were har-
vested and fractionated 2 days after transfection.

Immaunoprecipitation and Immunoblotting—All antibodies used in
this study have been described (31). #209 (anti-ORC1 antibody) beads
were prepared by immobilization of the purified antibody to protein
A-Sepharose (Amersham Biosciences, UK), at a ratio of 2 pug of IgG to 10
ul of beads, with dimethyl pimelimidate (Sigma, St. Louis, MO). ORC1
was precipitated from 0.1% TX-300mCSK extracts (31, 32) prepared
from 1 X 107 HeLa S3 cells with 10 wl of #209-linked beads after
incubation at 4 °C for 3 h. For ORC2, the same lysate was incubated
with 1 pg of 3B7 (MBL) at 4 °C for 2 h, followed by addition of 10 ul of
protein A-Sepharose and incubation at 4 °C for 1 h. The supernatants
were recovered as unbound fractions. The beads were washed twice
with 0.1% TX-300mCSK, and elutes were obtained with 0.1 M glycine
(pH 2.0) and neutralized with 1/10 volume of 1 M Tris-HCI (pH 8.8). All
immunoblotting procedures were as described (32).

Mass Spectrometry—All procedures were essentially done as de-
scribed previously (34). Immunoprecipitated samples were separated by
12.5% SDS-PAGE, and the region of the gel-containing proteins from
about 200 to 30 kDa (F'ig. 2) was cut at intervals of ~1 mm. Proteins in
the gel slices were subjected to reduction, alkylation, and tryptic diges-
tion with modified trypsin (Roche Applied Science, Germany) at 37 °C
for 14 h. After in-gel digestion, the product peptides were extracted with
5% formic acid and acetonitrile, dried under vacuum, and dissolved in
5% formic acid. Multiply digested peptides from each gel slice were
separated by micro-capillary C18-reverse phase chromatography (200
um X 5-cm capillary, Michrom BioResources) and directly applied to an
LCQ Advantage quadrupole ion trap mass spectrometer (Finnigan)
with a nanoelectrospray needle (New Objective) mounted on a 3D-stage
(AMR, Japan). The primary ion spectrum data generated by LC/MS/MS
were screened against the NCBI non-redundant protein data base with
the Mascot program (Matrix Science, UK) to identify high scoring
proteins.

RESULTS

Subcellular Localization of ORC Subunits in HeLa S3
Cells—To study the behavior of ORC subunits in human cells,
proteins extracted from HeLa S3 cells growing asynchronously
were fractionated into soluble and insoluble fractions by treat-
ment with 0.1% TX-100mCSK. ORC1, -2, -3, -4, and -5 were
predominantly found in the insoluble fraction (Fig. 14), sug-
gesting that they localize to chromatin. When the washed nu-
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Fic. 1. The distribution of ORC subunits in HeLa S3 cells. ORC
subunits were detected in HeLa S3 cell fractions treated with 0.1%
TX-100mCSK (A), in Triton-insoluble fractions treated with the indi-
cated concentrations of NaCl (B), or in Triton-insoluble fractions
treated with DNase I (C). Proteins obtained from 1 X 10° cells were
subjected to immunoblot analysis with antibodies against ORC1, -2, -3,
-4, and -5. Soluble (lanes S) and insoluble (lanes P) fractions produced
by the three different treatments are shown. In A, lane W shows
proteins derived from whole cell extracts of asynchronous HeLa S3 cells
prior to fractionation.

clei were further treated with DNase I to extract bulk chroma-
tin-associated DNA (32), most ORC1 remained associated with
nuclease-insoluble nuclear structures (non-chromatin nuclear
structures) (Fig. 1C). In contrast, about half of the ORC2, -3, -4,
and -5 subunits (ORCs 2-5) were solubilized by this treatment,
indicating that half of them are associated with nuclear struc-
tures (Fig. 1C). When the Triton-insoluble fraction was treated
with buffers containing increasing concentrations of NaCl,
ORC1 was solubilized by 0.3 M NaCl but not by 0.2 m NaCl,
whereas ORCs 2-5 were gradually solubilized by 0.2 and 0.3 M
NaCl, as shown in Fig. 1B.

Composition of the ORC Complex in HeLa S3 Cells—To de-
termine whether human ORC subunits are in a stable complex
similar to yeast ORC, we studied co-immunoprecipitates with
ORC1 from the Triton-insoluble fraction of HeLa S3 cells ex-
tracted with 0.3 M NaCl. Several specific bands were detectable
on SDS-polyacrylamide gels of proteins precipitated with the
#209 antibody (Fig. 2). To identify the proteins in these bands,
slices from the gel were subjected to mass spectrometric anal-
ysis. Peptides with ORC1 amino acid sequences were found in
gel slice #10, which contained proteins of 100-kDa molecular
mass. Peptides with ORC2 and ORC3 amino acid sequences
were identified in gel slice #16 (67 kDa), and peptides with
ORC4 and ORC5 amino acid sequences were found in gel slice
#25 (45 kDa). To confirm this result, immunoprecipitated sam-
ples were subjected to immunoblot analysis with specific anti-
bodies against ORCs 2-5 (Fig. 3A). Under conditions in which
most ORC1 in the lysate was precipitated, roughly half of the
ORC2-5 proteins in the extract were co-immunoprecipitated
with ORC1. This result was further confirmed by co-immuno-
precipitation of FLAG-tagged ORC1 with an anti-FLAG anti-
body from the 293-cell line, 1C2, which expresses the tagged
protein at the same level as endogenous ORC1 (31). ORCs 2-5
were specifically precipitated with FLAG-ORC1 (Fig. 3B).
These results indicate that a protein complex consisting of the
ORC1-5 subunits is present in the chromatin-bound fraction of
human cell extracts.

Cell Cycle-dependent Formation of the ORCI-5 Complex—
Next, we studied whether ORCs1-5 persist as a tight complex
throughout the cell cycle, as observed for yeast ORC. We pre-
pared 0.3 M NaCl lysates from synchronously growing HeLa S3
cells after release from M phase arrest mediated by the drug
TN16. Most cellular ORC1-5 subunits were extracted with 0.3
M NaCl (Fig. 1B). In this experiment, the level of ORC1 was low
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Fic. 2. Mass spectrometric analyses of the anti-ORC1 antibody immunoprecipitate. Left panel, 12.5% SDS-PAGE/Coomassie Brilliant
Blue staining of proteins precipitated with protein A beads coupled to pre-immune IgG (Cont.) or to the anti-ORC1 antibody, #209, from the 300
mM NaCl extract of HeLa S3 Triton-washed nuclei, as in Fig. 1B. Tryptic digests of peptides from gel slices were subjected to mass spectrometric
analysis. Right panel, amino acid sequences of peptides identified from slices #10, #15, and #25 by mass spectrometry, shown in bold characters
aligned with the full amino acid sequences of human ORC1, -2, -3, -4, and -5. ORC1 peptides were identified in slice #10, ORC2 and -3 peptides

in slice #15, and ORC4 and 5 peptides in slice #25.
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Fic. 3. Immunoblot analysis of co-immunoprecipitated human
ORC subunits. A, an analysis of proteins in cell lysate (input, lane IN),
in supernatant (S), and in precipitate (P) immunoprecipitated with the
anti-ORC1 antibody, #209, or with pre-immune IgG (cont.) and blotted
on filters. The indicated proteins were detected with anti-ORC1, -2, -3,
-4, or -5 antibodies, respectively. Lysate and supernatant obtained from
an equivalent number of cells and precipitate from a 5-fold number of
cells were analyzed. In B, extracts from human 293 cells expressing
FLAG-ORC1 (1C2, +) or from non-transfected cells (—) were immuno-
precipitated with the anti-FLAG antibody. The indicated proteins in
cell lysates (IN), supernatants (S), and immunoprecipitates (P) were
detected by immunoblot analysis with anti-FLAG or anti ORC2, -3, -4,
and -5 antibodies, respectively, as in A.

