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The temperature-sensitive yeast DNA primase mutant
pril-M4 fails to execute an early step of DNA replication
and exhibits a dominant, allele-specific sensitivity to
DNA-damaging agentspril-M4 is defective in slowing
down the rate of S phase progression and partially
delaying the G—S transition in response to DNA
damage. Conversely, the & DNA damage response
and the S—M checkpoint coupling completion of DNA
replication to mitosis are unaffected. The signal trans-
duction pathway leading to Rad53p phosphorylation
induced by DNA damage is proficient inpril-M4, and
cell cycle delay caused by Rad53p overexpression is
counteracted by thepril-M4 mutation. Altogether, our
results suggest that DNA primase plays an essential
role in a subset of the Rad53p-dependent checkpoint
pathways controlling cell cycle progression in response
to DNA damage.
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Introduction
Eukaryotic cells have developed a network of highly

entry into mitosis through a surveillance mechanism,
which, in S.cerevisiag involves the RAD9 RAD17
RAD24 RAD53 MEC1 and MEC3 gene products (Allen
et al, 1994; Weinertet al, 1994). Finally, the budding
yeast RAD53 MEC1 and POL2 genes are required to
prevent entry into mitosis when DNA replication is blocked
(Allen etal, 1994; Weineret al,, 1994; Navagt al,, 1995).

Although it has been demonstrated that the cell cycle
checkpoints are genetically controlled, the roles of the
different checkpoint proteins and the final targets of the
signal transduction pathways leading to cell cycle delay
as a consequence of DNA damage or replication block
are still unknown. The target of the checkpoint responding
to DNA damage in Gmay be factors controlling execution
of mitosis, while components of the replication apparatus
may act as sensors of DNA damage and stalled replication
forks, and/or as targets of the checkpoint mechanisms
controlling entry and progression through S phase. The
involvement of replication proteins in cell cycle check-
points is supported by the finding that, in fission yeast,
the cdc18", cuts" and cdtl® genes are required not
only for initiation of DNA synthesis, but also for the
surveillance mechanisms preventing cells from entering
mitosis when either arrested or delayed in S phase (Kelly
et al, 1993; Hofmann and Beach, 1994; Satal., 1994).
Moreover, fission yeast DNA polymerasasand & and
budding yeast DNA polymerase recently have been
implicated in the same mechanism (Aradd al., 1995;
D’Urso et al, 1995; Francescomt al,, 1995; Navagt al,
1995). Finally, theSchizosaccharomyces pombe cdsl
gene, the homolog oRAD53 has been identified as a
multicopy suppressor of a temperature-sensitive (ts)
mutant in the DNA polymerase gene (Murakami and
Okayama, 1995).

The highly conserved DNA polymerase-primase (pol

conserved surveillance mechanisms (checkpoints), ensura—primase) complex is required for both the initiation and
ing that damaged chromosomes are repaired before beinglongation steps of DNA replication and is the target of
replicated or segregated. These mechanisms are essentidlifferent regulatory mechanisms during the cell cycle

for maintaining genome integrity and cell viability by
delaying cell cycle progression in response to DNA

(Johnston and Lowndes, 1992; Campbell, 1993; Muzi
Falconi et al, 1993; Foianiet al., 1995; Ferrariet al.,

damage, and several studies have linked the damagel996). The gen_esencodingthefoursubunitsofthe budding
response pathways to cell cycle events (for reviews, seeyeast pola—primase complex have been cloned, and

Hartwell and Weinert, 1989; Hartwell and Kastan, 1994;
Murray, 1994; Nurse, 1994; Carr and Hoekstra, 1995;
Humphrey and Enoch, 1995; Lydall and Weinert, 1996).
Entry into S phase is delayed when DNA damage is
induced in G and, in Saccharomyces cerevisjathis
control is dependent on tfiRAD9 RAD53/MEC2/SAD1/
SPKlandRAD24genes (Siedet al, 1993, 1994; Allen

et al, 1994).RAD53 together with the EC1/ESRXene,

is also required for the checkpoint which slows down the
rate of DNA synthesis when DNA is damaged during S

several mutants have been produced and characterized
(Lucchini et al, 1987, 1990; Francescowet al., 1991;
Longheseet al,, 1993; Foianiet al, 1994). None of them
showed any sensitivity to DNA-damaging agents.

Here, we describe the production of several new
mutations in the?RI1gene encoding the catalytic primase
subunit of the budding yeast pal-primase complex, and
the characterization of the cell cycle defects associated
with the ts pril-M4 mutation. Thepril-M4 mutant is
defective in responding to DNA damage in/6 and

phase (Paulovich and Hartwell, 1995). Furthermore, when during S phase, and a role for DNA primase in the

DNA damage is induced in £ cells are able to delay

© Oxford University Press

surveillance mechanisms controlling the rate of progres-
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Fig. 1. Primase stability irpril mutants. A) A bar schematically
represents the p48 polypeptide. Shaded boxes within the bar indicate
conserved amino acid regions. Arrows indicate the position of the two
amino acid insertions described in Materials and methdglsTenty

five ug of protein extracts prepared from the indicated strains were
analyzed by Western blotting as described in Materials and methods.
(C) A total of 3.5 mg of protein extracts from the indicated strains
were immunoprecipitated with the anti-p180 y48 monoclonal antibody
(Ferrariet al, 1996), and analyzed by SDS—PAGE and Western
blotting with specific antibodies against the pelprimase subunits.

showed an accumulation of S phase cells (Figure 2A).
Moreover, whenpril-M4 cells were arrested in QGwith
a-factor, and then released from tlefactor block at
permissive temperature, they were delayed in reaching
Gy, although FACS analysis did not allow us to distinguish
between a defect in entering S phase and a slower
progression through S phase (Figure 2A).

The pril-M4 mutation caused a tight ts phenotype,
since pril-M4 cells released from the-factor block at
the restrictive temperature (36°C) arrested as large-budded
cells, with a single nucleus, short spindle and a 1C DNA
content (Figure 2A and data not shown), suggesting that
they failed to execute an early step of DNA synthesis.
Finally, pril-M4 cells showed first cell cycle arrest
(Hereford and Hartwell, 1974; Hartwell 1976), either when
blocked at 36°C and then released at the permissive
temperature in the presence of hydroxyurea (HU), or when
first arrested in HU at 25°C and then released from the
HU block at 37°C (see Materials and methods). This
finding indicates that DNA primase is required for ongoing
DNA synthesis, although it does not exclude the possibility
that DNA primase may also play an essential function in
initiation of DNA synthesis, as suggested by the results
shown in Figure 2A.

