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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), Cdc6p, 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 eukaryot ic cells duplicate the ent ire genom e during

the S phase of every cell cycle by in it iat ing DN A syn-

thesis from a large num ber of origins of DN A replicat ion

in each chrom osom e. In it iat ion is cont rolled by cis-act -

ing replicators that are recognized by in it iator proteins.

To insure equal inheritance of all genet ic m aterial to

each progeny cell, in it iat ion at each origin m ust be

t igh t ly regulated so that it occurs just once during each

S-phase.

Eukaryot ic cell DN A replicat ion has been studied

m ost extensively in the budding yeast Saccharom yces

cerev isiae, in which replicators have been defined ge-

net ically, origins of DN A replicat ion have been physi-

cally m apped, and m any in it iat ion proteins and regula-

tors have been ident ified (for review, see Diffley 1996;

St illm an 1996). Hom ologs of som e of the yeast in it iat ion

proteins have been ident ified recent ly in h igher eukary-

otes, and shown to be required for DN A replicat ion (for

review, see Chong et al. 1996; Jallepalli and Kelly 1997).

In m any species, however, the cis-act ing elem ents (rep-

licators) that m ay in teract with these in it iat ion proteins

have not been defined.

The yeast in it iator protein , origin recognit ion com plex

(ORC), binds direct ly to autonom ously replicat ing se-

quences (ARS), the yeast replicators (Bell and St illm an

1992), and determ ines the locat ion and frequency of fir-

ing of replicat ion origins in chrom osom es (Fox et al.

1995; Liang et al. 1995). Genom ic footprin t s over ARS A

and B1 elem ents from isolated nuclei (Diffley and

Cocker 1992; Diffley et al. 1994) resem ble the nuclease

digest ion pat terns of purified ORC bound to naked ARS

DN A (Bell and St illm an 1992). This pat tern of nuclease

protect ion suggests, bu t does not dem onst rate, that ORC

rem ains bound to replicators throughout the cell cycle.

The im plied protein com plex has been referred to as the

post -replicat ion com plex (post -RC) and exist s during S,

G 2, and early M phases of the cell cycle. At the M → G1

t ransit ion , however, a characterist ic deoxyribonuclease I

(DN ase I) hypersensit ive site in B1 is lost and an ex-

tended footprin t appears (Diffley et al. 1994). This is be-

lieved to reflect the form at ion of a prereplicat ion com -

plex (pre-RC) contain ing addit ional proteins bound to

the ARS or to ORC during late M and G1 phases.

Cdc6p is required for form at ion and m ain tenance of

the pre-RC, as defined by the absence of the hypersensi-

t ive site at ARSs (Diffley et al. 1994; Cocker et al. 1996;

Detweiler and Li 1997). The six sequence-related, m in i-

chrom osom e m ain tenance (MCM) proteins m ay also be

part of the pre-RC, as they are required for DN A repli-

cat ion (Hennessy et al. 1991; Yan et al. 1993; Dalton and

Whitbread 1995; C. Liang and B. St illm an, unpubl.). The

MCM fam ily m em bers have been shown to bind to chro-

m at in in yeast (Donovan et al. 1997), Xenopus egg ex-

t ract s (Chong et al. 1995; Kubota et al. 1995; Madine et

al. 1995; Colem an et al. 1996), and m am m alian cells

(Kim ura et al. 1995; Todorov et al. 1995). Curren t m odels

suggest that form at ion of a pre-RC at each origin deter-

m ines that the replicator is com peten t for in it iat ion of

DN A replicat ion at that locus. Once form ed, the pre-RC

needs to be act ivated by protein k inases Cdc28p/ Clb5p(/
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Clb6p) and Cdc7p/ Dbf4p, am ong other proteins, to t rig-

ger the onset of S-phase. Upon in it iat ion , part of the pre-

RC is thought to be dest royed, revert ing to a post -RC.

Rebuilding of the pre-RC is prohibited by the high kinase

act ivit ies of Cdc28 / Clb1-6 proteins in the S, G2, and

early M phases of the cell cycle, therefore rereplicat ion is

prevented unt il the next cell cycle (for review, see N as-

m yth 1996; St illm an 1996; Jallepalli and Kelly 1997).

In th is report , we show that ORC binds chrom at in

across the cell cycle, support ing the not ion that ORC is

a landing pad for other in it iat ion proteins. In cont rast ,

the chrom at in binding of MCM proteins is t igh t ly cell

cycle regulated. MCM chrom at in associat ion and disso-

ciat ion coincide with t ransit ions in the state of the rep-

licat ion com plex at origins. A newly isolated cdc6 m u-

tan t displays prom iscuous in it iat ion of DN A replicat ion ,

increases in nuclear DN A conten t , and constan t MCM

protein associat ion with chrom at in throughout the cell

cycle, despite the presence of h igh m itot ic CDK act ivi-

t ies, suggest ing that the cdc6 m utant cells ignore the

negat ive cont rols norm ally im posed on in it iat ion of

DN A replicat ion by m itot ic CDK cyclins.

Results

A n assay for protein chrom at in b inding

A chrom at in-binding assay (Fig. 1A) was developed to

exam ine chrom at in associat ion of in it iat ion proteins.

Cells were spheroplasted and lyzed in a buffer contain ing

Triton X-100. Chrom at in , together with nuclear m at rix

and cell debris was spun down at low speed. The crude

chrom at in pellet at th is stage is equivalen t to that in the

chrom at in-binding assay with Xenopus egg ext ract s

(Kubota et al. 1995; Colem an et al. 1996), and to a re-

cent ly described assay in yeast (Donovan et al. 1997). To

m ake sure that proteins in the crude pellet were actually

bound to chrom at in , we released ∼ 2- to 15-kb-long poly-

nucleosom es from the pellet by lim ited m icrococal

nuclease (MN ase) digest ion , and spun down the rem ain-

ing m aterial at low speed. Solubilized polynucleosom es

were then pelleted by high speed ult racent rifugat ion . If a

protein is found in the high speed pellet fract ion , it

should be chrom at in bound.

Proteins in all seven fract ions were resolved by gel

elect rophoresis and probed for ORC with a m ixture of

m onoclonal an t ibodies (Fig. 1B; only Orc3p and Orc5p

were assayed in th is experim ent ). ORC was found in the

whole cell ext ract (WCE; lane 1) and low-speed pellet

(lane 3), bu t alm ost none in the low-speed supernatan t

(lane 2). Therefore, m ost of the cellu lar ORC was asso-

ciated with chrom at in or nuclear m at rix, or both . A pro-

tein of ∼ 70 kD that cross-reacted with the Orc3p ant i-

body (labeled X) was part it ioned to the low speed super-

natan t , thus serving as a nonchrom at in-binding protein

cont rol. About half of the ORC in the low-speed pellet

was released in to solu t ion by MN ase digest ion (lane 4)

and the rest rem ained in the pellet (lane 5). Lim ited,

instead of com plete, MN ase digest ion was used so that

the released polynucleosom es were sufficien t ly large to

be pelleted later by ult racent rifugat ion (lane 7). ORC was

detected in the high-speed pellet (lane 7), bu t not in the

supernatan t (lane 6). Therefore, ORC is a chrom at in-

bound protein .