in metaphase and early G; (0-3 h), rose between 6 and 12 h
(middle G,), reached a peak at 12 h (G,/S), and then decreased
from S to G, phase, slightly in advance of the decrease in the
level of cyclin E, as described in a previous study (31) (Fig. 4A).
The levels of the ORC2-5 subunits, however, remained essen-
tially constant over time. The #209 antibody precipitated ORC1
at 9 and 12 h, times at which it accumulates, and it co-precip-

itated ORC2-4 subunits in the same period (Fig. 4, A and B). In
a converse experiment with the anti-ORC2 antibody, constant
amounts of both ORC2 and ORC3 were precipitated through-
out the cell cycle (Fig. 4C), and ORC1 appeared in precipitates
when it accumulated in cells. Interestingly, although the levels
of ORC4 and 5 are constant throughout the cell cycle (31) (Fig.
4A), the amounts of these proteins that co-immunoprecipitated
with ORC2 increased when ORC1 was present (Fig. 4C). These
results indicate that ORC2 and ORC3 form a stable complex
throughout the cell cycle and that their association with ORC4
and ORCS5 is stabilized transiently when ORC1 accumulates on
chromatin and associates with the ORC2-5 complex from late
G, to early S phase.

Recruitment of ORCs 2-5 to a Non-chromatin Nuclear Struc-
ture through Interaction with ORCI1—Although most ORC1
protein was found in a non-chromatin nuclear fraction in ex-
tracts from asynchronously growing cells, ORCs 2-5 parti-
tioned into both DNase I-soluble and -insoluble fractions (Fig.
1C). Because accumulated ORC1 appeared to readily associate
with ORCs 2-5 (Fig. 4), we speculated that ORCs 2-5 are
recruited to the DNase I-insoluble fraction through their asso-
ciation with ORC1. To determine whether the re-distribution of
ORCs 2-5 to the DNase I-insoluble fraction is cell cycle-depend-
ent and occurs in G,, we fractionated ORC1 and ORC2 from
synchronously growing cells after release from TN16-mediated
arrest by DNase I digestion sensitivity (Fig. 5). From 0 (M
phase) to 6 h (early G, phase), most cellular ORC2 was soluble
with DNase I. Subsequently, ORC2 started to appear in the
insoluble fraction at 9 h and peaked at 12 h. This temporal
association of ORC2 with the nuclease-insoluble fraction cor-
relates well with the abundance of ORC1 in this fraction.

To obtain more convincing evidence that ORC1 recruits
ORCs 2-5 to DNase I-insoluble nuclear structures, we artifi-
cially eliminated ORC1 from cells by RNA interference (RNAi)
and monitored the distribution of ORC2 in nuclear structures.
As shown in Fig. 6A, within 2 days of transfection of ORC1
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Fic. 5. Cell cycle-dependent partitioning of ORC1 and ORC2
between sub-nuclear fractions. The Triton-insoluble fraction ob-
tained from samples prepared from cells released from TN16-mediated
arrest was fractionated by treatment with DNase I, as described in Fig.
1C. Equivalent amounts of soluble (S) and insoluble (P) fractions were
subjected to immunoblot analysis with anti-ORC1 and ORC2 antibod-
ies. The corresponding cell cycle phases are shown above.

siRNA into HeLa S3 cells, ORC1 became undetectable. This
reduction in ORC1 is specific to the ORC1 siRNA, because
siRNAs specific for CDC6, lamin A/C, or luciferase (pGL2) did
not affect the level of ORC1 but clearly caused their respective
target proteins to disappear. When ORC1 was eliminated from
cells, we observed an obvious shift of ORC2 from DNase I-in-
soluble fractions to DNase I-soluble fractions (Fig. 6B, ORC2).
This result strongly supports the ORC1-dependent recruitment
of ORC2 to DNase I-insoluble fractions as mentioned above.
The Loading of MCM onto Chromatin Requires the ORCI1-5
Complex and CDC6 Protein—We observed the temporal forma-
tion of the ORC1-5 complex in non-chromatin nuclear struc-
tures in G; phase human cells. What is the functional meaning
of this assembly? In budding yeast, MCM is loaded onto origin
DNA in an ORC- and CDC6-dependent manner to form the
pre-RC. In mammalian cells, the loading of MCM onto chroma-
tin in G4 is simultaneous with the accumulation of ORC1 (Fig.
4) (31, 35). This result implies that ORC1-5 complex formation
may be required for loading MCM onto chromatin. To test this
possibility, we analyzed the effect of the ORC1-specific siRNA
on MCM loading. The level of MCMS3 in the chromatin fraction
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Fic. 6. Analysis of the status of ORC2 and MCMS3 statuses in
nuclei subjected to ORC1 and CDC6 RNAI. A, HeLa S3 cells were
transfected with siRNA specific for ORC1 (ORC1+73), CDC6
(CDC6+82), LaminA/C (Lamin A/C), and luciferase (pGL2). Two days
after transfection, cells were harvested and fractionated with 0.1%
TX-100mCSK (A) and DNase I (B). Proteins obtained from 1 X 10° cells
were subjected to immunoblot analysis with antibodies against ORC1,
CDC6, ORC2, MCM3, and Lamin A/C. Sets of soluble (lanes S) and
insoluble (lanes P) fractions prepared by two different treatment meth-
ods were studied. A, whole cell extracts.

(Triton ppt) was greatly diminished by the reduction of ORC1
in HeLa S3 cells (Fig. 6A), strongly suggesting that the loading
of MCM onto chromatin is not mediated by ORCs 2-5 but by
the complete ORC1-5 complex. Interestingly, the elimination
of CDC6 from cells by RNAi inhibited MCM loading. Thus, both
CDC6 and ORCs1-5 are necessary for MCM loading onto chro-
matin in human cells. It is noteworthy that CDC6-specific
siRNA treatment did not interfere with the association of
ORC2 with the DNase I-insoluble fraction. On the other hand,
elimination of ORC1 also did not affect the association of CDC6
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Fic. 7. Cell cycle-dependent assembly of the human ORC1-5 complex and its association with non-chromatin nuclear structures.
From G, to early G,, ORC1 is present at very low levels in nuclei. ORC2-5 subunits associate with chromatin DNA but not with non-chromatin
nuclear structures (A). During the progression of G;, as judged by the accumulation of ORC1, the ORC1-5 complex is formed by the association
of ORC1 with ORCs 2-5, and the interaction between ORCs2/3 and ORCs4/5 is simultaneously stabilized (B). Once formed, the complex is tethered
to non-chromatin nuclear structures, and MCM (M) is loaded onto chromatin DNA (C). We propose that complex formation determines whether
and when potential origins fire. The degradation of ORC1 returns the ORC2-5 complex to its G,/M state (D). Subsequently, further initiation steps
can then occur, including the assembly of the DNA synthesis apparatus (RC, E). The dramatic cycle of assembly and disassembly of initiation
proteins, including ORC, has a role in blocking the re-firing of origins in the same cell cycle.

with nuclease-insoluble fractions. Thus, the association of
CDC6 with nuclear structures and the formation of the
ORC1-5 complex on nuclear structures are independent.

