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Dynamic Association of ORCA with Prereplicative Complex
Components Regulates DNA Replication Initiation
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In eukaryotes, initiation of DNA replication requires the assembly of a multiprotein prereplicative complex (pre-RC) at the ori-
gins. We recently reported that a WD repeat-containing protein, origin recognition complex (ORC)-associated (ORCA/LRWD1),
plays a crucial role in stabilizing ORC to chromatin. Here, we find that ORCA is required for the G,-to-S-phase transition in hu-
man cells. In addition to binding to ORC, ORCA associates with Cdtl and its inhibitor, geminin. Single-molecule pulldown ex-
periments demonstrate that each molecule of ORCA can bind to one molecule of ORC, one molecule of Cdt1, and two molecules
of geminin. Further, ORCA directly interacts with the N terminus of Orc2, and the stability of ORCA is dependent on its associa-
tion with Orc2. ORCA associates with Orc2 throughout the cell cycle, with Cdt1 during mitosis and G,, and with geminin in
post-G; cells. Overexpression of geminin results in the loss of interaction between ORCA and Cdt1, suggesting that increased
levels of geminin in post-G, cells titrate Cdtl away from ORCA. We propose that the dynamic association of ORCA with pre-RC
components modulates the assembly of its interacting partners on chromatin and facilitates DNA replication initiation.

n eukaryotes, initiation of DNA replication requires the assem-
bly of a prereplicative complex (pre-RC) in late mitosis and G,
with the sequential loading of the origin recognition complex
(ORC), Cdc6, Cdtl, and MCM2-7 onto replication origins (6).
The Cdt1-mediated recruitment of the helicase MCM2-7 to chro-
matin also requires MCMO9 (31). At the G,-S transition, pre-RC is
converted to preinitiation complex (pre-IC) when MCM proteins
are activated by the cyclin-dependent kinase (CDK) and Dbf4-
dependent kinase (DDK). CDK- and DDK-dependent phosphor-
ylation activities, in addition to molecules like MCM 10, enable the
recruitment of Cdc45 and GINS onto MCM2-7 in order to acti-
vate the helicase (16, 37, 40, 55, 60). Upon initiation of DNA
replication, the pre-RC is disassembled, and Cdtl and Cdcé6 are
released from the origins, thereby preventing rereplication (11).
Several mechanisms ensure that replication occurs “once and
only once” during each cell cycle (2, 54). This “licensing” process
is well coordinated, and the loss of licensing causes DNA rerepli-
cation, genomic instability, and tumorigenesis (2). The regulation
of the licensing factors Cdtl and Cdc6 during the cell cycle is a
crucial regulatory mechanism to prevent DNA rereplication (2, 7,
8, 15). In Saccharomyces cerevisiae, Cdc6 is degraded, whereas
Cdtl is exported out of the nucleus at the end of G, (12, 36, 59). In
Schizosaccharomyces pombe, both Cdc6 and Cdtl are subject to
proteolytic degradation in post-G, cells (17, 19, 21, 22, 43). In
mammalian cells, multiple parallel mechanisms operate to pre-
vent Cdc6 and Cdtl activity in post-G, phase: nuclear export of
Cdc6 (25), cleavage of Cdc6 (41), SCF®*P2- and Cul4/Ddb1-medi-
ated degradation of Cdtl (39, 65), and the presence of the Cdtl
inhibitor geminin (34). Geminin is predominantly present in
post-G, cells and is degraded by APC“®"! during late mitosis to
enable Cdtl to assemble on chromatin (5, 27, 28, 50, 61). Recent
studies have also indicated that geminin promotes the Cdtl-de-
pendent loading of MCM2-7 in G, though the molecular nature
of this geminin-Cdt1 complex remains to be understood (30). It
has been suggested that the stoichiometry of Cdt1 and geminin in
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cells during different cell cycle stages determines the recruitment
of MCM2-7 for licensing or inhibiting pre-RC assembly (9, 30)
and that a fine-tuned balance between Cdt1 and geminin is crucial
for genomic stability (45). Surprisingly, overexpression of Cdtl
mutants that lack the MCM binding domain can still induce re-
replication by derepressing endogenous Cdt1 by titrating the lev-
els of PCNA and cyclin (53). Using quantitative fluorescence mi-
croscopy, it has been demonstrated that Cdtl can associate with
geminin and chromatin simultaneously and that these dynamic
associations provide spatiotemporal control of licensing (62).

We and others recently reported that origin recognition com-
plex-associated protein (ORCA/LRWD1) is a novel ORC-associ-
ated protein that binds to ORC, Cdtl, and geminin (4, 47, 58).
ORCA shows cell cycle dynamics similar to those of ORC, with the
maximum level during G, and progressive decrease as the cells
enter S phase. ORCA and ORC colocalize throughout the cell
cycle, including in heterochromatic regions. Furthermore, ORCA
stabilizes the binding of ORC to chromatin. The dynamic associ-
ation of ORCA with the pre-RC components and its functional
relevance are beginning to be appreciated.

In the present study, we demonstrate that the cellular, as well as
chromatin-bound, Orc2 levels are severalfold higher than those of
ORCA in human cells. Using single-molecule pulldown (SiMPull)
experiments, we demonstrate that one molecule of ORCA is
bound to one ORC, one Cdtl, and two geminin molecules, sug-
gesting that an ORCA-independent ORC complex exists in cells.
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We show that ORCA directly interacts with Orc2 and that the
binding of Orc2 to ORCA stabilizes cellular ORCA. ORCA asso-
ciates with Orcl during G,, with Orc2 throughout the cell cycle,
with Cdtl during G,, with phosphorylated Cdtl during mitosis,
and with geminin in post-G; cells. Overexpression of geminin
results in loss of Cdt1 association with ORCA, suggesting that the
increased levels of geminin titrate ORCA away from Cdt1. Based
on our results, we propose that at the end of the G, phase, when
the levels of geminin begin to rise, ORCA binding to Cdtl is lost,
resulting in the disassembly of the pre-RC. Collectively, these re-
sults suggest a crucial role for ORCA in pre-RC assembly and
replication initiation.

MATERIALS AND METHODS

Cell culture and transfection. HeLa, U20S, MCF7, and WI38 cells were
grown in high-glucose Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with penicillin-streptomycin and 10% fetal bovine serum
(FBS) (HyClone). Lipofectamine 2000 (Invitrogen) and Lipofectamine
RNAIMAX (Invitrogen) were used for transient transfections and RNA
interference (RNAI), respectively, according to the manufacturers’ proto-
cols.

Plasmids and antibodies. Human Orc2, Cdtl, and geminin cDNAs
were cloned into the pCGT vector and pEYFP-C1 with the cytomegalovi-
rus (CMV) promoter (Clontech) to generate T7-Orc2, T7-Cdtl, T7-
geminin, and yellow fluorescent protein (YFP)-geminin. Truncated mu-
tants were obtained by PCR from Orc2, Cdtl, and geminin cDNAs and
were also cloned into the pCGT vector.

The following antibodies were used for immunoprecipitations (IP)
and immunoblots, as indicated: ORCA polyclonal antibody (pAb)
(2853-2 and 2854-1), Orcl monoclonal antibody (MAb) (pKS1-40), Orc2
PpAD (205), Orc3 pAb (Abcam), Orc4 pAb (Abcam), Orc5 pAb (BD Phar-
mingen), Orc6 pAb (982), Cdtl pAb (Yue Xiong Laboratory), geminin
pADb (Santa Cruz Biotechnology), tubulin MAb (Sigma-Aldrich), T7 MAb
(Novagen), and green fluorescent protein (GFP) MAb (Covance).

Insect cell culture and baculovirus expression. For expression anal-
ysis, the full-length human ORCA was first cloned in the pFastBac HT-B
(Invitrogen) vector and later was amplified, along with a polyhistidine tag,
using pFastBac HT-B-ORCA as the template. Similarly, the open reading
frames (ORFs) of human ORC subunits, Cdtl, and geminin were also
amplified by PCR (primer sequences will be provided upon request). The
PCR product of human ORCA was first cloned in the pFastBac-Dual
vector at BssHII and Spel sites, followed by the cloning of human ORC
subunits, Cdtl, or geminin individually in the same backbone, so that
each subunit of ORC, Cdtl, or geminin would be expressed along with
ORCA from the same virus. Similarly, viruses expressing individual pro-
teins as histidine tags were also generated. DNA sequencing was per-
formed to confirm the constructs, and recombinant baculoviruses were
produced according to the manufacturer’s protocol (Bac-to-Bac baculo-
virus expression system; Invitrogen). Hi5/Sf9 insect cells were infected
either with baculoviruses expressing ORCA and individual subunits of
ORC/Cdt1/geminin or with a combination of different viruses, each at a
multiplicity of infection of 5 to 10, and incubated at 28°C for 60 to 72 h.
Nuclear extracts were prepared in PK50 buffer (in the presence or absence
of 2 mM ATP), and proteins were precipitated by saturation at 45% am-
monium sulfate (48). The reconstituted proteins in PK50 buffer were
immunoprecipitated using anti-ORCA antibody, followed by immuno-
blotting using anti-ORC, Cdt1, or geminin antibody.