Mcm 2p also bound chrom at in (Fig. 1C). It was de-

tected by a m onoclonal an t ibody in the WCE (lane 1),

low-speed supernatan t (lane 2), and low-speed pellet

(lane 3). Therefore, not all of the cellu lar Mcm 2p bound

chrom at in at any given t im e. The MN ase-released

Mcm 2p (lane 4) could be pelleted by ult racent rifugat ion

(lane 7). Sim ilar data (not shown) were obtained for

Mcm 3p.

To exam ine chrom at in associat ion of in it iat ion pro-

Figure 1. A protein chrom at in-binding assay.

(A ) Diagram of the chrom at in-binding assay.

Fract ions are as follows. (1. WCE) whole cell ex-

t ract from the total lysate; (2. Sup) first low

speed supernatan t contain ing nonchrom at in-

binding proteins; (3. Pel) crude chrom at in pellet ;

(4. Sup) polynucleosom e-contain ing supernatan t

after lim ited MN ase digest ion of the crude chro-

m at in pellet ; (5. Pel) rem ain ing solid after

MN ase digest ion ; (6. Sup) supernatan t from ul-

t racent rifugat ion ; (7. Pel) h igh-speed pellet con-

tain ing polynucleosom es. (B) All seven fract ions

from the chrom at in-binding assay (except that

the first low-speed pellet was not washed) using

asynchronous W303-1A cells were Western

blot ted for Orc3 and Orc5 subunit s. The sam e

cell equivalen t was loaded in all seven fract ions.

(X) cross-react ing band by the Orc3p ant ibody.

(C ) The sam e blot used in B was probed for

Mcm 2p. The arrow poin ts to the upper band of

endogenous Mcm 2p, which com igrates with pu-

rified, baculovirus-expressed Mcm 2p from sf9

cells (data not shown, but see Fig. 2F). The lower

band is likely degradat ion product of Mcm 2p.
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t eins during the cell cycle, we assayed the crude chro-

m at in fract ions from the first low-speed cent rifugat ion .

Because all of the ORC and MCM released by MN ase

from the crude chrom at in pellet s can be spun down by

ult racent rifugat ion (Fig. 1B,C), it is reasonable to assum e

that m ost , if not all, of ORC and MCM proteins found in

the crude chrom at in pellet s are chrom at in bound.

O RC binds chrom at in throughout the cell cycle

Cells were synchronized in G1 by a factor, then released

in to the cell cycle at 25 °C and at various t im es, were

processed for the chrom at in-binding assay (Fig. 2). For

ORC, only the chrom at in fract ions are shown (Fig. 2A),

because very lit t le ORC was in the supernatan t (data not

shown, but see Fig. 1B). Orc1, Orc3, Orc5, and Orc6 sub-

unit s were detected in the chrom at in pellet s from all of

the t im e poin ts (Fig. 2A). Orc2 and Orc4 subunit s were

also found on chrom at in across the cell cycle with darker

exposures (data not shown). We conclude that ORC is

associated with chrom at in throughout the cell cycle.

The Orc6p band shifted up (alm ost m erges with the

Orc5p band in th is blot ) as cells en ter S-phase [30 m in;

see fluorescence-act ivated cell sorter (FACS) in Fig. 2B]

and shifted down at 90 m in . The upper band of Orc6p is

m ost likely at t ribu table to phosphorylat ion , because

Orc6p is phosphorylated in vivo and m utat ing all poten-

t ial Cdc28p phosphorylat ion sites in O RC6 resu lted in

only the lower band (M. Weinreich , C. Liang, and B. St ill-

m an, unpubl.).

A ssociat ion of MCM w ith chrom at in is cell cycle

regulated and MCM is part of the pre-RC

A Mcm 3p m onoclonal an t ibody detected the protein at

roughly constan t levels across the cell cycle in the WCE

(Fig. 2C) and supernatan t (Fig. 2D). Most of the cellu lar

Mcm 3p was not chrom at in bound, as the levels in the

supernatan t were only sligh t ly less than those in the

WCE. Only sm all am ounts were in the pellet (Fig. 2E). In

cont rast to ORC, the chrom at in associat ion of Mcm 3p

was cell cycle dependent (Fig. 2E). Mcm 3p bound chro-

m at in in G1 (a factor or 0-, 10-, and 20-m in t im e poin ts),

Figure 2. ORC binds chrom at in throughout

the cell cycle, whereas MCM chrom at in asso-

ciat ion is cell cycle regulated. (A –E) W303-1A

cells were synchronized in G 1 with a factor (0

m in) and then released in to fresh YPD m edium

at 25°C. Sam ples were taken at various t im es

(10–120 m in) after the release and processed to

the first low-speed cent rifugat ion of the chrom a-

t in-binding assay. S phase was ident ified by

FACS (B) as the period when DN A increases

from 1C to 2C. Western blots are shown for

ORC in crude chrom at in pellet (fract ion 3. Pel;

A ) and for Mcm 3p in fract ions 1. WCE (C ), 2.

Sup (D ) and 3. Pel (E). About the sam e am ount of

proteins was loaded for each t im e poin t in each

gel, and the sam e cell equivalen t was loaded be-

tween WCE, Sup, and Pel (i.e., the signals from

WCE should equal to those from Sup and Pel

com bined). bORC (A ), bMCM3 (C–E), and

bMCM2 (F) are purified baculovirus-expressed

ORC, Mcm 3p, and Mcm 2p, respect ively, from

sf9 cells. Each ORC subunit , including the sh ift -

ing of the Orc6p band, has been confirm ed with

individual an t ibodies (data not shown). Baculo-

virus-expressed Orc6p is phosphorylated, there-

fore, com igrates with Orc5p. (65K) degradat ion

product of Orc1p. Endogenous Orc2p and Orc4p

bands are visible in all lanes in darker exposures

(not shown). The arrows in C–E poin t to the up-

per band of the endogenous Mcm 3p as well as

bMcm 3p. The lower band is a likely degradat ion

product of Mcm 3p. (F) dbf2-2 hom ozygous

(st rain J2) cells were arrested in m itosis at 37°C

(0 m in), and then released in to the cell cycle by

shift ing to 25°C. Sam ples were taken at various

t im es (10 m in–210 m in) after the sh ift and frac-

t ionated in to low-speed supernatan t and pellet .

Only the pellet fract ions are shown. S-phases

were ident ified by FACS (not shown). The post -

and pre-RC are m arked according to Diffley et

al. (1994).
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left chrom at in as cells en tered and progressed through

S-phase (30–40 m in), and bound chrom at in again at 90

m in , the sam e t im e when Orc6p becam e dephosphory-

lated (Fig. 2A). Sim ilar data (not shown) were obtained

for Mcm 2p.

