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The initiation of DNA replication in the budding yeast Saccharo-
myces cerevisiae occurs in two sequential and mutually exclusive
steps. Prereplicative complexes (pre-RCs) containing origin recog-
nition complex (ORC), Cdc6p, and the MCM2-7 proteins assemble
only under conditions of low cyclin-dependent kinase (Cdk) activity
during G4, whereas origin activation is driven by the increase in Cdk
activity at the end of G,. As a first step toward the reconstitution
of this two-step process in vitro, we describe a system in which
extracts prepared from Gi-arrested cells promote sequential as-
sembly of ORC, Cdc6p, and MCM2-7 proteins onto exogenously
added origin-containing DNA. This reaction requires an intact ARS
consensus sequence and requires ATP for two distinct steps.
Extracts from cells arrested in mitosis also can support the binding
of ORC but are unable to load either Cdc6p or MCM2-7 proteins.
This system should be useful for studying the mechanism and
regulation of pre-RC assembly.

laboration of the molecular events involved in initiating

chromosomal DNA replication in eukaryotic cells would be
greatly aided by the establishment of origin-dependent cell-free
DNA replication systems. The budding yeast, Saccharomyces
cerevisiae, would be ideal for such systems because short, well-
defined DNA sequences act as both replicator elements (1-4)
(sequences essential for initiation) and origins of bidirectional
replication in vivo (5-7). A system has been described in which
nuclei isolated from Gj-arrested cells initiate replication in an S
phase extract (8); however, to date, an efficient, origin-specific
cell-free system from budding yeast that initiates DNA replica-
tion on exogenously added DNA irn vitro has not been described.

The initiation of DNA replication in budding yeast can be
considered a two-step process (reviewed in refs. 9 and 10). The
first step involves the ordered assembly of prereplicative com-
plexes (pre-RCs) at potential replication origins. Binding of the
origin recognition complex (ORC) to the essential ARS con-
sensus sequence (ACS) occurs first and is required for the
loading of Cdc6p, which in turn is required for the loading of the
MCM2-7 family of proteins. In the second step, origin firing is
triggered during the S phase by the action of two protein kinases,
Cdc7p with its regulatory subunit Dbf4p and the major cyclin-
dependent kinase (Cdk), Cdc28p, with its regulatory subunits,
the B-type cyclins (Clbs).

In addition to its positive role in initiation, Cdc28 kinase
prevents the reassembly of pre-RCs from S phase until the end
of mitosis (11-14). Recent analysis has shown that Cdc28
prevents the accumulation of the MCM proteins in the nucleus
(15, 16) and targets Cdcop for ubiquitin-mediated proteolysis
(17-19). This dual role for Cdks in triggering initiation and
preventing reinitiation ensures that replication origins cannot
initiate more than once in a single cell cycle.

This two-step mechanism for DNA replication has an impor-
tant implication for biochemical analysis. Because Cdc28 has
both positive and negative effects on replication, it might not be
possible to assemble pre-RCs and activate replication in a single
extract. Therefore, as a step toward a soluble cell free replication
system and to gain a deeper understanding of how DNA

replication is limited to one round per cell cycle, we have
developed a cell-free system for the assembly of pre-RCs that we
describe in this paper.

Materials and Methods

Strains and Media. The yeast strains used were YGP82 (MATa,
ura3-52, trplA, prbl1-1122, prcl-407, pep4-3, leu2-3,112,
nucl::LEU2, cdc6::GAL-CDC6::TRPI; kindly provided by G. Per-
kins, Imperial Cancer Research Fund) and YCD2 (MATa, ura3-52,
trplA, prb1-1122, prcl-407, pep4-3, leu2-3,112, nucl::LEU2,
¢dc6::GAL-CDC6::TRP1, CDC47-MHtag::URA3; ref. 20). Cells
were grown in YP (1% yeast extract, Difco; 2% bacto-peptone,
Difco) containing 2% galactose (YP-Gal) or 2% glucose (YPD).

