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Persistent initiation of DNA replication
and chromatin-bound MCM proteins
during the cell cycle in cdc6 mutants

Chun Liang and Bruce Stillman'

Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724 USA

Faithful inheritance of genetic information requires that DNA be copied only once each cell cycle. Initiation
of DNA replication involves the establishment of a prereplication complex (pre-RC) and subsequent activation
by CDK/cyclins, converting the pre-RC to a post-RC. The origin recognition complex (ORC), Cdcép, and the
MCM proteins are required for establishing the pre-RC. We show that all six ORC subunits remain bound to
chromatin throughout the cell cycle, whereas the MCM proteins cycle on and off, corresponding precisely to

transitions of the RC. A newly isolated cdc6 mutant displays promiscuous initiation of DNA replication,
increased nuclear DNA content, and constant MCM protein association with chromatin throughout the cell
cycle. This gain-of-function cdc6 mutant ignores the negative controls imposed normally on initiation by the
CDK/cyclins, suggesting that Cdc6p is a key mediator of once-per-cell-cycle control of DNA replication.
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All eukaryotic cells duplicate the entire genome during
the S phase of every cell cycle by initiating DN A syn-
thesis from a large number of origins of DN A replication
in each chromosome. Initiation is controlled by cis-act-
ing replicators that are recognized by initiator proteins.
To insure equal inheritance of all genetic material to
each progeny cell, initiation at each origin must be
tightly regulated so that it occurs just once during each
S-phase.

Eukaryotic cell DNA replication has been studied
most extensively in the budding yeast Saccharomyces
cerevisiae, in which replicators have been defined ge-
netically, origins of DN A replication have been physi-
cally mapped, and many initiation proteins and regula-
tors have been identified (for review, see Diffley 1996;
Stillman 1996). Homologs of some of the yeast initiation
proteins have been identified recently in higher eukary-
otes, and shown to be required for DN A replication (for
review, see Chong et al. 1996; Jallepalli and Kelly 1997).
In many species, however, the cis-acting elements (rep-
licators) that may interact with these initiation proteins
have not been defined.

The yeast initiator protein, origin recognition complex
(ORC), binds directly to autonomously replicating se-
quences (ARS), the yeast replicators (Bell and Stillman
1992), and determines the location and frequency of fir-
ing of replication origins in chromosomes (Fox et al.
1995; Liang et al. 1995). Genomic footprints over ARS A
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and Bl elements from isolated nuclei (Diffley and
Cocker 1992; Diffley et al. 1994) resemble the nuclease
digestion patterns of purified ORC bound to naked ARS
DNA (Bell and Stillman 1992). This pattern of nuclease
protection suggests, but does not demonstrate, that ORC
remains bound to replicators throughout the cell cycle.
The implied protein complex has been referred to as the
post-replication complex (post-RC) and exists during S,
G,, and early M phases of the cell cycle. At the M - G,
transition, however, a characteristic deoxyribonuclease I
(DNase I) hypersensitive site in Bl is lost and an ex-
tended footprint appears (Diffley et al. 1994). This is be-
lieved to reflect the formation of a prereplication com-
plex (pre-RC) containing additional proteins bound to
the ARS or to ORC during late M and G, phases.
Cdc6p is required for formation and maintenance of
the pre-RC, as defined by the absence of the hypersensi-
tive site at ARSs (Diffley et al. 1994; Cocker et al. 1996;
Detweiler and Li 1997). The six sequence-related, mini-
chromosome maintenance (MCM) proteins may also be
part of the pre-RC, as they are required for DN A repli-
cation (Hennessy et al. 1991; Yan et al. 1993; Dalton and
Whitbread 1995; C. Liang and B. Stillman, unpubl.). The
MCM family members have been shown to bind to chro-
matin in yeast (Donovan et al. 1997), Xenopus egg ex-
tracts (Chong et al. 1995; Kubota et al. 1995; Madine et
al. 1995; Coleman et al. 1996), and mammalian cells
(Kimura et al. 1995; Todorov et al. 1995). Current models
suggest that formation of a pre-RC at each origin deter-
mines that the replicator is competent for initiation of
DN A replication at that locus. Once formed, the pre-RC
needs to be activated by protein kinases Cdc28p/Clb5p(/
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Clb6p) and Cdc7p/Dbf4p, among other proteins, to trig-
ger the onset of S-phase. Upon initiation, part of the pre-
RC is thought to be destroyed, reverting to a post-RC.
Rebuilding of the pre-RC is prohibited by the high kinase
activities of Cdc28/Clbl-6 proteins in the S, G,, and
early M phases of the cell cycle, therefore rereplication is
prevented until the next cell cycle (for review, see Nas-
myth 1996; Stillman 1996; Jallepalli and Kelly 1997).

In this report, we show that ORC binds chromatin
across the cell cycle, supporting the notion that ORC is
a landing pad for other initiation proteins. In contrast,
the chromatin binding of MCM proteins is tightly cell
cycle regulated. MCM chromatin association and disso-
ciation coincide with transitions in the state of the rep-
lication complex at origins. A newly isolated cdc6 mu-
tant displays promiscuous initiation of DN A replication,
increases in nuclear DN A content, and constant MCM
protein association with chromatin throughout the cell
cycle, despite the presence of high mitotic CDK activi-
ties, suggesting that the cdc6 mutant cells ignore the
negative controls normally imposed on initiation of
DN A replication by mitotic CDK cyclins.

Results
An assay for protein chromatin binding

A chromatin-binding assay (Fig. 1A) was developed to
examine chromatin association of initiation proteins.
Cells were spheroplasted and lyzed in a buffer containing
Triton X-100. Chromatin, together with nuclear matrix
and cell debris was spun down at low speed. The crude
chromatin pellet at this stage is equivalent to that in the
chromatin-binding assay with Xenopus egg extracts
(Kubota et al. 1995; Coleman et al. 1996), and to a re-
cently described assay in yeast (Donovan et al. 1997). To
make sure that proteins in the crude pellet were actually

Figure 1. A protein chromatin-binding assay.
(A) Diagram of the chromatin-binding assay.

bound to chromatin, we released [2- to 15-kb-long poly-
nucleosomes from the pellet by limited micrococal
nuclease (MNase) digestion, and spun down the remain-
ing material at low speed. Solubilized polynucleosomes
were then pelleted by high speed ultracentrifugation. If a
protein is found in the high speed pellet fraction, it
should be chromatin bound.