The t im ing of MCM proteins start ing to leave chro-

m at in (Fig. 2E) as well as Orc6p phosphorylat ion (Fig. 2A)

corresponded to the G 1 → S transit ion , 30–40 m in after

cells were released from the a factor block . This is

known to be the t ransit ion poin t from the proposed pre-

RC to post -RC at the G 1 / S boundary (Diffley et al. 1994).

MCM proteins reappearing on chrom at in and Orc6p

dephosphorylat ion at 90 m in after the release from the a

factor correlated with reestablishm ent of the pre-RC at

the end of m itosis. To test th is possibility m ore vigor-

ously, we perform ed chrom at in-binding experim ents

with a hom ozygous dbf2-2 diploid st rain that can be ar-

rested in m itosis at the rest rict ive tem perature of 37°C

and then released synchronously in to the next cell cycle

at the perm issive tem perature of 25°C. This sam e st rain

was used previously for genom ic footprin t ing experi-

m ents to define the t im ing of the t ransit ion from post -

RC to pre-RC and then from pre-RC to post -RC (Diffley

et al. 1994). At the rest rict ive tem perature, dbf2-2 cells

arrested in m itosis and had a post -RC footprin t . The pre-

RC was established ∼ 20 m in after the cells were sh ifted

to the perm issive tem perature. The t ransit ion occurred

at the end of m itosis (anaphase), righ t before m itot ic

spindles broke down. At 40 m in after the release, as cells

en tered S-phase, the pre-RC then converted back to post -

RC (Diffley et al. 1994).

We used the sam e st rain and condit ions to exam ine

MCM protein chrom at in binding (Fig. 2F). At 37°C (0

m in) or 10 m in after the release, when the post -RC is

known to be present , Mcm 2p was not associated with

chrom at in . Mcm 2p was on chrom at in 20 m in after re-

lease, the sam e t im e when the pre-RC was established.

At the onset of S-phase, 40 m in after the release, Mcm 2p

began to disappear from the chrom at in as the pre-RC

converted to the post -RC state. Sim ilar data (not shown)

were obtained for Mcm 3p. These precise tem poral cor-

relat ions between MCM protein binding to chrom at in

and loss of the hypersensit ive site in the genom ic foot -

prin t (and vice versa) suggest that MCM proteins are part

of the pre-RC. Reprobing for Orc6p on the sam e blot used

for Figure 2F showed that Orc6p dephosphorylat ion and

phosphorylat ion also coincided with t ransit ion from the

post -RC to pre-RC states and from the pre- to post -RC

states, respect ively (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-

sen t in the pre-RC.

N ew tem perature-sensit ive alleles of cdc6

Several recent studies indicate that Cdc6p is a key factor

in DN A replicat ion . Cdc6p is required for form at ion and

m ain tenance of the pre-RC and loading of MCM onto

chrom at in , is required for in it iat ion of replicat ion , and

cooperates with ORC on individual replicators to deter-

m ine the frequency of in it iat ion in the genom e (Diffley

et al. 1994; Liang et al. 1995; Cocker et al. 1996; Cole-

m an et al. 1996; Piat t i et al. 1996; Detweiler and Li 1997;

Donovan et al. 1997). The levels of CDC6 m RN A and

Cdc6 protein (at least the epitope tag version of Cdc6p)

fluctuate in the cell cycle; both are h igh in late M and

early G1, and very low in S, G 2, and early M phases (Zhou

and Jong 1990; Zwerschke et al. 1994; Piat t i et al. 1995;

Detweiler and Li 1997). CDC6 has also been im plicated

in cont rolling m itosis en t ry (Bueno and Russell 1992). To

invest igate further the roles of Cdc6p in DN A replica-

t ion , we carried out a PCR-based random m utagenesis of

the gene followed by plasm id shuffling to uncover the

propert ies of poten t ial cdc6 m utants. Several new alleles

of cdc6 t em perature-sensit ive m utants were thus iso-

lated. Two of them (cdc6-2 and cdc6-3) show prom iscuous

replicat ion phenotypes and were further characterized.

Cells contain ing a cdc6-2 plasm id as the sole source of

cdc6p are very sick even at 25°C (Fig. 3A) and can accu-

m ulate >2C DN A (data not shown), and we have not

been able to in tegrate the m utant gene in to the chrom o-

som e. cdc6-3 has been in tegrated in to the chrom osom e,

and the m utant has been characterized in m ore detail.

cdc6-3 cells are viable at 25°C and lose viability at 37°C

(Fig. 3A). The tem perature-sensit ive lethal phenotype of

cdc6-3 was recessive; however, the m utant had a second

phenotype of prom iscuous replicat ion even at the per-

m issive tem perature, which was dom inant in the hetero-

zygous diploid m utant cells.

When asynchronous cultures were sh ifted from 25°C

to 37°C, the wild-type cells (st rain w303-1A) grew,

whereas cdc6-3 cells did not (Fig. 3B), indicat ing a first

cell-cycle arrest of the m utant cells. This was confirm ed

by incubat ing single cells on plates at 37°C; the m utant

cells did not divide as seen under a m icroscope. More-

over, the m utant cells lost viability at 37°C after an in i-

t ial 1-hr delay (Fig. 3C).

After incubat ion at 37°C, the wild-type cells divided

norm ally, whereas cdc6-3 cells were arrested with large

buds (dum b bell), undivided single nuclei either in one of

the two buds or between the two buds, and short m itot ic

spindles (Fig. 3D; 37°C). Therefore, the m utant cells

failed to undergo m itosis at 37°C.

Flow cytom et ry (FACS) was used to m easure DN A

conten t of the wild-type and cdc6-3 cells (Fig. 4). To

avoid possible in terference from m itochondrial DN A

replicat ion , we used corresponding r° st rains lack ing m i-

tochondrial DN A for FACS analysis. When released from

the G1 a factor block in to fresh m edium at 37°C, wild-

type cells progressed through the cell cycle and eventu-

ally becam e asynchronous (Fig. 4A; shaded). The m utant

cells also entered S-phase, although with a delay (cf. t im e

poin ts at 60 and 90 m in to wild type), and in later t im e

poin ts m ost cells accum ulated with >2C DN A (Fig. 4A;

unshaded; 160 m in and 240 m in). Sim ilar data were ob-

tained with r+ st rains of w303-1A and cdc6-3, although

both the wild-type and m utant cells en tered S-phase

sligh t ly faster than the respect ive r° st rains (data not

shown).
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When the previously characterized cdc6-1 m utant

cells were sh ifted to the rest rict ive tem perature of 37°C,

they accum ulated in it ially in G 1 with 1C DN A, and then

som e cells went through reduct ional m itosis without

replicat ing their DN A and ended up with <1C DN A (Pi-

at t i et al. 1995; C. Liang and B. St illm an, unpubl.). This

is sim ilar to cells deprived of Cdc6p. Therefore, cdc6-1 is

a loss-of-funct ion m utat ion . On the other hand, cdc6-3

(also plasm id-borne cdc6-2; data not shown) m utant cells

failed to undergo m itosis at 37°C (Fig. 3D) and had >2C

conten t of DN A (Fig. 4). Therefore, these are gain-of-

funct ion m utat ions. It is im portan t to poin t out that

other replicat ion m utants such as orc2-1, orc5-1, cdc6-1,

or m cm m utants did not accum ulate >2C DN A as m ea-

sured by FACS (Gibson et al. 1990; Hennessy et al. 1991;

Bell et al. 1993; Loo et al. 1995; C. Liang and B. St illm an,

unpubl.), indicat ing that the phenotype was unique to

cdc6-3.