Immunoprecipitation. Nuclear extracts or whole-cell lysates were in-
cubated with GammaBind G Sepharose resin (Amersham) at 4°C for 45
min for preclearing. Antibodies were added to the supernatant after the
removal of the resin, and binding was carried out at 4°C overnight. Resin
was then added for 1 h to capture the complex, washed three times in
nuclear extraction buffer, and resuspended in Laemmli buffer for immu-
noblot analysis. If elution of the complex was needed, extracts were incu-
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bated with antibody-conjugated resin overnight. The resin was then
washed and incubated with appropriate peptides three times at 30°C for
15 min. The eluate was then collected by low-speed centrifugation.

SiMPull. SiIMPull experiments were carried out on methoxy polyeth-
ylene glycol (mPEG)-passivated quartz slides doped with biotin PEG as
described previously (20). Antibodies were immobilized on NeutrAvidin
(Thermo)-coated flow chambers either by incubation with biotinylated
T7 antibody (Novagen) for 10 min or by incubation with biotinylated
anti-rabbit IgG secondary antibodies for 10 min, followed by ORCA an-
tibody for 20 min. RIPA buffer-lysed samples were then incubated in the
chamber for 20 min and washed twice with buffer (10 mM Tris-HCI, pH
8.0, 50 mM NaCl, 0.1 mg/ml bovine serum albumin [BSA]). Single-mol-
ecule data were acquired with a prism-type total internal reflection fluo-
rescence (TIRF) microscope and analyzed using scripts written in Matlab.
For ORCA-Orcl SiMPull analysis, lysates were made from the YFP-Orcl
stable cell line (U20S cells) where T7-ORCA was transiently transfected.
For ORCA-Cdtl SiMPull analysis, lysates were made from U20S cells
where T7-ORCA and YFP-Cdt1 were transiently transfected. Similarly,
for ORCA-geminin SiMPull analysis, lysates were prepared from cells
transiently transfected with T7-ORCA and YFP-geminin.

Gel filtration and glycerol gradient sedimentation. Nuclear extracts
were subjected to size exclusion chromatography using a Superdex-200
column (GE Inc.) at 0.25 ml/min, and fractions (600 pl each) were col-
lected and precipitated with trichloroacetic acid (TCA). After centrifuga-
tion at 14,000 rpm for 5 min, the pellet was washed with acetone twice and
resuspended in Tris, pH 8.7, and Laemmli buffer for immunoblots.

For glycerol gradient sedimentation, IP eluate or marker (200 1) was
layered on a 10 to 50% glycerol gradient (buffer: 27 mM Tris, pH 8.0, 100
mM NaCl, 1 mM EDTA, 0.1% NP-40, protease inhibitors). The mixture
was centrifuged at 48,000 rpm for 16 h. Fractions (200 pl each) were
collected and prepared for immunoblots as described above.

Synchronization. To synchronize cells at the G,/S boundary, 2 mM
thymidine was added. After 24 h, the cells were washed three times with
fresh medium, grown for 12 h, and incubated with 2 mM thymidine for an
additional 24 h. The cells were then released, and aliquots were taken at 4
hand 8 h for S and G, cells. For M and G, populations, cells that had been
released from the double-thymidine block for 8 h were further treated
with 50 ng/ml nocodazole for 14 to 16 h to arrest them in mitosis and were
released for 5 to 6 h into G, phase.

RESULTS

ORCA is required for G,/S transition. We previously demon-
strated that depletion of ORCA in human primary diploid fibro-
blasts results in cells accumulating in the G, phase of the cell cycle
(47). However, it remained to be determined whether ORCA de-
pletion results in a delay in G, progression or an arrest in the G;
phase of the cell cycle. To resolve these possibilities, we serum
starved WI38 diploid fibroblasts and then treated the cells with
control or ORCA-specific small interfering RNA (siRNA). The
cells were then released from arrest and harvested at 12 and 24 h
for immunoblot and flow cytometry analyses (Fig. 1Aa). The con-
trol and ORCA siRNA-treated cells at 12 h postrelease looked
identical. However, at 24 h postrelease, control cells efficiently
entered the cell cycle and progressed through S and G,/M, whereas
the ORCA siRNA-treated cells failed to enter S phase, with 67.7%
of the cells in G, compared to 25.9% of the control cells (Fig. 1Ac).
The appearance of a population of ORCA-depleted cells in S phase
could indicate either incomplete depletion of ORCA or extremely
slow progression through S phase. Further, chromatin fraction-
ation and immunoblot analysis revealed decreased ORC (25.3%
of Orc2 on chromatin), as well as MCM (43.3% of MCM3 on
chromatin), loading onto chromatin, suggesting that the pre-RC
checkpoint had been activated because of defects in loading MCM
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FIG 1 ORCA is required for entry into the cell cycle. (Aa) Scheme of the experiment in WI38 cells. Cells were serum starved for 5 days. ORCA or control siRNA
was transfected three times at intervals of 24 h starting day 3. On day 6, the cells were released from arrest for fluorescence-activated cell sorter (FACS) or
immunoblot analysis. (Ab) Immunoblot showing efficient knockdown of ORCA. (Ac) FACS analysis at 12 h and 24 h postrelease in control and ORCA
siRNA-treated cells. Note the efficient release of cells into the cell cycle in the 24-h FACS profile for control cells but a G, arrest in ORCA-depleted cells. (Ad)
Chromatin fractionation in control and ORCA siRNA-treated cells and immunoblotting with Orc2, MCM3, and geminin. SRSF1 and MEK2 are shown as
loading controls for chromatin (P) and cytosolic (S) fractions, respectively. (B) Relative levels of ORCA, Orcl, Orc2, Cdtl, and geminin in asynchronously
growing human U20S cells. GST-tagged ORCA and His-tagged Orcl, Orc2, Cdtl, and geminin were loaded as indicated (ng) for quantitation. (C) Relative levels
of ORCA, Orcl, Orc2, Cdtl, and geminin in the G, phase of U20S cells. Note that ORCA, Orcl, and Cdt1 levels are high during G,, whereas geminin levels are
negligible in G,. Asyn, asynchronous. (D) Relative abundances of ORCA, Orcl, Orc2, Cdt1, and geminin on chromatin (P) during G, in human U20S cells. The
asterisks indicate cross-reacting bands. The arrowheads indicate endogenous ORCA (ORCA immunoblot) and endogenous Cdtl (Cdtl immunoblot).

onto chromatin (Fig. 1Ad). Reduced levels of geminin are consis-
tent with cells accumulating in the G, phase of the cell cycle. These
results suggest that in the absence of ORCA, the transition from G,
to S phase is affected.

We previously demonstrated that ORCA interacts with ORC,
Cdtl, and geminin. In order to test the cellular levels of ORCA
protein relative to Orc2, Cdt1, and geminin in human U20S cells,
cell lysates were prepared, and immunoblotting using antibodies
against ORCA, ORC, Cdt1, and geminin was conducted. The rel-
ative stoichiometry of ORCA and various ORC subunits was nor-
malized using standard curves with purified proteins that were in
the linear detection range. Silver staining was used to quantify the
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purified 6Xhistidine-tagged recombinant protein that was ex-
pressed in SF9 cells and purified on a Talon column or glutathione
S-transferase (GST) fusion proteins purified from bacterial cells.
Based on these calculations, human Orc2 was found to be 10-fold
more abundant than ORCA in asynchronously growing human
cells (Fig. 1B).