Proteins in all seven fractions were resolved by gel
electrophoresis and probed for ORC with a mixture of
monoclonal antibodies (Fig. 1B; only Orc3p and OrcS5p
were assayed in this experiment). ORC was found in the
whole cell extract (WCE; lane 1) and low-speed pellet
(lane 3), but almost none in the low-speed supernatant
(lane 2). Therefore, most of the cellular ORC was asso-
ciated with chromatin or nuclear matrix, or both. A pro-
tein of [70 kD that cross-reacted with the Orc3p anti-
body (labeled X) was partitioned to the low speed super-
natant, thus serving as a nonchromatin-binding protein
control. About half of the ORC in the low-speed pellet
was released into solution by MNase digestion (lane 4)
and the rest remained in the pellet (lane 5). Limited,
instead of complete, MNase digestion was used so that
the released polynucleosomes were sufficiently large to
be pelleted later by ultracentrifugation (lane 7). ORC was
detected in the high-speed pellet (lane 7), but not in the
supernatant (lane 6). Therefore, ORC is a chromatin-
bound protein.

Mcm?2p also bound chromatin (Fig. 1C). It was de-
tected by a monoclonal antibody in the WCE (lane 1),
low-speed supernatant (lane 2), and low-speed pellet
(lane 3). Therefore, not all of the cellular Mcm2p bound
chromatin at any given time. The MNase-released
Mcm2p (lane 4) could be pelleted by ultracentrifugation
(lane 7). Similar data (not shown) were obtained for
Mcm3p.

To examine chromatin association of initiation pro-
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teins during the cell cycle, we assayed the crude chro-
matin fractions from the first low-speed centrifugation.
Because all of the ORC and MCM released by MNase
from the crude chromatin pellets can be spun down by
ultracentrifugation (Fig. 1B,C), it is reasonable to assume
that most, if not all, of ORC and MCM proteins found in
the crude chromatin pellets are chromatin bound.

ORC binds chromatin throughout the cell cycle

Cells were synchronized in G, by « factor, then released
into the cell cycle at 25 °C and at various times, were
processed for the chromatin-binding assay (Fig. 2). For
ORC, only the chromatin fractions are shown (Fig. 2A),
because very little ORC was in the supernatant (data not
shown, but see Fig. 1B). Orcl1, Orc3, Orc5, and Orc6 sub-
units were detected in the chromatin pellets from all of
the time points (Fig. 2A). Orc2 and Orc4 subunits were
also found on chromatin across the cell cycle with darker
exposures (data not shown). We conclude that ORC is
associated with chromatin throughout the cell cycle.
The Orc6p band shifted up (almost merges with the

A. W14 o-factor — YPDVN2SOC B

Cdc6p controls once-per-cell-cycle DNA replication

Orc5p band in this blot) as cells enter S-phase [30 min;
see fluorescence-activated cell sorter (FACS) in Fig. 2B]
and shifted down at 90 min. The upper band of Orc6p is
most likely attributable to phosphorylation, because
Orc6p is phosphorylated in vivo and mutating all poten-
tial Cdc28p phosphorylation sites in ORC6 resulted in
only the lower band (M. Weinreich, C. Liang, and B. Still-
man, unpubl.).

Association of MCM with chromatin is cell cycle
regulated and MCM is part of the pre-RC

A Mcm3p monoclonal antibody detected the protein at
roughly constant levels across the cell cycle in the WCE
(Fig. 2C) and supernatant (Fig. 2D). Most of the cellular
Mcm3p was not chromatin bound, as the levels in the
supernatant were only slightly less than those in the
WCE. Only small amounts were in the pellet (Fig. 2E). In
contrast to ORC, the chromatin association of Mcm3p
was cell cycle dependent (Fig. 2E). Mcm3p bound chro-
matin in G, (« factor or 0-, 10-, and 20-min time points),

Figure 2. ORC binds chromatin throughout
the cell cycle, whereas MCM chromatin asso-
ciation is cell cycle regulated. (A-E) W303-1A
cells were synchronized in G,; with a factor (0
min) and then released into fresh YPD medium
at 25°C. Samples were taken at various times
(10-120 min) after the release and processed to
the first low-speed centrifugation of the chroma-
T tin-binding assay. S phase was identified by
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1] proteins was loaded for each time point in each
gel, and the same cell equivalent was loaded be-
tween WCE, Sup, and Pel (i.e., the signals from
WCE should equal to those from Sup and Pel
combined). bORC (A), bMCM3 (C-E), and
bMCM2 (F) are purified baculovirus-expressed
ORC, Mcm3p, and Mcm2p, respectively, from
sf9 cells. Each ORC subunit, including the shift-
ing of the Orc6p band, has been confirmed with
individual antibodies (data not shown). Baculo-
virus-expressed Orc6p is phosphorylated, there-
fore, comigrates with Orc5p. (65K) degradation
product of Orclp. Endogenous Orc2p and Orcdp
bands are visible in all lanes in darker exposures
(not shown). The arrows in C—E point to the up-
per band of the endogenous Mcm3p as well as
bMcm3p. The lower band is a likely degradation
product of Mcm3p. (F) dbf2-2 homozygous
(strain J2) cells were arrested in mitosis at 37°C
(0 min), and then released into the cell cycle by
shifting to 25°C. Samples were taken at various
times (10 min-210 min) after the shift and frac-
tionated into low-speed supernatant and pellet.
Only the pellet fractions are shown. S-phases
were identified by FACS (not shown). The post-
and pre-RC are marked according to Diffley et
- al. (1994).
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left chromatin as cells entered and progressed through
S-phase (3040 min), and bound chromatin again at 90
min, the same time when Orc6p became dephosphory-
lated (Fig. 2A). Similar data (not shown) were obtained
for Mcm 2p.

The timing of MCM proteins starting to leave chro-
matin (Fig. 2E) as well as Orc6p phosphorylation (Fig. 2A)
corresponded to the G, — S transition, 3040 min after
cells were released from the o factor block. This is
known to be the transition point from the proposed pre-
RC to post-RC at the G,/S boundary (Diffley et al. 1994).