Prom iscuous replicat ion of cdc6-3 m utant

at the perm issive tem perature

The increase in nuclear DN A conten t above the norm al

post -S-phase 2C conten t in haploid cells could also be

observed when cdc6-3 cells were released from the a

factor block in to the cell cycle at the perm issive tem -

perature of 25°C. To prevent m itosis, nocodazole was

added at 60 m in post release. Wild-type cells en tered the

cell cycle and had a 2C DN A conten t by 90 m in (Fig. 4B;

shaded). cdc6-3 cells also entered the cell cycle, and m ost

cells had accum ulated ù2C DN A by 120 m in . By 240

m in , however, m ost of the m utant cells had ∼ 3C DN A

(Fig. 4B; unshaded).

Cell size had lit t le 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

m easurem ent in FACS and m icroscopy observat ions;

data not shown), the G 1 and G2 DN A peaks were in the

sam e posit ion for the wild-type and m utant cells (Fig.

Figure 3. N ew alleles of cdc6 t em perature-sensit ive m utants.

(A ) top, cdc6D st rains harboring either pCDC6, pcdc6-2, or

pcdc6-3 plasm id, and bot tom , in tegrated st rains (W303-1A as

the isogenic wild-type cdc6-3, and for com parison , cdc6-1) were

st reaked 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 t im es and cell num bers counted. (C ) Aliquots of cells

were ret rieved from 37°C at various t im es as in B, single cells

were plated and incubated at 25°C. Percent viable is the fract ion

of cells able to form colonies at 25°C, norm alized to the num ber

of viable cells at t im e 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 sim ilar; not shown).

Cells were fixed, prepared, stained with DAPI (for nuclei) and

ant itubulin ant ibody (for m itot ic spindles), and visualized by

N orm arsk i opt ics and fluorescence m icroscopy.

Figure 4. cdc6-3 m utant cells accum ulate m ore than 2C DN A.

r° st rains of W303-1A (th in lines and shaded area) and cdc6-3

(th ick lines and unshaded area) were grown asynchronously in

YPD at 25°C (YPD / Asy / 25°C), blocked in G1 with a factor (a

factor / 25°C), and then released in to fresh YPD at 37°C (A ), or at

25°C and then nocodazole (N oc) was added 60 m in post release

(B). Aliquots of cells were taken at various t im es after the re-

lease and analyzed by FACS. DN A conten ts of 1C and 2C, rep-

resen t ing G1 and G 2 cells, respect ively, are m arked. The peaks

very close to the vert ical axis (no DN A) are at t ribu table to bro-

ken (from sonicat ion) and dead cells, m ain ly of the m utant .
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4A, B; YPD / Asy / 25°C). Furtherm ore, when cells were

released from the a-factor block in to fresh m edium and

then blocked in G2 / M by nocodazole, the wild-type cells

reached the sam e size as the m utant cells (data not

shown), yet only the m utant cells showed >2C peaks

(Fig. 4B). Therefore, the righ tward sh ift in the DN A

peaks beyond 2C in the haploid m utant cells was at t rib-

u table to ext ranuclear DN A rather than other biom ass or

fluorescence art ifact s.

Two-dim ensional replicon-m apping gels (2-D gels)

were used to exam ine direct ly the in it iat ion of DN A

replicat ion in the wild-type and cdc6-3 cells. Wild-type

(W303-1A) or cdc6-3 m utant haploid cells either were

grown asynchronously in the rich m edium YPD at 25°C

(Fig. 5A,B), or were incubated for 4 hr at 25°C in YPD

contain ing the m icrotubule inh ibitor nocodazole, which

blocked cells at G2 / M (Fig. 5C,D). Cells were harvested,

total DN A was prepared, digested with N coI, and en-

riched for replicat ion in term ediates. The enriched frac-

t ions from the sam e am ount of total genom ic DN A for

each sam ple were resolved on 2-D gels. Blots of 2-D gels

were probed for the 5-kb N coI fragm ent contain ing

A RS1, a norm ally fu lly act ive replicat ion origin in wild-

type cells (Liang et al. 1995 and references therein).

When grown in YPD, the vast m ajority of wild-type

cells in it iated replicat ion from A RS1 in alm ost every cell

cycle, as the two-dim ensional gel shows an expected

clear bubble-to-fork arc t ransit ion and very lit t le fork

m igrat ion through the origin (Fig. 5A). cdc6-3 cells gave

a bubble arc in addit ion to a com plete fork arc (Fig. 5B),

indicat ing a lower frequency of in it iat ion at A RS1 and

subsequent passive replicat ion through th is locus, which

was sim ilar to resu lt s previously observed with cdc6-1,

orc2-1, or orc5-1 m utants (Fox et al. 1995; Liang et al.

1995). In nocodazole-contain ing m edium , wild-type cells

lacked a bubble arc as expected, as cells were arrested in

G 2 / M (Fig. 5C; the fork arc probably represents a sm all

num ber of cells not yet arrested at G 2 / M). In st rik ing

cont rast , cdc6-3 cells st ill had a clearly visible bubble

arc, although they had been arrested in a G 2-like state

with ù2C DN A (Fig. 5D).

These data suggest that , un like the wild-type, cdc6-3

cells in it iated DN A replicat ion in G2 / M, resu lt ing in a

DN A conten t m ore than the norm al 2C am ount . This

prom iscuous replicat ion phenotype can explain why the

m utant cells have difficu lty entering in to m itosis (∼ 11%

of asynchronous m utant cells have long m itot ic spindles

and ∼ 80% budded vs. ∼ 23% for the wild type with ∼ 40%

Figure 5. cdc6-3 cells in it iate replicat ion even in G 2 / M and th is phenotype is dom inant . Haploid (W303-1A and cdc6-3; A –D ) and

diploid st rains (W303-1, cdc6-3 / W303-1B and cdc6-3 / cdc6-3; E–J) were grown asynchronously in YPD at 25°C (A , B, E–G ), or incubated

in YPD contain ing nocodazole at 25°C for 4 hr (C,D, H–J). Sm all aliquots of cells were analyzed by FACS and the rem ain ing cells were

processed for two-dim ensional gels, which were probed for the 5-kb N coI fract ion contain ing A RS1 on the chrom osom e.
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budded) and lose viability in a fract ion of the populat ion

(20–25% ), even at the perm issive tem perature.