The ts phenotype associated with @r&l-M4 mutation
is recessive, since both the growth rate and FACS profile of
PRI1/pril-M4 heterozygous an&RI1/PRI1homozygous
diploid strains were indistinguishable from each other
at 36°C.

A dominant and allele-specific DNA damage

sensitivity is associated with the pri1-M4 mutation

The pril-M4 mutant is significantly sensitive to DNA-
damaging agents at the permissive temperature. In fact,
whenpril-M4 cultures were UV irradiated or treated with
the alkylating agent methyl methanesulfonate (MMS), the

sion through S phase in response to DNA damage will be percentage of viable cells decreased compared with the

discussed.

Results

Mutagenesis of the PRI1 gene
We have mutagenized tHeRI1 gene carried on a centro-
meric plasmid by using the two-codon insertion technique
(Barany, 1988). Among the obtained mutations (Figure 1A,
Materials and methods), thail-M4 and pril-T1 alleles
caused a ts phenotypetil-M2 and pril-M3 were lethal,
while the other mutations did not result in any detectable
phenotype (data not shown).

As shown in Figure 1B, the level of the p48 primase
polypeptide was reduced dramaticallyanl-H2 andpril-
sH2 protein extracts, while the amount of p48 only
partially decreased ipril-M4 extracts and pak—primase
complex formation and stability were not affected
(Figure 1B and C). Shift to the restrictive temperature of
pril-M4 mutant cells did not influence either the p48 level
or the stability of the pobi—primase complex.

The pri1-M4 mutant is defective in DNA synthesis
Thepril-M4 mutant is partially defective in DNA synthesis
already at the permissive temperature. In fautl-M4
cells, exponentially growing at 25°C, were mostly budded,

isogenic wild-type (Figure 2B and C). Moreover, {él-
M4 allele caused increased sensitivity to the radiomimetic
drug bleomycin (data not shown).

DNA damage sensitivity was specific for tipeil-M4
mutant, since neither differeptril alleles, nor mutations
in the genes encoding the other subunits of the el
primase complex, which severely affect DNA synthesis,
were more sensitive than wild-type to UV, MMS and
bleomycin (data not shown).

The sensitivity to UV and MMS treatments associated
with the pril-M4 mutation is dominant, since theril-
M4/PRI1 heterozygous diploid strain showed a DNA
damage sensitivity comparable with that of {m&l-M4/
pril-M4 homozygous strain (Figure 2D and E). However,
DNA damage sensitivity opril-M4/PRI1 heterozygous
cells was similar to that oPRI1/PRI1homozygous cells
when tested at 37°C (Figure 2F and G), probably due to
inactivation of thepril-M4 gene product. Therefore, while
the ts phenotype associated with {rél-M4 mutation is
recessive, DNA damage sensitivity at the permissive
temperature is allele specific and dominant.

Cell cycle delay in response to DNA damage

during G; or S phase is reduced in the pri1-M4

mutant

Genetically distinguishable surveillance mechanisms are

and fluorescence-activated cell sorter (FACS) analysis employed to delay cell cycle progression in response to
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Fig. 2. pril-M4 is defective in an early step of DNA synthesis and is sensitive to DNA-damaging ag&hBultures of strains K699 (wild-type)

and CY387 pril-M4) logarithmically growing at 25°C (log) were synchronized dyfactor treatment (219/ml) and shifted either to 25 or to 36°C

at time zero aften-factor release. Samples were taken at the indicated times and analyzed by FACS. (B—G) One hundred and 1000 cells from
overnight saturated YPD cultures of strains K6®R(1), CY387 (ril-M4), CYd438 PRI1L/PRI), CYd439 PRIL/pril-M4 and CYd524 gril-M4/
pril-M4) were either plated on YPD medium containing the indicated MMS concentrari3 &ndF) or UV irradiated on YPD plates at the

indicated dosage<( E andG). Plates were incubated at 25°C (B—E) or at 37°C (F and G) and colonies were counted after 3—4 days. Strain
Cyd524 did not give rise to any colony when incubated at 37°C (F and G). Standard deviations were calculated using two to three samples. The
experiments in (B—G) were performed two to four times with similar results.

DNA damage (Weinertt al, 1994; Carr and Hoekstra, paradoxically, this mutant allele, which is defective in
1995; Friedberget al, 1995; Lydall and Weinert, 1996). DNA synthesis, replicates DNA faster than wild-type
Wild-type cells, UV irradiated in G delay the G-S under these conditiongril-M4 cells held in a-factor
transition, probably to allow DNA repair (Figure 3A), throughout the MMS treatment mantained a 1C DNA
while mutant strains defective in this checkpoint mechan- content and did not lose cell viability (Figure 4B), sug-
ism replicate DNA prematurely and lose cell viability gesting that increased cell lethality induced by DNA
(Siedeet al, 1993; Allenet al,, 1994). damage in theril-M4 mutant strain is related to its faster

In pril-M4 cultures released from a Gblock after progression through S phase.
UV treatment, both bud emergence (Figure 3B) and the In order to corpidtd14 DNA damage sensitivity
appearance of cells with a 2C DNA content (Figure 3A) to its intra-S checkpoint defect, we tested whether faster
occurred earlier when compared with the wild-type strain S phase progressjmiiléfl4 cells in the presence of
in the same conditions, suggesting thail-M4 cells MMS was also dominant. We found thai1-M4 [pFE139]
are partially defective in properly delaying cell cycle cells, containing a centromeric plasmid carrying the wild-
progression in response to UV irradiation during Ghis typePRI1gene, failed to properly delay cell cycle progres-
phenotype was associated with increased cell lethality, sion in the presence of MMS, similarly to what was
which was almost completely prevented by holding the observed inpril-M4 [pFE202] cells, carrying theril-
cells in a-factor for at least 60 min after UV irradiation M4 allele on the same vector (Figure 4C). As expected,
(Figure 3C). the checkpoint defect gbril-M4 [pFE139] cells caused