MCM proteins reappearing on chromatin and Orc6p
dephosphorylation at 90 min after the release from the o
factor correlated with reestablishment of the pre-RC at
the end of mitosis. To test this possibility more vigor-
ously, we performed chromatin-binding experiments
with a homozygous dbf2-2 diploid strain that can be ar-
rested in mitosis at the restrictive temperature of 37°C
and then released synchronously into the next cell cycle
at the permissive temperature of 25°C. This same strain
was used previously for genomic footprinting experi-
ments to define the timing of the transition from post-
RC to pre-RC and then from pre-RC to post-RC (Diffley
et al. 1994). At the restrictive temperature, dbf2-2 cells
arrested in mitosis and had a post-RC footprint. The pre-
RC was established [20 min after the cells were shifted
to the permissive temperature. The transition occurred
at the end of mitosis (anaphase), right before mitotic
spindles broke down. At 40 min after the release, as cells
entered S-phase, the pre-RC then converted back to post-
RC (Diffley et al. 1994).

We used the same strain and conditions to examine
MCM protein chromatin binding (Fig. 2F). At 37°C (0
min) or 10 min after the release, when the post-RC is
known to be present, Mcm2p was not associated with
chromatin. Mcm2p was on chromatin 20 min after re-
lease, the same time when the pre-RC was established.
At the onset of S-phase, 40 min after the release, Mcm2p
began to disappear from the chromatin as the pre-RC
converted to the post-RC state. Similar data (not shown)
were obtained for Mcm3p. These precise temporal cor-
relations between MCM protein binding to chromatin
and loss of the hypersensitive site in the genomic foot-
print (and vice versa) suggest that MCM proteins are part
of the pre-RC. Reprobing for Orc6p on the same blot used
for Figure 2F showed that Orc6p dephosphorylation and
phosphorylation also coincided with transition from the
post-RC to pre-RC states and from the pre- to post-RC
states, respectively (data not shown). Therefore, it is
likely that the post-RC contains ORC with phosphory-
lated Orc6p and the absence of MCM proteins, whereas
MCM and ORC with dephosphorylated Orc6p are pre-
sent in the pre-RC.

New temperature-sensitive alleles of cdc6

Several recent studies indicate that Cdc6p is a key factor
in DN A replication. Cdc6p is required for formation and
maintenance of the pre-RC and loading of MCM onto
chromatin, is required for initiation of replication, and
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cooperates with ORC on individual replicators to deter-
mine the frequency of initiation in the genome (Diffley
et al. 1994; Liang et al. 1995; Cocker et al. 1996; Cole-
man et al. 1996; Piatti et al. 1996; Detweiler and Li 1997;
Donovan et al. 1997). The levels of CDC6 mRNA and
Cdc6 protein (at least the epitope tag version of Cdc6p)
fluctuate in the cell cycle; both are high in late M and
early G,, and very low in S, G,, and early M phases (Zhou
and Jong 1990; Zwerschke et al. 1994; Piatti et al. 1995;
Detweiler and Li 1997). CDC6 has also been implicated
in controlling mitosis entry (Bueno and Russell 1992). To
investigate further the roles of Cdc6p in DN A replica-
tion, we carried out a PCR-based random mutagenesis of
the gene followed by plasmid shuffling to uncover the
properties of potential cdc6 mutants. Several new alleles
of cdc6 temperature-sensitive mutants were thus iso-
lated. Two of them (cdc6-2 and cdc6-3) show promiscuous
replication phenotypes and were further characterized.

Cells containing a cdc6-2 plasmid as the sole source of
cdc6p are very sick even at 25°C (Fig. 3A) and can accu-
mulate >2C DNA (data not shown), and we have not
been able to integrate the mutant gene into the chromo-
some. cdc6-3 has been integrated into the chromosome,
and the mutant has been characterized in more detail.
cdc6-3 cells are viable at 25°C and lose viability at 37°C
(Fig. 3A). The temperature-sensitive lethal phenotype of
cdc6-3 was recessive; however, the mutant had a second
phenotype of promiscuous replication even at the per-
missive temperature, which was dominant in the hetero-
zygous diploid mutant cells.

When asynchronous cultures were shifted from 25°C
to 37°C, the wild-type cells (strain w303-1A) grew,
whereas cdc6-3 cells did not (Fig. 3B), indicating a first
cell-cycle arrest of the mutant cells. This was confirmed
by incubating single cells on plates at 37°C; the mutant
cells did not divide as seen under a microscope. More-
over, the mutant cells lost viability at 37°C after an ini-
tial 1-hr delay (Fig. 3C).

After incubation at 37°C, the wild-type cells divided
normally, whereas cdc6-3 cells were arrested with large
buds (dumb bell), undivided single nuclei either in one of
the two buds or between the two buds, and short mitotic
spindles (Fig. 3D; 37°C). Therefore, the mutant cells
failed to undergo mitosis at 37°C.

Flow cytometry (FACS) was used to measure DNA
content of the wild-type and cdc6-3 cells (Fig. 4). To
avoid possible interference from mitochondrial DN A
replication, we used corresponding p° strains lacking mi-
tochondrial DN A for FACS analysis. When released from
the G, a factor block into fresh medium at 37°C, wild-
type cells progressed through the cell cycle and eventu-
ally became asynchronous (Fig. 4A; shaded). The mutant
cells also entered S-phase, although with a delay (cf. time
points at 60 and 90 min to wild type), and in later time
points most cells accumulated with >2C DN A (Fig. 4A;
unshaded; 160 min and 240 min). Similar data were ob-
tained with p* strains of w303-1A and cdc6-3, although
both the wild-type and mutant cells entered S-phase
slightly faster than the respective p° strains (data not
shown).
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Figure 3. New alleles of cdc6 temperature-sensitive mutants.
(A) top, cdc6A strains harboring either pCDC6, pcdc6-2, or
pcdc6-3 plasmid, and bottom, integrated strains (W303-1A as
the isogenic wild-type cdc6-3, and for comparison, cdc6-1) were
streaked on YPD plates and incubated for 3 days at 25 or 37°C.
(B) W303-1A and cdc6-3 cells were grown asynchronously at
25°C and then shifted to 37°C. Aliquots of cells were harvested
at various times and cell numbers counted. (C) Aliquots of cells
were retrieved from 37°C at various times as in B, single cells
were plated and incubated at 25°C. Percent viable is the fraction
of cells able to form colonies at 25°C, normalized to the number
of viable cells at time zero (i.e., 25°C). (D) W303-1A and cdc6-3
cells were grown asynchronously at 25°C and then shifted to
37°C for 5 hr (data from 3.5 hr at 37°C were similar; not shown).
Cells were fixed, prepared, stained with DAPI (for nuclei) and
antitubulin antibody (for mitotic spindles), and visualized by
Normarski optics and fluorescence microscopy.