To determ ine whether the prom iscuous in it iat ion phe-

notype was recessive or dom inant , the in it iat ion of DN A

replicat ion in hom ozygous wild type (W303-1), hetero-

zygous (cdc6-3 / W303-1B), and hom ozygous (cdc6-3 /

cdc6-3) st rains was invest igated using the sam e proce-

dures used for haploid cells. These analyses showed that

th is phenotype was dom inant (Fig. 5E–J). Thus, the

cdc6-3 m utant is a com plex one, with a recessive, tem -

perature-sensit ive phenotype for growth , yet at the sam e

t im e is a weak gain-of-funct ion allele. When the gain-of-

funct ion phenotype was too penet ran t , as in cdc6-2, th is

resu lted in m ore over-replicat ion and decreased st rain

viability (data not shown; see Fig. 3A). Because haploid

cells also displayed the prom iscuous replicat ion pheno-

types, we conclude that cdc6-3 is a dom inant gain-of-

funct ion allele.

MCM protein chrom at in associat ion is cell cycle

independent in cdc6-3 cells

Because MCM proteins appear to be com ponents of the

pre-RC, the binding of these proteins to chrom at in was

invest igated in cdc6-3 cells during the cell cycle. Only

the chrom at in-bound fract ions are shown (Fig. 6). As in

wild-type cells, ORC was associated with chrom at in

throughout the cell cycle in cdc6-3 cells at 25°C (Fig.

6A). The t im ing of Orc6p phosphorylat ion and dephos-

phorylat ion during the cell cycle was sim ilar to the wild

type (cf. Figs. 2A and 6A), indicat ing that cdc6-3 cells

progressed through som e aspects of the cell cycle with

sim ilar k inet ics as wild-type (also see FACS; Figs. 2B and

6B). Unlike in wild-type cells, however, Mcm 3p was

bound to chrom at in throughout the ent ire cell cycle in

cdc6-3 cells (Fig. 6C). Sim ilar data (not shown) were ob-

tained for Mcm 2p. This was not at t ribu table to the low

frequency of in it iat ion in cdc6-3, because m ost , if not all,

of cdc6-3 cells en tered S phase and accum ulated a fu lly

replicated ù2C am ount of DN A after release from the a

factor block (Fig. 6B). Moreover, cdc6-1 and orc5-1 cells

also have a lower than norm al frequency of in it iat ion at

the perm issive tem perature (Liang et al. 1995) sim ilar to

that of cdc6-3, yet the chrom at in associat ion of MCM

proteins in cdc6-1 and orc5-1 m utants was cell cycle

regulated in a sim ilar m anner as found in wild-type cells;

that is, Mcm 2p (Fig. 7A) and Mcm 3p (data not shown)

were not chrom at in bound in S and G 2. Also not ice that

unlike cdc6-3, orc5-1 or cdc6-1 cells did not accum ulate

>2C DN A when they were released from the a factor

block (Fig. 7B). These data dem onst rate that the cont inu-

ous binding of MCM proteins in cdc6-3 cells was not

at t ribu table to slow progression through S phase, bu t

rather is specific for th is part icu lar form of m utant cdc6

protein .

Mcm 2 and Mcm 3 proteins were also found in the high-

speed pellet (polynucleosom es) from cdc6-3 cells ar-

rested at G 2 / M by nocodazole (data not shown), confirm -

ing that the MCM proteins found in the low-speed crude

chrom at in pellet s from S and G 2 cdc6-3 cells (Fig. 6C)

were actually chrom at in bound.

Together, these data indicate that the com peten t state

of replicators in S and G2 in cdc6-3 cells includes chro-

m at in-bound MCM proteins, probably together with the

m utant cdc6-3 protein . We have not been able to detect

clearly endogenous Cdc6p or cdc6-3p in crude yeast ex-

t ract s or chrom at in fract ions with the available Cdc6p

ant ibodies.

Prom iscuous in it iat ion occurs despite h igh Cdc28/ Clb

k inase act iv it ies

The available evidence suggests that Cdc28 / Clb5(/ Clb6)

k inases norm ally act ivate replicat ion at the G 1 / S bound-

ary and then the m itot ic CDK cyclins inh ibit rereplica-

t ion in S and G2 (Schwob et al. 1994; Dahm ann et al.

1995; Piat t i et al. 1996). Moreover, Cdc28p in teracts

with Cdc6p (Elsasser et al. 1996; Piat t i et al. 1996). Sim i-

lar in teract ions occur with the equivalen t proteins in

Schizosaccarom yces pom be (Jallepalli and Kelly 1997).

Figure 6. MCM protein chrom at in associat ion

is cell cycle independent in cdc6-3 cells. Chro-

m at in-binding experim ents were carried out

with cdc6-3 cells in the sam e way as W303-1A

cells in Fig. 2. Only the crude chrom at in pellet

fract ions were shown for ORC (A ) and Mcm 3p

(C ). The endogenous ORC (Orc2 and Orc4 bands

visible only in darker exposures; not shown) and

Mcm 3p were detected in all lanes. Sm all aliquots

of cells were analyzed by FACS (B).

Cdc6p controls once-per-cell-cycle DNA replication

GENES & DEVELOPMENT 3381

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Therefore, it was conceivable that in wild-type cells,

once the pre-RC converted to a post -RC state after in i-

t iat ion , the high CDK act ivit ies in S and G2 prevented

reassociat ion of MCM proteins with chrom at in by

blocking Cdc6p funct ion . Because we found that the

MCM proteins rem ained chrom at in bound during the

cell cycle in cdc6-3 cells, we asked whether there was an

absence of h igh CDK act ivit ies in cdc6-3 cells, or pro-

m iscuous in it iat ion occurs despite the high CDK act ivi-

t ies.

Either wild-type or cdc6-3 cells were released in to the

cell cycle at 25°C from the G 1 a factor block , and

sam ples were taken at various t im es after the release.

N at ive proteins were ext racted, Cdc28p was precipitated

with p13 / Suc1–agarose beads, and assayed for h istone

H1 kinase act ivity (Fig. 8).

Cont rol glu tath ion–agarose beads did not pull down

the kinase (Fig. 8; Ct rl bead). The histone H1 kinase ac-

t ivity 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 m in after the release, and rose to higher

levels after 40 m in . The last lane shows the expected

high kinase act ivity when cells were arrested at G2 / M

with nocodazole for 4 hr at 25°C. The kinase act ivity

during the cell cycle for the cdc6-3 cells was very sim ilar

to those for wild-type cells. N ot ice that the kinase ac-

t ivity from cdc6-3 cells that were in nocodazole-contain-

ing m edium was as h igh as wild type, yet cdc6-3, but not

wild-type cells, were able to in it iate DN A replicat ion

under these condit ions (see Fig. 5C,D). Therefore, MCM

protein chrom at in associat ion and in it iat ion of DN A

replicat ion in cells arrested at G2 / M in cdc6-3 cells in

the presence of the norm al level of Cdc28 kinase act ivi-

t ies. These resu lt s suggest that the negat ive cont rol by

m itot ic cyclins on establish ing the pre-RC is m ediated

through Cdc6p. cdc6-3 m utant cells ignore th is negat ive

cont rol and prom iscuous in it iat ion of DN A replicat ion

occurs.