Another genetically controlled regulatory mechanism, an increase in cell lethality which was prevented by
requiring theRAD53and MEC1 genes, slows the rate of a-factor treatment (Figure 4D). However, both the ts
S phase progression, when DNA damage occurs during phenotype (data not shown) and the mitotic cell cycle
DNA replication (Paulovich and Hartwell, 1995). When delay in the absence of MMS treatment observed in
pril-M4 cultures were released fromfactor block in the pril-M4 cells were abolished ipril-M4 [pFE139] cells
presence of MMS, progression through S phase was more(Figure 4C). Since theril-M4 intra-S checkpoint defect

rapid than in wild-type (Figure 4A), and cell viability is dominant and can be distinguished genetically from the
was strongly reduced (Figure 4B). Hence, the rate of recessive DNA synthesis defect, the inability to delay
progression through S phaseinl-M4 shows only partial, properly the rate of S phase progression in response to

if any, reduction in response to MMS treatment and, DNA damage is unlikely to be related to a general
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Fig. 3. The pril-M4 mutant is defective in responding to UV
irradiation during G. Cultures of strains K699RRI1) and CY387
(pril-M4), logarithmically growing at 25°C (log), were pre-
synchronized with 2ug/ml of a-factor, spread on YPD plates and then
UV irradiated as described in Materials and methodg. $amples

taken at the indicated times afterfactor release were analyzed by
FACS.PRI1cells were able to recover from the UV-induced cell cycle
delay after 4 h, and cell number after UV irradiation did not increase
from time 0 to 180 min.B) The percentage of budded cells monitored
at the indicated times in both unirradiated and irradiated{V)

cultures. Wild-type angbril-M4 cultures mock UV irradiated and
treated again witln-factor remained unbudded and with a 1C DNA
content throughout the experiment (180 min) (data not shown).

(C) Cell survival was measured at the indicated times, as described in
Materials and methodst aF indicates cell cultures kept in 5g/ml

of a-factor to maintain the gblock after UV irradiation. Standard
deviations were calculated by using samples from two independent
experiments in which the FACS profiles were similar to that shown in

A).
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disturbance of the whole replication apparatus. This con-
clusion is supported further by the finding that &2-1
mutant, which is altered in the p58 subunit of the pol
o—primase complex, failed to execute an early step of
DNA synthesis after shift to the restrictive temperature
(Figure 5A). Nevertheless, thpri2-1 mutation did not
alter the intra-S checkpoint at the permissive temperature,
but rather caused a slower progression through S phase
in the presence of MMS compared with wild-type (Figure
5B). This behavior is likely to be due to a proficient intra-
S checkpoint superimposed on a DNA replication defect.
Accordingly, the cell viability of pri2-1 cells in the
presence of MMS was identical to wild-type (Figure 5C).

pri1-M4 cells are not defective in delaying mitosis

in response to DNA damage or HU treatment
Wild-type cells respond to DNA damage in, By delaying
entry into mitosis through a regulatory pathway involving
the RAD9 RAD17 RAD24 RAD53 MEC1, MEC3 and
PDS1/ESP2gene products (Alleret al, 1994; Weinert
etal, 1994; Yamamotet al, 1996). As shown in Figure 6,
pril-M4 mutant cells, UV irradiated in & properly
delayed entry into mitosis, while ead9A strain failed
to restrain mitotic entry in response to DNA damage.
Therefore,pril-M4 cells are proficient in the SDNA
damage checkpoint.

Another checkpoint links entry into mitosis to the
completion of the preceding S phase. This interdependency
is lost inrad53 meclandpol2 mutants, which die in the
presence of HU with elongated mitotic spindles and
divided nuclei (Allenet al, 1994; Weinertet al,, 1994;
Navas et al, 1995). Cell viability of logarithmically
growing or a-factor pre-synchronizegril-M4 cultures
was not affected by treatment with 0.2 M HU and,
accordingly, cells arrested as large budded cells with a
single undivided nucleus, short spindles and an S phase
DNA content (data not shown). These data suggest that
pril-M4 cells can properly delay entry into mitosis when
DNA is not replicated completely.

Genetic interactions between pri1-M4 and
checkpoint-defective mutants

The MEC1 and RAD53 genes encode essential proteins
involved in the signal transduction pathway that is activ-
ated in response to DNA damage in,& and G (Allen

et al, 1994; Kato and Ogawa, 1994; Weinettal,, 1994).

The MEC3 gene is not essential, bubtec3mutants are
defective in their ability to delay cell cycle progression
in response to DNA damage (Weineet al, 1994;
Longheseet al, 1996). Combination of thpril-M4 allele

with mutations inMEC1 (esr1-1 mec1-}, RAD53(sadl-

1, mec2-) and MEC3 (mec3-)} genes resulted in cell
lethality. In fact, we were unable to recover any viable
double mutants at the permissive temperature after sporul-
ation of the appropriate heterozygous diploids and analysis
of 16, 36, 24, 12 and 17 tetrads, respectively, for each
strain. Since we recovered all the other expected genotypes,
we infer that the double mutants were formed during
meiosis, but were inviable.

The pathway leading to Rad53p phosphorylation is
proficient in the pri1-M4 mutant

Rad53p is an essential protein kinase that plays a pivotal
role in the pathway delaying cell cycle progression when
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Fig. 4. The pril-M4 mutant is defective in slowing down S phase progression in the presence of DNA dakpged(C) Log-phase (log) cultures

of strains K699 PRI1), CY387 (ril-M4), CY387 transformed with the pFE139 centromeric plasmid carrying the wild®Ri& gene pril-

M4[pFE139]) and CY387 transformed with the pFE202 centromeric plasmid carryingrithd4 allele (ril-M4[pFE202]) were pre-synchronized

by a-factor treatment and released in YPD with or without 0.02% MMS. Samples were taken at the indicated times for FACS analysis (black
histograms). Overlayed histograms represent the cell cycle distributions of the asynchronous cultures-teeforetreatment. The experiments

shown in (A) and (C) were performed three times and twice, respectively, with similar results. FACS profiles of strain K699 transformed with the
centromeric plasmid pFE139 were indistinguishable from that shown for the non-transformed K699 Bjraimd (D) Cell survival was measured at

the indicated times, as described in Materials and methedsF indicates cell cultures kept in5g/ml of a-factor throughout the MMS treatment

to maintain the G block. Standard deviations were calculated by using samples from two independent experiments in which the FACS profiles were

similar to that shown in (A) and (C).

DNA is damaged or replication is not complete (Zheng causes Rad53p phosphorylation during S phase under condi-
etal, 1993; Allenet al, 1994; Weineretal, 1994). Rad53p  tions perturbing proper cell cycle progression (Satral,

is phosphorylated itransby a Mec1p- and Mec3p-depend- 1996), but this is not observed in logarithmically growing
ent mechanism in response to DNA damage (Sanetaz wild-type cells or during S phase affactor pre-synchron-

1996; Sunet al, 1996). A Meclp-dependent mechanism ized cell cultures (Figure 7B, anet & 996).