When the previously characterized cdc6-1 mutant
cells were shifted to the restrictive temperature of 37°C,
they accumulated initially in G, with 1C DN A, and then
some cells went through reductional mitosis without
replicating their DN A and ended up with <1C DNA (Pi-
atti et al. 1995; C. Liang and B. Stillman, unpubl.). This
is similar to cells deprived of Cdc6p. Therefore, cdc6-1 is
a loss-of-function mutation. On the other hand, cdc6-3
(also plasmid-borne cdc6-2; data not shown) mutant cells
failed to undergo mitosis at 37°C (Fig. 3D) and had >2C
content of DNA (Fig. 4). Therefore, these are gain-of-
function mutations. It is important to point out that

Cdc6p controls once-per-cell-cycle DNA replication

other replication mutants such as orc2-1, orc5-1, cdc6-1,
or mcm mutants did not accumulate >2C DN A as mea-
sured by FACS (Gibson et al. 1990; Hennessy et al. 1991;
Bell et al. 1993; Loo et al. 1995; C. Liang and B. Stillman,
unpubl.), indicating that the phenotype was unique to
cdc6-3.

Promiscuous replication of cdc6-3 mutant
at the permissive tem perature

The increase in nuclear DN A content above the normal
post-S-phase 2C content in haploid cells could also be
observed when cdc6-3 cells were released from the o
factor block into the cell cycle at the permissive tem-
perature of 25°C. To prevent mitosis, nocodazole was
added at 60 min postrelease. Wild-type cells entered the
cell cycle and had a 2C DN A content by 90 min (Fig. 4B;
shaded). cdc6-3 cells also entered the cell cycle, and most
cells had accumulated =2C DNA by 120 min. By 240
min, however, most of the mutant cells had [BC DNA
(Fig. 4B; unshaded).

Cell size had little effect on the DN A profiles in the
FACS analysis. Although cdc6-3 cells are larger than the
wild type in asynchronous cultures at 25°C (by cell size
measurement in FACS and microscopy observations;
data not shown), the G, and G, DN A peaks were in the
same position for the wild-type and mutant cells (Fig.
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Figure 4. cdc6-3 mutant cells accumulate more than 2C DNA.
p° strains of W303-1A (thin lines and shaded area) and cdc6-3
(thick lines and unshaded area) were grown asynchronously in
YPD at 25°C (YPD/Asy/25°C), blocked in G, with a factor (a
factor/25°C), and then released into fresh YPD at 37°C (A), or at
25°C and then nocodazole (Noc) was added 60 min postrelease
(B). Aliquots of cells were taken at various times after the re-
lease and analyzed by FACS. DN A contents of 1C and 2C, rep-
resenting G, and G, cells, respectively, are marked. The peaks
very close to the vertical axis (no DN A) are attributable to bro-
ken (from sonication) and dead cells, mainly of the mutant.
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Figure 5. c¢dc6-3 cells initiate replication even in G,/M and this phenotype is dominant. Haploid (W303-1A and cdc6-3; A-D) and
diploid strains (W303-1, cdc6-3/W303-1Band cdc6-3/cdc6-3; E-J)were grown asynchronously in YPD at 25°C (A, B, E-G), or incubated
in YPD containing nocodazole at 25°C for 4 hr (C,D, H-J). Small aliquots of cells were analyzed by FACS and the remaining cells were
processed for two-dimensional gels, which were probed for the 5-kb Ncol fraction containing ARS/ on the chromosome.

4A, B; YPD/Asy/25°C). Furthermore, when cells were
released from the a-factor block into fresh medium and
then blocked in G,/M by nocodazole, the wild-type cells
reached the same size as the mutant cells (data not
shown), yet only the mutant cells showed >2C peaks
(Fig. 4B). Therefore, the rightward shift in the DNA
peaks beyond 2C in the haploid mutant cells was attrib-
utable to extranuclear DN A rather than other biomass or
fluorescence artifacts.

Two-dimensional replicon-mapping gels (2-D gels)
were used to examine directly the initiation of DN A
replication in the wild-type and cdc6-3 cells. Wild-type
(W303-1A) or cdc6-3 mutant haploid cells either were
grown asynchronously in the rich medium YPD at 25°C
(Fig. 5A,B), or were incubated for 4 hr at 25°C in YPD
containing the microtubule inhibitor nocodazole, which
blocked cells at G,/M (Fig. 5C,D). Cells were harvested,
total DN A was prepared, digested with Ncol, and en-
riched for replication intermediates. The enriched frac-
tions from the same amount of total genomic DN A for
each sample were resolved on 2-D gels. Blots of 2-D gels
were probed for the 5-kb Ncol fragment containing
ARSI, anormally fully active replication origin in wild-
type cells (Liang et al. 1995 and references therein).
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When grown in YPD, the vast majority of wild-type
cells initiated replication from ARS/ in almost every cell
cycle, as the two-dimensional gel shows an expected
clear bubble-to-fork arc transition and very little fork
migration through the origin (Fig. 5A). cdc6-3 cells gave
a bubble arc in addition to a complete fork arc (Fig. 5B),
indicating a lower frequency of initiation at ARSI and
subsequent passive replication through this locus, which
was similar to results previously observed with cdc6-1,
orc2-1, or orc5-1 mutants (Fox et al. 1995; Liang et al.
1995). In nocodazole-containing medium, wild-type cells
lacked a bubble arc as expected, as cells were arrested in
G,/M (Fig. 5C; the fork arc probably represents a small
number of cells not yet arrested at G,/M). In striking
contrast, cdc6-3 cells still had a clearly visible bubble
arc, although they had been arrested in a G,-like state
with =2C DNA (Fig. 5D).

These data suggest that, unlike the wild-type, cdc6-3
cells initiated DN A replication in G,/M, resulting in a
DNA content more than the normal 2C amount. This
promiscuous replication phenotype can explain why the
mutant cells have difficulty entering into mitosis (1%
of asynchronous mutant cells have long mitotic spindles
and [B0% budded vs. [23% for the wild type with [(¥0%
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budded) and lose viability in a fraction of the population
(20-25% ), even at the permissive temperature.

To determine whether the promiscuous initiation phe-
notype was recessive or dominant, the initiation of DN A
replication in homozygous wild type (W303-1), hetero-
zygous (cdc6-3/W303-1B), and homozygous (cdc6-3/
cdc6-3) strains was investigated using the same proce-
dures used for haploid cells. These analyses showed that
this phenotype was dominant (Fig. SE-J). Thus, the
cdc6-3 mutant is a complex one, with a recessive, tem-
perature-sensitive phenotype for growth, yet at the same
time is a weak gain-of-function allele. When the gain-of-
function phenotype was too penetrant, as in cdc6-2, this
resulted in more over-replication and decreased strain
viability (data not shown; see Fig. 3A). Because haploid
cells also displayed the promiscuous replication pheno-
types, we conclude that cdc6-3 is a dominant gain-of-
function allele.