Discussion

ORC is a sequence-specific DN A-binding protein that

binds to replicators that determ ine the locat ion of ori-

gins of DN A replicat ion in S. cerev isiae (Bell and St ill-

m an 1992). Genom ic footprin t ing experim ents have sug-

Figure 8. The CDK act ivit ies in S and G 2 in cdc6-3 are as h igh

as in the wild-type cells. W303-1A and cdc6-3 cells were grown

asynchronously in YPD at 25°C (Asy), synchronized in G 1 with

a factor (0 m in) and then released in to fresh YPD at 25°C.

Sam ples were taken at various t im es (20–120 m in) after the

release. The last lanes (N oc) were from cells incubated in YPD

contain ing nocodazole at 25°C for 4 hr. N at ive proteins were

ext racted and used for p13 bead precipitat ion . The precipitates

were assayed for h istone H1 kinase act ivit ies.

Figure 7. MCM protein chrom at in binding is cell cycle regulated in orc5-1 and cdc6-1 m utants. Chrom at in-binding experim ents were

carried out with W303-1a, orc5-1 or cdc6-1 cells across the cell cycle, and the chrom at in bound Mcm 2p was assayed (A ). Sm all aliquots

of cells were analyzed by FACS (B). (Asy) asynchronous cells; (0 m in) a factor blocked cells.
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gested that ORC binds the replicator throughout m ost , if

not all, of the cell cycle (Diffley and Cocker 1992; Diffley

et al. 1994). Our chrom at in-binding assay provides direct

physical evidence that all ORC subunit s rem ain bound

to chrom at in at all t im es, and thus ORC has the poten-

t ial to serve as the DN A-bound landing pad for other

in it iat ion proteins. It is m ost likely that ORC is bound to

replicator sequences in chrom at in , a resu lt dem onst rated

recent ly by Tanaka et al. (1997). On the other hand,

MCM proteins bind chrom at in in a cell cycle-dependent

fash ion , consisten t with them being part of the m echa-

n ism that licenses replicat ion in yeast , as has been dem -

onst rated in Xenopus egg ext ract s (for review, see Chong

et al. 1996). A recent chrom at in-binding study using cell

cycle inh ibitors and cdc m utants shows that MCM is on

chrom at in in G 1 (a factor and cdc7), m uch less so in S

(hydroxyurea), and not at all in G2 / M (nocodazole and

cdc15) (Donovan et al. 1997).

The idea of two states (pre- and post -RC) of proteins

bound to the replicator has com e from genom ic foot -

prin t ing studies, principally from the absence and pres-

ence, respect ively, of a DN ase I hypersensit ive site

with in the ARS B1 elem ent (Diffley et al. 1994). We have

shown that MCM proteins bind chrom at in when the hy-

persensit ive site is absent (pre-RC) in late M and G1, and

are not on chrom at in when the hypersensit ive site is

presen t (post -RC) in S, G 2, and early M phases. Coupled

with the observat ion that im m unoprecipitat ion of

tagged Mcm 7p coprecipitated replicat ion origin contain-

ing DN A (Tanaka et al. 1997), these data suggest st rongly

that chrom at in-bound MCM proteins are part of the pre-

RC and cont ribu te to protect ion at the B1 site from DN -

ase I.

The num ber of ORC m olecules (∼ 600) in the cell

roughly equals the num ber of replicat ion origins, bu t the

MCM proteins are at least 20 t im es m ore abundant (Lei

et al. 1996; Donovan et al. 1997). The am ount of chro-

m at in-bound Cdc6p in G 1 also approxim ates that of the

num ber of replicat ion origins (Donovan et al. 1997).

Paradoxically, Mcm 2p appears to be lim it ing for replica-

t ion (Lei et al. 1996). Only a sm all fract ion , however, of

the cellu lar MCM proteins bind chrom at in . Therefore, it

is likely that the fract ion of chrom at in-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, act s at individual replicators, rather

than globally on the chrom osom es. Consisten t with th is

not ion , m utants in five of the MCM fam ily of genes have

reduced frequencies of in it iat ion (Yan et al. 1993; C. Li-

ang and B. St illm an, unpubl.).

Our analysis of the cdc6-3 gain-of-funct ion m utants

revealed three in terest ing and related phenotypes. First ,

the m utant cells accum ulate abnorm al am ounts of

nuclear DN A without passing through m itosis. Second,

two-dim ensional gel analyses suggest that in it iat ion of

DN A replicat ion occurs late in the cell cycle when it is

norm ally inhibited in wild-type cells. Third, the MCM

proteins rem ain bound to the chrom at in at t im es when

they are not bound in other cells. Com bined, these phe-

notypes suggest that the cell cycle cont rol of in it iat ion of

DN A replicat ion is awry in the cdc6-3 m utant cells, re-

su lt ing in over-replicat ion of the genom e, leading to ge-

net ic instability and inviability.

Cdc6p in teracts with ORC, and is required for loading

of MCM proteins onto chrom at in , form at ion of the pre-

RC, and in it iat ion of DN A replicat ion (Liang et al. 1995;

Cocker et al. 1996; Colem an et al. 1996; Piat t i et al.

1996; Detweiler and Li 1997; Donovan et al. 1997).

Cdc6p can execute it s funct ion between the end of ana-

phase and late G1, before act ivat ion of replicat ion by

Cdc28p/ Clb5p and Clb6p kinases (Piat t i et al. 1996). For-

m at ion of the pre-RC in the rest of the cell cycle is pre-

vented by high CDK act ivit ies of Cdc28p/ Clb cyclins

(Dahm ann et al. 1995), and high levels of Cdk2/ cyclin E

inhibit Mcm 3p chrom at in binding and replicat ion in

Xenopus egg ext ract s (Hua et al. 1997). Because a cdc6

m utant can bypass the CDK inhibit ion of rereplicat ion ,

we propose that th is negat ive regulat ion is m ediated

through Cdc6p.

cdc6-3 m utant cells have a lower frequency of in it ia-

t ion of DN A replicat ion at any given origin , sim ilar to

cdc6-1 and several orc (Fox et al. 1995; Liang et al. 1995)

and m cm m utants (Yan et al. 1993; C. Liang and B. St ill-

m an, unpubl.), probably at t ribu table to lower concent ra-

t ions (Bell et al. 1993; Loo et al. 1995) or lower act ivity of

these in it iat ion proteins. When shifted to the rest rict ive

tem perature, the frequency of in it iat ion is further re-

duced so that these m utant cells are arrested in the cell

cycle and die. However, un like cdc6-1 or orc m utants,

cdc6-3 cells cont inue to in it iate DN A replicat ion even

after 3 hr at the rest rict ive tem perature in the presence of

nocodazole, albeit at a lower frequency than wild type,

leading to accum ulat ion of ù3C DN A and eventually

cell inviability. The loss of cell viability, as detected by

the inability to form colonies on plates at the perm issive

tem perature, is probably at t ribu table to the increased ge-

net ic instability in the cdc6-3 m utants as a resu lt of the

prom iscuous in it iat ion of replicat ion .