Cell Culture. Cells were grown to a density of 2 X 107 cells per ml
in YP-Gal at 30°C and arrested in G,/M by the addition of
nocodazole to a final concentration of 5 ug/ml and incubation
for 3.5 h. Cells were then washed, resuspended in YP-Gal
containing 10 pug/ml a-factor, and incubated for 2.5 h to arrest
in G;. To repress Cdcop expression, glucose was added 2.5 h after
the nocodazole addition to a final concentration of 2% and the
culture was incubated for 1 h. Then, the cells were released into
YPD containing a-factor as described above.

Cell Extracts. Because pre-RC components are differentially
extracted (21), we made two types of extracts: a high-salt extract
and a low-salt extract. ORC and Cdc6p are efficiently solubilized
in the high-salt extract. However, Mcm proteins are not effi-
ciently extracted with 300 mM NaCl once they have been loaded
onto chromatin. In contrast, when they are not loaded onto
chromatin, Mcm proteins are soluble even in low-salt extracts.
Therefore, a second low-salt extract was prepared from cells
lacking Cdc6p. In the reactions described in this paper, we
combined equal amounts of the high-salt and the low-salt
extracts to supply ORC, Cdc6p, and Mcm proteins for incuba-
tions. This combination helped to decrease the final salt con-
centration in the loading reaction. We subsequently have found
that, although it improves loading efficiency, the low-salt extract
is not essential for the loading reaction.

Whole-cell extracts were prepared according to the method of
Schultz et al. (22) with modifications. Briefly, the cells were
washed at 4°C twice with cell wash buffer (20 mM Hepes'KOH,
pH 7.8/1 M sorbitol) and once with 10 vol of lysis buffer (100
mM Hepes'KOH, pH 7.8/0.8 M sorbitol/50 mM potassium
glutamate/10 mM MgOAc/2 mM EDTA). The cells were

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: pre-RC, prereplicative complex; ORC, origin recognition complex; Cdk,
cyclin-dependent kinase.

*To whom reprint requests should be addressed at: Chromosome Replication Laboratory,

Clare Hall Laboratories, Imperial Cancer Research Fund, South Mimms, Potters Bar,
Hertfordshire EN6 3LD, U.K. E-mail: J.Diffley@icrf.icnet.uk.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

PNAS | December 19,2000 | vol.97 | no.26 | 14115-14120

>
=
=4
]
=
frr}
=
[}
=
o




resuspended in 0.25 vol (v/w) of lysis buffer containing 4 mM
DTT and 4X protease inhibitors, and frozen by dropping the cell
suspension into liquid nitrogen. The 1X protease inhibitors
consist of 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride hy-
drochloride (AEBSF), 2 ug/ml aprotinin, 1 mM benzamidine
hydrochloride, 10 wg/ml leupeptin, and 1 pg/ml pepstatin A.
Afterward, extracts were prepared in the cold room. Dry ice was
ground in a coffee mill to make dry ice powder as a coolant, and
the frozen yeast beads were broken in the coffee mill in the
presence of the dry ice powder. Typically, 5-10 g of the cell pellet
was processed at a time. The broken yeast powder was thawed
to give a homogenate. To prepare the high-salt extract, potas-
sium glutamate was added to the homogenate to give a final
concentration of 300 mM. For the low-salt extract, no potassium
glutamate was added. Then, the homogenate was incubated for
30 min and centrifuged in a Sorvall SS-34 rotor at 20,000 rpm for
20 min at 4°C. The supernatant was withdrawn by puncturing the
tube wall with a syringe and a needle and clarified by centrifu-
gation in a Beckman SW55 rotor at 55,000 rpm for 1 h at 4°C.
The recovered supernatant was aliquotted, frozen in liquid
nitrogen, and stored at —70°C as a whole-cell extract. The
extracts were stable for at least 3 months at —70°C. The protein
concentration of the extract is typically 50-80 mg/ml. Protein
concentrations were determined with the Bio-Rad protein assay,
using BSA as the standard.