ORCA is highly dynamic throughout the cell cycle, with ele-
vated protein levels during G, and subsequent decrease at the G,/S
boundary, and is present predominantly at heterochromatic sites
in post-G, cells (47). We next examined the relative abundance of
ORCA compared to ORC subunits during the G, phase of the cell
cycle. Cells synchronized at G, were used for conducting immu-

mcb.asm.org 3109


http://mcb.asm.org

Shen et al.

noblot analysis to ascertain the levels of ORCA, ORC, Cdtl, and
geminin. Consistent with previous studies, ORCA, Orcl, and
Cdtl levels were increased in G, compared to Orc2, which was
found to be unaltered. Geminin levels were negligible during G,
(Fig. 1C). To calculate the relative levels of the chromatin-associ-
ated pool of ORCA and ORC (asynchronous as well as G, ), we
performed chromatin fractionation and quantitated the levels of
ORC, ORCA, Cdtl, and geminin (Fig. 1D). Similar to Orcl and
Cdtl, both the total and chromatin-bound levels of ORCA
showed increases during the G; phase of the cell cycle (around
2-fold increases in G, samples compared to asynchronous sam-
ples). Orcl and Orc2 were found to be equimolar on the G, chro-
matin, consistent with a 1:1 ratio of Orcl to Orc2. Orcl and Orc2
levels were found to be 3-fold higher than those of ORCA on the
G, chromatin, suggesting that either multiple ORC proteins asso-
ciate with ORCA or an ORCA-independent ORC complex exists
in G, cells. To further address these two possibilities, we evaluated
the relative stoichiometry of ORCA bound to ORC, Cdtl, and
geminin using single-molecule analysis.

SiMPull analyses of the stoichiometry of ORCA and pre-RC.
To further probe the stoichiometry between ORCA and pre-RC
components, SIMPull assays were performed (20). SIMPull com-
bines a conventional pulldown assay with single-molecule fluores-
cence microscopy. Cellular protein complexes are pulled down
from cell lysate onto a passivated surface atalow density (0.1 t0 0.2
molecules wm ™ ?) and then imaged with single-fluorophore sen-
sitivity. When the proteins are stoichiometrically labeled with
fluorophores, such as genetically encoded fluorescent proteins,
single-molecule photobleaching analysis can reveal the stoichi-
ometry of the proteins constituting the complex (20, 35). Lysates
from cells coexpressing T7-ORCA and YFP-Orcl (as the repre-
sentative of ORC) were added to a surface coated with T7 antibody
(Fig. 2A). After washing away the unbound proteins, the surfaces
were imaged for YFP fluorescence under a single-molecule total
internal reflection fluorescence microscope. Figure 2Bb depicts
representative single-molecule fluorescence images. The lysate
that expressed only YFP-Orcl served as the control and exhibited
5-fold-reduced binding (Fig. 2Bb and Bc). Photobleaching of in-
dividual YFP molecules is a discrete phenomenon, and the num-
ber of photobleaching steps provides information about the stoi-
chiometry of the labeled protein (Fig. 2Ab and Ac) (20, 56). Nearly
80% (864 out of 1,075) of pulled-down YFP-Orcl molecules
bleached in a single step (Fig. 2Bd and Be), indicating that each
complex has one molecule of Orcl. Similar analysis was per-
formed on lysates expressing T7-ORCA and YFP-Cdt1; ~82% of
the YFP-Cdt1 fluorescence spots showed one photobleaching step
(Fig. 2C), indicating that each ORCA-Cdt1 complex has one mol-
ecule of Cdtl. Next, we examined the stoichiometry of geminin in
ORCA-geminin complexes. Biotinylated anti-rabbit IgG second-
ary antibody was immobilized onto the chamber, followed by
ORCA antibody or rabbit IgG (Fig. 2Da). Cell lysates expressing
T7-ORCA and YFP-geminin were incubated in the chamber.
There was a 5-fold enrichment of YFP spots in the anti-ORCA-
coated chamber compared to the control (Fig. 2Db and Dc). Pho-
tobleaching analysis demonstrated that 54% of YFP molecules
displayed two photobleaching steps, while 43% of the molecules
exhibited one-step photobleaching (Fig. 2Dd and De). This is con-
sistent with two geminin molecules per complex, given the ~75%
active fraction of YFP (20, 56). Our results demonstrate that each
molecule of ORCA can interact with one ORC, one Cdt1, and/or
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two geminin molecules. A future project would be to use SiMPull
technology to study complex assembly and also the stoichiometry
of multiple components within the complex. This would entail
using multiple fluorescent tags and would require further techni-
cal advances.

Cell cycle-dependent association of ORCA with ORC, Cdtl1,
and geminin. Since ORCA interacts with ORC, Cdt1, and gemi-
nin, we examined if they exist in one complex or are present in
independent complexes. We fractionated HeLa nuclear extracts
on a Superdex-200 gel filtration column and examined the frac-
tions by immunoblotting (Fig. 3A). As reported previously,
ORCA and Orc2 cofractionated in the range of >440 kDa (Fig. 3A,
fractions 5 and 6), with some present at higher molecular mass
(>669 kDa), indicating that ORCA, along with all ORC subunits
(predicted mass, 450 kDa), exists in mammalian cells (47). Cdtl
was present in a higher molecular-mass range. In contrast, gemi-
nin was enriched only in fractions 4 to 8 in a lower-molecular-
mass complex with negligible monomeric form in fractions 12 to
13 (Fig. 3A). These data suggest that distinct complexes may exist
in human cells.

Pre-RC components are highly dynamic, with Orcl, Cdc6, and
Cdtl1 being cell cycle regulated to ensure that replication occurs
only once during the cell cycle. The levels of ORCA are elevated
during the G, phase of the cell cycle and drop as the cells enter S
phase. To address the question of whether the existence of ORCA
with ORC, Cdtl, and geminin in different subcomplexes reflected
its cell cycle-regulated association with each of these components,
we performed immunoprecipitation using ORCA antibody dur-
ing different cell cycle stages (Fig. 3Ba). ORCA associated with
Orc2 throughout the cell cycle. ORCA associated with Orcl pre-
dominantly during the G, phase of the cell cycle and with less
affinity to the phosphorylated form of Orcl during mitosis. ORCA
associated with Cdtl in G, and with geminin from G,/S to G,
predominantly and interacted with both Cdtl and geminin in M
phase regardless of the phosphorylation status (Fig. 3Ba). Treat-
ment of extracts with phosphatase demonstrated that Orcl (data
not shown), Cdtl, and geminin (Fig. 3Bb) are phosphorylated
during mitosis.

To further evaluate the composition of the ORCA-containing
complexes with ORC, Cdt1, and geminin during different stages
of the cell cycle, we performed immunoprecipitation of ORCA,
followed by peptide elution, and subjected the eluate to 10% to
50% glycerol gradient sedimentation in asynchronous (Fig. 3C)
and G, (Fig. 3D) extracts and mitotic extracts (Fig. 3E). Immuno-
blot analysis from asynchronous cells revealed that Orc2 cosedi-
mented with ORCA at a molecular mass of >200 kDa (Fig. 3C).
Cdt1, in addition to being a monomer (fraction 9), was also pres-
ent in the higher molecular-mass range. Geminin was present in
fraction 7 in a lower-molecular-mass complex and also in a much
larger complex (Fig. 3C, fractions 13 to 15). The glycerol gradient
analysis suggests the existence of a large complex composed of
ORCA, ORC, Cdtl, and geminin. Immunoprecipitation and sed-
imentation analysis of G, extracts (Fig. 3D) revealed the coexis-
tence of ORCA, Orc2, and Cdt1, but not geminin (in fraction 11).
In mitotic extracts, ORCA, Orc2, Cdtl, and geminin were found
to cosediment (fraction 10) (Fig. 3E). Similarly, gel filtration anal-
ysis of ORCA immunoprecipitates from mitotic extracts further
corroborated the existence of the ORCA-ORC-Cdtl-geminin
complex (Fig. 3F, fraction 8). To confirm the presence of ORCA-
Orc2-Cdtl-geminin during mitosis, we conducted sequential im-
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FIG 2 Stoichiometry of ORCA bound to ORC, Cdtl, and geminin using SiMPull analyses. (Aa) Schematic representation of the SiIMPull assay. (Ab and Ac)
Representative single-molecule fluorescence time trajectories of YFP-geminin molecules that exhibit one-step (Ab) and two-step (Ac) photobleaching. (B)
ORCA-Orcl pulldown. (Ba and Bb) Schematic (Ba) and TIRF (Bb) images of YFP molecules pulled down from U20S cell lysates expressing T7-ORCA and
YFP-Orcl using biotinylated T7 antibody. The lysate expressing only YFP-Orcl served as the control. (Bc) Average numbers of YFP fluorescent molecules per
imaging area (2,500 p.m?). The error bars indicate standard deviations of the mean values from 20 imaging areas. (Bd) Photobleaching step distribution for
YFP-Orcl bound to T7-ORCA. (Be) Fluorescence intensity distribution of YFP molecules exhibiting 1 and 2 photobleaching steps. Nearly 15% of the molecules
could not be unambiguously scored and were discarded; the discarded molecules showed no enrichment of intensity. (Ca to Ce) ORCA-Cdt1 pulldown. Shown
are YFP molecules pulled down from U20S cell lysates expressing T7-ORCA and YFP-Cdt1 using biotinylated T7 antibody. The same lysate incubated with the
biotinylated Flag antibody served as the control. (Da to De) ORCA-geminin pulldown. YFP molecules pulled down from U20S cell lysates expressing T7-ORCA
and YFP-geminin using biotinylated anti-rabbit IgG and ORCA antibody were analyzed. The same lysate incubated with the biotinylated anti-rabbit IgG and
rabbit IgG served as the control. The fluorescence intensity of molecules bleaching in two steps was nearly twice that of molecules bleaching in a single step.