The prom iscuous in it iat ion of DN A replicat ion in the

cdc6-3 m utant was also observed even at the perm issive

tem perature in a single cell cycle. This phenotype was

dom inant , bu t probably not fu lly penet ran t because such

a m utant would cause too m uch genom e instability and

cell death . The cdc6-2 m utant over-replicated it s DN A

m ore than cdc6-3 (data not shown), and these cells were

less viable than cdc6-3 cells.

Persisten t in it iat ion of DN A replicat ion and MCM

protein chrom at in associat ion in cdc6-3 cells occur al-

though the Cdc28/ Clb kinase act ivit ies in S and G2 in

the m utant cells were as h igh as in wild-type cells. It is

possible that the funct ion of Cdc6p to load MCM pro-

teins is regulated by the CDK cyclins, perhaps through

the ATP-binding site in Cdc6p, and that the m utant cdc6

protein is locked in to a const itu t ively act ive conform a-

t ion , rendering it im m une to the inhibitory effect s of the

m itot ic cyclins. As a resu lt , either the MCM proteins

rem ain bound on replicated chrom at in and in it iat ion of

DN A replicat ion can occur even in G 2 / M, or that in it ia-

t ion com plexes contain ing MCM proteins can be re-

form ed cont inually, even in the presence of h igh m itot ic
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CDK act ivity. This was specific for cdc6-3 cells, and was

not observed in other m utants that have a lower fre-

quency of in it iat ion than wild-type cells. Thus, the pro-

m iscuous in it iat ion of replicat ion and constan t chrom a-

t in binding of MCM protein in cdc6-3 cells were not

at t ribu table to slow S-phase progression .

Rereplicat ion phenotypes in S. cerev isiae have been

reported in the ubiquit in hydrolase (Singer et al. 1996)

and cdc16 and cdc27 m utants (Heichm an and Robert s

1996). Curren t ly, the relat ionsh ip between these and

CDC6 genes is unknown. Overexpression of the Cdc6-

related protein called cdc18+ in S. pom be, either direct ly

or indirect ly, causes m ult iple rounds of replicat ion of the

genom e without m itosis (N ish itan i and N urse 1995;

Muzi-Falconi et al. 1996). In all of these cases, over-rep-

licat ion could be at t ribu table to the high levels of pro-

teins that are norm ally degraded by ubiquit in -m ediated

proteolysis indirect ly affect ing CDK/cyclin act ivity late

in the cell cycle. This could resu lt in a block to m itosis

but allow m ult iple rounds of S phases in these cells.

The phenotype of the cdc6-3 m utant is rem arkably

sim ilar to the prom iscuous in it iat ion of DN A replicat ion

found in the Escherich ia coli DnaA cos m utant (Kata-

yam a 1994; Katayam a and Kornberg 1994). The DnaA

init iator protein binds to O riC origin in it s act ive ATP-

bound form , slowly hydrolyzes the ATP to form an in-

act ive ADP-bound form that cannot in it iate replicat ion

(for review, see Skarstad and Boye 1994). DnaA cos is a

revertan t of the DnaA 46 t em perature-sensit ive m utant

and like cdc6-3, contains m ult iple m utat ions. The

DnaAcos protein causes prom iscuous in it iat ion of DN A

replicat ion in vivo and in vit ro by overcom ing an un-

known negat ive regulat ion of in it iat ion . In terest ingly,

the m utant protein cannot bind ATP. We suggest that

the norm al funct ion of Cdc6p m ay also be sensit ive to

ATP, just like the DnaA init iator and it s eukaryot ic se-

quence relat ive in the ORC com plex Orc1p (Bell et al.

1995; Klem m et al. 1997). Therefore, it is possible that

cdc6-3p m ay have unregulated ATP binding, causing an

altered conform at ion and resistance to negat ive cont rol

by the CDK cyclins. Finally, we consider it probable that

Cdc6p m ay cont rol the switch to am plificat ion cycles

during developm ent in certain cell types, such as the

ORC-dependent am plificat ion of the chorion genes in

Drosophila (Landis et al. 1997).

Materials and methods

Yeast st rains and plasm ids

All yeast st rains used were, or derivat ives of, W303-1A (Mata),

W303-1B (Mata) (ho, ade2, t rp1, can1, leu2, h is3, GA L, psi+), or

W303-1 (W303-1A/ W303-1B), except for st rain J2 (dbf2-2 / dbf2-

2) (Diffley et al. 1994) used in Figure 2F. All cdc6D st rains were

derived from st rain GS1 (W303-1; cdc6D::h isG-U RA 3–hisG /

CDC6), k indly provided by Gavin Sherlock and Bruce Futcher

of Cold Spring Harbor Laboratory, in which all bu t 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 disrupt ion m ethod

(Schneider et al. 1996). The U RA 3 gene used to disrupt CDC6

was later inact ivated by use of 5-fluoro-orot ic acid. The fol-

lowing st rains are cdc6D in W303-1A contain ing pRS426–

CDC6 (YB0209), pRS415–2.1CDC6 (YB0321), pRS415–cdc6-2

(YB0275), or pRS415–cdc6-3 (YB0276). YB0297 is cdc6-3 in te-

grated in W303-1A by t ransplacem ent , and YB0044 is Mata,

cdc6-1 (backcrossed four t im es to W303; Liang et al. 1995). r°

st rains (YB0433 from W303-1A and YB0434 from cdc6-3) were

generated by growing the r+ st rains in SCM m edium contain ing

20 µg/ m l of EtBr overn ight at 25°C and then select ing for in-

ability to grow on glycerol plates. Diploid st rains were YB0325

(cdc6-3 / W303-1B) and YB0323 (cdc6-3 / cdc6-3).

pRS426–CDC6 is the 3.1-kb Mlu I–EcoRI CDC6 fragm ent

cloned in pRS426 (2µ ARS, U RA 3) by exchanging the vectors

with pRS415–CDC6 (Liang et al. 1995). pKS-2.1CDC6 was con-

st ructed by ligat ing the 2.1-kb HindIIIN arI CDC6 fragm ent

from pRS415-CDC6 (HindIII site is in the vector just upst ream

of the Mlu I site of the CDC6 prom otor) to pBluescript / KS+

(St rategene) cu t with HindIII and ClaI. pRS415–2.1CDC6 (short -

handed as pCDC6) was const ructed by ligat ing the 2.1-kb Hin-

dIII–XhoI (both sites on vector) fragm ent contain ing CDC6 from

pKS–2.1CDC6 to pRS415 (CEN 6, H4 ARS, LEU 2) cu t with the

sam e enzym es. pRS415–cdc6-2 (as pcdc6-2) and pRS415–cdc6-3

(as pcdc6-3) were derived from pRS415–2.1CDC6 by random

m utagenesis.

Cell synchronizat ion and release

Cells were grown in YPD at 25°C to early log phase (∼ 5 × 106

cells / m l), a factor was then added to 5 µg/ m l, and the culture

was incubated with shaking for 1.5 hr at 25°C. Another 5 µg/ m l

of a 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 sh ift ing to 37°C was achieved by

swirling culture flasks in ∼ 50°C water. N ocodazole (20 µg/ m l)

was used to arrest cells in G 2 / M. YPD with 4% dext rose was

used for the r° st rains.

