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Checkpoints that respond to DNA structure changes were originally defined by the inability of yeast mutants

to prevent mitosis following DNA damage or S-phase arrest. Genetic analysis has subsequently identified

subpathways of the DNA structure checkpoints, including the reversible arrest of DNA synthesis. Here, we

show that the Cds1 kinase is required to slow S phase in the presence of DNA-damaging agents. Cds1 is

phosphorylated and activated by S-phase arrest and activated by DNA damage during S phase, but not during

G1 or G2. Activation of Cds1 during S phase is dependent on all six checkpoint Rad proteins, and Cds1

interacts both genetically and physically with Rad26. Unlike its Saccharomyces cerev isiae counterpart Rad53,

Cds1 is not required for the mitotic arrest checkpoints and, thus, defines an S-phase specific subpathway of

the checkpoint response. We propose a model for the DNA structure checkpoints that offers a new perspective

on the function of the DNA structure checkpoint proteins. This model suggests that an intrinsic mechanism

linking S phase and mitosis may function independently of the known checkpoint proteins.
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Checkpoin t pathways that respond to changes in DN A

structure ensure the in tegrity of the DN A. After detec-

t ion of specific DN A or DN A–protein st ructures, a signal

is t ransduced to effector m olecules that im plem ent

checkpoin t -dependent responses such as cell-cycle arrest

(Elledge 1996). Many com ponents of the DN A-st ructure

checkpoin t pathways have been ident ified (Carr and

Hoekst ra 1995). In the fission yeast Schizosaccharom y-

ces pom be, a group of six checkpoin t Rad proteins (Rad1,

Rad3, Rad9, Rad17, Rad26, and Hus1) are thought to par-

t icipate in the m onitoring and signaling processes that

detect both DN A dam age and incom plete DN A replica-

t ion (Al-Khodairy and Carr 1992; Enoch et al. 1992; Row-

ley et al. 1992; Al-Khodairy et al. 1994). Cent ral to th is

group is the Rad3 protein , which shares hom ology with

both budding yeast and hum an checkpoin t proteins

(Savit sky et al. 1995; Bent ley et al. 1996; Cim prich et al.

1996). Rad3 is a m em ber of a larger subfam ily of protein

k inases that share st ructural sim ilarit ies. This subfam ily

consist s of large proteins with a lipid k inase-related do-

m ain at the carboxyl term inus. One m em ber, DN A–P-

Kcs, is well characterized as a protein k inase that is ac-

t ivated by associat ion with DN A-binding subunit s (Jeggo

et al. 1995). By analogy with DN A–PK, we have proposed

that Rad3 is act ivated by the other checkpoin t Rad pro-

teins, which m ay in teract with the specific DN A or

DN A–protein st ructures generated by DN A dam age and

DN A synthesis (Carr 1997).

DN A st ructure checkpoin ts respond to several dist inct

signals. The best characterized are DN A dam age caused

by UV or g-irradiat ion and S-phase arrest resu lt ing from

hydroxyurea (HU) exposure. In response to DN A dam -

age, but not S-phase arrest , Chk1 kinase becom es phos-

phorylated in a m anner dependent on Rad3 and the other

checkpoin t Rad proteins (Walworth and Bernards 1996).

Thus, in th is case, an effector is act ivated only in re-

sponse to specific inputs. Thus, the dam age and replica-

t ion checkpoin ts can be form ally considered as dist inct

pathways.

The DN A structure checkpoin ts were first iden t ified

by their effect s on m itosis (Weinert and Hartwell 1988;

Enoch and N urse 1990). The checkpoin t pathways, how-

ever, cont rol other responses. For exam ple, following
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t reatm ent with HU, the checkpoin t Rad proteins are es-

sen t ial to enable cells to survive S-phase arrest . In the

absence of the checkpoin t Rad proteins, HU causes rapid

cell death during S phase (Enoch et al. 1992; Carr 1994),

even though DN A synthesis can cont inue after the HU

is rem oved. Thus, checkpoin t -dependent reversible S-

phase arrest is vital to survival when replicat ion is per-

turbed. A related phenotype is also seen when check-

poin t m utants are exposed to DN A dam age during S

phase: Survival of S-phase cells is dependent on a func-

t ional checkpoin t pathway (Al-Khodairy et al. 1994).

In Saccharom yces cerev isiae, two proteins (Mec1 and

Rad53) have been ident ified that are involved in both the

DN A dam age and the DN A replicat ion checkpoin ts.

Mec1 (Kato and Ogawa 1994; Weinert et al. 1994) is a

hom olog of Schizosaccharom yces pom be Rad3. Rad53 is

a protein k inase that is phosphorylated and act ivated in

response to DN A dam age and HU exposure (Allen et al.

1994; Sanchez et al. 1996; Sun et al. 1996). Rad53 act i-

vat ion is dependent on Mec1, but null m utan ts of

RA D53 are only part ially defect ive in G2 arrest after

DN A dam age (Pat i et al. 1997). In S. pom be, a st ructural

hom olog of Rad53, called Cds1, has been ident ified as a

m ult icopy suppresser of a tem perature-sensit ive DN A

polym erase a m utat ion (Murakam i and Okayam a 1995).

Cds1 was proposed to link DN A replicat ion to the m i-

tot ic m achinery. Cds1 is not required to prevent m itosis

following DN A dam age.

In th is report we show that Cds1 is a protein k inase

that is phosphorylated and act ivated by DN A-replicat ion

arrest and act ivated by DN A dam age. The act ivat ion by

DN A dam age is only seen in S phase, suggest ing that the

Cds1 response is specific to replicat ion st ructures. The

m ajor effect of Cds1 delet ion is not the inappropriate

onset of m itosis, bu t an inability of cells to properly

regulate S phase when challenged during replicat ion . We

propose a m odel for Cds1 funct ion in which Cds1 defines

a subpathway of the DN A structure checkpoin ts that

prevents irreversible lethal DN A dam age from occurring

when DN A synthesis is perturbed.

Results

S-phase arrest causes m itot ic delay in the absence

of Cds1

Cds1 has been reported to link S phase to m itosis (Mu-

rakam i and Okayam a 1995). In cds1 null m utan ts ar-

rested in S phase by HU, however, m itot ic arrest is es-

sen t ially norm al during the first 6 hr (Fig. 1A and Fig. 3

of Murakam i and Okayam a 1995), approxim ately the

length of t im e that HU delays bulk DN A synthesis

(Sazer and Sherwood 1990). Despite th is m itot ic delay,

there is rapid and irreversible loss of viability associated

with ent ry in to S phase in the presence of HU (Mu-

rakam i and Okayam a 1995). Rapid loss of viability dur-

ing S phase is also seen with the checkpoin t rad class of

m utants (Enoch et al. 1992; Carr 1994).

Cds1 is required for the response to DN A dam age

It has been reported that cds1 m utant cells are not sen-

sit ive to DN A dam age (Murakam i and Okayam a 1995).

These studies used UV as the DN A-dam aging agent . We

find that Cds1 null cells are sign ifican t ly sensit ive to UV

(Fig. 1B) and ionizing radiat ion (Fig. 1C), despite the fact

that they m ain tain a norm al G 2 checkpoin t when irra-

diated (Fig. 1D). To characterize th is sensit ivity further,

we have created double m utants with a num ber of well

characterized checkpoin t m utants (Fig. 1B,C).

The Chk1 m utant is unable to arrest m itosis after

DN A dam age, but is m ore resistan t to radiat ion than the

checkpoin t rad group of m utants (Al-Khodairy et al.