MCM protein chromatin association is cell cycle
independent in cdc6-3 cells

Because MCM proteins appear to be components of the
pre-RC, the binding of these proteins to chromatin was
investigated in cdc6-3 cells during the cell cycle. Only
the chromatin-bound fractions are shown (Fig. 6). As in
wild-type cells, ORC was associated with chromatin
throughout the cell cycle in cdc6-3 cells at 25°C (Fig.
6A). The timing of Orc6p phosphorylation and dephos-
phorylation during the cell cycle was similar to the wild
type (cf. Figs. 2A and 6A), indicating that cdc6-3 cells
progressed through some aspects of the cell cycle with
similar kinetics as wild-type (also see FACS; Figs. 2B and
6B). Unlike in wild-type cells, however, Mcm3p was
bound to chromatin throughout the entire cell cycle in
cdc6-3 cells (Fig. 6C). Similar data (not shown) were ob-
tained for Mcm2p. This was not attributable to the low
frequency of initiation in cdc6-3, because most, if not all,
of cdc6-3 cells entered S phase and accumulated a fully
replicated =2C amount of DN A after release from the o

Cdc6p controls once-per-cell-cycle DNA replication

factor block (Fig. 6B). Moreover, cdc6-1 and orc5-1 cells
also have a lower than normal frequency of initiation at
the permissive temperature (Liang et al. 1995) similar to
that of cdc6-3, yet the chromatin association of MCM
proteins in cdc6-1 and orc5-1 mutants was cell cycle
regulated in a similar manner as found in wild-type cells;
that is, Mcm2p (Fig. 7A) and Mcm3p (data not shown)
were not chromatin bound in S and G,. Also notice that
unlike cdc6-3, orc5-1 or cdc6-1 cells did not accumulate
>2C DNA when they were released from the a factor
block (Fig. 7B). These data demonstrate that the continu-
ous binding of MCM proteins in cdc6-3 cells was not
attributable to slow progression through S phase, but
rather is specific for this particular form of mutant cdc6
protein.

Mcm?2 and Mcm 3 proteins were also found in the high-
speed pellet (polynucleosomes) from cdc6-3 cells ar-
rested at G,/M by nocodazole (data not shown), confirm -
ing that the MCM proteins found in the low-speed crude
chromatin pellets from S and G, cdc6-3 cells (Fig. 6C)
were actually chromatin bound.

Together, these data indicate that the competent state
of replicators in S and G, in cdc6-3 cells includes chro-
matin-bound MCM proteins, probably together with the
mutant cdc6-3 protein. We have not been able to detect
clearly endogenous Cdc6p or cdc6-3p in crude yeast ex-
tracts or chromatin fractions with the available Cdc6p
antibodies.

Prom iscuous initiation occurs despite high Cdc28/Clb
kinase activities

The available evidence suggests that Cdc28/CIb5(/C1b6)
kinases normally activate replication at the G,/S bound-
ary and then the mitotic CDK cyclins inhibit rereplica-
tion in S and G, (Schwob et al. 1994; Dahmann et al.
1995; Piatti et al. 1996). Moreover, Cdc28p interacts
with Cdc6p (Elsasser et al. 1996; Piatti et al. 1996). Simi-
lar interactions occur with the equivalent proteins in
Schizosaccaromyces pombe (Jallepalli and Kelly 1997).
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is cell cycle independent in cdc6-3 cells. Chro-
matin-binding experiments were carried out
with cdc6-3 cells in the same way as W303-1A
cells in Fig. 2. Only the crude chromatin pellet
fractions were shown for ORC (A) and Mcm3p
(C). The endogenous ORC (Orc2 and Orc4 bands
visible only in darker exposures; not shown) and
Mcm3p were detected in all lanes. Small aliquots
of cells were analyzed by FACS (B).
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MCM protein chromatin bindingis cell cycle regulated in orc5-1 and cdc6-1 mutants. Chromatin-binding experiments were

carried out with W303-1a, orc5-1 or cdc6-1 cells across the cell cycle, and the chromatin bound Mcm2p was assayed (A). Small aliquots
of cells were analyzed by FACS (B). (Asy) asynchronous cells; (0 min) a factor blocked cells.

Therefore, it was conceivable that in wild-type cells,
once the pre-RC converted to a post-RC state after ini-
tiation, the high CDK activities in S and G, prevented
reassociation of MCM proteins with chromatin by
blocking Cdc6p function. Because we found that the
MCM proteins remained chromatin bound during the
cell cycle in cdc6-3 cells, we asked whether there was an
absence of high CDK activities in cdc6-3 cells, or pro-
miscuous initiation occurs despite the high CDK activi-
ties.

Either wild-type or cdc6-3 cells were released into the
cell cycle at 25°C from the G, a factor block, and
samples were taken at various times after the release.
Native proteins were extracted, Cdc28p was precipitated
with p13/Sucl-agarose beads, and assayed for histone
H1 kinase activity (Fig. 8).

Control glutathion—agarose beads did not pull down
the kinase (Fig. 8; Ctrl bead). The histone H1 kinase ac-
tivity across the cell cycle in the wild-type cells was
found to be as expected (Schwob et al. 1994 and refer-
ences therein). It was low in a factor-blocked cells, in-
creased at 20 min after the release, and rose to higher
levels after 40 min. The last lane shows the expected
high kinase activity when cells were arrested at G,/M
with nocodazole for 4 hr at 25°C. The kinase activity
during the cell cycle for the cdc6-3 cells was very similar
to those for wild-type cells. Notice that the kinase ac-
tivity from cdc6-3 cells that were in nocodazole-contain-
ing medium was as high as wild type, yet cdc6-3, but not
wild-type cells, were able to initiate DN A replication
under these conditions (see Fig. 5C,D). Therefore, MCM
protein chromatin association and initiation of DNA
replication in cells arrested at G,/M in cdc6-3 cells in

3382 GENES & DEVELOPMENT

the presence of the normal level of Cdc28 kinase activi-
ties. These results suggest that the negative control by
mitotic cyclins on establishing the pre-RC is mediated
through Cdc6p. cdc6-3 mutant cells ignore this negative
control and promiscuous initiation of DN A replication
occurs.

