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Uncoupling of Unwinding from DNA Synthesis Implies
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The replicative DNA helicases can unwind DNA in the absence of
polymerase activity in vitro. In contrast, replicative unwinding is coupled
with DNA synthesis in vivo. The temperature-sensitive yeast polymerase
a/primase mutants cdc17-1, pri2-1 and pri1-m4, which fail to execute the
early step of DNA replication, have been used to investigate the interaction
between replicative unwinding and DNA synthesis in vivo. We report that
some of the plasmid molecules in these mutant strains became extensively
negatively supercoiled when DNA synthesis is prevented. In contrast,
additional negative supercoiling was not detected during formation of
DNA initiation complex or hydroxyurea replication fork arrest. Together,
these results indicate that the extensive negative supercoiling of DNA is a
result of replicative unwinding, which is not followed by DNA synthesis.
The limited number of unwound plasmid molecules and synthetic lethality
of polymerase a or primase with checkpoint mutants suggest a checkpoint
regulation of the replicative unwinding. In concordance with this
suggestion, we found that the Tof1/Csm3/Mrc1 checkpoint complex
interacts directly with the MCM helicase during both replication fork
progression and when the replication fork is stalled.

q 2005 Elsevier Ltd. All rights reserved.

Keywords: DNA unwinding; DNA replication; supercoiling; replication
checkpoint; MCM complex
*Corresponding author
Introduction

The de novo synthesis of DNA in Saccharomyces
cerevisiae is initiated by a four-subunit polymerase
a/primase complex.1 The 48 kDa and 58 kDa
primase subunits lead the synthesis of an RNA
primer, which is then utilized by the 180 kDa
subunit of polymerase a to synthesize the first
DNA nucleotides. The fourth 86 kDa subunit
appears to have no enzymatic function but is
involved in the regulation of the replication reac-
tion.2 For the initiation of replication, the
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polymerase a/primase complex requires single-
stranded DNA. The unwinding of the origin and
the loading of polymerase a/primase complex at
the leading strand starting point require several
events.3 The origin recognition complex (ORC),
which is bound to the origin of replication
throughout the cell-cycle,4 is required for the
association of Cdc6, Cdt1 and the six minichromo-
some maintenance (MCM) proteins to the chroma-
tin at the end of the M phase and the beginning
of the G1 phase to form a prereplication complex
(pre-RC).5–9 For this assembly to take place, Cdc28/
B cyclin must be inactivated.10 Cdc45 and Sld3
proteins bind to chromatin at late G1 phase and the
pre-RC transforms into a preinitiation complex
(pre-IC).6,11,12 The activation of Cdc28/B and the
Cdc7/Dbf4 protein kinases10 trigger this complex to
unwind the DNA origin and recruit the polymerase
a/primase.13 This step requires replication protein
A (RPA) and the Dpb11–Sld2 complex.14–16 Finally,
polymerase a/primase initiates leading strand
d.
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DNA synthesis from a single point, adjacent to the
binding site for the ORC.17 The synthesized RNA/
DNA primer is then elongated by the processive
polymerases d and 3. The elongation of DNA
replication requires unwinding of DNA, intact
MCM complex and Cdc45 protein.6,18,19 When
DNA is damaged or DNA replication is blocked,
S. cerevisiae cells induce Mec1/Rad53-dependent
DNA damage and replication checkpoints, which
slow DNA replication, stabilise replication forks,
induce inhibition of late origin firing and delay cell-
cycle progression.20–23

Replicative unwinding and DNA synthesis are
normally coupled during DNA replication in vivo. It
has been demonstrated that the DNA unwinding,
which is not followed by DNA synthesis, provokes
additional negative supercoiling of plasmid
molecules during simian virus 40 (SV40) T anti-
gen-dependent replication in vitro.24 During the
replication of plasmid DNA in Xenopus egg extract,
a highly supercoiled presynthetic intermediate was
observed.25 Negative supercoiling in these experi-
ments is a final result of the removal (by the
topoisomerases) of the unrestrained compensatory
positive supercoiling, generated from the DNA
unwinding. When polymerase a or primase was
inhibited in the Xenopus extract, the negative
supercoiling was increased significantly. Thus, it
appears that replicative DNA helicases can become
uncoupled from the replication fork in vitro.

In contrast to the in vitro Xenopus egg extract
experiments, additional replicative negative super-
coiling has not so far been visualised in vivo. Extra
negative supercoiling was not detected in the
thymidylate kinase cdc8-1 yeast mutant, which
displays a quick stop replication arrest when
shifted to a restrictive temperature.26 This lack of
additional negative supercoiling could be explained
in several ways: DNA is not unwound extensively
when DNA synthesis is prevented; DNA unwind-
ing is balanced by changes in the protein DNA
architecture or a short DNA synthesis masks DNA
unwinding during the cdc8-1 mutant arrest (the
partially replicated regions take positions that are
closer to the starts in chloroquine/agarose gel
electrophoresis).