1994). In terest ingly, a specific allele of one of the check-

poin t rad genes, rad26.T12, has been characterized that

retains a norm al m itot ic arrest after DN A dam age, but is

st ill sensit ive to DN A-dam aging agents (Al-Khodairy et

al. 1994). Genet ic studies of chk 1.d rad26.T12 double

m utants show that these cells have a sim ilar phenotype

to the rad26.d null m utan t . This led us to propose that

rad26.T12 is defect ive in a subpathway of the checkpoin t

response that is independent of m itot ic arrest (Al-Kho-

dairy et al. 1994).

We have created cds1.d chk 1.d double m utants and

com pared the sensit ivit ies with the respect ive single

m utants and with the rad26.d null m utan t . cds1.d

chk 1.d double-m utant cells are m ore sensit ive to DN A

dam age than the two single m utants, as would be ex-

pected from their dist inct phenotypes. The double m u-

tan t shows an equivalen t sensit ivity to rad26.d (Fig.

1B,C). We have also created cds1.d rad26.T12 double

m utants and com pared the sensit ivity of these with the

respect ive single m utants. The double m utants are no

m ore sensit ive to DN A dam age than the m ost sensit ive

single m utant (Fig. 1B,C). This is also t rue for the cds1.d

rad26.d double m utant (data not shown).

The classical in terpretat ion of epistasis analysis in re-

pair studies is as follows: Two m utants that do not give

addit ional sensit ivity when com bined (com pared with

the m ost sensit ive single m utant ) act in the sam e path-

way. Conversely, two null m utat ions that give increased

sensit ivity when com bined act in dist inct pathways. The

sim plest in terpretat ion of our data is that the cds1-de-

pendent DN A-dam age response and the chk 1-dependent

DN A-dam age response both require the correct funct ion

of the checkpoin t rad pathway. Therefore, we can sepa-

rate the checkpoin t rad pathway in to two subpathways,

one m ediated by Chk1, which arrest s m itosis, and one

m ediated by Cds1, which is independent of m itot ic ar-

rest . rad26.T12 m utant cells would appear to be defec-

t ive in the Cds1, but not the Chk1, dependent pathway.

We will refer to the Cds1-m ediated response as the

checkpoin t rad -dependent S-phase recovery pathway.

cds1 is a m ult icopy suppressor of rad26.T12

Sequence analysis of the rad26.T12 allele ident ified a

single argin ine to t ryptophan m utat ion at posit ion 541 of

the Rad26 protein (see Materials and Methods). This site

is 74 am ino acids from the carboxyl term inus of the pro-

tein . An allele of rad26 with a defect in sensing slowed

Cds1 defines an S-phase-specific checkpoint
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DN A replicat ion has been described recent ly (Uchiyam a

et al. 1997). This phenotype resu lt s from a duplicat ion of

6 am ino acids with in Rad26, at posit ion 511, 30 am ino

acids distan t from the rad26.T12 m utat ion . To invest i-

gate the poten t ial involvem ent of a carboxy-term inal

Rad26 dom ain in the checkpoin t rad -dependent recovery

pathway, we deleted increm ental carboxy-term inal re-

gions. Rem oval of the carboxy-term inal 11 am ino acids

of rad26 (604–614) did not affect funct ion . Rem oval of

the 31 am ino acids (584–614) resu lted in a phenotype

sim ilar to the null m utan t (Fig. 2B; see Materials and

Methods), despite the fact that a correct size protein is

produced (data not shown). Therefore, the carboxyl ter-

m inus does not encode a defined funct ional dom ain in-

volved in the recovery pathway.

To further invest igate the relat ionsh ip between Cds1

and the checkpoin t rad -dependent recovery pathway, we

t ransform ed rad26.d and rad26.T12 cells with a plasm id

contain ing a cds1 genom ic clone. As cont rols, we used

an em pty vector and a wild-type rad26 gene. cds1 over-

expression rescues m uch of the radiat ion sensit ivity and

HU sensit ivity of the rad26.T12 allele (Fig. 2A), consis-

ten t with Cds1 funct ion ing either in parallel or down-

st ream of Rad26. This effect is unlikely to be the resu lt

of any cell-cycle delay im posed by the overexpression , as

cell-cycle delay following irradiat ion is proficien t in the

rad26.T12 st rain (Al-Khodairy et al. 1994). Furtherm ore,

Cds1 does not unduly affect the cell cycle as judged by

cell length at m itosis in these experim ents.

The com m on involvem ent of Rad26 and Cds1 in the

Figure 1. Checkpoin t and survival analy-

sis of cds1 m utants. All designat ions indi-

cate null alleles, with the except ion of

r26.T12, which designates the rad26.T12

allele. (A ) cds1 null m utan t cells display

m itot ic arrest following inhibit ion of S

phase with HU. Synchronous cultures of

G 2 cells were generated on lactose gradi-

en ts (Barbet and Carr 1993) and divided

in to two sam ples, one of which was incu-

bated in 10 m M HU. Septat ion index and

DAPI stain ing were used to follow progress

through the cell cycle. cds1 m utants ar-

rested m itosis for over 6 hr following S-

phase arrest . In cont rast , a represen tat ive

of the checkpoin t rad group of m utants,

rad3, entered m itosis without com plet ing

S phase. (B,C ) Radiat ion survival of loga-

rithm ically growing cells show that cds1

null m utan t cells are sensit ive to dam aging

agents and show increased sensit ivity with

chk 1, but not rad26.T12. (D ) cds1 cells, in

cont rast to checkpoin t -defect ive (rad26)

cells have a norm al DN A-dam age check-

poin t at m itosis. Synchronous cultures of

G 2 cells were generated on lactose gradi-

en ts and dividend in to four sam ples. One

sam ple was not irradiated, whereas one

each was irradiated with 50, 250, or 500 Gy

of ionizing radiat ion .
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checkpoin t rad -dependent recovery pathway, and the al-

lele-specific suppression of rad26.T12 phenotypes, sug-

gest that Rad26 and Cds1 m ay physically in teract . To

test th is hypothesis, we have expressed HA- and Myc-

tagged const ructs of Rad26 and Cds1 at m oderate levels

in S. pom be and assayed for coim m unoprecipitat ion (Fig.

2C). HA–Rad26 is able to precipitate Myc–Cds1, and

HA–Cds1 is able to precipitate Myc–Rad26. In addit ion ,

Figure 2. cds1 is a m ult icopy suppresser of rad26.T12 m utant cells. (A ) rad26 null and rad26.T12 m utant cells were t ransform ed with

rad26 genom ic DN A, cds1 genom ic DN A, or an em pty vector cont rol (pAL). Cells were serially dilu ted (from 107 cells / m l to 104

cells / m l), spot ted onto plates and irradiated at the doses indicated. Cells were also spot ted onto plates contain ing a range of HU

concent rat ions. (B) rad26 null cells were t ransform ed with the rad26 genom ic clone, the em pty vector (pAL) or rad26 const ructs

contain ing carboxy-term inal delet ions. N um bers correspond to the length of the const ructs (am ino acids). Full-length Rad26 is 614

am ino acids. Cells were dilu ted to the concent rat ions shown and either spot ted onto plates and irradiated at the doses indicated or

spot ted onto plates contain ing differen t concent rat ions of HU. (C ) Cds1 im m unoprecipitates with Rad26 in S. pom be ext ract s.