Discussion

ORC is a sequence-specific DN A-binding protein that
binds to replicators that determine the location of ori-
gins of DN A replication in S. cerevisiae (Bell and Still-
man 1992). Genomic footprinting experiments have sug-
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Figure 8. The CDK activities in S and G, in cdc6-3 are as high
as in the wild-type cells. W303-1A and cdc6-3 cells were grown
asynchronously in YPD at 25°C (Asy), synchronized in G, with
a factor (0 min) and then released into fresh YPD at 25°C.
Samples were taken at various times (20-120 min) after the
release. The last lanes (Noc) were from cells incubated in YPD
containing nocodazole at 25°C for 4 hr. Native proteins were
extracted and used for p13 bead precipitation. The precipitates
were assayed for histone H1 kinase activities.
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gested that ORC binds the replicator throughout most, if
not all, of the cell cycle (Diffley and Cocker 1992; Diffley
et al. 1994). Our chromatin-binding assay provides direct
physical evidence that all ORC subunits remain bound
to chromatin at all times, and thus ORC has the poten-
tial to serve as the DN A-bound landing pad for other
initiation proteins. It is most likely that ORC is bound to
replicator sequences in chromatin, aresult demonstrated
recently by Tanaka et al. (1997). On the other hand,
MCM proteins bind chromatin in a cell cycle-dependent
fashion, consistent with them being part of the mecha-
nism that licenses replication in yeast, as has been dem-
onstrated in Xenopus egg extracts (for review, see Chong
et al. 1996). A recent chromatin-binding study using cell
cycle inhibitors and cdc mutants shows that MCM is on
chromatin in G, (« factor and cdc7), much less so in S
(hydroxyurea), and not at all in G,/M (nocodazole and
cdcl5) (Donovan et al. 1997).

The idea of two states (pre- and post-RC) of proteins
bound to the replicator has come from genomic foot-
printing studies, principally from the absence and pres-
ence, respectively, of a DNase I hypersensitive site
within the ARS Bl element (Diffley et al. 1994). We have
shown that MCM proteins bind chromatin when the hy-
persensitive site is absent (pre-RC)in late M and G,, and
are not on chromatin when the hypersensitive site is
present (post-RC)in S, G,, and early M phases. Coupled
with the observation that immunoprecipitation of
tagged Mcm 7p coprecipitated replication origin contain-
ing DN A (Tanaka et al. 1997), these data suggest strongly
that chromatin-bound MCM proteins are part of the pre-
RC and contribute to protection at the Bl site from DN-
ase L.

The number of ORC molecules ((b00) in the cell
roughly equals the number of replication origins, but the
MCM proteins are at least 20 times more abundant (Lei
et al. 1996; Donovan et al. 1997). The amount of chro-
matin-bound Cdc6p in G, also approximates that of the
number of replication origins (Donovan et al. 1997).
Paradoxically, Mcm2p appears to be limiting for replica-
tion (Lei et al. 1996). Only a small fraction, however, of
the cellular MCM proteins bind chromatin. Therefore, it
is likely that the fraction of chromatin-bound MCM pro-
teins that is detected by our procedure and by others
(Donovan et al. 1997; Tanaka et al. 1997), as well as ORC
and Cdc6 proteins, acts at individual replicators, rather
than globally on the chromosomes. Consistent with this
notion, mutants in five of the MCM family of genes have
reduced frequencies of initiation (Yan et al. 1993; C. Li-
ang and B. Stillman, unpubl.).

Our analysis of the cdc6-3 gain-of-function mutants
revealed three interesting and related phenotypes. First,
the mutant cells accumulate abnormal amounts of
nuclear DN A without passing through mitosis. Second,
two-dimensional gel analyses suggest that initiation of
DN A replication occurs late in the cell cycle when it is
normally inhibited in wild-type cells. Third, the MCM
proteins remain bound to the chromatin at times when
they are not bound in other cells. Combined, these phe-
notypes suggest that the cell cycle control of initiation of

Cdc6p controls once-per-cell-cycle DNA replication

DN A replication is awry in the cdc6-3 mutant cells, re-
sulting in over-replication of the genome, leading to ge-
netic instability and inviability.

Cdc6p interacts with ORC, and is required for loading
of MCM proteins onto chromatin, formation of the pre-
RC, and initiation of DN A replication (Liang et al. 1995;
Cocker et al. 1996; Coleman et al. 1996; Piatti et al.
1996; Detweiler and Li 1997; Donovan et al. 1997).
Cdc6p can execute its function between the end of ana-
phase and late G,, before activation of replication by
Cdc28p/ClbSp and Clb6p kinases (Piatti et al. 1996). For-
mation of the pre-RC in the rest of the cell cycle is pre-
vented by high CDK activities of Cdc28p/Clb cyclins
(Dahmann et al. 1995), and high levels of Cdk2/cyclin E
inhibit Mcm3p chromatin binding and replication in
Xenopus egg extracts (Hua et al. 1997). Because a cdc6
mutant can bypass the CDK inhibition of rereplication,
we propose that this negative regulation is mediated
through Cdc6p.

cdc6-3 mutant cells have a lower frequency of initia-
tion of DN A replication at any given origin, similar to
cdc6-1 and several orc (Fox et al. 1995; Liang et al. 1995)
and m cm mutants (Yan et al. 1993; C. Liang and B. Still-
man, unpubl.), probably attributable to lower concentra-
tions (Bell et al. 1993; Loo et al. 1995) or lower activity of
these initiation proteins. When shifted to the restrictive
temperature, the frequency of initiation is further re-
duced so that these mutant cells are arrested in the cell
cycle and die. However, unlike cdc6-1 or orc mutants,
cdc6-3 cells continue to initiate DN A replication even
after 3 hr at the restrictive tem perature in the presence of
nocodazole, albeit at a lower frequency than wild type,
leading to accumulation of =3C DNA and eventually
cell inviability. The loss of cell viability, as detected by
the inability to form colonies on plates at the permissive
temperature, is probably attributable to the increased ge-
netic instability in the cdc6-3 mutants as a result of the
promiscuous initiation of replication.

The promiscuous initiation of DN A replication in the
cdc6-3 mutant was also observed even at the permissive
temperature in a single cell cycle. This phenotype was
dominant, but probably not fully penetrant because such
a mutant would cause too much genome instability and
cell death. The cdc6-2 mutant over-replicated its DN A
more than cdc6-3 (data not shown), and these cells were
less viable than cdc6-3 cells.