Preparation of ARS1 Beads. Oligonucleotides for A-rich and T-rich
strands of wild-type ARS1 sequence (791-880; ref. 23) and for
the T-rich strand labeled with biotin at the 5" end (Fig. 1B) were
chemically synthesized and purified by polyacrylamide urea gel
electrophoresis. They were mixed at a ratio of 10, 8, and 2 nmol,
respectively, and subsequently annealed, phosphorylated with
[y-?P]ATP, and ligated as described (24). The ligation products
corresponding to 5 nmol of annealed single-copy ARS1 DNA
were incubated with 10 mg streptavidin-coated paramagnetic
beads (Dynabeads M-280 Streptavidin; Dynal, Great Neck, NY)
in a 200 ul coupling mixture at room temperature overnight,
according to the manufacturer’s instructions. The beads were
washed three times with 10 mM Hepes-KOH (pH 7.6), 1 mM
EDTA, and 1 M KOACc and three times with 10 mM Hepes'KOH
(pH 7.6) and 1 mM EDTA and resuspended in 10 mM
Hepes'KOH (pH 7.6) and 1 mM EDTA at 80 mg beads per ml.
The mutant ARS1 beads were prepared in the same manner,
using another set of three oligonucleotides of a mutant form of
ARSI in which an Xhol linker replaced the 8 bp of the A element
(858-865). Typically, ligated DNA immobilized on each mg of
beads corresponded to 50 pmol of ARS1 sequence (single copy).

Loading Assay. For the standard assembly reaction, 40 ul
reaction buffer [5S0 mM Hepes-KOH, pH 7.6/625 mM sorbi-
tol/20 mM MgOAc/0.125 mM EDTA/5 mM EGTA/2 mM
DTT/6 mM ATP/ATP regenerating system/2X protease
inhibitors/1.5 mg/ml poly(dI-dC)-poly(dI-dC)/2.5 mg/ml son-
icated pBluescript KS*] containing either wild-type or mutant
ARSI beads (20 pmol ARSI per reaction) was mixed with
20 wl high-salt extract and 20 ul low-salt extract to give a final
volume of 80 ul. The ATP regenerating system consisted of
40 mM creatine phosphate and 16 units of creatine phosphoki-
nase. For the titration, increasing amounts of the extracts were
added as indicated in the figures. The final volume of the
reaction mixture was adjusted to 80 ul by adding dilution
buffer (50 mM Hepes'KOH, pH 7.8/87.5 mM potassium
glutamate/400 mM sorbitol/5 mM MgOAc/1 mM EDTA).
The reaction mixture was incubated at 24°C for 8 min, and
the reaction was stopped by the addition of 9 vol of ice-cold
wash buffer (50 mM Hepes'KOH, pH 7.6/75 mM potassium
glutamate/1 mM EGTA/5 mM MgOAc/30% sucrose/0.1%
Triton X-100/1 mM DTT/1X protease inhibitors). The beads
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Fig. 1. A cell-free system for the assembly of pre-RCs. (A-C) Preparation of
ARS1 beads. (A) Complementary oligonucleotides for ARS1 beads. The posi-
tions of the A, B1, and B2 elements are indicated by open boxes. In the
mutated ARS1 oligo DNA, 8 bp of the A element was replaced with an 8-bp
Xhol linker sequence. (B) Preparation of ARS1 beads. See Materials and
Methods for details. (C) Aliquots of annealed wild-type (W) and mutant (M)
oligonucleotides, before (1 and 3) and after (2 and 4) the ligation, were run on
an agarose gel and stained with ethidium bromide. (D-F) Assembly of pre-RC
components on ARS1 beads. Whole-cell extracts prepared from YGP82 cells
expressing Cdc6p were incubated with either wild-type (W) or mutant (M)
ARS1 beads. (D) ORC loading. (E) Cdc6p loading. (F) Mcm loading. To examine
the loading of Mcm7p, whole-cell extracts were prepared from YCD2 cells, and
Mcm7p tagged with c-myc epitope was detected with the 9E10 antibody. (G)
The levels of pre-RC components in reaction mixtures. After the incubation,
samples were taken from the supernatants separated from the wild-type
(ARS1 W) or mutant (ARS1 M) beads. A reaction mixture lacking ARS1 beads
was constructed separately, and a sample was taken without an incubation
(ARS1 —). The levels of pre-RC components were detected by immunoblotting
(Sup).