Wild-type S. pom be was t ransform ed with REP41 (leucine select ion) and REP42 (uracil select ion) plasm ids contain ing cds1 and rad26

cDN A tagged with either HA or Myc epitopes. Im m unoprecipitat ion was carried out on ext ract s from logarithm ically growing cells,

after 18 hr growth without th iam ine. Im m unocom plexes were processed for Western blot t ing with ant i-Myc ant ibody. Rad26 asso-

ciates with it self (lane 3) and with Cds1 (lanes 7,8). The em pty vector (lanes 1,2,4,5) was used as cont rol. We est im ate overexpression

at ∼ 50× of wild-type protein levels. Com paring the am ount of Cds1 precipitated with Rad26 to total protein , we est im ate ∼ 3% –5%

recovery. (D ) Im m unoprecipitat ions were repeated by use of proteins expressed in rabbit ret icu locyte lysate. In th is case, Rad26 was

seen to associate with it self, bu t not with Cds1, suggest ing bridging proteins or post t ranslat ional m odificat ion are required for the

Rad26–Cds1 in teract ion . This would be consisten t with levels of recovery.

Cds1 defines an S-phase-specific checkpoint
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Rad26, but not Cds1, appears to form hom om ult im ers,

as HA–Rad26 precipitates Myc–Rad26 when the two

const ructs are expressed in the sam e cell. To determ ine

if these in teract ions were direct , or require either bridg-

ing proteins or specific post t ranslat ional m odificat ion ,

we t ranslated Rad26 and Cds1 in rabbit ret icu locyte ly-

sates for coim m unoprecipitat ion (Fig. 2D). Rad26 did not

precipitate with Cds1, but st ill in teracted with it self.

Thus, we conclude that bridging proteins or m odifica-

t ions are required for Cds1–Rad26, but not Rad26–Rad26

in teract ions.

Cds1 is a protein k inase and phosphoprotein act ivated

by S-phase arrest and DN A dam age

To verify that Cds1 is a protein k inase, we purified over-

expressed GST–Cds1 fusion protein from S. pom be and

established condit ions under which it will phosphory-

late m yelin basic protein (MBP) in vit ro (data not shown).

Specificity for Cds1 was shown by an equivalen t purifi-

cat ion of a GST fusion protein carrying an Asp to Glu

m utat ion in residue 312 of the kinase dom ain . This k i-

nase dead protein did not have kinase act ivity for MBP

(data not shown). A rabbit polyclonal an t ibody to Cds1

protein was used to detect Cds1 protein in asynchronous

wild-type cells. By im m unoprecipitat ion (IP) and West -

ern blot t ing after SDS-PAGE, a single band is seen that

m igrates at ∼ 50 kD, near the predicted m olecular weight

of 51.9 kD for Cds1 (Fig. 3A). This band is absent in IP’s

from cds1 null m utan t cells. In addit ion , the ant ibody

recognizes overexpressed Cds1 (data not shown), verify-

ing it s specificity.

Following incubat ion of cells in HU, a m obility sh ift

for Cds1 is evident by SDS-PAGE; Cds1 m igrates as a

m ore diffuse band, with an apparen t increase in m olecu-

lar m ass of several k ilodaltons (Fig. 3A,B). The m obility

sh ift can be reversed by phosphatase t reatm ent (Fig. 3B),

indicat ing that it is a resu lt of phosphorylat ion . To as-

certain if Cds1 phosphorylat ion correlates with in-

creased kinase act ivity, IP kinase assays against an MBP

subst rate was used to m easure the Cds1-dependent k i-

nase act ivity from treated and unt reated cells. Cds1-de-

pendent act ivity increases m arkedly in IP kinase assays

perform ed on ext ract s prepared from cells t reated with

HU (Fig. 3A). By overexpressing Cds1 and kinase-dead

Cds1 ∼ 25-fold in cds1 null cells, we have shown that the

act ivity observed is dependent on the in tegrity of the

Cds1 kinase dom ain (Fig. 3A). These data indicate that

Figure 3. Cds1 is phosphorylated during S-phase arrest . (A ) (Left ) Im m unoprecipitat ion (top) and kinase act ivity (bot tom ) from

wild-type and Cds1 null cells by use of affin ity-purified Cds1 sera or preim m une sera ident ifies Cds1 as a single band m igrat ing at 52

kD. In ext ract s from cells t reated with HU, Cds1 undergoes an apparen t increase in m olecular weight (second lane). Kinase act ivity

against MBP in the IPs correlates with the presence of Cds1 and increases in cells t reated with HU. To show the specificity of the

kinase act ivity to Cds1, wild-type or k inase-dead Cds1 protein were expressed in cds1 null cells, im m unoprecipitated (top, righ t ) and

assayed for k inase act ivity (bot tom , righ t ). (B) The Cds1 m obility sh ift can be reversed by phosphatase t reatm ent . Ten and twenty unit s

of CIAP restored the m obility of Cds1 from HU-t reated cells to that of Cds1 from unt reated cells. Twenty unit s of heat -t reated CIAP

does not affect Cds1 m obility. (C ) Cds1 kinase can be act ivated by DN A dam age. Asynchronous cultures of wild-type and chk 1 null

cells were subjected to 500 Gy of ionizing radiat ion . Cell ext ract s were m ade at t im e poin ts following irradiat ion and assayed for Cds1

kinase act ivity. Wild-type cells showed a sm all bu t reproducible increase in Cds1 kinase act ivity. chk 1 cells showed a greater increase

in Cds1 kinase act ivity. (D,E) Cds1 phosphorylat ion (D ) and act ivat ion (E) following HU treatm ent is dependent on the funct ion of the

checkpoin t Rad proteins. Cds1 phosphorylat ion is not seen in im m unoprecipitates from rad1, rad3, rad9, rad17, rad26, or hus1 null

m utan ts but is evident in wild-type (WT) and chk 1 m utants. IP-k inase act ivity is m uch reduced or absent in the checkpoin t rad null

st rains when com pared with wild-type and chk 1 null cells.
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the phosphorylat ion event sign ifies the act ivat ion of the

Cds1 kinase.

Because cds1.d m utants are sensit ive to DN A dam age,

we have invest igated Cds1 act ivat ion following t reat -

m ent with ionizing radiat ion . By use of IP kinase assays,

we can detect act ivat ion of the Cds1 kinase in wild-type

cells after irradiat ion (Fig. 3C). Because wild-type cells

accum ulate in G2 following irradiat ion , we have also

tested chk 1 m utant cells, which do not arrest in G2 after

DN A dam age (Al-Khodairy et al. 1994). Increased levels

of act ivat ion were seen . We have been unable to detect a

m obility sh ift of Cds1 following DN A dam age (data not

shown). The kinase act ivity of Cds1 following DN A

dam age does not reach the levels seen following t reat -

m ent with HU. Thus, we cannot determ ine if the phos-

phorylat ion event observed following HU treatm ent is

dist inct from that which occurs after DN A dam age, or if

Cds1 is part ially phosphorylated in response to DN A

dam age.

The increases in Cds1 phosphory lat ion and k inase

act iv ity are dependent on the check poin t Rad proteins

The Cds1 hom olog in S. cerev isiae, Rad53, is a phospho-

protein that is act ivated by HU treatm ent and DN A

dam age. Rad53 act ivat ion is dependent on Mec1, the ho-

m olog of S. pom be Rad3 (Sanchez et al. 1996; Sun et al.

1996). By use of null m utan ts of the six checkpoin t rad

genes, we have shown that the phosphorylat ion (Fig. 3D)

and act ivat ion (Fig. 3E) of Cds1 induced by HU is largely

dependent on the funct ion of the six checkpoin t Rad

proteins, Rad1, Rad3, Rad9, Rad17, Rad26, and Hus1.

Both rad3.d and rad26.d m utants are com pletely unable

to phosphorylate or act ivate Cds1. Low, but reproduc-

ible, levels of act ivat ion are seen in rad9.d , rad17.d , and

hus1.d m utants. A m oderate level of act ivity is seen in

rad1.d cells. In no case was a Cds1 m obility sh ift seen .