643



F.Marini et al.

644

PRI2(37°C)  pri2-1(37°C)
o A\
180 o
| EEE e 185
— 138 A=
120
- Ve 108
90
. 4]
a0
45
0
= 15
i ]
N og |
B m
LMW PRI2 (log)

oy | pri2-1 (log)

| !
| a-tactor | ulacio
. f
me i 'i | lE” | t".. | t*
30 min, = L1 l !
A
AU AN T
| | k ‘n 1
; — rRTTTT] s 1
60 min. | | L !

- i;"  |; ‘q| Hil mjﬂ

240 min. ||
MMs -+ - 52
PRI2 pri2-1
C 1004a-4-5-3atpdtiig o3
G
2
z
=}
w
—o— PRI2
—e— pri2-1

p (o] SN
0 30 60 90 120 150180210 240
Time (min.)

Since synthetic lethality opril-M4 sadl-land pril-

M4 mec2-1double mutants suggests that DNA primase
and Rad53p functionally interact, we made an attempt to
order the relative function of Rad53p and DNA primase
by testing Rad53p phosphorylationpni1-M4 cells under
different conditions. As shown in Figure 7A, Rad53p was
phosphorylated in HU- or MMS-treatedRI1 and pril-

M4 cells, as indicated by the appearance of isoforms
with lower electrophoretic mobility. Since HU and MMS
treatments result in accumulation of S phase cells, we
tested whether Rad53p phosphorylation was still occurring
when cells were held in-factor during MMS treatment.
As shown in Figure 7A, Rad53p was still phosphorylated
under this condition, indicating that this post-translational
modification was related specifically to DNA damage
response in @Garrested cells. This finding suggests that
the cascade of events leading to Rad53p phosphorylation
caused by genotoxic agents is proficienpmil-M4 cells.

Moreover, theRAD53 pathway seems to be activated
also in response to cell cycle perturbations due to a
defective DNA primase. In fact, as shown in Figure 7A,
Rad53p phosphorylation is also observed in logarith-
mically growingpril-M4 mutant cultures, while it cannot
be detected in wild-type cells. Ipril-M4 mutant cells
pre-synchronized bg-factor treatment, Rad53p phospho-
rylation was detected already 15 min aftefactor release
(Figure 7B). It is likely that S phase is already started
15 min after a-factor release, although FACS analysis
only revealed a slower S phase progression in the mutant
culture (Figure 7B). In this view, a defective DNA primase
will cause the accumulation of replication intermediates
which will activate the checkpoint pathway leading to
Rad53p phosphorylation. This assumption is substantiated
by the finding that Rad53p phosphorylation is not detected
in logarithmically growing PRI1/pril-M4 heterozygous
cells (Figure 7C), in agreement with the observation that
the pril-M4 replication defect is recessive. Conversely,
the same heterozygous strain, which is checkpoint defect-
ive (see Figure 4), is still able to phosphorylate Rad53p
in response to HU or MMS treatment (Figure 7C).

It has been shown that transcription of DNA damage-
inducible genes requires a functional Rad53p-dependent
pathway (Zhou and Elledge, 1993; Allet al., 1994; see
Figure 9A). To test whether this pathway was active in
pril-M4 mutant cells, we measured the expression of
the DNA damage-inducible gen@NR2by assayingB-
galactosidase activity in extracts frqmi1l-M4 cells carry-
ing a RNR2-lacZfusion gene integrated at theEU2
locus. As shown in Figure 7/ril-M4 mutant cells were

Fig. 5. The intra-S checkpoint is proficient in theg2-1 mutant.

(A) Cultures of strains K69RRI2) and its isogenic derivativg(i2-1),
logarithmically growing at 25°C (log) were synchronizeddyactor
treatment (2ug/ml) and shifted to 37°C at time zero, afteffactor
release. Samples were taken at the indicated times and analyzed by
FACS. B) Cultures of strain K699RRI2) and its isogenic derivative
(our unpublished data), in which tfRI2gene was replaced with the
pri2-1 allele (pri2-1) (Francescoret al, 1991), logarithmically growing
at 25°C (log), were synchronized byfactor treatment and released at
25°C in liquid medium with or without 0.02% MMS. Samples were
taken at the indicated times for FACS analysis (black histograms).
Overlayed histograms represent the cell cycle distributions of the
asynchronous cultures befarefactor treatment.§) Cell survival of the
indicated strains in the presence of MMS was measured at the indicated
times, as described in Materials and methods.
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Fig. 6. pril-M4 is able to delay mitosis in response to G2-induced

DNA damage. Strains K69PRI1), CY387 pril-M4) and CY427

(rad9) were arrested in G2/M with nocodazole and UV irradiated (see
Materials and methods). Irradiated (JV) and unirradiated samples

were resuspended in fresh medium and the percentage of large budded
uninucleate cells was scored by DAPI staining as described in
Materials and methods. The experiment with the different strains was
repeated two to three times with similar results.

still able to induce the expression of tRANR2—lacZusion

in response to genotoxic agents, even when the MMS
treatment was performed m-factor-arrested cells. When
both wild-type andpril-M4 cells were held ina-factor,
RNR2—-lacZinduction was much lower than in cycling

B I e o
log HU  MMS

cells. It is possible that cycling cells are more efficient Fig. 7. The pril-M4 mutation does not interfere with Rad53p

in inducing RNR2—-lacZexpression during the S phase,
although Rad53p phosphorylation seems to be similar i
cycling anda-factor-arrested cells in response to DNA-

phosphorylation. &) Total protein extracts were prepared by the TCA
n procedure (Materials and methods) from log-phase (log) cultures of

strains K699 PRI1) and CY387 fril-M4), or from cultures of the

same strains incubated at 25°G fbh in YPD medium containing

damaging agents. Further experiments will be required to 0.2 M HU (HU) or 0.02% MMS (MMS). Extracts were also prepared
address the apparent uncoupling between the efﬁciencyfl’om cultures of the same strains held fh in 5 ug/ml of a-factor

of Rad53p phosphorylation arRINR2—lacZinduction.