were isolated from the supernatant with a magnetic separator
at 4°C, rinsed once with 800 ul wash buffer, and boiled in
Laemmli’s SDS sample buffer. A sample was taken from the
supernatant and boiled in SDS sample buffer.

Immunoblotting. Immunoblots were performed as described (18).
Orclp, Orc2p, Orc6p, Cdcop, and Mcm?2p were detected with the
polyclonal antibody JDI51 (A. Schepers and J.F.X.D., unpub-
lished results) at a dilution of 1:250, the polyclonal JAB12 at
1:500 (25), the monoclonal SB49 (a gift from B. Stillman, Cold
Spring Harbor Laboratory) at 1:1,000, the monoclonal 9H/85 at
5 pg/ml (26), and the polyclonal sc6680 (Santa Cruz Biotech-
nology) at 1:2,000. Mcm7p tagged with c-myc epitope was
detected by using the monoclonal 9E10.

Results

A Cell-Free System for Pre-RC Formation. We have chosen one of the
best-characterized budding yeast replication origins, ARSI, to
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use for the development of a cell-free pre-RC assembly system.
The core ARSI origin is a 193-bp segment composed of multiple
sequence elements known as A, B1, B2, and B3 (23). The A and
B1 elements serve as the recognition sequence both in vitro and
in vivo for ORC (25, 27, 28). The A element is essential for both
ORC binding and origin function in vivo, and the B1 element is
required for high-affinity ORC binding both irn vivo and in vitro
and is very important for origin function. ORC remains bound
to these sequences throughout the cell cycle in vivo. The function
of the B2 element in replication is unknown; however, the
pre-RC assembles over it in vivo (29), and MCM loading in vivo
is reduced in the B2 mutant (30). DNA replication initiates
between the Bl and B2 elements in vivo (31, 32). The B3
element, which has an auxiliary role in origin function in vivo,
serves as the binding site for ARS binding factor 1 (ABF1) both
in vivo and in vitro (29, 33, 34).

The A, B1, and B2 elements comprise a reasonably efficient
ARS (23) in the absence of B3 and can be synthesized in vitro as
an oligonucleotide of approximately 100 nt. Double-stranded
ARSI oligonucleotides containing a small fraction of 5’-biotin-
ylated oligonucleotide were ligated together (Fig. 1 A-C) and
attached to streptavidin-coated paramagnetic beads. As a con-
trol, oligonucleotides containing a mutant form of ARSI in
which an Xhol linker replaces essential sequences in the A
element were prepared in an identical manner. This mutant form
of ARSI abolishes origin function in vivo, ORC binding in vivo
and in vitro, and pre-RC assembly in vivo (23, 25, 27, 28, 35, 36).
The strategy for preparation of ARS1-containing beads is out-
lined in Fig. 1 A and B and is described in further detail in
Materials and Methods.

To ensure that Cdk activity is low in our extracts, cells were
arrested at Start with a-factor before cell lysis. We used a
protease-deficient (pep4, prbl, prcl) and nuclease-deficient
(nucl) strain in which the endogenous CDC6 gene was replaced
by a copy of CDC6 under the control of the inducible GAL1,10
promoter. We used this strain because Cdc6p, an essential
pre-RC component, is normally present at very low levels in
a-factor-arrested cells (26, 37). By growing cells in galactose
before a-factor arrest, we can induce high levels of Cdc6p in
these cells. We were unable to detect any proteins in crude
extracts that tightly associated with Cdc6p (unpublished obser-
vations), thus we reasoned that high Cdc6p levels might help to
promote protein—protein interactions required for pre-RC for-
mation. Because GAL-CDC6 is the only copy of the CDC6 gene,
we also can use this strain to prepare extracts from cells lacking
Cdc6p, allowing us to examine the requirement for Cdc6p in the
cell-free system.