Our genet ic analysis places Cds1 funct ion in the

checkpoin t rad -dependent recovery pathway, a subpath-

way of the checkpoin t response. This subpathway has

also been ident ified as defect ive in the rad26.T12 m u-

tan t , and we find evidence of an associat ion between

Cds1 and Rad26. It is therefore possible that the m ajor

funct ion of Rad26 is in the recovery pathway. To address

th is, we followed the kinet ics of Cds1 phosphorylat ion

and act ivat ion in response to HU in rad26.T12 cells (Fig.

4A). Com pared with wild type, there is a reduct ion in

Cds1 act ivity, and Cds1 does not becom e phosphory-

lated. Quant ificat ion (Fig. 4B) of Cds1 kinase act ivity

shows less than half the act ivity seen in wild-type cells.

These data are consisten t with a role for Rad26 in m edi-

at ing the Cds1 response.

Cds1 is not act ive during norm al S phase

In S. cerev isiae, it is not clear if Rad53 is act ivated during

S phase of the norm al cell cycle (Sanchez et al. 1996; Sun

et al. 1996). If Cds1 is act ivated and phosphorylated dur-

ing unperturbed S phase, the increased act ivity following

HU treatm ent or DN A dam age m ay be a consequence of

cells accum ulat ing in S phase. We have studied Cds1

phosphorylat ion and act ivity in synchronized cells. Cells

were synchronized in two ways; either by a tem perature

sh ift and release st rategy with a tem perature-sensit ive

cdc10.V50 m utant [cdc10 m utants arrest the cell cycle at

start , during G 1 (Aves et al. 1985)] or by cent rifugal

elu t riat ion . N o evidence of either a m obility sh ift or re-

producible act ivat ion of Cds1 kinase was seen as cells

proceeded through unperturbed S phase (Fig. 5B,D; data

not shown). On occasion , low levels of Cds1 act ivity, bu t

not phosphorylat ion , are detected in late S phase [i.e.,

Fig. 5B, 90(−)]. This is not consisten t , however, and m ay

represent experim ental artefact s or low levels of sponta-

neous replicat ion stalling in synchronous cultures.

The m ost likely explanat ion for Cds1 act ivat ion dur-

ing HU treatm ent is that Cds1 is act ivated in response to

stalled DN A replicat ion . To ru le out the alternat ive pos-

sibility that HU treatm ent it self will act ivate Cds1 irre-

spect ive of cell-cycle posit ion , we synchronized wild-

type cells by elu t riat ion and t reated aliquots with HU

during either G2 or G1 / S phase. We observed that the

Figure 4. Act ivat ion of Cds1 kinase is decreased in rad26.T12

m utant cells. (A ) Logarithm ically growing wild-type and

rad26.T12 cells were t reated with 20 m M HU and Cds1 m obility

(top) and kinase act ivity (bot tom ) were assayed from cell ex-

t ract s prepared at 30 m in in tervals. (B) The act ivat ion of Cds1

kinase is reduced in rad26.T12 cells in response to HU when

quant ified by PhosphoIm ager analysis of the autoradiograph

shown in A .

Cds1 defines an S-phase-specific checkpoint

GENES & DEVELOPMENT 387

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

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


act ivat ion of Cds1 and it s associated m obility sh ift (data

not shown) occurs at a t im e com m ensurate with the ef-

fect of HU during S phase (Fig. 5A,B), and is not an effect

of the HU itself. Thus, we conclude that HU induced

Cds1 act ivat ion is specific to perturbed S phase.

Cds1 is act ivated by DN A dam age during S phase

In S. cerev isiae, Rad53 is act ivated by DN A dam age dur-

ing G1, S phase, and post S phase. Because there are sig-

n ifican t phenotypic differences between rad53 and cds1

m utants in the two yeasts, we invest igated the cell-cycle

specificity of Cds1 act ivat ion by DN A dam age. In syn-

chronous wild-type cells generated by elu t riat ion , Cds1

act ivat ion was only seen when cells were irradiated dur-

ing the G1 / S period of the cell cycle, and did not occur in

cells irradiated during G 2 phase (Fig. 5C,D at 0 m in).

Thus, Cds1 act ivat ion occurs only in G1 and / or S phase.

To dist inguish between G1 and S phase, we arrested cells

at start with the cdc10.V50 m utant before t reat ing them

with radiat ion (Fig. 5E). G1 arrested cells did not act ivate

Cds1 after irradiat ion when held in G 1. These two ex-

perim ents allow us to conclude that Cds1 is act ivated by

DN A dam age only during S phase.

Cds1 act ivat ion in a range of tem perature-sensit ive

cdc m utants

To define m ore precisely at which poin t during S phase

Cds1 is able to be act ivated, we have studied the act iva-

t ion of Cds1 in a range of tem perature-sensit ive cdc m u-

tan ts defect ive in various replicat ion proteins (Fig. 5F).

We find that Cds1 is st rongly act ivated only in tem pera-

ture-sensit ive polym erase a (D’Urso et al. 1995; Franc-

esconi et al. 1997) and tem perature-sensit ive polym erase

e (cdc20) m utan ts following a tem perature sh ift . Cds1 is

not act ivated in tem perature-sensit ive polym erase d

(cdc6) (Iino and Yam am oto 1997) or in cdc21 (Mcm pro-

tein) (Mairorano et al. 1996) and is only m oderately ac-

t ivated in late S phase cdc17 (DN A ligase) m utant cells

(Barker et al. 1987). Cds1 is act ivated in cdc22 (ribo-

nucleot ide reductase) m utants (Fernandez-Sarabia et al.

1993), consisten t with the data by use of HU.

Cds1 null m utants are defect ive in an S phase

DN A -dam age check poin t

S. cerev isiae m ec1 and rad53 m utants are defect ive in

slowing down S phase when t reated with the DN A-dam -

Figure 5. Act ivat ion of Cds1 kinase is

S-phase dependent . (A ) Septat ion of wild-

type cells synchronized in G 2 by elu t ria-

t ion . The culture was divided in to three

and incubated at 30°. HU was added (20

m M) at either t = 0 (h) or t = 60 (d) m in ;

cont rol (j). The cell-cycle stage of the

culture was followed by septat ion index

by Calcofluor and DAPI stain ing. Un-

t reated cells show two peaks in septa-

t ion . The second peak is m issing in the

HU-t reated culture indicat ing the act iva-

t ion of the replicat ion checkpoin t . (B)

Sam ples were taken from all th ree cul-

tures and processed for Cds1 kinase as-

say. Cds1 kinase does not act ivate during

G 2 despite the presence of 20 m M HU

(30+, 60+). Cds1 kinase act ivity accum u-

lates after 90 m in when the m ajority of

the cells have entered or are entering S

phase. (C ) Septat ion index of wild-type

cells synchronized in G 2 by elu t riat ion

(30°C). (D ) Cds1 kinase act ivity of irradi-

ated or unirradiated cells rem oved at the

t im es indicated and t reated with 250 Gy

of radiat ion . Cell ext ract s were prepared

after 40 m in of recovery incubat ion at

30°C. Cells irradiated in G 2 at t = 0 do

not act ivate Cds1 kinase after irradia-

t ion , whereas cells en tering S phase after

irradiat ion develop significan t act ivity. Consisten t with the S-phase dependency of the kinase act ivat ion cells irradiated late in S

phase / G 2 (t = 90,110) fail to generate sign ifican t k inase act ivity com pared with the unirradiated cont rol. (E) cdc10.V50 cells irradiated

at the perm issive tem perature (26°C) show act ivat ion of Cds1 kinase whereas cells irradiated and held at the rest rict ive tem perature