The expression of th&NR2-lacZfusion in untreated
pril-M4 cells was higher than in the wild-type, and a
similar phenotype was found to be associated with
mutations, calledrt, which cause constitutive expression
of DNA damage-inducible genes (Zhou and Elledge,

with (aF + MMS) or without @F) 0.02% MMS aftera-factor pre-
synchronization. SDS—-PAGE, followed by Western blotting with anti-
Rad53p antibodies (Swet al, 1996), was performed as described in
Materials and methods. The bands corresponding to phosphorylated
and unphosphorylated Rad53p are indicated by a bracket. A protein
species, migrating slightly faster than unphosphorylated Rad53p, cross-
reacts with anti-Rad53p antibodigsGalactosidase activity in extracts
prepared from strains CY106®RI1) and CY1068 iri1-M4), carrying

1992). These data are in agreement with the previous an integratecRNR2-lacZusion gene and treated as described above,
suggestion that a defective DNA primase leads to accumu-was assayed as previously described (Lucciral, 1984). The

lation of DNA lesions, resulting in activation dRNR2
expression through the Rad53p-dependent pathway, whic
is proficient inpril-M4 cells. Accordingly, we found that
the pril-M4-associated Crtphenotype is recessive, as is
the DNA replication defect (data not shown).

The genetic interactions discussed in the previous sec-
tion suggest that Rad53p and DNA primase act in the
same pathway, and the analysis of Rad53p phosphorylation
in pril-M4 cells and in thePRI1/pril-M4 heterozygous
strain further suggests that DNA primase is not involved
in the cascade of events leading to Rad53p phosphorylation
in response to DNA damage.

Since it has been shown recently tiRAD530overexpr-
ession delays bud emergence and S phase entryet&in
1996), we compared the effectRAD53overexpression in
wild-type andpril-M4 cells. As shown in Figure 8A and
B, the pril-M4 mutation partially counteracts the effect
of RAD53 overexpression on both budding kinetics and

reportedB-gal units are averages of results obtained from assays on
htwo to three independent extracts, and standard error was always
<20%. B) Log-phase (log) cultures of K6OPRILY and CY387
(pril-M4) were arrested in Gby a-factor treatmentdF) and released
from the a-factor block in YPD. Aftera-factor release, samples were
taken at the indicated times and analyzed by FACS and by Western

blotting using antibodies against Rad53p and geprimase B subunit

which is phosphorylated during S phase (Foianal, 1994, 1995).

Brackets indicate phosphorylated and unphosphorylated forms of
Rad53p and poti—primase B subunit.) Total protein extracts were
prepared as described in (A) from log-phase (log) cultures of strain
CY387 transformed with the pFE139 centromeric plasmid carrying the
wild-type PRI1 gene (—#) and CY387 transformed with the pFE202
centromeric plasmid carrying theil-M4 allele (—/-), or from cultures

of the same strains incubated at 25°C 4oh in YPD medium

containing 0.2 M HU (HU) or 0.02% MMS (MMS). Western blotting
with anti-Rad53 antibodies was performed as described in (A).

timing of S phase entry, suggesting that DNA primase

might act downstream oRAD53 However, we did not
observe any mobility shift of the p48 DNA primase
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Fig. 8. The pril-M4 mutation counteracts the cell cycle delay caused by Rad53p overexpreggi@trdins K699 PRI1) and CY387 pril-M4)

were transformed with plasmids pNB187 (Vector) or pPNBEHK1(GAL1-RAD53. Transformants were grown in SD medium containing 2%
raffinose (log), synchronized hy-factor treatment and released from thdactor block at 25°C in SD medium containing 2% raffinose and 2%
galactose. Samples for FACS analysis were taken at the indicated times-&ietor release (time 0)B) The percentage of budded cells was
monitored, at the indicated times, in the same strains described in@QA)latal protein extracts were prepared by the TCA procedure (Materials
and methods) from cultures of strains Y300 (wild-type) and Y3€Hd(-) logarithmically growing in YPD (log), growing fo4 h in YPD

containing 0.02% MMS (MMS), or held in Gor 4 h by a-factor treatment in the presence of 0.02 MM8-(+ MMS). Proteins were separated on
low cross-linking SDS—polyacrylamide gels as described in Materials and methods, and immunoreactive polypeptides were visualized on Western
blots with anti-B subunit and anti-p48 antibodieB) (n vitro phosphorylation of histone H1 and of a GST—p48 fusion protein was carried out as
described in Sumt al. (1996). The GST—p48 fusion protein was purified by affinity chromatography (Mitehell, 1993) from yeast extracts
prepared from a strain expressing a GST—p48 fusion protein.

subunit in wild-type and irrad53 mutant éad1-3 cell Discussion
extracts prepared from untreated or MMS-treated cells, g,/ of DNA primase in DNA synthesis

even in conditions which magnify the difference in electro- 1o p48 subunit of the budding yeast po-primase
phoretic mobility between the unphosphorylated p86 and complex is sufficient for DNA primase activitin vitro

the hyperphosphorylated p91 isoforms of the mot  (santocanalet al, 1993), and previous characterization
primase B subunit (Figure 8C). Moreover, immunoprecipi- of pril mutants established that p48 is essential for cell
tated Rad53p is not able to phosphorylate a GST-p48yiability and DNA replicationin vivo (Francesconeét al.,
fusion in vitro, while Rad53p is able to phosphorylate 1991; Longheset al, 1993).

histone H1 under the same conditions (Figure 8D). There-  Production of newpril mutants has allowed the identi-
fore, although DNA primase might act downstream of fication of the tight tspril-M4 allele. Reciprocal shift
Rad53p, it does not seem to be a direct substrate ofexperiments and FACS analysis performed mil-M4
Rad53p kinase. cells showed that p48 is required for ongoing DNA
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roles of Rad53p in response to DNA damage are represented
schematically. Rad53p is phosphorylated in DNA damage conditions
(Sanchezt al,, 1996; Suret al, 1996) and is required for activation

of the Dunlp-dependent pathway that leads to transcription of DNA
damage-inducible genes (Zhou and Elledge, 1993). Rad53p is also
required in order to delay the cell cycle by negatively regulating
progression through S phase (Paulovich and Hartwell, 1995) and entry
into mitosis (Allenet al, 1994; Weinertet al, 1994). The question

mark indicates as yet unidentified factor(s), possibly mediating the
cascade from Rad53p to the replication machinesy.Wild-type

cells, experiencing DNA damage while progressing through S phase,
slow down DNA synthesis through the action of the Rad53p-
dependent checkpoint pathway, which negatively regulates the priming
activity associated with the pal—primase complex, thus preventing
initiation of DNA synthesis downstream of the lesions piil-M4

cells, the primase subunit of the pm-primase complex is unable to
respond properly to this inhibitory signal and synthesizes RNA
primers downstream of the damage, allowing DNA synthesis to occur.
The arrows represent the elongation products of newly synthesized
RNA primers (wavy lines), and the asterisk indicates the mutated
primase subunit.