Persistent initiation of DN A replication and MCM
protein chromatin association in cdc6-3 cells occur al-
though the Cdc28/ClIb kinase activities in S and G, in
the mutant cells were as high as in wild-type cells. It is
possible that the function of Cdc6p to load MCM pro-
teins is regulated by the CDK cyclins, perhaps through
the ATP-binding site in Cdc6p, and that the mutant cdc6
protein is locked into a constitutively active conforma-
tion, rendering it immune to the inhibitory effects of the
mitotic cyclins. As a result, either the MCM proteins
remain bound on replicated chromatin and initiation of
DN A replication can occur even in G,/M, or that initia-
tion complexes containing MCM proteins can be re-
formed continually, even in the presence of high mitotic
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CDK activity. This was specific for cdc6-3 cells, and was
not observed in other mutants that have a lower fre-
quency of initiation than wild-type cells. Thus, the pro-
miscuous initiation of replication and constant chroma-
tin binding of MCM protein in cdc6-3 cells were not
attributable to slow S-phase progression.

Rereplication phenotypes in S. cerevisiae have been
reported in the ubiquitin hydrolase (Singer et al. 1996)
and cdcl6 and cdc27 mutants (Heichman and Roberts
1996). Currently, the relationship between these and
CDC6 genes is unknown. Overexpression of the Cdc6-
related protein called cdc18" in S. pom be, either directly
or indirectly, causes multiple rounds of replication of the
genome without mitosis (Nishitani and Nurse 1995;
Muzi-Falconi et al. 1996). In all of these cases, over-rep-
lication could be attributable to the high levels of pro-
teins that are normally degraded by ubiquitin-mediated
proteolysis indirectly affecting CDK/cyclin activity late
in the cell cycle. This could result in a block to mitosis
but allow multiple rounds of S phases in these cells.

The phenotype of the cdc6-3 mutant is remarkably
similar to the promiscuous initiation of DN A replication
found in the Escherichia coli DnaAcos mutant (Kata-
yama 1994; Katayama and Kornberg 1994). The DnaA
initiator protein binds to OriC origin in its active ATP-
bound form, slowly hydrolyzes the ATP to form an in-
active ADP-bound form that cannot initiate replication
(for review, see Skarstad and Boye 1994). DnaAcos is a
revertant of the DnaA 46 temperature-sensitive mutant
and like c¢dc6-3, contains multiple mutations. The
DnaAcos protein causes promiscuous initiation of DN A
replication in vivo and in vitro by overcoming an un-
known negative regulation of initiation. Interestingly,
the mutant protein cannot bind ATP. We suggest that
the normal function of Cdc6bp may also be sensitive to
ATP, just like the DnaA initiator and its eukaryotic se-
quence relative in the ORC complex Orclp (Bell et al.
1995; Klemm et al. 1997). Therefore, it is possible that
cdc6-3p may have unregulated ATP binding, causing an
altered conformation and resistance to negative control
by the CDK cyclins. Finally, we consider it probable that
Cdc6p may control the switch to amplification cycles
during development in certain cell types, such as the
ORC-dependent amplification of the chorion genes in
Drosophila (Landis et al. 1997).

Materials and methods
Yeast strains and plasmids

All yeast strains used were, or derivatives of, W303-1A (Mata),
W303-1B Mata) (ho, ade2, trpl, canl, leu2, his3, GAL, psi*), or
W303-1 (W303-1A/W303-1B), except for strain J2 (dbf2-2/dbf2-
2) (Diffley et al. 1994) used in Figure 2F. All cdc6A strains were
derived from strain GS1 (W303-1; cdc6A::hisG-URA3-hisG/
CDC6), kindly provided by Gavin Sherlock and Bruce Futcher
of Cold Spring Harbor Laboratory, in which all but the first and
last 50 bp of one copy of the CDC6-coding sequence has been
deleted on the basis of the PCR-directed gene disruption method
(Schneider et al. 1996). The URA 3 gene used to disrupt CDC6
was later inactivated by use of 5-fluoro-orotic acid. The fol-
lowing strains are cdc6A in W303-1A containing pRS426-
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CDC6 (YB0209), pRS415-2.1CDC6 (YB0321), pRS415-cdc6-2
(YB0275), or pRS415—cdc6-3 (YB0276). YB0297 is cdc6-3 inte-
grated in W303-1A by transplacement, and YB0044 is Mata,
cdc6-1 (backcrossed four times to W303; Liang et al. 1995). p°
strains (YB0433 from W303-1A and YB0434 from cdc6-3) were
generated by growing the p* strains in SCM medium containing
20 pg/ml of EtBr overnight at 25°C and then selecting for in-
ability to grow on glycerol plates. Diploid strains were YB0325
(cdc6-3/W303-1B) and YB0323 (cdc6-3/cdc6-3).

pRS426-CDC6 is the 3.1-kb MIul-EcoRI CDC6 fragment
cloned in pRS426 2u ARS, URA3) by exchanging the vectors
with pRS415-CDC6 (Liang et al. 1995). pKS-2.1CDC6 was con-
structed by ligating the 2.1-kb HindllINarl CDC6 fragment
from pRS415-CDC6 (HindIIl site is in the vector just upstream
of the Mlul site of the CDC6 promotor) to pBluescript/KS+
(Strategene)cut with HindIll and Clal. pRS415-2.1CDC6 (short-
handed as pCDC6) was constructed by ligating the 2.1-kb Hin-
dIII-X ol (both sites on vector) fragment containing CDC6 from
pKS-2.1CDC6 to pRS415 (CEN6, H4 ARS, LEU2) cut with the
same enzymes. pPRS415-cdc6-2 (as pcdc6-2) and pRS415-cdc6-3
(as pcdc6-3) were derived from pRS415-2.1CDC6 by random
mutagenesis.

Cell synchronization and release

Cells were grown in YPD at 25°C to early log phase ((5 x 10°
cells/ml), a factor was then added to 5 ug/ml, and the culture
was incubated with shaking for 1.5 hr at 25°C. Another 5 pg/ml
of o factor was added, and the culture was incubated for another
1.5 hr at 25°C. To release, cells were spun down, and resus-
pended in fresh YPD. Rapid shifting to 37°C was achieved by
swirling culture flasks in [50°C water. Nocodazole (20 pg/m1l)
was used to arrest cells in G,/M. YPD with 4% dextrose was
used for the p° strains.