(37°C) do not , thus showing that Cds1 kinase is not act ivated by DN A dam age during G1 phase. (F) Act ivat ion of Cds1 by tem perature

sh ift in various cdc m utants defect ive in DN A synthesis. Logarithm ic cultures of wild-type, cdc6, cdc17, cdc20, cdc21, cdc22, and pola

cells grown at 27°C were split in to two sam ples, one was incubated for a further 2 hr, 30 m in at 27°C, whereas the other was incubated

at 37°C for 2 hr, 30 m in before ext ract s were prepared and tested for IP kinase act ivity.
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aging agent m ethylm ethane su lfonate (MMS). We have

tested the ability of wild-type, rad3, chk 1, cds1, rad26,

and rad26.T12 m utant cells to slow S phase in response

to MMS. By use of two differen t m ethods to synchronize

cells in G 1, we have shown that wild-type cells have th is

checkpoin t response, and that it is lost in rad3 m utants

(Fig. 6A,B). By use of one of the synchronizat ion m eth-

ods, we have further shown that cds1 m utant cells, bu t

not chk 1 m utant cells, have also lost th is checkpoin t . As

expected, rad26 null m utan t cells behave in a sim ilar

m anner to rad3. Consisten t with our genet ic data,

rad26.T12 m utant cells are also defect ive in slowing S

phase when DN A is dam aged (Fig. 6B). These data are

consisten t with Cds1 and Chk1 defin ing specific sub-

pathways of the checkpoin t Rad response. They also

show that rad26.T12 m utants are specifically defect ive

in the Cds1-dependent , bu t not the Chk1-dependent re-

sponse.

Loss of Cds1 resu lt s in the abnorm al act ivat ion

of Chk 1 by HU

A clue to the biological sign ificance of Cds1 act ivat ion

can be seen by exam ining the phenotype of the cds1.d

chk 1.d double m utant , and the behavior of the DN A

dam age-specific Chk1 kinase in cds1 null cells. Unex-

pectedly, after HU treatm ent , cds1.d chk 1.d double m u-

tan ts en ter m itot ic catast rophe and form cuts in a m an-

Figure 6. The S-phase progression checkpoin t requires rad3, rad26, and

cds1. (A ) rad + cells (h − cyr1 sxa2) and rad3 m utant cells (h −cyr1 sxa2 rad3)

were synchronized in G 1 by cent rifugal elu t riat ion (collect ing early G 2

cells) followed by exposure to P factor. Cells were released from P factor-

induced G 1 arrest in either the presence or absence of 0.033% MMS and

S-phase progression followed by FACS. At tem pts to synchronize other

checkpoin t m utants th is way were com plicated by the m orphological

changes associated with the cyr1 sxa2 background. (B) Wild-type, rad3,

cds1, chk 1, rad26, and rad26-T12 cells were synchronized in G 1 by nit rogen

starvat ion , released in to the cell cycle in the presence or absence of 0.033%

MMS and followed by FACS. As before, rad3 cells are unable to slow S

phase in response to DN A dam age. Sim ilarly, cds1 and rad26 are required

for th is checkpoin t , whereas chk 1 is not . Cells carrying the rad26.T12

m utat ion also have a defect in th is checkpoin t .
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ner ident ical to the checkpoin t rad null m utan ts such as

rad3.d and rad26.d (Fig. 7A). From this analysis, it is

apparen t that the m itot ic delay seen in cds1 null m u-

tan ts is dependent on Chk1, which is prim arily involved

in the DN A-dam age checkpoin t at m itosis (Walworth et

al. 1993; Al-Khodairy et al. 1994). There are two possible

explanat ions for th is. Either Cds1 and Chk1 play redun-

dant overlapping roles to arrest m itosis in the presence of

the S-phase inhibitor HU, or the Chk1 kinase is act i-

vated when cds1 null m utan t cells are t reated with HU.

Chk1 kinase has been shown to be phosphorylated in

response to DN A dam age, and th is phosphorylat ion

event correlates to Chk1 funct ion . Furtherm ore, Chk1

has been shown not to be phosphorylated in response to

HU treatm ent , which is consisten t with it s lack of a

HU-sensit ive phenotype (Walworth and Bernards 1996).

These observat ions allow us to dist inguish between the

two possibilit ies discussed above. We have created a

cds1 null m utan t st rain , in which the chk 1 gene is

tagged in the genom e by three HA epitopes (Walworth

and Bernards 1996) and com pared the phosphorylat ion of

Chk1 in the presence and absence of Cds1 funct ion fol-

lowing HU treatm ent (Fig. 7B). Chk1 becom es rapidly

phosphorylated in response to HU only when Cds1 is

absent , and not when it is presen t . Thus, the funct ion of

Cds1 during HU treatm ent prevents a situat ion in which

Chk1 becom es phosphorylated. Because Chk1 norm ally

responds specifically to DN A dam age, we speculate that

the act ivity of Cds1 prevents the occurrence of DN A-

dam age st ructures during S-phase arrest .

Discussion

We have shown that HU and DN A dam age both act ivate

the Cds1 kinase during S phase, bu t not during G 1 or G 2.

At least in the case of HU arrest , th is is reflected by a

phosphorylat ion event that resu lt s in a m obility sh ift of

Cds1 on SDS-PAGE. We have also shown that Cds1 is

act ivated at the rest rict ive tem perature in tem perature-

sensit ive m utants of DN A polym erase a and e, bu t not

DN A polym erase d. Cds1 act ivat ion is dependent on the

correct funct ion ing of the checkpoin t rad pathway, and

Cds1 is able to in teract with Rad26. Whereas cds1 m u-

tan t cells have a norm al m itot ic checkpoin t after DN A

dam age, they are defect ive in regulat ing S phase in the

presence of DN A-dam aging agents. Together, these data

show that the cds1 defines a subpathway of the check-

poin t rad response that is specific to S phase. The evo-

lu t ionary conservat ion of the DN A structure-dependent

checkpoin t pathways m ay have significan t conse-

quences for our understanding of carcinogenesis. During

evolu t ion there have been significan t alterat ions in

checkpoin t protein funct ion between differen t species

(Carr and Hoekst ra 1995). This is m ost clearly docu-

m ented for the large lipid k inase m ot if proteins, such as

Rad3 (S. pom be), Mec1 / Tel1 (S. cerev isiae), and Atm / Atr

(m am m alian species) (Zakian 1995). Our data suggest

that the sam e is t rue for the Cds1–Rad53 kinases.

A ct ivat ion of Cds1 is specific to S phase

In S. cerev isiae, Rad53 is involved in all the known DN A

structure checkpoin t responses including G1 and G2 ar-

rest after DN A dam age, and G2 arrest during HU treat -

m ent (Allen et al. 1994). The Rad53 protein can be phos-

phorylated and act ivated in response to DN A dam age at

differen t poin ts in the cell cycle, and is sim ilarly phos-

phorylated and act ivated during S phase and G 2 arrest

(Sanchez et al. 1996; Sun et al. 1996). In cont rast , Cds1 is

not involved in the DN A dam age-dependent arrest of

m itosis and is only act ivated by DN A dam age during S

phase. Furtherm ore, whereas S-phase arrest by HU or

Figure 7. Mitot ic arrest in cds1 m utants is

dependent on Chk1 act ivat ion . (A ) Synchro-

nous cultures of appropriate st rains were

tested for the m itot ic checkpoin t in re-

sponse to HU as in Fig. 1. (d) −Hu; (h) + HU.

(B) The phosphorylat ion-dependent m obil-

ity sh ift of Chk1 kinase was assayed in

cds1+ and cds1 null m utan t cells contain ing

an in tegrated t riple HA-tagged chk 1 gene

(Walworth and Bernards 1996). Sam ples

from asynchronous cultures t reated with 12

m M HU were taken at the t im es indicated.