synthesis. Furthermore, the observation fhrét-M4 cells
arrested with a 1C DNA content, aftarfactor release at
the restrictive temperature, indicates that the bulk of DNA

synthesis cannot be performed in this mutant at the

DNA primase and checkpoints

DNA damage sensitivity of the pri1-M4 mutant

The previously characterizegril mutants did not show
any increased sensitivity to DNA-damaging agents com-
pared with wild-type, although they were defective in
DNA synthesis and caused enhanced rates of mitotic
intrachromosomal recombination and mutation, probably
due to the accumulation of DNA lesions (Francesconi
et al, 1991; Longheset al., 1993). Thepril-M4 mutant,
besides being ts and defective in DNA synthesis, is also
sensitive to UV radiation and MMS treatment. The ts
phenotype is recessive, while DNA damage sensitivity is
dominant and they are, therefore, genetically distin-
guishable.

DNA damage sensitivity can be due to different causes,
such as defective DNA repair, inability to induce transcrip-
tion of DNA damage-inducible genes or defective check-
point mechanisms. It is unlikely that DNA primase plays
any direct role in DNA repair since, with the exception
of the pril-M4 allele, none of the alleles so far identified
in the PRI1 gene or in the genes encoding the other
subunits of the polo—primase complex exhibits DNA
damage sensitivity (Lucchinet al, 1990; Francesconi
et al, 1991; Longheset al, 1993; Foianiet al, 1994).
Furthermore, gap filling repair synthesis does not require
RNA primer synthesis.

DNA damage, as well as inhibition of DNA synthesis,
results in the transcriptional activation of DNA damage-
inducible genes. Mutations idun genes cause inability
to induce this transcriptional response (Zhou and Elledge,
1993; Navaset al, 1995), while mutations ircrt genes
cause constitutive expression of DNA damage-inducible
genes (Zhou and Elledge, 1992). Thel-M4 mutant
does not show a Dun phenotype, but rather behaves like
crt mutants and, interestingly, thert5-262 mutation is
allelic to the POL1 gene, encoding the large subunit of
the pol a—primase complex (Zhou and Elledge, 1992).
This observation, together with the hyper-recombination
and mutator phenotype associated with otpgd, pri2
and poll alleles (Lucchiniet al, 1990; Longheset al,
1993), suggests that a defective petprimase complex
might cause the accumulation of DNA damage signals,
which result in activation of DNA damage-inducible genes
(see Figure 9A).

The pri1-M4 mutant is defective in properly
delaying cell cycle progression in response to DNA
damage
Eukaryotic cells minimize the consequence of DNA dam-
age by activating a network of checkpoints, whose function
is to delay cell cycle progression, probably to provide
sufficient time for DNA repair. Mutations affecting the
components of these surveillance mechanisms cause
increased sensitivity to genotoxic agents. We found that
pril-M4 cells properly restrain entry into mitosis when
DNA is damaged in Gor DNA replication is blocked by
HU treatment, indicating that,thé @NA damage

non-permissive temperature. Since FACS analysis is notcheckpoint and the mechanisms coupling completion of

sensitive enough to distinguish between a defect in initi-
ation of DNA replication and an impairment in some early
step of DNA elongation, further biochemical characteriza-
tion will be required to establish firmly a direct role for
DNA primase in initiation of DNA replication at an
origin in vivo.

DNA replication to entry into mitosis are proficient.
Conversely, thepril-M4 mutant fails to delay properly
bud emergence and entry into S phase after UV irradiation,
and to slow down the rate of DNA synthesis in the
presence of MMS with a concomitant increase in cell
lethality. Therefore, this mutation specifically affects only
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a subset of the checkpoint pathways, and DNA damage

sensitivity of thepril-M4 mutant may be related to its

failure to delay properly S phase entry and progression in

stream of the damage (Figure 9B). This model is consistent

with the biochemical properties of DNA primase, which

is a highly distributive enzyme with the unique property

response to genotoxic agents. This is an apparent paradoxof providing the RNA primers required to initiate DNA

in fact, pril-M4 is defective in DNA synthesis at the

synthesis (Kornberg and Baker, 1992). Moreover, it is

permissive temperature in the absence of DNA-damagingwell known that, although many lesions block DNA

agents, while the same mutant proceeds faster than wild-
type through S phase in the presence of MMS. Therefore,

at the permissive temperature, the partially defeqginé-

M4 gene product is still capable of carrying out DNA
synthesis and probably fails to respond properly to a
regulatory mechanism which is required to inhibit-G

transition and S phase progression in the presence of DNA

damage. While a role for DNA primase in connecting
DNA damage response to DNA replication is reasonable,
a direct involvement of DNA primase in the budding
pathway can hardly be envisaged. It is more likely
that the failure ofpril-M4 cells to delay properly bud
emergenge in response to UV irradiation inp & a

polyménasgss, cells are still able to synthesize DNA
(reviewed by Naegeli, 1994). Therefore, DNA primase
activity might be required to bypass a DNA lesion in
order to resume DNA synthesis downstream of the damage

(Figure 9B). A mechanism analogous to that required to

bypass a DNA lesion occurs ifEscherichia colito

reconstitute rolling circle synthesis, and depends on prim-

ing proteins (Allenet al, 1993). The observation that
pgh&-M4 DNA damage sensitivity and the intra-S
checkpoint defect are dominant further supports the hypo-
thesis thaptlieM4 mutant primase fails to sense the
inhibitory signal and resumes DNA synthesis downstream
of the lesion. A similar mechanism might also explain the

consequence of premature entry into S phase, which thenG,;—S checkpoint defect gfril-M4 cells. In fact, since all

results in the activation of the budding pathway.