munoprecipitation. ORCA immunoprecipitates were peptide
eluted, and the eluate was subjected to Cdtl immunoprecipita-
tion. The presence of geminin was evaluated in this assay. Sequen-
tial immunoprecipitation clearly revealed the existence of an
ORCA complex consisting of Orc2, Cdt1, and geminin (Fig. 3G).
Our results suggest the existence of an ORCA-ORC-Cdt1 complex
during G; and an ORCA-ORC-Cdtl-geminin complex during
mitosis.

ORCA associates with Orc2 directly. ORCA was originally
identified in an Orc2 immunoprecipitation-mass spectrometry
screen (47). ORCA was also found to coimmunoprecipitate with
all ORC subunits, Cdtl, and geminin (47). However, whether
ORCA displays direct interaction with any of these components
remained to be elucidated. To address this possibility, we gener-
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ated baculoviruses expressing each of the ORC subunits, ORCA,
Cdt1, and geminin, for expression in insect cells. Insect cells were
either infected with baculoviruses expressing ORCA and individ-
ual subunits of ORC/Cdt1/geminin or with a combination of dif-
ferent viruses, each at a multiplicity of infection of 5 to 10, and
incubated at 28°C for 60 to 72 h. Whole-cell extracts or nuclear
extracts were prepared (see Materials and Methods), and immu-
noprecipitation was carried out using the ORCA antibody (Fig.
4A). Orc2 bound ORCA directly in whole-cell extracts (Fig. 4Ab),
as well as nuclear extracts (data not shown) in this assay. Immu-
noprecipitation using Orc2 antibody on purified Orc2 and ORCA
proteins further confirmed direct interaction between Orc2 and
ORCA (Fig. 4B). Orcl and Orc3 showed weak interactions with
ORCA only when nuclear extracts were used (data not shown).
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Several studies have successfully reconstituted the ORC com-
plex in vitro using the baculovirus expression system (10, 48, 57).
We examined whether ORCA could be efficiently incorporated
into the ORC complex in vitro. Coinfection of viruses expressing
ORCA and ORC subunits followed by immunoprecipitation of
Orc2 (Fig. 4C) or ORCA (Fig. 4D) clearly demonstrated that
ORCA could be efficiently incorporated into the ORC complex,
suggesting that ORCA is an integral component of this multipro-
tein complex.

To address the functional relevance of ORCA binding to Cdtl
and geminin, we first addressed in vitro binding of ORCA to Cdt1
and geminin. Using binary infections in insect cells, we demon-
strate that ORCA can associate with Cdtl (Fig. 4E), as well as
geminin (Fig. 4F), in vitro.

ORCA utilizes its WD domain to bind to ORC, Cdtl, and
geminin. We previously demonstrated that the WD domain of
ORCA is required for chromatin association of ORCA and for
binding of ORCA to ORC (47). To map the region of ORCA that
associates with Cdtl and geminin, we tagged different domains of
ORCA expressing leucine-rich repeat (LRR) (amino acids [aa] 1 to
127), LRR plus linker (aa 1 to 270), WD alone (aa 270 to 647), and
WD plus linker (aa 128 to 647) (Fig. 4G) and performed coimmu-
noprecipitation experiments to determine which domains were
sufficient to interact with Cdtl and geminin. Immunoprecipita-
tion was carried out using T7 antibody, and the interaction of
ORCA with Cdt1 and geminin was assessed by immunoblot anal-
ysis. Like Orc2 (47), Cdtl, as well as geminin, interacted with the
WD domain of ORCA (Fig. 4H and I). Based on bioinformatics
predictions, ORCA has 5 discernible WD domains (Simple Mod-
ular Architecture Research Tool [SMART]). Deletion of even a
single WD domain resulted in complete loss of interaction be-
tween ORCA and ORC, Cdtl, and geminin (data not shown).
These results demonstrate that the entire WD domain of ORCA is
critical for its interaction with pre-RC components, as well as for
its association with chromatin.

Orc2 is required for stabilization of ORCA. In order to map
the region of Orc2 that is critical for binding to ORCA, we gener-
ated several truncation mutants of Orc2 with a T7 tag (Fig. 5A).
Each of these mutants was transfected into human cells, and im-
munoprecipitations were conducted using T7 antibody and im-
munoblotted for ORCA and Orc3 to address which domains of
Orc2 are sufficient for interaction with ORCA and Orc3. Our re-
sults demonstrate that the N-terminal fragment of Orc2 (aa 1 to
240) binds to ORCA efficiently, whereas the Orc2 fragment (aa
227 to 451) is sufficient to associate with Orc3 (Fig. 5A and B).
Further fine mapping of the N-terminal fragment demonstrated
that the first 100 aa of Orc2 are sufficient to bind to ORCA

ORCA Association with ORC, Cdt1, and Geminin

(Fig. 5C). We previously demonstrated that ORCA is required for
ORC binding to chromatin. We now addressed the impact of Orc2
depletion on ORCA stability and observed that the human can-
cerous U20S cells (Fig. 5D), as well as primary diploid fibroblasts
(Fig. 5E) lacking Orc2, showed destabilization of cellular ORCA
levels, similar to what has been reported for Orc3 (42). No obvious
changes were observed for Orcl levels in cells lacking Orc2. Sim-
ilarly, depletion of Orc1 did not affect the cellular levels of Orc2 or
ORCA (Fig. 5D and E). To address whether expression of the
N-terminal half (aa 1 to 240) of Orc2, which showed robust bind-
ing to ORCA, can rescue the ORCA destabilization in Orc2-de-
pleted cells, we utilized 2 different siRNAs against Orc2, so that
only the endogenous Orc2 was depleted without affecting the ex-
ogenously expressed Orc2 truncation mutants (oligonucleotide
2.1 1n cells expressing MT3, aa 227 to 577, and oligonucleotide 2.6
in cells expressing MT1, aa 1 to 240) (Fig. 5F). Rescue assays re-
vealed that only the MT1 domain, but not MT3, rescued ORCA
degradation in the absence of endogenous Orc2. These results
clearly demonstrated that Orc2 is required for the stability of
ORCA in mammalian cells, suggesting that ORCA is always in a
complex with Orc2.