Chk1 was detected, as described previously

(Walworth and Bernards 1996), with ant i-

HA m onoclonal. In cds1+ cells, Chk1 re-

m ains unphosphorylated, whereas in cds1

null m utan t cells Chk1 is rapidly phos-

phorylated.
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t em perature-sensit ive polym erase a and e m utants

causes act ivat ion of Cds1, the cds1 null m utan t does not

have a defect in m itot ic arrest when S phase is blocked

by HU. In terest ingly, a tem perature-sensit ive DN A poly-

m erase d m utant did not resu lt in Cds1 act ivat ion at the

rest rict ive tem perature, and act ivat ion was low in m u-

tan ts arrested in late S phase.

Cds1 defines a subpathw ay of the DN A -structure

check poin t response

The phosphorylat ion and act ivat ion of Rad53 in response

to S-phase arrest is dependent on Mec1, and in response

to DN A dam age is dependent on Mec1 and Mec3

(Sanchez et al. 1996; Sun et al. 1996). Furtherm ore, Tel1

overexpression can restore HU and dam age dependent

Rad53 phosphorylat ion (Sanchez et al. 1996). In S.

pom be, we find that Cds1 act ivat ion and phosphoryla-

t ion in response to HU arrest is dependent on all six of

the checkpoin t Rad proteins. In S. pom be, Rad1 and

Rad17 are required for all the checkpoin t -dependent re-

sponses to DN A dam age and S-phase arrest (Al-Khodairy

and Carr 1992), whereas in S. cerev isiae the hom ologous

proteins are only required for the DN A-dam age re-

sponses and not the HU response (Weinert et al. 1994).

In terest ingly, a sligh t act ivat ion of Cds1 is evident in

rad1, rad9, rad17, and hus1 null m utan ts.

Genet ic analysis shows that Cds1 acts in a separate

branch of the checkpoin t response from Chk1. Com bin-

ing the phenotypic observat ions of chk 1 and cds1 m u-

tan ts with the biochem ist ry of the kinases suggests that

the checkpoin t Rad proteins are involved in sensing and

signaling the presence of specific DN A or DN A protein

st ructures, and act ivate Chk1 or Cds1 as appropriate.

Chk1 appears to be act ivated by DN A dam age-specific

st ructures, whereas Cds1 is act ivated by DN A replica-

t ion-specific st ructure. This could reflect cell cycle and

DN A m etabolism -specific localizat ion of the checkpoin t

Rad proteins, and suggests that the putat ive com plex(es)

form ed between these proteins are capable of m onitoring

a range of dist inct st ructures. By com parison with DN A–

PK, in which the catalyt ic subunit (also a large lipid k i-

nase m ot if protein) is act ivated by the Ku heterodim er

when it associates with DN A ends, it is in terest ing to

speculate that the Rad3 kinase is act ivated by associa-

t ion with dist inct subunit s (perhaps Rad1, Rad9, Rad17,

Rad26, and Hus1), which m ay in teract with differen t

DN A or DN A–protein st ructures. In th is context , it

would also be possible to envisage an explanat ion for the

differen t requirem ents in S. pom be and S. cerev isiae for

these proteins. Perhaps in S. pom be, Rad3 funct ion is

com prom ised by loss of any associated subunit s,

whereas in S. cerev isiae, Mec1 funct ion could be m ore

toleran t .

The genet ics and cell-cycle specific act ivat ion of Cds1

offers an opportun ity to dissect out the specific funct ion

of Cds1 with in the network of closely related checkpoin t

responses. Cds1 acts prim arily to ensure the reversible

arrest of DN A synthesis. This subpathway of the check-

poin t rad response was first observed during studies on

the hus1 m utant (Enoch et al. 1992). hus1 null m utan ts,

in com m on with other checkpoin t rad m utants, lose vi-

ability very rapidly on exposure to HU during S phase.

Furtherm ore, by use of the rad26.T12 m utant , which re-

tains a norm al G 2 arrest after DN A dam age (Al-Khodairy

et al. 1994), it has been possible to associate an elem ent

of the radiat ion sensit ivity seen in checkpoin t rad m u-

tan ts with radiat ion exposure during the G 1 / S phase of

the cell cycle. Because epistasis and biochem ical analy-

sis shows that the radiat ion sensit ivity associated with

loss of Cds1 funct ion is caused by a defect in the sam e

pathway as that defined by the rad26.T12 m utat ion , and

because cds1 and rad26.T12 m utants share a defect in

slowing S phase when exposed to DN A-dam aging agents,

it is now possible to form ally propose two dist inct

checkpoin t rad dependent DN A m etabolism responses:

Chk1 m ediated G2 arrest and Cds1 m ediated S-phase re-

covery.

Cds1 funct ion m ay prevent DN A dam age

accum ulat ing w hen S phase is arrested

Contrary to the published report , we show that cds1 null

m utan t cells do not have a significan t defect in m itot ic

arrest following HU exposure. cds1 cells, however, die

during S-phase arrest , in a m anner independent of m ito-

sis (Murakam i and Okayam a 1995). A further effect of

HU treatm ent in cds1 null m utan t cells is the act ivat ion

of the DN A-dam age checkpoin t k inase Chk1. Because

the double m utant cds1.d chk 1.d does not arrest m itosis

after exposure to HU, we can conclude that th is un-

scheduled act ivat ion of Chk1 in response to HU is the

reason cds1 single-m utant cells arrest m itosis in re-

sponse to HU. The fact that Chk1 is not norm ally phos-

phorylated when cells are t reated with HU, indicates

that th is is not because Cds1 and Chk1 kinase play over-

lapping redundant roles during S-phase arrest . Instead,

we propose that the inappropriate act ivat ion of the Chk1

kinase in cds1.d cells in response to HU is a consequence

of the accum ulat ion of unrepairable DN A-dam age st ruc-

tures during S-phase arrest , which , in turn , act ivate the

DN A-dam age checkpoin t .

Cds1 m ay in teract w ith replicat ion proteins to inhib it

the form at ion of, or stab ilize, replicat ion st ructures

during S-phase perturbat ions

Cds1 acts downst ream of the checkpoin t Rad group of

proteins and enables cells to arrest DN A synthesis re-

versibly in response to HU or DN A dam age, thereby pre-

vent ing the accum ulat ion of unrepairable DN A lesions.

It is not yet clear what the subst rates of Cds1 kinase are.

Possible subst rates would be the com ponents of the rep-

licat ion apparatus such as polym erase a-prim ase (Marin i

et al. 1997) or even upst ream act ivators of replicon in i-

t iat ion such as the Hsk1 kinase (the S. pom be hom olog

of S. cerev isiae Cdc7) (Masai et al. 1995). In response to

DN A-replicat ion inhibit ion or DN A dam age, the Cds1-

dependent checkpoin t response m ay prevent the in it ia-

t ion of new replicons, and / or stabilize exist ing replicons

Cds1 defines an S-phase-specific checkpoint
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to prevent replicat ion fork collapse and irreparable dam -

age. It has been poin ted out recent ly that if two replica-

t ion forks that are converging collapse, th is will create a

region of unreplicated, and poten t ially unrepairable,

DN A (Elledge 1996). The prevent ion of such a scenario

during perturbat ions to S phase is certain ly an im portan t

considerat ion .

Tw o m odels for the DN A -structure check poin t

pathw ay(s) during S-phase perturbat ions

In these studies, we have defined a role for Cds1 in an S

phase-specific pathway that allows cells to arrest S phase

reversibly, and, thus, tolerate the consequence of HU or

DN A-dam age t reatm ents during S phase. Whereas cds1

null m utan ts do not show a significan t m itot ic arrest

defect in the first 6 hr when DN A replicat ion is inh ib-

ited, the delay seen in these cds1 null cells is unexpect -

edly dependent on the Chk1 kinase. On the basis of the

curren t data relat ing to S. pom be DN A structure check-

poin ts, we propose two m odels for the act ion of the

checkpoin ts in response to perturbat ions in S phase. (Fig.