To begin to examine pre-RC assembly, wild-type or mutant
ARSI beads were incubated with yeast extracts, as described in
Materials and Methods, at 24°C in the presence of nonspecific
competitor DNA. Under these conditions, the loading of pre-RC
components is reasonably quick, reaching a maximum in ap-
proximately 10 min. Reactions then were diluted 10-fold with
wash buffer, and beads were separated from the extracts with a
magnet. The beads were rinsed, and the proteins associated with
the beads were analyzed by immunoblotting. As shown in Fig.
1D, Orclp, Orc2p, and Orcop were clearly detected on wild-type
(W) ARS1 beads, whereas no signal was observed on mutant (M)
ARSI1 beads (lanes 1 and 2). Thus, ORC is loaded in an
origin-dependent reaction, consistent with its known properties
as a sequence-specific DNA binding protein. Fig. 1E shows that
Cdco6p also is loaded specifically onto the wild-type ARS1 beads
in these extracts. Because there is no loading of Cdc6p onto the
ACS mutant ARS1 beads, the loading onto wild-type ARSI
beads suggests that ORC is required for the Cdc6p loading in
these extracts. Finally, Fig. 1F shows that two proteins from the
MCM family, Mcm2p and Mcm7p, were also bound to the wild
type but not to the mutant ARS1 beads. Therefore, these extracts
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can support the assembly of the known pre-RC components,
ORC, Cdc6p, and the MCM2-7 proteins, onto DNA in an
origin-dependent reaction.

After the incubation with ARS1 beads, we examined the levels
of the individual pre-RC components remaining in the super-
natants. Fig. 1G shows that Orc2p is efficiently depleted from the
supernatant after incubation with wild-type but not with mutant
ARSI sequence (lanes 2 and 3), indicating efficient binding of
ORC to wild-type ARS1 beads. Based on the amount of Orc2p
in cells (25) and the amount of ARS1 DNA in the reactions, we
estimate that only approximately 1% of the total amount of
ARS1 DNA in these reactions is bound by ORC. Thus, at
present, we cannot examine pre-RCs assembled in vitro by
DNasel footprinting, because footprinting techniques require
near-saturation of the DNA template. In contrast to ORC,
neither Cdc6p nor Mcm2p was depleted from the extracts after
incubation. Because Cdc6p is overexpressed in these extracts, it
is perhaps not surprising that Cdc6p is not depleted from the
extracts. However, that the Mcm2p levels are not decreased in
the supernatants suggests that the loading of MCM proteins in
these extracts is not as efficient as the loading of ORC. It is
possible that MCM loading may require some additional un-
identified factor present in limiting amounts in the extracts.
Alternatively, some aspect of the loading reaction may require
further optimization. Regardless, these experiments demon-
strate the assembly of budding yeast pre-RC components on a
purified DNA template. This is also a description of an in vitro
MCM loading reaction requiring a specific DNA sequence.