DISCUSSION

ORC was originally identified in budding yeast as a complex
of six different subunits. All six subunit components of ORC
have been identified in various eukaryotes, including humans,
indicating that the configuration of the complex is conserved
among eukaryotes (7, 36). To date, stable ORC1-6 complexes
have been isolated from yeast, flies, and frogs. However, al-
though we detected the ORC1-5 complex in human cell lysates
by immunoprecipitation with anti-ORC1 or ORC2 antibodies,
we could detect ORC6 in these precipitates neither by the
sensitive technique of mass spectrometry (Fig. 2) nor by immu-
noblot analysis with the anti-ORC6 antibody (data not shown).
Thus, ORC6 in human cells may interact with other ORC
subunits only weakly, if at all. The same limited affinity of
ORC6 for the ORC1-5 complex has been reported for reconsti-
tution experiments using a baculovirus expression system (21,
22). These findings do not necessarily mean that ORC6 is less
important for ORC function, because it has been reported that
Drosophila ORC6 is important for the specific binding of ORC
to origin DNA (37). Therefore, ORC6 has a role in the regula-
tion of ORC activity by its transient interaction with the
ORC1-5 complex. Interestingly, it has been reported that hu-
man ORC6 has a role as a kinetochore complex component, in
addition to its role in the initiation of replication (38). Further
studies of its behavior during the cell cycle will be necessary to
understand how human ORC6 functions in replication.

We have demonstrated that the appearance of the ORC1-5
complex is cell cycle-dependent and regulated by the ORC1
cycle. Furthermore, ORC2 and ORC3 are always in a stable
complex, but ORC4 and ORC5 are separable from ORC2 and
ORC3 in the absence of ORC1. Thus, human ORC subunits
have a dynamic assembly mechanism that is regulated primar-
ily by the level of ORC1. This result indicates that the subunit
configuration of ORC in animal cells is apparently different
from that in budding yeast and that there are multiple assem-
bly states, each of which has a distinct role in regulating

replication complex formation at origins (Fig. 7).

A prominent protein assembly in human cells is the ORC2-5
complex, which is always found in the chromatin fraction. It
has been reported that ORC proteins specifically bind to repli-
cation origin sequences in budding yeast, fission yeast, and
Drosophila (1, 37, 39). Furthermore, this association is main-
tained throughout the cell cycle in budding yeast. Recent stud-
ies have demonstrated that human ORC2 and ORC3 bind to
the Epstein-Barr virus replication origin (oriP) and that ORC2
binds to a potential replication origin region in the human
MCM4 locus throughout the cell cycle (40). In contrast, human
ORC1 associates with the MCM4 origin only in G; phase (40).
The ORC2-5/chromatin complex that we have observed asso-
ciates with ORC1 in G;. Due to the coincidence of the reported
origin association and our observed chromatin binding of ORC
subunits during the cell cycle, we suggest that the ORC2-5
complex associates with chromatin by binding to DNA, proba-
bly to potential origin sequences (Fig. 7A). If this is the case,
human ORCs 2-5 are sufficiently active to recognize potential
replication origin sequences and to bind them, like budding
yeast ORC.

Subsequently, some replication origins will be chosen by
ORC1 and recruited to nuclear structures where replication
machineries assemble (Fig. 7B). Formation of the ORC1-5
complex in nuclear structures promotes binding of MCM to
chromatin, which corresponds to pre-RC formation (Fig. 7C).
Once MCM is loaded, the ORC1-5 complex disassembles by the
degradation of ORC1 (Fig. 7D). Subsequently, further initia-
tion steps occur, including the loading of the DNA synthesis
apparatus (Fig. 7E). This proposed mechanism has two impli-
cations. The first concerns the selection of origins to be fired
from among the many sites potentially bound by the ORC2-5
complex. Thus, ORC1 may determine the timing and order of
origin firing by recruiting ORC2-5/chromatin complexes to nu-
clear structures or sites. The second is to ensure that origins
are fired only once per cell cycle, by the inactivation of ORC1
immediately after use. This model is consistent with previous
reports that ori-g at the dihydrofolate reductase locus of Chi-
nese hamster ovary cells and that the B-globin locus origin of



41540

HeLa S3 cells associate with similar nuclease-insoluble nuclear
structures in late G; and dissociate from them after the initi-
ation of replication in S phase (41).

It is well known that in yeast and Xenopus, the loading of
MCMs onto the ORC/origin complex corresponds to the forma-
tion of the pre-RC, a direct precursor of the complex that
initiates replication. This step requires the essential compo-
nents CDC6 and Cdt1, in addition to an active ORC complex (7,
36). We showed with RNAi experiments that both ORC1 and
CDC6 are required for the loading of MCMs onto chromatin in
human cells (Fig. 6). We also observed that the presence of the
ORC2-5 complex in chromatin fractions is not sufficient for
MCM loading onto chromatin. In yeast, ORCs 1-6 form a
stable complex, and the transient accumulation of activator
proteins primes a reaction to MCM loading. As discussed
above, if the human ORC2-5 complex functions like the bud-
ding yeast ORC1-6 complex, human ORC1 and CDC6 may
function as activators. In this respect, because the level of
human ORC1 oscillates, so that it accumulates in concert with
the loading of MCM, ORC1 may activate ORC functions as
CDC6 does in budding yeast. Indeed, ORC1 and CDC6 share
significant amino acid sequence similarity and are derived
from the same ancestor (42). Nonetheless, human CDC6 exhib-
its a pattern of oscillation opposite to that of ORC1, accumu-
lating during S phase, peaking in M phase and decreasing in
the following G, phase (35). This observation indicates that,
although both CDC6 and ORC1 are required for MCM loading
in human cells, they have distinct temporal patterns of expres-
sion roles and different roles in pre-RC formation.