8A,B).

Model A Cds1 has two separate targets. The first is the

replicat ion m achinery. Here, Cds1 acts to stabilize S-

phase events in response to DN A-replicat ion arrest or

DN A dam age. The second is the m itot ic apparatus. Here,

Cds1 targets proteins that regulate p34cdc2 act ivity, as

has been proposed for Chk1 (Furnari et al. 1997;

O’Connell et al. 1997; Peng et al. 1997; Sanchez et al.

1997). If Cds1 is direct ly t ransducing the m itot ic arrest

signal, in it s absence the unscheduled act ivat ion of Chk1

is obscuring the phenotypic effect .

Model B Cds1 has a single target , the replicat ion m a-

chinery, in which Cds1 would act to stabilize S-phase

events. To account for the loss of m itot ic checkpoin t

funct ion after HU exposure in cds1.d chk 1.d double m u-

tan ts, we suggest that a, as yet uncharacterized, m echa-

n ism links replicat ion direct ly to p34cdc2 th rough a

checkpoin t Rad-independent pathway. This in t rinsic

m echanism would, however, require stable replicat ion

st ructures to m ain tain the link between S phase and m i-

tosis. During norm al S phase, th is m ay be act ive repli-

cat ion it self. During S-phase arrest , the m ain tenance of

S-phase st ructures would require the checkpoin t Rad and

Cds1-dependent pathway. An easily conceptualized

m echanism for the link between S phase and m itosis in

such a m odel is the sequest rat ion of p34cdc2 com plexes

to replicat ion st ructures, which would keep it unavail-

able for m itot ic in it iat ion . In terest ingly, Orp2, Cdc18,

and p34cdc2 m ay be com plexed together during S-phase

in it iat ion (Leatherwood et al. 1996; Brown et al. 1997),

and Orp2 overexpression is able to arrest the cell cycle

independent ly of the checkpoin t rad pathway (Leather-

wood et al. 1996).

At presen t , either variat ion of our m odel is consisten t

with the reported data. One im portan t predict ion of the

first m odel is that there is no in t rinsic m echanism that

ensures the alternat ion of S phase and M phase in unper-

turbed cells, because Cds1 (and probably Rad53) act ivity

is not detected during norm al S phase. In yeast , there are

no published data that allow us to conclude whether

such an in t rinsic checkpoin t is operat ing. In m am m alian

cells, however, fusing S phase and G 2 cells shows that

norm al S phase inhibit s m itosis, consisten t with an in-

t rinsic checkpoin t (Rao and Johnson 1970).

At presen t , we favor our second m odel. One reason for

th is is that it allows for the act ivity of an in t rinsic check-

poin t m echanism . Furtherm ore, it explains an anom aly

in the phenotype of the checkpoin t rad m utants. When S

phase is inh ibited in synchronized S-phase cells, m itosis

is apparen t ly advanced by ∼ 30 m in relat ive to unt reated

cells in rad1, rad3, rad9, rad17, rad26, and hus1 m utants

(i.e., Figs. 1A and 7A). This suggests an in t rinsic (check-

poin t Rad independent ) signal is being lost . This effect is

not seen in cdc2.3w cells (Enoch and N urse 1990;

Sheldrick and Carr 1993), which are also defect ive in the

m itot ic checkpoin t , bu t in a downst ream event indepen-

Figure 8. Model for the funct ion of Cds1 in the S-phase arrest

response. (A ) Checkpoin t Rad-dependent act ivat ion of Cds1 by

perturbat ions to S-phase acts to ensure both S-phase arrest , by

phosphorylat ing com ponents of the replicat ion com plex, and

m itot ic arrest by phosphorylat ing a subst rate that leads to in-

act ivat ion of the m itot ic apparatus. (B) Cds1 only acts to phos-

phorylate and stabilize the replicat ion m achinery. This prevents

inappropriate DN A dam age and m ain tains the st ructure(s) that

are act ivat ing a Cds1 independent m itot ic arrest signal. This

signal would also be independent of the checkpoin t Rad pro-

teins, un t il such t im e as replicat ion was perturbed, when m ain-

tenance of the appropriate replicat ion st ructures becom es a pre-

requisite.
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dent of the effect s with in S phase. An im portan t conse-

quence of the second m odel is that it determ ines that the

act ivity of the checkpoin t Rad proteins does not have a

direct role in the in t rinsic checkpoin t m echanism link-

ing S phase and m itosis. The checkpoin t Rad proteins

would funct ion as ancillary replicat ion proteins required

to coordinate S phase only when S phase is perturbed.

At first sigh t , the checkpoin t Rad proteins are direct ly

involved in the DN A-dam age checkpoin t , which acts

through Chk1. Recent evidence in S. cerev isiae, how-

ever, clearly shows that the downst ream effectors of the

checkpoin t pathway can operate norm ally in the com -

plete absence of Mec1 and m any other checkpoin t pro-

teins when a fragm ent of an unrelated protein is ex-

pressed (Pat i et al. 1997). This apparen t anom aly of a

checkpoin t without the key checkpoin t proteins is con-

sisten t with our m odel, and could be explained if the role

of the checkpoin t Rad proteins in the DN A-dam age

checkpoin t were analogous to what we propose in the

DN A-replicat ion checkpoin t , that is, they act to stabi-

lize specific st ructures in order that these are available to

an as yet uncharacterized m echanism . In S. pom be, th is

could be (as an exam ple) the direct associat ion of Chk1

with dam age / repair st ructures.

Materials and methods

Genet ics, m olecular b iology , and cell b iology techniques

Double m utants were created by standard genet ic techniques

(Gutz et al. 1974). Cell-survival analysis and checkpoin t m ea-

surem ents were perform ed as described previously (Al-Khodairy

et al. 1994). Cells were synchronized by elu t riat ion (Aves et al.

1985), or by a 3 hr tem perature sh ift from 27°C to 35°C of either

a cdc25.22 m utant st rain or a cdc10.V50 m utant st rain .

A nalysis of rad26

The m utat ion responsible for the rad26.T12 phenotype was

ident ified by sequencing genom ic PCR products generated

with PCR prim ers 58-TTCAAACAACTAAGCTTACGCAT-

AAACGAG-38, TCTAATGAATGGATCCAACCACCAAATA-

CG, GAGCCTGATGAAAGCTTTACTTTCTCTACA, TAAT-

TTGCGAGGATCCGGGTGCGGGACGGG with rad26.T12

and wild-type DN A. N ested delet ion analysis of rad26 was

perform ed by site-directed m utat ion (prim ers: GGAAGTTGC-

GTCTCTTAGATAATGAAACAGATGA, TGAACAAAAGC-

GTTTTAGATAATGAAACAGATGA, TGAAAATGCGTTA-

CAATAGATAAT-GAAACAGATGA, TTTAGTATGTCTTG-

TTTAGATAATGAAACAGATGA) to generate genom ic clones

of rad26 (based on plasm id pRad26) lack ing the appropriate re-

gions of the rad26 ORF. The following m utants were tested for

funct ion by com plem entat ion of the radiat ion and HU-sensit ive

phenotypes (C indicates carboxyl term inus): rad26.d604-C,

rad26.d584-C, rad26.d564-C, rad26.d541-C. Suppression anal-

ysis was perform ed with a genom ic clone of cds1 kindly pro-

vided by T. Wang (Stanford University, CA).