Ordered Assembly of Pre-RC Components. To begin to examine the
mechanism of pre-RC assembly in vitro, we prepared extracts
from Gj-arrested cells under conditions of Cdc6p expression or
repression. Fig. 2 shows a titration of extract using either
wild-type or mutant ARS1 beads. This experiment shows that
extracts either containing or lacking Cdc6p supported similar
levels of Orc2p binding to wild-type but not mutant ARS1 beads
(lanes 1-12). Moreover, ORC is efficiently depleted from the
supernatants from the wild-type bead in both sets of reactions
(lanes 13-30). This depletion is consistent with the fact that ORC
is bound to ARSs before Cdc6p expression in vivo and remains
bound to origins in Gy, even in the absence of Cdc6p expression
(38). Thus, in our assay, Cdcop does not appear to affect either
the affinity or specificity of ORC binding. Lanes 13-30 also show
the presence (lanes 13-21) or absence (lanes 22-30) of Cdc6p
from the two extracts. In the presence of Cdcop, Mcm2p was
preferentially loaded onto wild-type ARS1 beads; however, in
the absence of Cdc6p, this preferential loading of Mcm2p was
lost. Thus, the specific loading of MCM proteins in this cell-free
system, like pre-RC assembly in vivo, depends on the Cdc6p.
These results demonstrate that in this cell-free system, extracts
from Gq-arrested cells support the ordered assembly of pre-RC
components, including ORC, Cdc6p, and MCM proteins, on a
short, well defined specific DNA sequence.

Two Requirements for ATP in Pre-RC Assembly. ORC requires a
nucleoside triphosphate (preferably ATP) to bind ARS DNA in
vitro (27, 39). There are at least two ATP binding sites in ORC,
one on Orclp and one on Orc5p, and mutation of one of these
(Orclp) prevents ORC binding in vitro and is nonfunctional in
vivo (39). In addition, Cdcop and the MCM proteins all have
potential nucleotide binding sites, and mutation of the nucleo-
tide binding site of Cdc6p prevents its function in vivo (40-43).
These observations led us to test the requirement for nucleotides
in pre-RC assembly in vitro.

The extract titrations in Fig. 34 (lanes 1-6) show that, under
standard reaction conditions containing ATP and an ATP
regenerating system, ORC, Cdc6p, and Mcm2p bound specifi-
cally to wild-type ARS1 beads and not mutant ARS1 beads. In
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Cdcbp-dependent protein loading on ARS1 beads. Whole-cell extracts were prepared from YGP82 cells in which Cdc6p was expressed (Cdc6p +) or

repressed (Cdcép —). Wild-type (W) or mutant (M) ARS1 beads were incubated with increasing amounts of the extracts, as indicated by their final concentrations
in the reaction mixtures (Extracts). The levels of ORC, Cdc6p, and Mcm proteins associated with the beads (Bead) or in the supernatants (Sup) were detected by

immunoblotting as described in Fig. 1.

the absence of exogenously added ATP and the ATP regener-
ating system, specific ORC binding was undiminished (lanes
7-12). However, the omission of ATP and the ATP regenerating
system almost completely eliminated the loading of both Cdc6p

A
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Fig.3. ATPrequirementfor protein assembly on ARS1 beads. (A) ARS 1 beads
were incubated with whole-cell extracts prepared from YGP82 cells expressing
Cdcép either in the presence of (ATP +) or in the absence of (ATP —) exog-
enously added ATP and the ATP regenerating system. Proteins associating
with the beads (Bead) or remaining in the supernatants (Sup) were detected
by immunoblotting as before. (B) Loading reactions were carried out either
with or without exogenously added ATP and the ATP regenerating system
(ATP + or —). To the indicated reactions (Apyrase +), 5 units of apyrase was
added. After incubation with ARS1 beads, Orc2p associating with the beads
(Bead) and remaining in the supernatants (Sup) was detected.
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and Mcm2p (lanes 7-12). This elimination of loading demon-
strates that ATP is required for pre-RC assembly in vitro. In
addition, this experiment shows that, under conditions in which
ORC can efficiently bind to its target sequence in vitro, ATP is
required for the recruitment of Cdc6p and MCM proteins to the
pre-RC. Because Cdc6p binds before the MCM2-7 complex, this
result indicates that the association of Cdc6p with ORC requires
ATP.