ORCA binds to distinct domains of geminin and Cdtl.
ORCA associates with geminin during post-G, and with Cdt1 pre-
dominantly in the G, phase of the cell cycle. During mitosis,
ORCA, along with ORC, associates with both geminin and Cdtl.
To address whether a quaternary complex consisting of ORCA-
Cdtl-geminin exists in cells during defined periods of the cell
cycle, we mapped the interaction sites between ORCA-Cdt1 and
ORCA-geminin. Several geminin mutants with a T7 tag (Fig. 6A)
were transfected into human cells, and T7 immunoprecipitations,
followed by immunoblot analysis with Cdtl, were carried out.
Our results are consistent with previously published observations
that showed that the central region of geminin is responsible for
the Cdtl-geminin association (3, 46). We show that the aa 80 to
160 fragment of geminin (G3) is sufficient to associate with Cdt1
(Fig. 6B). In contrast, ORCA immunoprecipitations from the cell
lysates expressing T7-tagged geminin mutants showed that the C
terminus of geminin is required for ORCA binding (Fig. 6C). The
absence of ORCA association with the fragment aa 80 to 160 of
geminin suggested that the binding site of ORCA within geminin
is between aa 160 and 209. We made smaller truncation mutations
spanning aa 92 to 140, 92 to 160, and 161 to 209, but all these
mutants failed to associate with ORCA, possibly due to loss of
conformation of the mutant proteins. Based on these mapping
analyses, we propose that ORCA binds to the C-terminal end of
geminin and Cdtl interacts with the central region of geminin
(Fig. 6B and C), consistent with the possibility that ORCA, Cdtl,

FIG 3 ORCA association with ORC, Cdt1, and geminin is cell cycle regulated. (A) Association of ORCA with ORC, Cdt1, and geminin in human cells. Shown
are HeLa nuclear extract fractionated over a Superdex 200 gel filtration column and fractions analyzed for ORCA, Orc2, Cdt1, and geminin by immunoblotting.
Molecular mass markers are labeled above the blot. (Ba) ORCA immunoprecipitation during different stages of the cell cycle. ORCA associates with Orc2
throughout the cell cycle. ORCA associates with Orcl during G, but not efficiently with the phosphorylated Orcl during mitosis. ORCA associates with Cdt1
during G, as well as robustly with phosphorylated Cdt1 during mitosis. ORCA associates strongly with geminin from G, /S to mitosis. (Bb) Immunoblot analysis
of whole-cell extract from nocodazole-arrested mitotic extracts treated with phosphatase and untreated. Note that the phosphorylated form of Cdt1 and geminin
collapses on phosphatase treatment. (C) Glycerol gradient sedimentation analysis of ORCA complex on material (asynchronous sample) immunoprecipitated
using ORCA antibodies. The corresponding molecular mass markers are labeled. Note that ORCA and Orc2 cosediment in fractions 11 to 15, ORCA and Cdt1
cosediment in fractions 11 to 14, and ORCA and geminin cosediment in fractions 8 and 13 to 15. Fractions 13 and 14 contain ORCA, Orc2, CdtI, and geminin,
suggesting the existence of a quaternary complex, as well. (D and E) Glycerol gradient sedimentation analysis of ORCA-containing complex from G, extracts (D)
and mitotic extracts (E). Note the cosedimentation of ORCA-Orc2-Cdt1 (fraction 11) in G, extracts and ORCA-Orc2-Cdtl-geminin (fractions 9 and 10) in
mitotic extracts. (F) Gel filtration analysis of ORCA-containing complex during mitosis. (G) Sequential immunoprecipitation of ORCA, followed by Cdt1 from
mitotic extracts. Immunoblot analysis of geminin corroborated the presence of ORCA-Orc2-Cdtl-geminin complex in mitotic extracts.
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FIG 4 ORCA associates with Orc2 directly and utilizes WD to associate with ORC, Cdt1, and geminin. (Aa to Af) Binary infections using ORCA baculovirus in
combination with Orcl (Aa), Orc2 (Ab), Orc3 (Ac), Orc4 (Ad), Orc5 (Ae), and Orc6 (Af) in insect cells, followed by immunoprecipitation using ORCA antibody
from whole-cell extracts. Note the prominent interaction between Orc2 and ORCA. (B) Direct interaction between ORCA and Orc2. His-ORCA and His-Orc2
were purified on Talon columns, and the two proteins were incubated; then, immunoprecipitation was carried out using Orc2 antibody. (C and D) Reconsti-
tution of the ORCA-ORC complex. Coinfection by baculovirus carrying ORCA plus Orcl, Orc2, Orc3, Orc4, or Orc5 in insect cells and immunoprecipitation
of whole-cell extracts with Orc2 (C) or ORCA (D) antibody. (E and F) Binary infection using ORCA baculovirus in combination with Cdt] and geminin in insect
cells, followed by immunoprecipitation using ORCA antibody from nuclear extracts. (G) Schematic representation of various truncation mutants containing a
T7 epitope tag at the N terminus of ORCA. (H) IP in U20S cells expressing various T7-ORCA mutants and Flag-Cdt1 using T7 antibody and analysis of Cdt1 by
immunoblotting. (I) IP in U20S cells expressing various T7-ORCA mutants and YFP-geminin using T7 antibody and analysis of geminin by GFP immuno-
blotting. Note that only ORCA constructs possessing the WD40 domain efficiently interact with Orc2 (47), Cdtl, and geminin (T7-ORCA.128-647, T7-
ORCA.270-647, and T7-ORCA.1-647). The asterisks indicate cross-reacting bands.
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FIG 5 ORCA requires Orc2 for its stability. (A) Schematic representation of various truncation mutants containing a T7 epitope tag at the N terminus of Orc2
(MT1 to MT4). (B) IP using T7 antibody in U20S cells expressing various mutants of T7-Orc2 and analysis of ORCA and Orc3 by immunoblotting. Note that
the aa 1 to 240 fragment (MT1) associates with ORCA and thataa 227 to 577 (MT3), but not aa 452 to 577, binds to Orc3. (C) Schematic representation of smaller
truncation mutants of Orc2 within the N-terminal 240 aa (MT1-1 to MT1-4) and their interaction status with ORCA. Amino acids 1 to 100 of Orc2 efficiently
show ORCA binding. (D and E) Depletion of Orc2, but not Orcl, results in destabilization of cellular ORCA in human cancerous U20S and WI38 cells. (Fa and
Fb) Transient expression of MT1 (aa 1 to 240) or MT3 (aa 227 to 577) in U20S cells depleted of endogenous Orc2 and immunoblot analysis using ORCA
antibody. Note that the expression of MT1 can rescue the destabilization of ORCA. The asterisks indicate cross-reacting bands. The arrowheads indicate

endogenous ORCA.

and geminin coexist simultaneously in one complex. It remains to
be determined if the phosphorylation of geminin and Cdt1 facil-
itates the quaternary complex with ORCA and ORC.

To address whether ORCA can associate with Cdtl and
geminin in a single complex, we further mapped the interac-
tion domain of Cdtl to ORCA and geminin. T7-tagged Cdtl
mutants (Fig. 6D) were transfected into human cells, and im-
munoprecipitation was carried out using the T7 antibody. The
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C-terminal fragment of Cdtl, aa 368 to 546 (MT C5), could
interact with ORCA, but not with geminin. However, aa 1 to
368 interacted with ORCA, as well as geminin, suggesting that
ORCA can bind to multiple domains within Cdt1 (Fig. 6E and
F). While there is at least one distinct domain within Cdt1 that
can associate with ORCA but not with geminin, it supports the
existence of a quaternary complex within human cells. It has
previously been demonstrated that the C-terminal end, con-
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FIG 6 ORCA interacts with the C terminus of geminin and Cdtl. (A) Schematic representation of various truncation mutants containing a T7 epitope tag at the
N terminus of geminin (MT-G1 to MT-G7). (B) IP in U20S cells expressing various T7-geminin mutants using T7 antibody and analysis of Cdt1 by immuno-
blotting. Note that aa 80 to 160 of geminin is sufficient to bind Cdt1. (C) IP in U20S cells expressing various T7-geminin mutants using ORCA antibody and
analysis of T7-geminin by immunoblotting. Note that ORCA associates with the C-terminal end of geminin. (D) Schematic representation of various truncation
mutants containing a T7 epitope tag at the N terminus of Cdtl (MT-C1 to MT-C5). The plusses indicate the extent of interaction based on the immunoblots
shown in panels Eand F. (E) IP in U20S cells expressing various T7-Cdt1 mutants using T7 antibody and analysis of geminin by immunoblotting. (F) IP in U20S
cells expressing various T7-Cdt]l mutants and hemagglutinin (HA)-ORCA using T7 antibody and analysis of ORCA by immunoblotting. Note that the aa 368 to
546 fragment of Cdt1 associates with ORCA but not with geminin. (G) IP in U20S cells expressing T7-tagged C terminus mutants of Cdtl and HA-ORCA using
T7 antibody and analysis of ORCA by immunoblotting. Note that the aa 451 to 546 fragment of Cdt1 efficiently associates with ORCA.

sisting of the last 377 residues of Xenopus Cdtl, is essential for
licensing and the extreme C terminus is responsible for MCM
binding (14). Similarly, the C-terminal aa 392 to 471 of human
Cdtl have been shown to interact with MCM6 (64). To fine

map the C-terminal region of Cdtl1 that associates with ORCA,
we generated C-terminal mutants, including aa 451 to 546, 401
to 546, and 368 to 546. The fragment aa 451 to 546 of Cdtl
showed robust interaction with ORCA (Fig. 6G).
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FIG 7 Overexpression of geminin disrupts ORCA-Cdtl interaction. (A)
ORCA immunoprecipitation in U20S cells transiently overexpressing T7-
geminin, followed by ORCA, geminin, Orc2, and Cdt1 immunoblots. Note the
loss of ORCA-Cdtl, but not ORCA-Orc2, interaction in cells overexpressing
geminin. The arrowheads indicate endogenous and overexpressed geminin.
(B) ORCA immunoprecipitation in U20S cells transiently overexpressing T7
vector (VT), T7-geminin (full-length [FL]), or T7-geminin aa 1 to 160 (G2,
which associates only with Cdt1, but not ORCA), followed by geminin, ORCA,
Cdtl, and T7 immunoblots. Note that overexpression of full-length geminin,
as well as truncated geminin, disrupts ORCA-Cdt1 binding. (C) geminin im-
munoprecipitation in U20S cells transiently overexpressing T7-ORCA, fol-
lowed by geminin, T7, Cdtl, and Orc2 immunoblotting. Note that the over-
expression of ORCA does not affect Cdt1-geminin complex formation.