A nt ibodies for Cds1

GST–Cds1 protein was expressed in S. pom be, purified on glu-

tath ione agarose, and used to im m unize rabbit s. Sera was tested

for react ivity against purified protein , S. pom be ext ract s con-

tain ing expressed epitope-tagged protein , wild-type S. pom be

cell ext ract s, and cds1 null m utan t cells. When com pared with

preim m une serum , the ant ibody clearly recognized a Cds1-spe-

cific band, which could also be seen in wild-type cells. Several

nonspecific bands of approxim ately the sam e m olecular weight

were also seen on Western blots of total wild-type cell ext ract ,

even when the ant ibody was affin ity purified against the origi-

nal an t igen . Im m unoprecipitat ion prior to Western analysis

abolished these bands, leaving a single Cds1-specific band.

Preparat ion of protein ex tract

Logarithm ically growing cells were washed in PBS, then washed

in lysis buffer [50 m M Tris (pH 7.5), 80 m M b-glycerophosphate,

250 m M N aCl, 15 m M nit rophenylphosphate, 50 m M N aF, 5 m M

EDTA, 1 m M DTT, and 0.1% N P-40 supplem ented with prote-

ase inhibitor cocktail (AEBSF, leupept in , aprot in in , pepstat in ,

bestat in , and E-64 all at 10 µg/ m l final concent rat ion)]. Cells

were disrupted with glass beads (BDH), in lysis buffer in a m ik-

rodism em branator (Braun) for 3 × 1 m in at 2000 rpm . Protein

ext ract was cleared at 14,000 rpm in a m icrofuge at 4°C for 5

m in and either used fresh or from frozen (LN 2 and storage at

−80°C). Preparat ion of cell ext ract s from cells expressing tagged

proteins from the nm t1 prom otor: Cells were grown in the pres-

ence of th iam ine (prom otor repressed), washed several t im es in

dist illed water and then inoculated in to m inim al m edium lack-

ing th iam ine with the relevant select ion . Cells were grown in

the absence of th iam ine (prom oter act ive) for 18 hr.

Im m unoprecipitat ion of Cds1 and im m unoblot t ing

One m illigram of total protein was dilu ted to 500 µl with lysis

buffer and incubated with Cds1 affin ity-purified ant ibody at a

dilu t ion of 1:250 at 4°C for 2 hr. Im m unocom plexes were col-

lected with protein A agarose (Sigm a) for 1 hr at 4°C with m ix-

ing. Pellet s were washed five t im es with lysis buffer, boiled in

SDS sam ple buffer, and loaded onto 10% [200:1 acrylam ide / bis

acrylam ide (N at ional Diagnost ics)], SDS–polyacrylam ide gels.

Proteins were t ransferred to nit rocellu lose (MSI). The m em -

branes were blocked with Blot to (PBS, 1% fat free m ilk powder,

0.05% Tween 20) and incubated in Blot to plus Cds1 ant isera

(1:1000 dilu t ion), washed in Blot to, and incubated with peroxi-

dase-conjugated secondary ant ibody (1:5000 dilu t ion . DAKO).

The procedure for coim m unoprecipitat ions was essen t ially the

sam e as above, except 1 µl of an t i-HA (BaBco) was used per

sam ple. Ant i c-Myc at a dilu t ion of 1:1000 (Pharm ingen) was

used to probe the subsequent Western blots. Chem ilum inescent

detect ion of HRP-conjugated secondary ant ibodies was carried

out by m ixing 10 m l of 100 m M Tris at pH 8.5, 5.4 m M H 2O 2

with 25 µl of 90 m M p-coum aric acid (Sigm a) and 50 µl of 250

m M lum inol (Fluka).

Cds1 k inase assay

Alternat ively, im m unoprecipitates were processed for Cds1 ki-

nase act ivity. Protein A pellet s were washed three t im es in lysis

buffer and three t im es in kinase buffer (10 m M HEPES at pH 7.5,

75 m M KCl, 5 m M MgCl2, 0.5 m M EDTA, 1 m M DTT). Twenty

m icroliters (50% slurry) of bead pellet was incubated with 10 µl

of ×2 kinase buffer, 5 µCi of a-32P]ATP (ICN ), 1 µl 2 m M ATP, 5

µl of m yelin basic protein (1 m g/ m l of stock) at 30°C for 15 m in .

The react ion was stopped by the addit ion of 20 µl of 2× SDS

sam ple buffer. Sam ples were run on 15% polyacrylam ide gels,

fixed in 40% m ethanol, 10% acet ic acid, and dried down, before

exposure to film (Hyperfilm , Am ersham ). Kinase assays were

also carried out on GST and 2m yc6His–Cds1 fusion proteins.

Protein expressed from the nm t1 prom oter was purified on glu-
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t ath ione–agarose (Sigm a) or n ickel N TA agarose (Qiagen). DTT

and EDTA were om it ted from lysis, and wash buffers used for

n ickel N TA purificat ion .

The kinase act ivity observed is Cds1 specific, because a Cds1

kinase dead m utant , when expressed in cds1 null cells, does not

have appreciable k inase act ivity when com pared with sim ilar

experim ents with wild-type Cds1. During the product ion of the

cDN A by PCR (prim ers 58-GAGAGACATATGGAAGAA-

CCA-38 and 58-AGAGAGGTCGACACTCGA-38) and the site

directed m utagenesis to produce the kinase dead allele cds1.KD

(Prim er 58-GCCAAGCCAAATTCAGATATTTTAAGATGG-38),

we sequenced the const ructs to avoid unwanted m utat ions.

During th is analysis, we ident ified two separate changes com -

pared with the published sequence. These were verified as cor-

rect by sequencing the sam e region of the genom ic clone. The

m odified sequence, including in t rons, of the cds1 gene has been

subm it ted to the database with the accession no. AJ222869.

Phosphatase treatm ent

Im m unoprecipitates were washed three t im es in lysis buffer and

three t im es in calf alkaline phosphatase (CIAP) buffer (50 m M

Tris at pH 8.0, 5 m M MgCl2), t reated with the indicated unit s of

CIAP (GIBCO BRL) for 30 m in at 37°C and then processed for

Western blot t ing.

S-phase check poin t analysis

Method 1 Early G 2 cells from log-phase cultures of cyr1 sxa2

st rains were collected by cent rifugal elu t riat ion . After 30 m in

incubat ion in m inim al m edia at 30°C, P-factor was added to a

final concent rat ion of 1µg/ m l. Sam ples were scored for septa-

t ion every 30 m in . After the peak of septat ion , the culture was

divided in two. One-half was t reated with 0.033% MMS (final

concent rat ion), and cultures were incubated for 30 m in at 30°C.

Cells were harvested by cent rifugat ion , washed three t im es

with water to release them from the P-factor-induced G 1 arrest ,

resuspended in m inim al m edia or m inim al m edia + 0.033%

MMS, and incubated for 4 hr at 30°C. Sam ples were taken at the

t im e of release and then every 30 m in and fixed in 70% EtOH

(Sazer and Sherwood 1990). Fixed cells were t reated with RN ase,

stained with propidium iodide, and analyzed for DN A conten t

with a Coulter Epics Elite flow cytom eter.

Method 2 For starvat ion-induced synchronizat ion in G 1, log-

phase cells grown in m inim al m edia were harvested, washed

three t im es with water, resuspended in m inim al m edia lack ing

a nit rogen source and incubated 18 hr at 27°C. Afterward, cells

were harvested, washed with water, and allowed to recover by

incubat ion in com plete m edia at 30°C for 1.5 hr. The cells were

then harvested, washed twice in water, and divided in to two

cultures in m inim al m edia, one contain ing 0.033% MMS. The

cultures were incubated at 30°C and sam ples were taken every

half hour and fixed in 70% EtOH. Fixed cells were processed as

described above including one step of sonicat ion and analyzed

for DN A conten t with a Becton-Dickinson FACScan flow cy-

tom eter.
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