The observed binding of ORC in the absence of added ATP
was unexpected because ORC clearly requires ATP to bind to
ARS1 DNA in vitro (27, 39). We reasoned that endogenous
nucleotides present in the extracts might be enough to support
ORC binding (but not Cdc6p loading) in the absence of added
ATP. To deplete endogenous nucleotides, therefore, we treated
extracts with apyrase, an enzyme capable of hydrolyzing ATP to
ADP and, ultimately, to AMP. Fig. 3B shows that, in the absence
of added ATP, ORC binding was greatly reduced in the apyrase-
treated reactions (lanes 5 and 6). This effect was not a nonspe-
cific effect of apyrase because it could be prevented by the
addition of ATP and ATP regenerating system to the reactions
(Fig. 3B, lanes 7 and 8). These results indicate that pre-RC
assembly in vitro requires ATP for at least two distinct steps,
ORC binding and Cdc6p recruitment.

Mitotic Extracts Are Defective in Pre-RC Assembly. Cells arrested in
mitosis with nocodazole are incapable of assembling pre-RCs in
vivo, even when Cdc6p is expressed at high levels (12, 26, 38).
Therefore, we were interested in determining whether extracts
prepared from such nocodazole-arrested cells expressing Cdcop
were capable of pre-RC assembly in vitro. Fig. 4 (lanes 1-12)
shows that extracts from both nocodazole and a-factor-arrested
cells can efficiently load ORC in a sequence-specific manner,
consistent with the observation that ORC binds ARSs in vivo
through the cell cycle. Strikingly, whereas extracts from a-factor-
arrested cells efficiently loaded Cdc6p and Mcm?2p in addition to
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Fig.4.

Pre-RCassembly can occur in extracts of G; cells but is blocked in extracts of Go/M cells. Whole-cell extracts prepared from Cdc6p-expressing cells (YGP82),

arrested either in G4 phase with «a-factor (@) or in G2/M with nocodazole (Noc), were incubated with wild-type (W) or mutant (M) ARS1 beads. The levels of ORC,
Cdc6p, and Mcm2p associated with the beads (Bead) or present in the supernatants (Sup) were determined as above.

ORC (lanes 1-6), the extracts from nocodazole-arrested cells
were unable to load either Cdcop or Mcm2p onto wild-type
ARSI beads (lanes 7-12). Fig. 4 (lanes 13-30) shows that ORC,
Cdc6p, and Mcm2p were present in nocodazole extracts at levels
similar to those in the a-factor extracts. We note that both Cdc6p
and Orc6p in the extracts from nocodazole-arrested cells appear
as slower migrating forms due to phosphorylation by Cdc28p,
suggesting that the inability of Cdc6p to load in these extracts
may reflect inhibition by Cdc28p.

Discussion

We have described a cell-free system that supports the ordered
assembly of a full complement of pre-RC components from yeast
extracts onto exogenously added origin-containing DNA. This is
an origin-dependent in vitro pre-RC assembly system. Cdc6p is
required for MCM loading but not for the loading of ORC, which
is consistent with the sequential loading of ORC, Cdc6p, and the
MCM2-7 complex. Moreover, pre-RC assembly requires ATP
and occurs with extracts from Gi-arrested but not G,/M-
arrested cells. Thus, this cell-free system recapitulates many
features of pre-RC assembly in vivo.

Our results suggest that nucleotides play at least two roles in
pre-RC assembly. The first role is to promote ORC binding. As
shown by Bell and Stillman (27), the binding of purified ORC to
ARS DNA requires the presence of ATP. The fact that depletion
of all nucleoside diphosphates and triphosphates from the
reactions by apyrase treatment of extracts prevents the loading
of ORC is consistent with this conclusion. When ATP was
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omitted from reactions but extracts were not treated with
apyrase, ORC was still able to bind to origin DNA, but neither
Cdc6p nor the MCM2-7 proteins were loaded. The ability of
ORC to bind its cognate sequence in the absence of exogenously
added ATP suggests either (i) that low levels of ATP in the
extract are sufficient to support ORC binding but not pre-RC
assembly or (if) a nucleotide other than ATP present in the
extract can support ORC binding but not pre-RC assembly.