Overexpression of geminin results in the loss of ORCA-Cdt1
interaction. To gain insight into the functional significance of
ORCA binding to Cdtl and geminin, we addressed how changing
the expression of geminin affects the interaction between ORCA
and Cdtl. In mammalian cells, geminin levels begin to increase at
the G,/S boundary, coincident with a decrease in the levels of
ORCA and Cdtl. We therefore asked if the balance between these
components is critical for entry into S phase and to prevent reli-
censing. geminin was overexpressed in human cells, and immu-
noprecipitation using ORCA antibody was performed. In un-
transfected cells, ORCA interacted efficiently with endogenous
geminin, as well as Cdt1 (Fig. 7A). In cells transfected with 2 pg of
geminin, ORCA interacted with endogenous geminin, as well as
T7-geminin. Interestingly, in the presence of overexpressed gemi-
nin, ORCA failed to show any interaction with Cdtl (Fig. 7A),
suggesting that excess quantities of geminin titrated all the Cdt1
away from ORCA. Alternatively, all of the ORCA was bound to
geminin and, as a result, no free ORCA molecules were left behind
to interact with Cdtl. To address each of these possibilities, we
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overexpressed a T7-geminin mutant (aa 1 to 160) that can associ-
ate with Cdtl, but not with ORCA. Immunoprecipitation with
ORCA in these cells showed that even though ORCA cannot as-
sociate with the overexpressed geminin, the binding of ORCA to
Cdt1 is lost (Fig. 7B). Overexpression of ORCA did not perturb
the Cdt1 binding to geminin (Fig. 7C), indicating that geminin has
a higher affinity for Cdt1 than for ORCA. The above-mentioned
results indicated that the excess geminin inhibited the ORCA-
Cdtl interaction. It is paradoxical to the fact that during mitosis a
quaternary complex consisting of ORCA-ORC-geminin-Cdt1 ex-
ists in cells. One possibility could be that the various cell cycle-
specific posttranslational modifications on each of these compo-
nents might influence the complex assembly. For instance, the
hyperphosphorylation of Cdt1, as well as geminin, during mitosis
may facilitate complex assembly. We propose that ORCA binding
to Cdtl and geminin at the end of G, adds another layer of com-
plexity in regulating licensing and preventing rereplication.

DISCUSSION

DNA replication is a highly coordinated process, and its intricate
regulation is crucial for maintaining genomic integrity. The in-
volvement of ORCA in DNA replication and chromatin organiza-
tion is beginning to be appreciated. We demonstrate that ORCA
levels peak during the G, phase of the cell cycle, with ORC being
severalfold in excess in asynchronous, as well as in G, phase cells.
However, SiMPull analyses demonstrate that ORCA and ORC are
stoichiometric and that a single ORCA molecule could associate
with a single ORC molecule or one Cdtl and two geminin mole-
cules. The excess of ORC over ORCA in cells suggests that ORCA-
independent ORC complexes exist in cells. It remains to be deter-
mined whether the ORCA bound to ORC defines specific origins.
Whether ORCA recruits ORC to a specific set of origins, for ex-
ample, late origins that are enriched in heterochromatic regions,
or facilitates loading of ORC at all origins remains to be eluci-
dated. It has previously been demonstrated that in yeast, origin-
bound ORC, along with Cdc6, recruits two Cdt1 molecules, which
in turn initiates the loading of a double hexamer of the MCM2-7
helicase (51). One possibility is that the ORCA-independent ORC
associates with multiple Cdt1 molecules. It is also possible that the
scenario in human cells is different from that in yeast, since there
is no evidence as yet for an ORCA ortholog in yeast.

ORCA associates with Orc2 directly, and Orc2, in turn, is re-
quired for the stability of cellular ORCA. This suggests that ORCA
is always in a complex with Orc2 in human cells. Our results dem-
onstrate the existence of an ORCA-ORC-Cdt1 complex during
G,;, an ORCA-ORC(2-5)-geminin complex in S phase, and an
ORCA-ORC(2-5)-phosphorylated Cdtl-phosphorylated gemi-
nin in mitotic cells (Fig. 8). The phosphorylated Orcl present
during mitosis fails to associate with ORCA efficiently, suggesting
that the binding of Orc1 to ORCA-ORC(2-5) is an obligatory step
to establish the pre-RC. It is interesting that the phosphorylated
Cdt1 binds to ORCA very efficiently during mitosis.

Replication licensing is a key mechanism that ensures that
DNA replication occurs once and only once in each cell cycle. Loss
of licensing control is therefore deleterious to a cell and results in
rereplication and genomic instability (2). Cells regulate this by
modulating the levels and cellular distribution of prereplicative
complex proteins, including Cdt1 and Cdc6, in a cell cycle-depen-
dent manner. Cdtl interacts with MCM2-7 DNA helicase com-
plex and loads the complex onto chromatin (13, 38, 44). At the
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FIG 8 Model depicting ORCA association with the pre-RC components in a cell cycle-regulated manner. In late M/G,, ORCA associates with ORC and Cdt1.
Along with Cdc6, pre-RCs are assembled at origins. ORCA is abundant in the G, phase. One prediction would be that ORCA acts as a scaffold and facilitates the
assembly of Cdtl during M and G, and that of geminin at the end of G, on the chromatin. At the end of G, geminin levels begin to rise. The balance in the
Cdtl-geminin ratio at this time point favors replication licensing. At the G,/S boundary, as geminin levels begin to increase significantly and ORCA levels begin
to decrease, ORCA-Cdt1 interaction is lost and geminin titrates all the Cdt1l away from ORCA, and hence from the origins. This makes the complex licensing
inactive, following which Cdtl is ubiquitinated and degraded. During G,, the ORCA-ORC(2-5)-geminin complex prevents licensing. During mitosis, an
ORCA-ORC(2-5)-phosphorylated Cdt1-phosphorylated geminin complex exists, and at the end of mitosis, geminin is degraded and Orc1 is dephosphorylated,

and thus, a functional pre-RC is assembled.

beginning of S phase, CDK and DDK activate these replication
origins (11, 18, 52). Upon initiation of DNA replication, Cdc6 and
Cdtl are released from origins and degraded by proteasomes
and/or exported from the nucleus (1, 2, 7, 55). In higher eu-
karyotes, geminin inhibits Cdt1, thereby preventing the associa-
tion of MCM2-7 with Cdtl or preventing the loading of MCMs
during the S and G, phases of the cell cycle (26, 33, 50, 61). Recent
studies suggest that geminin and Cdtl form a complex that is
competent for licensing and that in turn is competent for loading
MCM2-7 on chromatin (30). How the Cdtl-geminin complex
permits licensing as well as preventing licensing remains to be
elucidated. It has been suggested that the stoichiometry of the
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Cdtl-geminin complex plays a key role in determining these ac-
tivities (9, 30). Accordingly, it has been suggested that the hetero-
trimer, where Cdtl has exposed surfaces that enable loading of
MCM, represents a “licensing-permissive” state even in the pres-
ence of geminin. The inhibitory complex is heterohexameric, pos-
sibly due to an increased local concentration of Cdt1 and geminin
(9). While geminin can associate with Cdt1 at a different stoichi-
ometry and dictate the ability to license or prevent it, how this
stoichiometry is achieved at the end of the G, phase remains to be
determined. In Xenopus egg extracts, geminin has been shown to
associate with chromatin in a Cdt1-dependent manner at the G,/S
boundary when the pre-IC is formed (33). MCM9 has recently
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been shown to bind to Cdtl and to modulate the Cdt1-geminin
ratio to enable licensing (32). ORCA associates with Cdt1 primar-
ily during the G, phase of the cell cycle, whereas it binds to gemi-
nin in post-G; cells. Overexpression of geminin results in the loss
of ORCA association with Cdtl. However, overexpression of a
geminin mutant that can associate with Cdt1 but not ORCA still
inhibits the binding of ORCA to Cdt1. These results suggest that at
the G,/S boundary, increased binding of geminin to Cdtl could
decrease the affinity of ORCA for Cdtl. The loss of interaction
between ORCA and Cdt1 might be a key step in disassembling the
pre-RC at the end of the G, phase. In late G, as the level of ORCA
is reduced and the geminin level begins to rise, more geminin is
available to bind to Cdtl, which in turn prevents licensing. A
quaternary complex consisting of ORCA-ORC-Cdt1-geminin ex-
ists in mitotic cells, where both geminin and Cdtl are heavily
phosphorylated. It is a possibility that the phosphorylation of
Cdt1 and geminin (during mitosis) facilitates this complex assem-
bly, whereas the dephosphorylated geminin (at the G,/S bound-
ary) inhibits ORCA-Cdt1 association. This will be tested in future
experiments.