We have demonstrated that human ORC components exhibit
a dynamic pattern of assembly during the cell cycle. Several
lines of evidence strongly support the proposal that this assem-
bly directly links temporal and spatial controls in the initiation
of replication in human chromosomes. However, many ques-
tions remain to be answered: how does ORC recognize specific
chromosomal DNAs, how are ATP binding and hydrolysis in-
volved in dynamic assembly and in the initiation mechanism,
how do further protein assemblies, for example, those including
CDC6, CDT1, and CDC45, develop, and what is the signifi-
cance of ORC1 degradation prior to origin firing? Further ex-
periments will be necessary to answer these questions and to
elucidate the mechanism by which DNA replication is regu-
lated in animal cells.
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An origin recognition complex (ORC) consisting of six
polypeptides has been identified as a DNA replication
origin-binding factor in Saccharomyces cerevisiae. Ho-
mologues of ORC subunits have been discovered among
eukaryotes, and we have prepared monoclonal antibod-
ies against a human homologue of ORC1 (hORC1) to
study its localization in human cells. It was thus found
to associate with nuclei throughout the cell cycle and to
be resistant to nonionic detergent treatment, in contrast
to MCM proteins, which are other replication factors,
the association of which with nuclei is clearly depend-
ent on the phase of the cell cycle. A characteristic fea-
ture of hORC1 is dissociation by NaCl in a narrow con-
centration range around 0.25 M, suggesting interaction
with some specific partner(s) in nuclei. Nuclease treat-
ment experiments and UV cross-linking experiments
further indicated interaction with both nuclease-resis-
tant nuclear structures and chromatin DNA. Although
its DNA binding was unaffected, some variation in the
cell cycle was apparent, the association with nuclear
structures being less stable in the M phase. Interest-
ingly, the less stable association occurred concomi-
tantly with hyperphosphorylation of hORC1, suggesting
that this hyperphosphorylation may be involved in M
phase changes.

The replication of eukaryotic chromosome occurs in a highly
regulated manner during the S phase. It is important to un-
derstand coordinated action of various proteins acting on spe-
cific cis-elements during initiation of chromosomal replication.
In budding yeast (Saccharomyces cerevisiae), the origin recog-
nition complex (ORC),! composed of six polypeptides, is essen-
tial for initiation of DNA replication, binding specifically to
replication origins throughout the cell cycle (1-6). Prior to the
initiation of DNA replication, ORC forms a large protein com-
plex, called a prereplicative complex, by association with other
initiation factors, including CDC6 and MCM proteins. After the
initiation of DNA replication, the prereplicative complex
change to the postreplicative form as indicated by dissociation
of factors from ORC in parallel with alteration of the ORC-DNA
interaction (3, 5—8). Thus, dynamic change of DNA-protein
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minichromosome maintenance.
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complexes at replication origins in S phase appears to be
closely connected with the initiation of DNA replication.

The counterparts of prereplicative complex components,
such as ORC, CDC6, and MCMs, have been identified in vari-
ous eukaryotes. Thus, the basic mechanisms for initiation of
DNA replication seem to be highly conserved. Putative ORC
subunits constituting similar multiprotein complexes as that in
S. cerevisiae have been identified in Drosophila (9, 10) and
Xenopus (11-15). In the latter, depletion of ORC from egg
extracts results in inhibition of the initiation of DNA replica-
tion (11-14). Similarly, in Drosophila, a conditional mutation
in the DmORC2 gene demonstrated strong effects (16). In hu-
man cells, putative ORC genes have also been identified (15,
17-23), and interaction of their products has been reported (17,
21-23), suggesting that a similar protein complex might be
functional during DNA replication in human cells.

Recent studies have demonstrated that several events in
nuclei, including DNA replication, take place in specialized
compartments, in which specific factors assemble in highly
organized structures. It is essential to ascertain the distribu-
tion of replication proteins among subcelluar fractions and
their interactions to understand how DNA replication is initi-
ated and otherwise regulated. The subcellular localization of
MCMs has been well characterized in eukaryotes from yeast to
mammalian cells; they associate with prereplicative chromatin
and dissociate from it upon initiation of replication (5, 8, 24—
27). Subcellular localization of CDC6 proteins also appears to
be cell cycle dependent in mammalian cells (28—31). CDC6 is in
nuclei in G; phase and transferred to the cytoplasm when cells
enter into S phase. Change in localization of the two factors,
MCMs and CDC6, implies a mechanism for prevention of re-
replication of chromosomal DNA. In contrast, ORC in budding
yeast associates with chromatin DNA in a sequence-specific
manner throughout the cell cycle, suggesting that ORC func-
tions as the landing pad for CDC6, MCMs and other factors to
form prereplicative complex (3, 5, 8). The cellular localization of
ORC in higher eukaryotes has not yet been elucidated in detail
except for the Xenopus case, in which ORC dissociates from
metaphase chromatin in an egg extract cell-free system
(13, 32).

In mammalian cells, the mRNA expression of ORC1 is cell
cycle-regulated by an E2F responsible promoter like that of
CDC6 (18). In addition, the abundance of Drosophila ORC1
protein changes with the development stage and the cell cycle,
accumulating in proliferating cells in G,/S (33). Furthermore,
ectopic expression of ORC1 during Drosophila development
alters the proliferation program, suggesting that ORC1 is a
main contributor to cell cycle regulation (33). In contrast to
ORC1, expression of ORC2-5 seems not be cell cycle regulated
in human cells (21, 22, 28, 34). Thus, although ectopic expres-
sion of ORC1 in mammalian cells does not drive cells into S
phase (18), ORC1 may be one of limiting factor for initiation of

This paper is available on line at http://www.jbc.org
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Fic. 1. Detection of cellular hORC1 protein with a monoclonal
antibody. A, 100 ng of purified his-hORC1N and total cell lysate from
1 X 10° HeLa S3 cells (HeLa S3 Total) were subjected to immunoblot-
ting with 3A2A. The filled and open arrowheads indicate hORC1 and
His-hORCI1N, respectively. The weak additional band positioned at
~60 kDa in HeLa S3 total cell lysate is a degradation product of hORC1
protein, appearing occasionally at various levels. B, hORC1 was immu-
nopurified from a 0.2 M NaCl extract of HeLa S3 cells with 3A2A. Total
protein (lanes 1 and 2), the 0.2 M NaCl extract from Triton extracted
cells (lanes 3 and 4), and immunoprecipitates from the 0.2 M NaCl
extract (lanes 5 and 6) were subjected to immunoblotting and detection
with 3A2A (upper panel). Immunoprecipitates from the indicated num-
bers of cells (lanes 7-9) and control bovine serum albumin (lanes 11-14)
were subjected to SDS-PAGE and stained with Coomassie Blue (lower
panel). In lane 10, Rainbow-colored protein molecular weight markers
(Amersham Pharmacia Biotech) were run as a size marker. The filled
arrowhead indicates hORC1, and open arrowheads indicate IgG (top
and bottom arrows indicate heavy and light chains, respectively).

their replication (34). Elucidation of its precise localization and
dynamics in human cells should help uncover roles of the ORC
complex in chromosomal DNA replication. This was the aim of
the present cell fractionation and immunostaining study with a
newly prepared anti-human ORC1 monoclonal antibody.