The second role for nucleotides appears to be in the recruit-
ment of Cdc6p to origins. This requirement could be seen when
ATP and the ATP regenerating system were omitted from the
loading reaction (Fig. 3). Under these conditions ORC binds
efficiently to DNA, but Cdc6p and the MCM proteins are not
loaded. Given the ordered assembly of the complex, this suggests
that the step in which Cdc6 binds to ORC cannot occur in the
absence of ATP. At present we do not know whether it is ORC,
Cdc6p, and/or some other factor that must bind ATP to load
Cdc6. However, we note that previous genetic analysis has
suggested that mutants in the Walker A motif of Cdc6p that
should prevent ATP binding act as null mutants (41-43) and do
not interfere with the function of wild-type Cdc6p, even when
overexpressed (41). From this we previously proposed that ATP
binding by Cdc6p is required for productive interaction with
ORC. Consistent with this prediction, while this paper was under
consideration, Mizushima et al. (44) described an ATP-
dependent interaction between ORC and Cdc6 and showed that
the Walker A motif cdc6 mutant was defective in preventing
oligomerization of ORC in vitro.
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Extracts from cells arrested in mitosis can load ORC but are
unable to load either Cdc6p or the MCM complex. These
extracts may lack unidentified essential factor(s) required for
pre-RC assembly. We note that our previous analysis has shown
that new protein synthesis is required for pre-RC assembly after
nocodazole arrest (13). Furthermore, one or more of the known
pre-RC components may be present but inactive in these mitotic
extracts. Inhibition of Cdc28p activity in cells arrested in mitosis
can drive the assembly of pre-RCs in those cells, suggesting that
Cdc28p may inactivate one or more pre-RC component. Indeed,
the accumulation of MCM proteins in the nucleus is prevented
by Cdc28p (15, 16). Moreover, the Cdc6 protein is normally only
present during G, because it is targeted for rapid degradation in
response to phosphorylation by Cdc28p (17-19). Because the
pre-RC assembly system described here is soluble and does not
require nuclear formation and because Cdc6 is overexpressed
and present at high levels even in the mitotic extracts, neither of
these phenomena can explain the inability of the mitotic extracts
to assemble pre-RCs. This suggests that there is at least one
additional step during pre-RC assembly that is blocked by
Cdc28p. By fractionating G; and mitotic extracts into individual,
essential components, it should be possible to determine which
pre-RC components are inactive in the mitotic extract. Previous
work has shown that Cdc6p overexpressed from the GAL1,10
promoter could be detected as associating with replication
origins in vivo by chromatin immunoprecipitation (CHIP) during
G (36). Although this does not seem consistent with our results,
which show that Cdc6 loading does not occur in extracts from
nocodazole-arrested cells, we note that even in these CHIP
experiments, the association of Cdcop with origins in G, was
probably less efficient than association in G; because it was
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described as being “slower” than the association in G; (36). We
also suggest that overexpression of Cdc6, which can act as a
Cdc28 inhibitor in vitro and in vivo (20, 45), in this experiment
may, in fact, contribute to its own loading by lowering CDK
activity.

ORC, Cdc6bp, and MCM proteins are the best-characterized
pre-RC components; however, it is possible that there are
additional pre-RC components or that there are other factors
required for assembly of the complex but are not components
themselves. For example, the fission yeast cdtl protein and a
Xenopus Cdtl homologue have been shown to be required for
MCM loading (46, 47). It will be interesting to see whether
related proteins also are required in budding yeast. Other
budding yeast proteins such as Mcml10 also may be pre-RC
components (48). Using MCM loading as an end point, it should
be possible to fractionate the G extracts to identify any addi-
tional factors involved in pre-RC assembly.

The cell-free system described in this paper should be useful
for elucidating the molecular mechanism of pre-RC assembly
and for understanding how pre-RC is regulated during the cell
cycle. In addition, it represents a first step toward establishing
origin-dependent initiation of DNA replication in soluble
extracts.
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