The presence of WD repeats on ORCA, which are required for
chromatin association, as well as the requirement for the WD to
enable the association with ORC, Cdt1, and geminin, suggests that
ORCA is a key chromatin-associated protein that can mediate the
assembly with chromatin of proteins that in themselves do not
have the ability to associate with chromatin or DNA. Mouse Cdt1
has been reported to be capable of binding DNA in a sequence-,
strand-, and conformation-independent manner. This DNA
binding domain of Cdtl overlaps with the geminin binding do-
main, suggesting that the association of Cdtl with DNA was in-
hibited by the presence of geminin (63). However, recent reports
have demonstrated that Cdtl can simultaneously associate with
geminin and chromatin in vivo, and this in turn facilitates the
recruitment of geminin to chromatin (62).

We demonstrate that the C terminus of Cdtl that has been
previously shown to bind MCM2-7 also harbors the ORCA bind-
ing domain. Though the C terminus of Cdt1 binds to MCM2-7,
the essential N terminus of Cdt1 has been shown to be critical for
loading MCM2-7, along with Cdc45 and GINS, which stimulate
helicase activity (51). The recent solution structure of the C-ter-
minal domain of Cdtl (aa 450 to 557 and aa 420 to 557 of mouse
Cdtl1) by X-ray crystallography and nuclear magnetic resonance
(NMR) revealed the presence of a winged-helix domain that could
possibly interact with MCM (23, 24). Similarly, NMR studies have
revealed the interaction between human Cdtl1 (aa 410 to 440) and
MCMB6 (aa 708 to 821) (29). It is possible that the binding of
ORCA to Cdtl facilitates the loading of MCM2-7, similar to the
chromatin remodeler SNF2H, which has been proposed to pro-
mote MCM loading via its interaction with Cdtl (49). Alterna-
tively, ORCA binding to the C terminus of Cdtl inhibits the in-
teraction of Cdtl and MCM in G, cells. Only when geminin levels
begin to rise does the binding of geminin to Cdt1 (resulting in the
loss of ORCA-Cdtl interaction) permit the efficient association of
MCM with the exposed domain of Cdt1. This model is supported
by previous data showing that the Cdt1-geminin complex and not
free Cdtl is the MCM2-7 loader (30). This active complex is inac-
tivated by the addition of more geminin after origin firing. Our
results demonstrate that the binding of ORCA to Cdt1 and gemi-
nin is yet another way that ORCA functions in replication initia-
tion and cell cycle entry.

August 2012 Volume 32 Number 15

ORCA Association with ORC, Cdt1, and Geminin

ACKNOWLEDGMENTS

We thank members of the Prasanth laboratory for discussions and sug-
gestions. We thank J. Cook, M. Dundr, A. Dutta, B. Freeman, T. McGarry,
T. Nakamura, K. M. Sathyan, K. Siddiqui, D. Spector, B. Stillman, and Y.
Xiong for providing reagents and suggestions. We thank D. Rivier and S.
Ceman for critical reading of the paper.

This work was supported by an NSF-CMMB-IGERT fellowship to
S.G., NIH grant AI083025 and NSF grant 0822613 to T.H., ACS award
RSG-11-174-01-RMC and NIH GM088252 to K.V.P., and NSF award
0843604 to S.G.P. T.H. is an investigator with Howard Hughes Medical
Institute.

REFERENCES

1. Aparicio OM, Weinstein DM, Bell SP. 1997. Components and dynamics
of DNA replication complexes in S. cerevisiae: redistribution of MCM
proteins and Cdc45p during S phase. Cell 91:59-69.

2. Arias EE, Walter JC. 2007. Strength in numbers: preventing rereplication
via multiple mechanisms in eukaryotic cells. Genes Dev. 21:497-518.

3. Ballabeni A, et al. 2004. Human geminin promotes pre-RC formation
and DNA replication by stabilizing CDT1 in mitosis. EMBO J. 23:3122—
3132.

4. Bartke T, et al. 2010. Nucleosome-interacting proteins regulated by DNA
and histone methylation. Cell 143:470—-484.

5. Bastians H, Topper LM, Gorbsky GL, Ruderman JV. 1999. Cell cycle-
regulated proteolysis of mitotic target proteins. Mol. Biol. Cell 10:3927—
3941.

6. Bell SP, Dutta A. 2002. DNA replication in eukaryotic cells. Annu. Rev.
Biochem. 71:333-374.

7. Blow JJ, Dutta A. 2005. Preventing re-replication of chromosomal DNA.
Nat. Rev. Mol. Cell Biol. 6:476—486.

8. Cook JG. 2009. Replication licensing and the DNA damage checkpoint.
Front. Biosci. 14:5013-5030.

9. De Marco V, et al. 2009. Quaternary structure of the human Cdtl-
Geminin complex regulates DNA replication licensing. Proc. Natl. Acad.
Sci. U. S. A. 106:19807-19812.

10. Dhar SK, Delmolino L, Dutta A. 2001. Architecture of the human origin
recognition complex. J. Biol. Chem. 276:29067-29071.

11. Diffley JF. 2010. The many faces of redundancy in DNA replication con-
trol. Cold Spring Harbot Symp. Quant. Biol. 75:135-142.

12. Drury LS, Perkins G, Diffley JF. 1997. The Cdc4/34/53 pathway targets
Cdc6p for proteolysis in budding yeast. EMBO J. 16:5966-5976.

13. Evrin C, et al. 2009. A double-hexameric MCM2-7 complex is loaded
onto origin DNA during licensing of eukaryotic DNA replication. Proc.
Natl. Acad. Sci. U. S. A. 106:20240-20245.

14. Ferenbach A, Li A, Brito-Martins M, Blow JJ. 2005. Functional domains
of the Xenopus replication licensing factor Cdtl. Nucleic Acids Res. 33:
316-324.

15. Fujita M. 2006. CdtlI revisited: complex and tight regulation during the
cell cycle and consequences of deregulation in mammalian cells. Cell Div.
1:22.

16. Gambus A, et al. 2006. GINS maintains association of Cdc45 with MCM
in replisome progression complexes at eukaryotic DNA replication forks.
Nat. Cell Biol. 8:358-366.

17. Gopalakrishnan V, et al. 2001. Redundant control of rereplication in
fission yeast. Proc. Natl. Acad. Sci. U. S. A. 98:13114-13119.

18. Heller RC, et al. 2011. Eukaryotic origin-dependent DNA replication in
vitro reveals sequential action of DDK and S-CDK kinases. Cell 146:
80-91.

19. HuJ, Xiong Y. 2006. An evolutionarily conserved function of proliferat-
ing cell nuclear antigen for Cdt1 degradation by the Cul4-Ddb1 ubiquitin
ligase in response to DNA damage. J. Biol. Chem. 281:3753-3756.

20. Jain A, et al. 2011. Probing cellular protein complexes using single-
molecule pull-down. Nature 473:484 —488.

21. Jallepalli P, Bogyo M. 1997. A degrading business: the biology of prote-
olysis. Trends Cell Biol. 7:333-335.

22. Jallepalli PV, Brown GW, Muzi-Falconi M, Tien D, Kelly TJ. 1997.
Regulation of the replication initiator protein p65cdc18 by CDK phos-
phorylation. Genes Dev. 11:2767-2779.