EXPERIMENTAL PROCEDURES

Cell Culture and Synchronization—HeLa S3 and normal human
fibroblast WI38 cells were grown in Dulbecco’s modified Eagle’s me-
dium with 10% fetal calf serum (FCS). For synchronization, exponen-
tially growing HeLa S3 cells were arrested at M phase for 24 h with 150
ng/ml of TN16 (WAKO, Osaka, Japan) or with 2.5 mM of thymidine at
the S phase for 24 h. For double thymidine blocking, HeLa S3 cells were
incubated with 2.5 mM of thymidine for 24 h twice with an intervening
12 h of incubation without thymidine. WI38 cells were synchronized by
serum starvation. In this experiment, 30% confluent WI38 cells were
incubated with Dulbecco’s modified Eagle’s medium without serum for
36—48 h and then released from the starvation by addition of 10% FCS.
The cell cycle synchronizations were checked by flow cytometry (Becton
Dickinson) after propidium iodide staining with a Cycle Test kit (Becton
Dickinson).

Fractionations of Cellular Proteins—The adenovirus-transformed
human embryonic kidney cell line, 293, was grown, and its cellular
proteins were fractionated as described previously (35). HeLa and WI38
cell extracts were prepared essentially as detailed earlier (36), using
modified CSK buffer (0.1% TX-100mCSK: 10 mm Pipes, pH 7.9, 100 mMm
NaCl, 300 mMm sucrose, 0.1% Triton X-100 (Triton), 1 mMm phenylmeth-
ylsulfonyl fluoride, 10 ug/ml aprotinin, 20 mm B-glycerophosphate, 200
uM Na3dVO04, 10 mm NaF, 0.2 uM calyculin A, and 1 uM staurousporine).
Aliquots of 5 X 10° cells in 100-mm dishes were washed with ice-cold
phosphate-buffered saline (PBS) and lysed with 1 ml of 0.1% TX-
100mCSK for 10 min on ice. After centrifugation (3000 rpm for 3 min at
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Fic. 2. Nuclear hORC1 protein associated with nonionic de-
tergent-resistant nuclear structures. A, the cytoplasmic fraction
(S100), the 0.2 m NaCl-soluble fraction (NE), and the remaining insol-
uble fraction (ppt) from 5 X 10° kidney 293 cells were immunoblotted
with 3A2A. B, HeLa S3 cells, growing asynchronously (Asyn) (lanes 2
and 3) or arrested with TN16 at M phase (lanes 4 and 5) were treated
with 0.1% TX-100mCSK, and the supernatant (sup) (lanes 2 and 4) and
the precipitated fractions were obtained after centrifugation (ppt) (lanes
3 and 5). Proteins from 2 X 10° cells were analyzed by immunoblotting
with 3BA2A. The total cell lysate obtained from asynchronous cells before
fractionation is shown in lane 1. FACS analyses of the used cell prep-
arations are shown in the top panels. C, the insoluble fraction from
HeLa S3 cells after Triton extraction was incubated on ice for 30 min in
0.1% TX-CSK supplemented with the indicated concentrations of NaCl.
After centrifugation, the supernatant (sup) and precipitated (ppt) frac-
tions were analyzed by immunoblotting with 3A2A.

4 °C), the debris was washed once more with the same volume of
ice-cold 0.1% TX-100mCSK. For DNase I or NaCl extraction, the debris
from the second 0.1% TX-100mCSK extraction was resuspended in 1 ml
of ice-cold 0.1% TX-100mCSK supplemented with indicated amounts of
NaCl or DNase I (Roche Molecular Biochemicals) and incubated further
at the indicated temperature. After incubation, insoluble and soluble
materials were separated by centrifugation. The chromatin DNA re-
tained after this DNase I treatment was isolated from the insoluble
fraction by treatment with 20 mm EDTA, 0.5% SDS, and 100 pg/ml
RNase A in 0.1% TX-100mCSK at 37 °C for 30 min followed by 2 h
incubation with Protease K (200 ug/ml). The DNA was extracted with
phenol-chloroform (1: 1), precipitated with ethanol, separated by elec-
trophoresis in 0.8% agarose, and quantified with an image analyzer
(ATTO, Tokyo, Japan).

Antibodies—Hybridoma cell lines were prepared from Balb/c mice
after immunization with synthetic 15-amino acid polypeptides from
within the human ORC amino acid sequence. Clones were screened by
their reactivity against a recombinant human ORC1 (hORC1) protein
(amino acids 1-698) tagged with His, at the N terminus (His hORC1N)
by immunoblotting. Two positive clones, 3C1B (producing IgM) and
3A2A (producing IgG1l) were obtained and used in this study. Rabbit
anti-murine MCM3 (mMCMS3) antiserum was kindly provided by Dr. H.
Kimura (Oxford University). This antibody recognized the correspond-
ing human homologue on immunoblotting (25). Goat anti-lamin B an-
tibody was purchased from Santa Cruz Biotechnology.

Immaunoprecipitation and X Phosphatase Treatment—For immuno-
precipitation of hORC1, anti-hORC1 antibody (3A2A) was added to 0.2
M NaCl extracts of HeLa S3 cells as described above at a concentration
of 20 pg/ml. After 8 h incubation at 4 °C, protein A-Sepharose (Amer-
sham Pharmacia Biotech) was added to the mixture at 20 pl resin/ml,
and incubation was continued for an additional 2 h. After centrifugation
at 3000 rpm for 3 min, the precipitated beads were washed twice
with Tris-buffered saline (30 mm Tris, 200 mm NaCl, pH 7.5) + 0.1%
Tween 20.



5906

To test the shift of hORC1 by phosphorylation, the immunoprecipi-
tate was treated with A phosphatase (20 units/ul; New England Biolabs)
in 1X A phosphatase buffer (50 mm Tris-HCI (pH 7.5), 0.1 mm EDTA, 2
mM MnClL,, 5 mM dithiothreitol, 0.01% Brij 35, 0.1 mg/ml bovine serum
albumin) at 30 °C for 30 min. The reaction was stopped by the addition
of SDS sample buffer, and the products were separated by SDS-PAGE.

Western Blotting—All procedures were performed at room tempera-
ture except for blocking at 4 °C. Samples were separated by 12.5%
SDS-PAGE and transferred to polyvinylidene fluoride membranes (Am-
ersham Pharmacia Biotech) using a semidry transfer apparatus in
transfer solution (100 mm Tris, 192 mM glycine, 0.1% SDS, pH 8.3) at 3
mA/em? for 60 min. After blocking of membranes, achieved with Tris-
buffered saline + 0.1% Tween 20 containing 10% dry milk (SNOW
Brand, Sapporo, Japan) at 4 °C overnight, they were incubated first
with antibodies in Tris-buffered saline + 0.1% Tween 20 containing
20% FCS for 1 h, followed by peroxidase-labeled second antibodies in
the same solution for 1 h. Antibody reactive protein bands were visu-
alized using the ECL system (Amersham Pharmacia Biotech).

Immunostaining—All procedures were carried out at room temper-
ature. Cells on cover glasses were washed with CSK buffer without
Triton three times, and fixed with 2.5% formalin solution in CSK for 10
min. After three washes with CSK, the fixed cells were incubated with
PBS containing 10% FCS and 0.1% Triton for 30 min, for masking and
permeabilization. Following a further three washes with 10% FCS in
PBS, the cover glasses were incubated with the culture supernatant of
clone 3C1B for 1 h, washed with 10% FCS in PBS three times, and
incubated with Rhodamin-conjugated second antibody (MBL, Nagoya,
Japan; reactive with both IgM and IgG) and 0.02 ug/ml of 4,6-dia-
midino-2-phenylindole in PBS containing 10% FCS for 1 h. After wash-
ing with PBS four times, the samples were mounted on slide glasses,
and fluorescent signals were visualized with a Leica DMRBE and
captured with a Photometrics PXL.