Protein chromatin-binding assay

About 1 x 10° cells at [2 x 107 cells/m1 were harvested and so-
dium azide was added to 0.1% . Cells were spheroplasted accord-
ing to Conradt et al. (1992) with modifications. Cells were in-
cubated at room temperature for 10 min in 3 ml of presphero-
plasting buffer [100 mMm PIPES (pH 9.4), 10 mm DTT], followed
by incubation in 2 m1 of spheroplasting buffer [SO mm KH,PO,/
K,HPO, (pH 7.5), 0.6 M Sorbitol, 10 mM DTT] containing 80 pl
of 1 mg/ml of Oxalyticase (Enzogenetics) at 30°C for 10-15 min
with occasional mixing, until the ODg(, of a 1:100 dilution of
the cell suspension (in water) dropped to <10% of the value
before digestion. Sphereoplasts, without incubation for recovery
and regrowth, were washed with 1 ml of ice-chilled wash buffer
[100 mMm KC1, 50 mm HEPES-KOH (pH 7.5), 2.5 mm MgCl,, and
0.4 M Sorbitol], pelleted at 4000 rpm for 1 min in a microcen-
trifuge at 4°C, and resuspended in an equal pellet volume (8O
ul) of extraction buffer [EB; 100 mM KC1, 50 mm HEPES-KOH
(pH 7.5), 2.5 mm MgCl,, 50 mm NaF, 5 mm Na,P,0,, 0.1 mm
NaVOs;], and protease inhibitors (1 mM PMSF, 20 pg/ml of leu-
peptin, 2 pg/ml of pepstatin, 2 mM benzamidine HCI, and 0.2
mg/ml of bacitracin). The suspension was split into three tubes,
each with 25% (for fraction 1. WCE), 25% (for fractions 2. Sup
and 3. Pel), and 50% (for fractions 4-7) of the total. Spheroplasts
were lyzed by adding Triton X-100 to 0.25% and incubating on
ice for 5 min with gentle mixing. Lysate was underlayered with
50% volume of 30% sucrose (volume refers to the volume of the
spheroplast suspension in EB; the same below), and spun at
12,000 rpm for 10 min at 4°C. Pellet was washed with 25%
volume of EB containing 0.25% Triton X-100 (EBX), and spun
again at 10,000 rpm for 5 min at 4°C. The crude chromatin
pellet for fractions 4-7 was incubated in 50% volume of EBX at
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37°C for 2 min. CaCl, (to 1 mM) and 600 pum units of MNase
were added, and incubation continued for 1 min with mixing.
Digestion was stopped by adding EGTA to 1 mM, and spun at
10,000 rpm for 2 min at 4°C. Pellet was digested once more with
200 pum units of MNase in 25% volume of EBX and spun as
above. Supernatants were combined, and then split equally into
two: one for fraction 4 (MNase Sup) and the other for high speed
fractions 6 and 7. The latter was centrifuged at 100,000 g (50,000
rpm in Beckman TLA-100.3 rotor) for 1 hr at 4°C. All pellet
fractions were resuspended in EBX, and the volumes of all frac-
tions were adjusted with EBX ((b0 ul final volume) to reflect the
same cell equivalent. Equal volumes of 2x Laemmli’s buffer
were added to each fraction. Samples were boiled for 3 min, and
spun at 10,000 rpm for 1 min before loading to 12.5% SDS-
PAGE gels.

Random mutagenesis of CDC6 and isolation of new cdc6
temperature-sensitive mutants

The CDC6 gene was amplified from pKS-CDC6 by PCR using
universal sequencing (T7) and reverse sequence primers from
the vector. PCR was performed using five units of AmpliTag
polymerase (Perkin-Elmer)in 100 pl of standard buffer from the
manufacturer plus 0.1 ng of template, 50 pmoles each of primers
and 20 mM each of ANTP for 25 cycles of (94°C, 1 min; 54°C, 1
min; 72°C, 3 min) after an initial 2 min at 94°C. PCR products
were cut with Xholand Hindlll, and the 2.1-kb fragment was gel
purified and cloned into pRS415 cut with the same enzymes.
Plasmids were transformed into E. coli and recovered from
60,000 pooled primary transformants.

Plasmids (5 pg) from the mutagenized library were trans-
formed into YB0209. After incubation at 25°C for 4 days,
(14,000 transformants that were in the range of 200-300 colo-
nies/plate were replica-plated onto two sets of FOA-Leu plates,
and incubated at 25 or 37°C. Plasmids from temperature-sensi-
tive colonies were retested by the same plasmid shuffle. Two
mutants were sequenced with ABI377 sequencer (Perkin
Elmer): cdc6-2 has A320S (GCA - tCA), L338L (TTA - cTA)
and L450S (TTA - TcA), and cdc6-3 has H144T (CAT - tAT)
and L258S (TTA - TcA).

Fluorescence microscopy, two-dimensional gels, and FACS

Fluorescence microscopy (Diffley et al. 1994) and two-dimen-
sional gels (Liang et al. 1995) were performed essentially as de-
scribed. For FACS, [5 x 10° cells for each sample were fixed in
70% ethanol, resuspended in 50 mM sodium citrate (pH 7.2),
briefly sonicated, digested with 0.25 mg/ml RNase in the same
buffer followed by 1 mg/ml of proteinase K, each for 1 hr at
50°C. DN A was stained with 10 ug/ml of propidium iodide, and
50,000 cells from each sample were scanned with Elite (Coulter)
or FACSCalibur (Becton-Dickinson) FACS machine.

Histone HI kinase assay and Western blotting

Sucl/pl13 bead precipitation and histone H1 kinase assay were
according to Elsasser et al. (1996). Extract containing 250 pg of
proteins from each sample was used for the kinase assay. For
Western blotting, proteins were transferred to nitrocellulose,
and blocked with 5% dry milk in TBST (0.1% Tween 20). Mono-
clonal antibodies (mAb) from ascites against Orc1-Orc6 sub-
units were SB35, 46, 3, 12, 5, and 49 in dilutions of 1:1000,
1:500, 1:50,000, 1:2000, 1:2000, and 1:2000, respectively, plus
SB16 against Orclp in 1:2000. Mcm2 and Mcm3 mAb were 28
and 18, respectively, both in 1:10,000. Horseradish peroxidase-
coupled anti-mouse secondary antibody was used in 1:10,000 in
TBST containing 5% dry milk. Reactive bands were visualized

Cdc6p controls once-per-cell-cycle DNA replication

with the SuperSignal or SuperSignal ULTRA chemiluminescent
kit (Pierce).
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