Protein chrom at in-b inding assay

About 1 × 109 cells at ∼ 2 × 107 cells / m l were harvested and so-

dium azide was added to 0.1% . Cells were spheroplasted accord-

ing to Conradt et al. (1992) with m odificat ions. Cells were in-

cubated at room tem perature for 10 m in in 3 m l of presphero-

plast ing buffer [100 m M PIPES (pH 9.4), 10 m M DTT], followed

by incubat ion in 2 m l of spheroplast ing buffer [50 m M KH 2PO 4 /

K2HPO 4 (pH 7.5), 0.6 M Sorbitol, 10 m M DTT] contain ing 80 µl

of 1 m g/ m l of Oxalyt icase (Enzogenet ics) at 30°C for 10–15 m in

with occasional m ixing, unt il the OD 600 of a 1:100 dilu t ion of

the cell suspension (in water) dropped to <10% of the value

before digest ion . Sphereoplast s, without incubat ion for recovery

and regrowth , were washed with 1 m l of ice-ch illed wash buffer

[100 m M KCl, 50 m M HEPES-KOH (pH 7.5), 2.5 m M MgCl2, and

0.4 M Sorbitol], pelleted at 4000 rpm for 1 m in in a m icrocen-

t rifuge at 4°C, and resuspended in an equal pellet volum e (∼ 80

µl) of ext ract ion buffer [EB; 100 m M KCl, 50 m M HEPES-KOH

(pH 7.5), 2.5 m M MgCl2, 50 m M N aF, 5 m M N a4P2O 7, 0.1 m M

N aVO 3], and protease inhibitors (1 m M PMSF, 20 µg/ m l of leu-

pept in , 2 µg/ m l of pepstat in , 2 m M benzam idine HCl, and 0.2

m g/ m l of bacit racin). The suspension was split in to three tubes,

each with 25% (for fract ion 1. WCE), 25% (for fract ions 2. Sup

and 3. Pel), and 50% (for fract ions 4–7) of the total. Spheroplast s

were lyzed by adding Triton X-100 to 0.25% and incubat ing on

ice for 5 m in with gent le m ixing. Lysate was underlayered with

50% volum e of 30% sucrose (volum e refers to the volum e of the

spheroplast suspension in EB; the sam e below), and spun at

12,000 rpm for 10 m in at 4°C. Pellet was washed with 25%

volum e of EB contain ing 0.25% Triton X-100 (EBX), and spun

again at 10,000 rpm for 5 m in at 4°C. The crude chrom at in

pellet for fract ions 4–7 was incubated in 50% volum e of EBX at
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37°C for 2 m in . CaCl2 (to 1 m M) and 600 µ M unit s of MN ase

were added, and incubat ion cont inued for 1 m in with m ixing.

Digest ion was stopped by adding EGTA to 1 m M , and spun at

10,000 rpm for 2 m in at 4°C. Pellet was digested once m ore with

200 µ M unit s of MN ase in 25% volum e of EBX and spun as

above. Supernatan ts were com bined, and then split equally in to

two: one for fract ion 4 (MN ase Sup) and the other for h igh speed

fract ions 6 and 7. The lat ter was cent rifuged at 100,000 g (50,000

rpm in Beckm an TLA-100.3 rotor) for 1 hr at 4°C. All pellet

fract ions were resuspended in EBX, and the volum es of all frac-

t ions were adjusted with EBX (∼ 60 µl final volum e) to reflect the

sam e cell equivalen t . Equal volum es of 2× Laem m li’s buffer

were added to each fract ion . Sam ples were boiled for 3 m in , and

spun at 10,000 rpm for 1 m in before loading to 12.5% SDS-

PAGE gels.

Random m utagenesis of CDC6 and isolat ion of new cdc6

t em perature-sensit ive m utants

The CDC6 gene was am plified from pKS–CDC6 by PCR using

universal sequencing (T7) and reverse sequence prim ers from

the vector. PCR was perform ed using five unit s of Am pliTag

polym erase (Perk in-Elm er) in 100 µl of standard buffer from the

m anufacturer plus 0.1 ng of tem plate, 50 pm oles each of prim ers

and 20 m M each of dN TP for 25 cycles of (94°C, 1 m in; 54°C, 1

m in; 72°C, 3 m in) after an in it ial 2 m in at 94°C. PCR products

were cut with XhoI and HindIII, and the 2.1-kb fragm ent was gel

purified and cloned in to pRS415 cut with the sam e enzym es.

Plasm ids were t ransform ed in to E. coli and recovered from

∼ 60,000 pooled prim ary t ransform ants.

Plasm ids (5 µg) from the m utagenized library were t rans-

form ed in to YB0209. After incubat ion at 25°C for 4 days,

∼ 14,000 t ransform ants that were in the range of 200–300 colo-

n ies / plate were replica-plated onto two sets of FOA–Leu plates,

and incubated at 25 or 37°C. Plasm ids from tem perature-sensi-

t ive colonies were retested by the sam e plasm id shuffle. Two

m utants were sequenced with ABI377 sequencer (Perk in

Elm er): 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 m icroscopy , tw o-d im ensional gels, and FA CS

Fluorescence m icroscopy (Diffley et al. 1994) and two-dim en-

sional gels (Liang et al. 1995) were perform ed essent ially as de-

scribed. For FACS, ∼ 5 × 106 cells for each sam ple were fixed in

70% ethanol, resuspended in 50 m M sodium cit rate (pH 7.2),

briefly sonicated, digested with 0.25 m g/ m l RN ase in the sam e

buffer followed by 1 m g/ m l of proteinase K, each for 1 hr at

50°C. DN A was stained with 10 µg/ m l of propidium iodide, and

50,000 cells from each sam ple were scanned with Elite (Coulter)

or FACSCalibur (Becton-Dickinson) FACS m achine.

Histone H1 k inase assay and W estern blot t ing

Suc1 / p13 bead precipitat ion and histone H1 kinase assay were

according to Elsasser et al. (1996). Ext ract contain ing 250 µg of

proteins from each sam ple was used for the kinase assay. For

Western blot t ing, proteins were t ransferred to nit rocellu lose,

and blocked with 5% dry m ilk in TBST (0.1% Tween 20). Mono-

clonal an t ibodies (m Ab) from ascites against Orc1–Orc6 sub-

unit s were SB35, 46, 3, 12, 5, and 49 in dilu t ions of 1:1000,

1:500, 1:50,000, 1:2000, 1:2000, and 1:2000, respect ively, plus

SB16 against Orc1p in 1:2000. Mcm 2 and Mcm 3 m Ab were 28

and 18, respect ively, both in 1:10,000. Horseradish peroxidase-

coupled ant i-m ouse secondary ant ibody was used in 1:10,000 in

TBST contain ing 5% dry m ilk . React ive bands were visualized

with the SuperSignal or SuperSignal ULTRA chem ilum inescent

k it (Pierce).
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