UV Cross-linking—HeLa S3 cells grown in 100-mm dishes (5 X 10°
cells) were washed twice with PBS and irradiated with UV at the
indicated doses in an UV chamber (Spectronics Corp., Westbury, NY) in
10 ml of PBS. The cells were lysed in 500 ul of 0.1% TX-100mCSK at
4 °C for 10 min, and the insoluble fraction was obtained after centrif-
ugation. NaCl extracts were prepared as described under “Fraction-
ations of Cellular Proteins,” above.

RESULTS

Detection of hORCI from Human Cell Lysates—We have
developed hybridoma cell lines expressing antibodies 3A2A and
3C1B against specific oligopeptides of the hORC1 protein. Be-
cause they were screened for a recombinant hORC1 fragment
produced in Escherichia coli (containing amino acids 1-698), it
was necessary to test whether they could detect hORC1 protein
specifically in human cell lysates. When we applied 1 X 10°
HelLa cells to an immunoblot analysis, a major protein band of
97 kDa could be detected with monoclonal antibodies 3A2A
(Fig. 1A) and 3C1B (data not shown). As the molecular mass of
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the detected band was in good agreement with the predicted
molecular mass of hORC1, it was concluded that these antibod-
ies specifically recognize hORC1 protein.

Next we estimated the amount of hORC1 in human cells by
the immunopurification method. First, the recovery of hORC by
immunoprecipitation was calculated as follows. Cellular pro-
teins from a fixed number of HeLa cells were prepared by
using: 1) a total cell lysate obtained by SDS lysis, and 2) a
soluble fraction obtained as an 0.2 M NaCl extract. About 50%
of hORC1 in the total cell lysate was recovered in the latter
soluble fraction (Fig. 1B, upper panel). Because about 80% of
hORC1 in the 0.2 m NaCl extract was recovered in the immu-
noprecipitated fraction (Fig. 1B, upper panel), 3A2A could pre-
cipitate the native hORC1 protein in the cell extract efficiently.
Thus, 40% of the cellular hORC1 protein could be recovered by
immunoprecipitation. When the immunoprecipitate from HeLa
cells was analyzed by SDS-PAGE followed by Coomassie Blue
staining, only a hORC1 band appeared other than the heavy
and light chains of the IgG (Fig. 1B, lower panel), indicating

DAPI

a hORC1

Fic. 3. Localization of hORC1 in cells by immunostaining with
3C1B. Cells untreated (A), extracted with Triton (B), or extracted with
250 mM NaCl (C) were fixed with formaldehyde and stained with 3C1B
and 4,6-diamidino-2-phenylindole (DAPI).
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that hORC1 in the 0.2 M NaCl extract is mostly a single mole-
cule entity. Using bovine serum albumin bands as the stand-
ard, we estimated that about 1 ug of hORC1 was recovered
from 1 X 107 cells (Fig. 1B, lower panel). Using the above
factors for extraction and immunoprecipitation efficiencies, the
cellular content of hORC1 was calculated to be approximately
1.6 X 10° molecules per HeLa cell.

Association of hORC1 with Nonionic Detergent-resistant Nu-
clear Structure throughout Cell Cycle—The subcellular local-
ization of hORC1 was roughly studied with a cytoplasmic ex-
tract, 0.2 m NaCl nuclear extract, and the remaining cell debris
from 293 cells. As shown in Fig. 24, the majority of hORC1 was
detected in the 0.2 M extract, suggesting a predominant local-
ization in nuclei. It is known that nuclear proteins associated
with some nuclear structures are retained in nuclei even after
nonionic detergent treatment. When HeLa cells growing asyn-
chronously and arrested in M phase by TN16 were treated with
CSK buffer containing 0.1% Triton (0.1% TX-100mCSK), all
hORC1 remained the insoluble fraction (Fig. 2B). In contrast
the other replication factors, MCMs were separated in two
forms, soluble and insoluble, by this treatment (see Fig. 5A). It
is noteworthy that a mobility shift of hORC1 in SDS-PAGE was
observed in M phase-arrested cells, suggesting some modifica-
tion as described below.

Solubility of hORC1 in the Triton-insoluble fraction was
studied with increasing concentrations of NaCl, as shown in
Fig. 2C. Interestingly, hORC1 was completely insoluble with
100 mm NaCl, whereas more than 90% of hORC1 became
soluble with 250 mm NaCl.

To obtain convincing evidence of nuclear localization of
hORC1 by fractionation of cellular proteins, immunostaining of
HeLa cells was performed with the 3C1B antibody. As shown in
Fig. 3, hORC1 was found in the nuclei in both unwashed (Fig.
3A) and Triton-washed HeLa cells (Fig. 3B). However, after
extraction with 250 mm NaCl, hORC1 signals could no longer
be detected (Fig. 3C), consistent with the cell fractionation
experiments, indicating that hORC1 mainly exists in nuclei,
but it efficiently dissociated at 0.25 m NaCl.

To investigate the localization of hORC1 during the cell
cycle, synchronously growing WI38 cells were studied (Fig. 4).
Flow cytometric analysis revealed more than 90% of cells to be
arrested once in G, and to enter S phase at 20 or 24 h after
serum addition (Fig. 4A). The total cell lysate was subjected to
SDS-PAGE (Fig. 4B), and hORC1 and MCMS3 were detected by
immunoblotting (Fig. 4C). These results demonstrated hORC1
protein to begin to increase at 12—16 h, just before the onset of
S phase, as also observed for MCM3 proteins. Using the same
samples, retention of hORC1 in nuclei was tested by detergent
treatment. As shown in Fig. 4D, all hORC1 existed in the
insoluble fraction throughout the cell cycle except for partial
release in the 16 h sample. Because the increase of hORC1
protein was greatest during 12—-16 h, the soluble protein may
correspond to newly synthesized molecules not yet imported
into the nuclei.