23. Jee J, et al. 2010. Structure and mutagenesis studies of the C-terminal
region of licensing factor Cdt1 enable the identification of key residues for

mcb.asm.org 3119


http://mcb.asm.org

Shen et al.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

binding to replicative helicase Mcm proteins. J. Biol. Chem. 285:15931—
15940.

Khayrutdinov BI, et al. 2009. Structure of the Cdtl C-terminal domain:
conservation of the winged helix fold in replication licensing factors. Pro-
tein Sci. 18:2252-2264.

Kim J, Kipreos ET. 2008. Control of the Cdc6 replication licensing factor
in metazoa: the role of nuclear export and the CUL4 ubiquitin ligase. Cell
Cycle 7:146-150.

Lee C, et al. 2004. Structural basis for inhibition of the replication licens-
ing factor Cdt1 by geminin. Nature 430:913-917.

Li A, Blow JJ. 2005. Cdtl downregulation by proteolysis and geminin
inhibition prevents DNA re-replication in Xenopus. EMBO ]J. 24:395—
404.

Li A, Blow JJ. 2004. Non-proteolytic inactivation of geminin requires
CDK-dependent ubiquitination. Nat. Cell Biol. 6:260-267.

Liu G, et al. 2012. Structural insights into the Cdtl-mediated MCM2-7
chromatin loading. Nucleic Acids Res. 40:3208-3217.

Lutzmann M, Maiorano D, Mechali M. 2006. A Cdtl-geminin complex
licenses chromatin for DNA replication and prevents rereplication during
S phase in Xenopus. EMBO J. 25:5764-5774.

Lutzmann M, Mechali M. 2009. How to load a replicative helicase onto
chromatin: a more and more complex matter during evolution. Cell Cycle
8:1309-1313.

Lutzmann M, Mechali M. 2008. MCM9 binds Cdt1 and is required for
the assembly of prereplication complexes. Mol. Cell 31:190-200.
Maiorano D, Rul W, Mechali M. 2004. Cell cycle regulation of the
licensing activity of Cdtl in Xenopus laevis. Exp. Cell Res. 295:138-149.
McGarry TJ, Kirschner MW. 1998. Geminin, an inhibitor of DNA rep-
lication, is degraded during mitosis. Cell 93:1043-1053.

Means CK, et al. 2011. An entirely specific type I A-kinase anchoring
protein that can sequester two molecules of protein kinase A at mitochon-
dria. Proc. Natl. Acad. Sci. U. S. A. 108:E1227-E1235.

Mimura S, Seki T, Tanaka S, Diffley JF. 2004. Phosphorylation-
dependent binding of mitotic cyclins to Cdc6 contributes to DNA repli-
cation control. Nature 431:1118—1123.

Moyer SE, Lewis PW, Botchan MR. 2006. Isolation of the Cdc45/Mcm2-
7/GINS (CMG) complex, a candidate for the eukaryotic DNA replication
fork helicase. Proc. Natl. Acad. Sci. U. S. A. 103:10236-10241.

Nishitani H, Lygerou Z, Nishimoto T, Nurse P. 2000. The Cdt1 protein
is required to license DNA for replication in fission yeast. Nature 404:625—
628.

Nishitani H, Taraviras S, Lygerou Z, Nishimoto T. 2001. The human
licensing factor for DNA replication Cdt1 accumulates in G1 and is desta-
bilized after initiation of S-phase. J. Biol. Chem. 276:44905-44911.
Pacek M, Walter JC. 2004. A requirement for MCM7 and Cdc45 in
chromosome unwinding during eukaryotic DNA replication. EMBO J.
23:3667-3676.

Pelizon C, d’Adda di Fagagna F, Farrace L, Laskey RA. 2002. Human
replication protein Cdc6 is selectively cleaved by caspase 3 during apop-
tosis. EMBO Rep. 3:780-784.

Prasanth SG, Prasanth KV, Siddiqui K, Spector DL, Stillman B. 2004.
Human Orc2 localizes to centrosomes, centromeres and heterochromatin
during chromosome inheritance. EMBO J. 23:2651-2663.

Ralph E, Boye E, Kearsey SE. 2006. DNA damage induces Cdt1 proteol-
ysis in fission yeast through a pathway dependent on Cdt2 and Ddb1.
EMBO Rep. 7:1134-1139.

3120 mcb.asm.org

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Remus D, et al. 2009. Concerted loading of Mcm2-7 double hexamers
around DNA during DNA replication origin licensing. Cell 139:719-730.
Saxena S, Dutta A. 2005. Geminin-Cdtl balance is critical for genetic
stability. Mutat. Res. 569:111-121.

Saxena S, et al. 2004. A dimerized coiled-coil domain and an adjoining
part of geminin interact with two sites on Cdtl for replication inhibition.
Mol. Cell 15:245-258.

Shen Z, et al. 2010. A WD-repeat protein stabilizes ORC binding to
chromatin. Mol. Cell 40:99-111.

Siddiqui K, Stillman B. 2007. ATP-dependent assembly of the human
origin recognition complex. J. Biol. Chem. 282:32370-32383.

Sugimoto N, Yugawa T, lizuka M, Kiyono T, Fujita M. 2011. Chromatin
remodeler sucrose nonfermenting 2 homolog (SNF2H) is recruited onto
DNA replication origins through interaction with Cdcl0 protein-
dependent transcript 1 (Cdt1) and promotes pre-replication complex for-
mation. J. Biol. Chem. 286:39200-39210.

Tada S, Li A, Maiorano D, Mechali M, Blow JJ. 2001. Repression of
origin assembly in metaphase depends on inhibition of RLF-B/Cdt1 by
geminin. Nat. Cell Biol. 3:107-113.

Takara TJ, Bell SP. 2011. Multiple Cdt1l molecules act at each origin to
load replication-competent Mcm2-7 helicases. EMBO J. 30:4885—-4896.
Tanaka S, Araki H. 2010. Regulation of the initiation step of DNA repli-
cation by cyclin-dependent kinases. Chromosoma 119:565-574.

Teer JK, Dutta A. 2008. Human Cdtl lacking the evolutionarily con-
served region that interacts with MCM2-7 is capable of inducing re-
replication. J. Biol. Chem. 283:6817-6825.

Thommes P, Blow JJ. 1997. The DNA replication licensing system. Can-
cer Surv. 29:75-90.

Truong LN, Wu X. 2011. Prevention of DNA re-replication in eukaryotic
cells. J. Mol. Cell. Biol. 3:13-22.

Ulbrich MH, Isacoff EY. 2007. Subunit counting in membrane-bound
proteins. Nat. Methods 4:319-321.

Vashee S, Simancek P, Challberg MD, Kelly TJ. 2001. Assembly of the
human origin recognition complex. J. Biol. Chem. 276:26666-26673.
Vermeulen M, et al. 2010. Quantitative interaction proteomics and ge-
nome-wide profiling of epigenetic histone marks and their readers. Cell
142:967-980.

Wilmes GM, et al. 2004. Interaction of the S-phase cyclin Clb5 with an
“RXL” docking sequence in the initiator protein Orc6 provides an origin-
localized replication control switch. Genes Dev. 18:981-991.
Wohlschlegel JA, Dhar SK, Prokhorova TA, Dutta A, Walter JC. 2002.
Xenopus Mcm10 binds to origins of DNA replication after Mcm2-7 and
stimulates origin binding of Cdc45. Mol. Cell 9:233-240.

Wohlschlegel JA, et al. 2000. Inhibition of eukaryotic DNA replication by
geminin binding to Cdt1. Science 290:2309-2312.

Xouri G, et al. 2007. Cdtl associates dynamically with chromatin
throughout G1 and recruits Geminin onto chromatin. EMBO J. 26:1303—
1314.

Yanagi K, Mizuno T, You Z, Hanaoka F. 2002. Mouse geminin inhibits
not only CdtI-MCM6 interactions but also a novel intrinsic Cdtl DNA
binding activity. J. Biol. Chem. 277:40871-40880.

Zhang J, et al. 2010. The interacting domains of hCdtl and hMcm6
involved in the chromatin loading of the MCM complex in human cells.
Cell Cycle 9:4848—4857.

Zhong W, Feng H, Santiago FE, Kipreos ET. 2003. CUL-4 ubiquitin
ligase maintains genome stability by restraining DNA-replication licens-
ing. Nature 423:885-889.

Molecular and Cellular Biology


http://mcb.asm.org