A possible role for DNA primase in linking DNA
damage response to DNA replication
Different types of DNA damage are likely to be detected

by several sensors, and the generated signal is then

the genes controlling the intra-S checkpoint analyzed so

far are also required to delay;<5 transition in response

to DNA damage (Lydall and Weinert, 1996; Longhese
et al, 1996), and since primer formation is essential to
initiate DNA synthesis, it is tempting to speculate that a

transduced through the Rad53p-dependent pathway insignals might also lead to premature entry into S phase.

order to delay cell cycle progression and to activate
transcription of DNA damage-inducible genes (Alkral,
1994; Weinertet al, 1994; Navast al, 1995; Paulovich
and Hartwell, 1995; Sanchet al,, 1996; Suret al,, 1996)
(Figure 9A). It has been suggested recently that the
slowing down of S phase in the presence of DNA damage,
which is genetically controlled at least by tMEC1 and
RAD53genes, must target some component(s) of the DNA
replication machinery (Paulovich and Hartwell, 1995).
The Rad53p protein kinase is phosphorylatedrams by

a Mec3p- and Meclp-dependent mechanism in respons
to DNA damage (Sanchezt al, 1996; Suret al,, 1996),

Materials and methods

Plasmids
Plasmid pFE139 contains the 2449Pgti—Sad PRI1genomic fragment
cloned in plasmid YCplac22 (Gietz and Sugino, 1988). Plasmid pFE5
contains the blunted 1920 hyrul-Sad PRI1 genomic fragment cloned
into the Nrul site of plasmid YCp50 (Roset al, 1990). pLAN2 is a
ARS1 TRP1 CENflasmid carrying thé°RI1 gene (Francescomit al,,
1991). Plasmids pFE202 and pFE299 contain the 244%$is-Sad
genomic fragment carrying thgril-M4 mutation, cloned, respectively,
jn plasmids YCplac22 and Ylplac211 (Gietz and Sugino, 1988). The
glll-linearized pFE299 plasmid has been used to replace the chromo-
somal copy ofPRI1 in different genetic backgrounds by the two-step

suggesting that Rad53p is an intermediate component ofprocedure (Rothstein, 1991). Plasmid pNBIE?K1(Sunet al, 1996)

the signal transduction pathway coupling DNA damage
to cell cycle arrest (Figure 9A).

Although further studies will be required to establish
firmly the order of relative functions d®RAD53andPRI1,
the following observations suggest that DNA primase acts
downstream oRAD53 (i) the pathways leading to Rad53p
phosphorylation as a consequence of HU and MMS
treatment are proficient in botpril-M4 and PRI1/pril-
M4 cells; (ii) the pril-M4 mutation counteracts the cell
cycle delay caused byRADS53 overexpression; and
(iif) both the DUN 1-dependent pathway and the checkpoint
preventing entry into mitosis in response to DNA damage
are functional inpril-M4 cells. However, the results
presented in Figure 8 indicate that DNA primase is not a

is a pNB187 derivative plasmid in whicRAD53/SPK1lexpression is
driven by aGALZXinducible promoter. Plasmid p0-1Kpn, carrying the
RNR2-lacZfusion cloned into the pSzX vector (Hurd and Roberts,
1989), was provided by M.Fasullo (Loyola University, Chicago). Plasmid
pRR330 carrying therad9A cassette was provided by L.Prakash
(University of Texas, Dallas). Plasmid pFE302 is a pEG(KT) derivative
(Mitchell et al, 1993) in which thePRI1 coding region has been fused
to an inducibleGAL1-GSTgene, and this plasmid is able to complement
a lethal disruption of théRI1 gene.

Yeast strains

Strains K699MATa ade2-1 trpl-1 can1-100 leu2-3,112 his3-11,15 ura3
and K700,MATa ade2-1 trpl-1 can1-100 leu2-3,112 his3-11,15 ura3
are isogenic and were provided by K.Nasmyth (I.M.P., Vienna). Unless
otherwise stated, all yeast strains used in this work are isogenic to K699.
Strain CG378,MATa ade5-7 leu2-3,112 ura3-52 trp1-289 camias
from L.H.Johnston (NIMR, London). Strain YLAMATa April ura3-

direct substrate of Rad53p kinase and, therefore, we must52 trp1 [PLAN2] is a L1156 derivative carrying a deletion of thRRI1

assume that, if DNA primase acts downstreanR&D53
then other factor(s) might mediate the inhibitory signal
from Rad53p to DNA primase in response to DNA damage.
Since the intra-S checkpoint (Paulovich and Hartwell,
1995) is dependent on thdEC1, RAD53andPRI1genes,
and DNA primase seems to act downstream of Meclp

chromosomal locus complemented by ffiRP1 CENGLAN2 plasmid
(Francescongt al, 1991). Strain CY124 is a YLAN derivative where
the pLAN2 plasmid has been substituted by tHRA3 CEN4pFES
plasmid. ThePRI1 chromosomal copy has been replaced with fhé-

M4 allele in strains K699, K700 and CG378 to originate, respectively,
strains CY387, CY522 and CY399. Strains CY1066 and CY1068 are,
respectively, K699 and CY387 derivatives containing one copy of the
p0-1Kpn plasmid integrated at tHeEU2 locus, and were obtained as

and Rad53p, we propose that this pathway might lead to gescribed in Hurd and Roberts (1989). Strain CY427 is a K699 derivative

inhibition of DNA primase, preventing priming down-
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the 7100 bpSal-EcadRl fragment of plasmid pRR330 (Schiest al, were collected for FACS analyisis and measurement of cell survival, as
1989). In all cases, correct replacements and plasmid integrations weredescribed above. To analyze cell cycle delay at theMGboundary in
verified by Southern blotting. Strain K700 was crossed to strains CG378 response to UV treatment, log-phase cultures were first blocked for
and CY399 to obtain, respectively, diploid strains CYd438 and CYd439, 110 min in G/M by nocodazole (fug/ml) and dimethylsulfoxide (1%)
while strain CY522 was crossed to strain CY399 to give rise to diploid and then plated on YPD and UV irradiated witi®.46ellsnwere

strain CYd524. Strain Y30IMATa sad1-1 can1-100 ade2-1 his3-11,15 washed from the plates, rinsed to remove nocodazole, and resuspended
leu2-3112 trp1-1 ura3-l1and its isogenicRAD53/SAD1strain (Y300) in fresh YPD at 25°C. At timed intervals, cells were collected, and the
were provided by S.J.Elledge (Baylor College, Houston). Strains percentage of uni- and bi-nucleate cells was scored microscopically after
TWY308, MATa mecl-1 ura3 trp1TWY312, MATa mec2-1 ura3 his7 staining with 4,6-diamidino-2-phenylindole (DAPI).