Association of hORCI1 with Both Chromatin DNA and Nu-
clease-resistant Nuclear Structure—In line with a previous re-
port (36), about half of the MCMS3 in cells became soluble with
Triton, but the rest remained insoluble (Fig. 54, lanes 2 and 3).
Furthermore, the latter was released from nuclear debris, in
parallel with solubilization of DNA by DNase I treatment,
indicating a chromatin-bound nature (Ref. 36; Fig. 5, A, lanes
4-11, and B). Association of MCMs with chromatin DNA was
also demonstrated by UV cross-linking experiments, as shown
in Fig. 5, C and D. The chromatin-bound MCMa3, soluble on 0.5
M NaCl treatment (Ref. 36; data not shown), became insoluble
upon UV irradiation in a dose dependent manner (Fig. 5, C,
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Fic. 5. hORC1 associates with both chromatin DNA and nucle-
ase-resistant nuclear structures. Triton-treated HeLa S3 cells were
incubated with 1000 units/ml of DNase I at 25 °C for the indicated
period, in the presence of 1 mm ATP. Addition of ATP did not affect the
results of ORC (data not shown). After centrifugation, the supernatant
(sup) and the precipitate (ppt) fractions were analyzed by immunoblot-
ting with 3A2A antibody and anti-MCMS3 antiserum (A). Chromatin
DNA was purified from the precipitated fraction and analyzed on 0.8%
agarose gel electrophoresis with ethidium bromide (B, left panel).
Amount of the DNA relative to the starting materials (Triton ppt) is
shown in the right panel of B. A phage DNA digested with HindIII was
introduced into lane M. Living HeLa S3 cells on dishes were irradiated
with UV at 50 (lanes 2 and 7), 100 (lanes 3 and 8), 150 (lanes 4 and 9),
and 200 mJ/cm? (lanes 5 and 10) and subjected to successive extractions
with Triton (lanes 1-5) and 500 mM NaCl (lanes 6-10) as described
under “Experimental Procedures.” hORC1 and MCM3 were detected by
immunoblotting (C). The intensity of each band was measured and the
relative value using that of nonirradiated cells as 100% is indicated by
the height of the bar (D). Standard evaluations were obtained from
three independent experiments.

lanes 6-10, and D). The dose required to make half of the
MCMS3 insoluble was calculated to be 100 mJ/cm?. On the other
hand, the MCMS3 in the Triton-soluble fraction was scarcely
cross-linked in this UV range (Fig. 5, C, lanes 1-5, and D). All
hORC1 was soluble in 0.5 M NaCl before UV irradiation (Fig.
20C), becoming insoluble in a UV dose-dependent manner even
in the presence of 0.5 m NaCl, like the Triton-insoluble MCM3
(Fig. 5, C and D). It has been reported that only proteins that
associate directly with DNA could be cross-linked by UV (37).
Thus, these results suggest that most MCM3 and the hORC1
retained in nuclei after Triton washing are linked directly with
chromatin DNA.

To determine whether the same mode of association is in-
volved, the susceptibility of hORC1 to nuclease treatment in
the Triton-insoluble fraction was compared with that of MCM3.
On incubation with DNase I for 40 min, when all MCM3 be-
came soluble and less than 20% of total chromatin DNA shorter
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Fic. 6. Phosphorylation of hORC1 protein in the M phase. A, asynchronous (lane 2), thymidine-blocked (lane 3), and TN16-arrested (lane
4) HeLa S3 living cells were immediately fixed with 10% trichloroacetic acid (TCA) and analyzed by immunoblotting with 3A2A. Unfixed
asynchronous cells (Asyn) were also analyzed on the same gel (lane 1). B, hORC1 protein was immunopurified from TN16-arrested HeLa S3 (lane
1) and then incubated with (lane 4) or without (lane 3) A phosphatase. Total cell lysate from asynchronous cells was separated on the same gel (lane
4). hORC1 was detected by immunoblotting with 3A2A. The filled arrowheads on the left and right of the panel indicate the band positions of
hORC1 obtained from TN16-arrested and asynchronous cells, respectively. The bands indicated by open arrowheads are IgG (heavy and light
chains shown by top and bottom arrowheads, respectively). C, HeLa S3 cells were released from double thymidine blocking and harvested after
trichloroacetic acid fixation at the indicated time points. Total cell lysate from asynchronous cells (lane 5), cells grown synchronously for the
indicated times (lanes 1-4) or arrested with TN16 (lane 6) were analyzed by immunoblotting with 3A2A. The cell populations were analyzed by

FACS (see below).

than 500 base pairs remained in nuclei (Fig. 5B), none of the
hORC1 protein was eluted (Fig. 5A, lanes 10 and 11). The
insoluble nature of hORC1 with nuclease treatment points to a
link with nuclear structures other than chromatin.

Phosphorylation of hORCI in M Phase—When hORC1 was
isolated from M phase-arrested HeLa cells, its migration in
SDS-PAGE was slower than that isolated from asynchronously
growing cells (Fig. 2B). This change did not occur during the
cell lysis process, because the same mobility shift could be
detected in the lysate from trichloroacetic acid-fixed cells, in
which the activity of enzyme is minimized by acid denaturation
(Fig. 6A, lane 4). This experiment led to the conclusion that the
modification is M phase-specific, because no shift of hORC1
could be detected in asynchronous or thymidine-blocked cells
(Fig. 64, lanes 1-3). To examine the relationship to phospho-
rylation, hORC1 was purified from TN16-arrested cells by im-
munoprecipitation, and incubated with A phosphatase. As
shown in Fig. 6B, its mobility shifted down to the position with
asynchronous cells (lane 3 and 4). The band shift of hORC1 was
not detectable at any time point after the release from double
thymidine blocking except for at 9 h, when about a half of the
cells were in late M and the remainder were in G, (Fig. 6C;
FACS). At this time, a significant portion of the hORC1 band
shifted upward as in the TN16-arrested sample (Fig. 6C, lanes
3 and 6).

hORC1 in M Phase—hORC1 was extracted efficiently by
around 0.25 M NaCl from the insoluble nuclear fraction, sug-
gesting that some DNA-hORC1 and/or protein-hORC1 interac-
tion is sensitive to this moderate salt condition (Fig. 2C). To
study this characteristic, Triton-washed nuclei were prepared
from asynchronously growing cells, as well as in S phase by
thymidine blocking or in M phase by TN16 treatment and
further treated with increasing concentrations of NaCl (Fig.
7A). The salt sensitivity of hORC1 retention in S phase was
almost same as that from asynchronous cells, and most hORC1

protein was eluted at 250 mm NaCl (Fig. 7A, Asyn and S phase
arrest). The retention became sensitive to salt in M phase, and
most hORC1 eluted at 200 mm (Fig. 7A, M phase arrest). Nu-
clear lamin B serving as a control was resistant to salt in
asynchronous cells, but soluble only by Triton-washing in M
phase (Fig. 7A, Lamin B). These results suggested that the
association of hORC1 with chromatin DNA or nuclease-resist-
ant structures becomes weak in M phase. As shown in Fig. 7B,
hORC1 in M phase was cross-linked with chromatin as effi-
ciently as in asynchronous cells. On the other hand, half of the
hORC1 in M phase was eluted by DNase I treatment (Fig. 7C).
Under these conditions, the efficiency of solubilization of chro-
matin DNA was similar to that in asynchronous cells (data not
shown). To eliminate the possibility that the alteration of
hORC1 association with nuclear structure is due to the effect of
the M phase arrest by microtubule disrupting drug, we tested
its elution by DNase I treatment with M phase-enriched cells
from double thymidine block synchronization. In cells at 9 h
after the release from double thymidine block, a significant
amount of hORC1 was shifted upward by phosphorylation and
partly eluted by DNase I treatment (Fig. 7D, 9 h), whereas the
shift and elution by DNase I were limited at the other time
points (Fig. 7D, 0, 8, 10, and 11 h). It should be noted that two
distinct shifted bands appeared in the eluted sample by DNase
I: the higher one is at the same position as observed in TN16-
arrested cells, and another is at slightly lower position, sug-
gesting multiple phosphorylation of hORC1 during M phase.
These results suggest that the association of hORC1 with chro-
matin DNA in M phase was not affected significantly, whereas
that with nuclease-resistant structures was weakened.

DISCUSSION

The present analyses of the localization of hORC1 protein in
human cells, using newly prepared hORC1-specific monoclonal
antibodies, provided evidence of a direct link with chromatin
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Fic. 7. hORC1 in M phase cells. A, cells exponentially growing
(Asyn, asynchronous cell), arrested with TN16 at M phase, and arrested
with a thymidine block in S phase were treated with the indicated
concentrations of NaCl (100, 150, 200, and 250 mM) as described for Fig.
2C and analyzed by immunoblotting with 3A2A and anti-lamin B an-
tibodies. B, UV cross-linking analysis as described for Fig. 5 was per-
formed on TN16-arrested M phase cells. hORC1 and MCM3 were de-
tected by immunoblotting. All MCM3 was extracted by Triton
treatment in M phase. C, asynchronous or TN16-arrested cells were
incubated with DNase I (DNase +) or without (DNase —) for 40 min as
described for Fig. 5. After centrifugation, hORC1 in soluble (sup) and
insoluble (ppt) fractions was analyzed by immunoblotting. D, HeLa S3
cells were released from double thymidine blocking and harvested at
the indicated time points. The Triton-insoluble fractions from these
cells as shown in the left lane (Triton ppt) were treated with (+) or
without (=) DNase I as described for C. Cell populations in samples
determined by FACS analyses are shown the right.

DNA. However, unlike MCM, hORC1 was not eluted from the
Triton-insoluble fraction by DNase I treatment, suggesting
that it does not associate simply with bulk DNA. Despite this
resistance to nuclease, it was easily eluted by a simple salt
wash within a narrow concentration band pointing to limited
partners. Taking the factors necessary to release hORC1 from
nuclei into consideration, an association with nuclease-resis-
tant nuclear structures using DNA as the mediator can be
speculated. Alternatively, interaction with both chromatin
DNA and a nuclease-resistant nuclear component(s) is possi-
ble. Because the association became less stable in M phase,
when resetting of next replication cycle may occur, it is possible
that hORC1 has some role in this event.

It has been reported that ORC behaves as a stable complex in
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S. cerevisiae, Xenopus egg extract, and Drosophila embryo (9,
10, 12, 14, 15). On the other hand, previous reports have
suggested that ORC1 subunit behaves differently from other
subunits in human cells, indicating an unstable complex for-
mation of human ORC (22, 28, 34). We showed here that
hORC1 is eluted from nuclei by simple salt wash, despite its
association with nuclear structures. This is apparently differ-
ent from tight association of hORC5 with the nuclear-insoluble
fraction, being unable to be dissociated even with 0.4 m NaCl
(22). We further showed that entire population of ORC1 in
human cells have an association with nuclease-resistant nu-
clear structures throughout the cell cycle except for M phase,
demonstrating an obvious contrast with the association of
hORC2 with a nuclear fraction, which was highly sensitive to
nuclease treatment (38). These results support the previous
notion that ORC in human cells would not be in a tight com-
plex, and if they form a complex, their assembly would occur in
a narrow time window during cell cycle (34). Indeed our obser-
vation indicated that predominant hORC1 in 0.2 m NaCl ex-
tract is single molecule entity.

Interestingly, unlike MCMs but similar to hORC1, chroma-
tin-bound CDC6 associates with nuclear structures (29, 30).
Because hORC1 physically interacts with hCDC6 in cell ex-
tracts (28), it may recruit hCDC6, thereby functioning as a
MCM loader as suggested in yeast (39, 40). Although ORCs
may determine all sites of MCM loading, the status of their
associations with nuclear structures obviously differs. The
available data suggest that MCMs may move away from the
ORC binding site promptly after the loading. Indeed, a previ-
ous report indicated that chromatin-bound MCMs are sepa-
rated from hORC2 by at least 500—1000 base pairs in HeLa cell
chromosomes (38).

The present study showed the phosphorylated form of
hORCI1 to appear in M phase-arrested cells and in HeLa cells
synchronously progressing from M to G; phase as a slow mi-
grating band on SDS-PAGE. However, we could not detect the
mobility shift in neither asynchronous HeLa cells or in semi-
synchronously growing normal fibroblasts, so that the slow
migrating form of hORC1 appears in only a limited window in
the cell cycle, around metaphase. Similar slow migration of
XORC1 and XORC2 has been shown in cytostatic factor-ar-
rested extracts of Xenopus eggs (15), pointing to a common
modification of ORC1 in M phase. Although the significance of
this phosphorylation is unknown, the timing is consistent with
that of a potential change of hORC1 association with the nu-
clear structure. Thus, the link could be causative. Alterna-
tively, the target structure may disappear in M phase or be
masked from hORC1 in condensed chromatin. Further experi-
ments are needed to clarify this point.

Although budding yeast ORC has sequence-specific DNA
binding activity, none of the ORCs in higher eukaryotes has so
far been shown to have such specificity. In contrast to yeast
autonomously replicating sequence, mammalian chromosomes
can not be expected to have discrete origin sequences (41, 42).
However, several pieces of evidence indicate that there are
preferential sequences for origins through interaction with spe-
cific proteins in somatic cells (43, 44). The present study
showed that hORC1 is associated with particular DNA regions
that are resistant to nuclease treatment, this being maintained
throughout the cell cycle, as observed for DNA binding of yeast
ORC (8, 5, 6, 8). If human ORC binds to DNA sequences for
initiation of DNA replication through hORC1-DNA interac-
tions, our antibody will be a useful tool to isolate cis-elements
from human cells.

In addition to functioning as a replication factor, ORC1 is
possibly involved in gene silencing from yeast to higher
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eukaryotes. In yeast, ORC1 directly associates with SIR1 pro-
tein (45), a silencing factor, and mutant alleles for ORC sub-
units affect gene silencing at mating type and telomeric loci (2,
46, 47). In Drosophila, ORC colocalizes with HP1, a structural
component of heterochromatin, and ORC1 physically interacts
with it (48). In connection with the proposed conserved role of
ORC in gene silencing, the features of hORC1 observed in this
study are compatible with formation of silencing-related het-
erochromatin. First, the DNA binding property of hORC1 sat-
isfies the function of tethering heterochromatin components to
particular DNA sequences. Indeed, the associated DNA seems
to be resistant to nuclease treatment, indicating localization
inside of silenced chromatin. Second, its nuclear structure as-
sociation may reflect a relation with heterochromatin compo-
nents integrated in insoluble nuclear structures. In this con-
text, it is of interest that HP1 is reported to colocalize with
actin-related protein (Arp4) in Drosophila (49) and interact
with lamin B receptor in human cells (50), which form such
nuclear structures.

The available data indicate that hORC1 behaves as both a
static and a dynamic component in nuclei and has a key role in
controlling cell programs through DNA replication and chro-
matin organization. To approach the mechanisms, elucidation
of functional connections of all ORC subunits on nuclear struc-
tures is indispensable. The present study was one step toward
this goal.
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