trpl and TWY316, MATa mec3-1 ura3 his3 trplwere provided by

T.Weinert (University of Arizona, Tucson). Strain PK110A-1M8ATa FACS analysis

esrl-1 leu2-1 his4 canl ura3 cyh2 ade6 aaes provided by H.Ogawa Cells were grown in the appropriate media, sonicated for 15 s, collected
(Osaka University). Genetic methods and yeast growth media were by centrifugation and suspended in 70% ethanol for 16 h. Cells were

according to Roset al. (1990). then washed in 0.25 M Tris—HCI (pH 7.5), and suspended in the same
buffer containing 2 mg/ml of RNase A. Samples were incubated for

Mutagenesis of the PRI1 gene 12 h at 37°C, collected by centrifugation and the pellet was resuspended

The procedure to generate two-codon insertions has already beenin 0.5 M pepsin freshly dissolved in 55 mM HCI. Cells were then

described (Barany, 1988; Foiaet al, 1994). Briefly,pril-M2 (T122- washed in 180 mM Tris—HCI (pH 7.5), 190 mM NaCl, 70 mM MgCl

DP-C123), pri1-M3 (R164RI-R165), pril-M4 (N186-GS-V187), pril- and stained in the same buffer containingg@ml of propidium iodide.

M5 (N192-GS-V193), pril-T1 (L229-GS-E230), pril-M6 (L297-RI- Samples were then diluted 10-fold in 50 mM Tris—HCI (pH 7.8) and

R298), pril-M7 (E397RI-R398) andpril-H2 (E403DP-P404) have analyzed by using a Becton Dickinson FACScan.
been produced by using plasmid pFE139 and the TAB-linker 5

CGGATC-3. The pril-sM7 (E397-RA-R398) andril-sH2 (E403-SS-

P404) were generated in plasmid pFE5 by using the TAB-linker 5 Acknowledgements

CGAGCT-3. The two amino acid in-frame insertions obtained (bold

letters, one letter code) within tH&RI1open reading frame are indicated P.Nurse (ICRF, London), K.Nasmyth, S.Piatti (IMP, Wien) and all

in parentheses next to eaphil aliele, together with their positions in the members of our laboratory for useful suggestions and criticisms
the p48 amino acid sequence. The pFE139 and pFE5 derivative plasm'dsM.Fasullo, S.Elledge, TWeinert, H.Ogawa, L.Prakash, K.Nasmyth,
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Mapping the pri1-M4-dependent step within the cell cycle

by reciprocal shift experiments

The rationale of reciprocal shifts to map the order of events during the
yeast cell cycle has been described previously (Hereford and Hartwell,
1974; Hartwell, 1976). The conditions used to map {hel-M4-
dependent step were similar to those previously described to map the References

pol12-T9dependent step (Foiargt al, 1994). Briefly, a-factor pre-

synchronized cells were arrested at 36°C 2oh and then plated on Allen,G.C.,Jr, Dixon,N.E. and Kornberg,A (1993) Strand switching of a
YPD at the permissive temperature in the presence of 0.3 M HU. replicative DNA helicase promoted by tHecoli primosome.Cell,
Alternatively, cells were held in 0.1 M HU for 2 h at the permissive 74, 713-722.

temperature and then plated on YPD at 37°C in the absence of HU. The Allen,J.B., Zhou,Z., Siede,W., Friedberg,E.C. and Elledge,S.J. (1994)

percentage of one large budded cell or of two adjacent budded cells The SAD1/RAD53 protein kinase controls multiple checkpoints and

after the second incubation on solid medium was scored microscopically DNA damage-induced transcription in yea&enes Dey 8, 2416—

(Foiani et al,, 1994). Since in both shifts>90% of the cells failed to 2428.

divide (one large budded cell), we conclude that pinié-M4-dependent Araki,H., Leem,S.-H., Phongdara,A. and Sugino,A. (1995) Dpb11, which

step and the HU-dependent step are interdependent (Hereford and interacts with DNA polymefaise Sccharomyces cerevisiae

Hartwell, 1974; Hartwell, 1976). has a dual role in S-phase progression and at a cell cycle checkpoint.
Proc. Natl Acad. Sci. US/2, 11791-11795.

Preparation of yeast extracts, Western blot analysis and Barany,F. (1988) Procedures for linker insertion mutagenesis and use of

immunoprecipitation procedures new kanamycin resistance cassetteA Protein Engng Tech.l,

The preparation of total protein extract from trichloroacetic acid (TCA)- 29-44.

treated cells and the procedure of Western blot analysis have been Campbell,J.L. (1993) Yeast DNA replicaBioh. Chem 268

described already (Foiargt al, 1994), as well as the preparation of 25261-25264.

non-denaturing protein extracts and immunoprecipitation of theapol Carr,A. and Hoekstra,M.F. (1995) The cellular responses to DNA

primase complex (Ferragt al, 1996). Immunological reagents against damageTrends Cell Biol. 5, 32—40.

the different subunits of the pol—primase complex and against Rad53p D’'Urso,G., Grallert,B. and Nurse,P. (1995) DNA polymerase alpha, a

have been also described (Foiaeti al, 1995; Sunet al, 1996). To component of the replication initiation complex, is essential for the

better resolve differences in electrophoretic mobility due to protein checkpoint coupling S phase to mitosis in fissiah @edistSci,

phosphorylation (Figure 7B), protein extracts were separated on 30 cm 108 3109-3118.

SDS—polyacrylamide gels containing 17% acrylamide and 0.072% bis- Ferrari,M., Lucchini,G., Plevani,P. and Foiani,M. (1996) Phosphorylation

acrylamide at 150 V for 20 h. of the DNA polymerasead—primase B subunit is dependent on its
association with the p180 polypeptideBiol. Chem 271, 8661-8666.

Determination of DNA damage-induced cell cycle delay Foiani,M., Marini,F., Gamba,D., Lucchini,G. and Plevani,P. (1994)

To measure cell cycle delay at the-& boundary in response to UV The B subunit of the DNA polymeraserimase complex in

treatment, log-phase cultures were blocked inv@th 2 pg/ml of a- Saccharomyces cerevisiagecutes an essential function at the initial

factor as previously described (Foiaeti al., 1994), plated in YPD and stages of DNA replicatidsol. Cell. Biol., 14, 923-933.

UV irradiated with 45 J/rA Cells were then washed from plates, rinsed  Foiani,M., Liberi,G., Lucchini,G. and Plevani,P. (1995) Cell cycle-

to remove pheromone and resuspended in fresh YPD at 25°C. At timed dependent phosphorylation and dephosphorylation of the yeast DNA
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