To investigate the interaction between the
unwinding and synthesis of DNA in vivo we
examined the changes in the supercoiling of
S. cerevisiae plasmids during DNA replication,
using several temperature-sensitive mutant strains.
We report that some plasmid molecules in poly-
merase a/primase mutant strains became exten-
sively negatively supercoiled during the G1–S
phase of the cell-cycle. In contrast, additional
negative supercoiling was not detected in mcm2-1,
cdc45-1 or cdc7-4 mutants, deficient in initiation of
DNA replication. Altogether, these results indicate
that the extensive negative supercoiling of DNA is a
result of replicative unwinding, which is not
followed by DNA synthesis. The detection of
massive unwinding suggests strongly that when
cells are deficient in polymerase a/primase activity,
the helicase function can uncouple from DNA
synthesis in vivo. The limited number of unwound
plasmid molecules and synthetic lethality of poly-
merase a or primase mutants with checkpoint
proteins suggests a checkpoint regulation of
the replicative unwinding. We show that
Tof1/Csm3/Mrc1 checkpoint complex interacts
directly with the MCM helicase during both
replication fork progression and when the replica-
tion fork is stalled.
Results

Analysis of the rate of supercoiling of the 2 mm
plasmid throughout the progression of the cell-
cycle

The 2 mm yeast plasmid is a convenient object for
measuring alterations in DNA topology in vivo. The
DNA replication of this plasmid is initiated at a
single origin27,28 under the control of the cell-
cycle.29 It has been shown that the 2 mm plasmid,
isolated from exponentially growing S. cerevisiae
cells, has a typical topoisomer distribution pat-
tern.30,31 To examine the topological changes of
DNA, during replication in vivo, the rate of super-
coiling of the 2 mm plasmid throughout the pro-
gression of the cell-cycle was analysed. Yeast cells,
bearing the cdc17-1 temperature-sensitive
mutation32 were incubated at a permissive tem-
perature (under such conditions there is a normal
polymerase a activity). Cells were synchronized by
a pheromone. DNA was isolated at different time-
points after release from the block. The topology of
the 2 mm DNA was analysed by chloroquine/
agarose gel electrophoresis. This technique33

resolves negatively supercoiled plasmid DNA into
a distribution of topoisomers, which reflects the
heterogeneity of plasmid DNA topology in vivo.
Southern blotting, using a 2 mm plasmid-specific
probe, revealed series of bands representing topo-
isomers differing in linking number by steps of 1.
No significant changes in the supercoiling of the
2 mm plasmid were detected throughout the cell-
cycle (Figure 1(a)). The same results were obtained
using wild-type yeast cells (Figure 1(c)).

To reveal the pattern of distribution of the
topoisomers according to their rate of negative
supercoiling, we carried out a two-dimensional
chloroquine/agarose gel electrophoresis for the
36th minute probe (from the beginning of S phase)
of the wild-type culture, after release from the
blocking agent. This technique permits separation
of topoisomers that differ widely in linking num-
ber.31 It results in a distribution of topoisomers that
forms an arc, in which negative superhelicity
increases counterclockwise around the arc. Figure
1(d) shows that the fastest-migrating topoisomers
on one-dimensional electrophoresis are positioned
in the left part of the arc and are those with the
highest negative supercoiling.

It was not surprising that we did not detect



Figure 1. Topoisomer distribution of the 2 mm plasmid during the cell-cycle progression. (a) Chloroquine/agarose gel
electrophoresis of DNA samples from 2765-1-4a (cdc17-1) strain, taken at 12 minute intervals after a pheromone release
(the 0 minute sample is taken immediately after the release from the blocking agent). (b) FACS analysis of DNA contents
of the 2765-1-4a (cdc17-1) strain during the cell-cycle progression. (c) Chloroquine/agarose gel electrophoresis of DNA
samples from 7859-10-2a (WT) strain, taken at the indicated intervals after a pheromone release. (d) Two-dimensional
chloroquine/agarose gel electrophoresis of DNA sample from 7859-10-2a (WT) strain, taken at the 36th minute after a
pheromone release at 23 8C. DNA is transferred to nylon membrane and hybridized with specific random primed 2 mm
DNA probe. Nicked DNA (II) and linear DNA (III) are pointed with arrows.
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additional supercoiling during replication of DNA,
because the whole DNA synthesis of the 2 mm
molecule continues for two minutes only and the
duration of origin unwinding is much shorter.
The 2 mm plasmid gains additional negative
supercoiling in cells deficient in polymerase a
activity

To overcome the limited time of origin unwind-
ing and to measure the topological changes of DNA
at that time, we used S. cerevisiae cdc17-1 mutant
cells. The cdc17-1 temperature-sensitive mutation,
encoding the catalytic subunit of DNA polymerase
a, is known to diminish strongly the synthesis of
DNA and leads to cell-cycle arrest at the beginning
of the S phase.32 The primase is not bound to the
chromatin in the arrested cells.14 RPA is attached to
the origins of replication and when the arrest is
prolonged, it also binds to neighbouring sequences.

Yeast cells bearing the cdc17-1 mutation were
synchronized with a pheromone and then shifted to
restrictive temperature for one hour to turn the
polymerase a activity off. After release from the a
pheromone, still at the restrictive temperature, cells
were arrested with single DNA content (1C)
(Figure 2(c)). DNA was isolated and gel electro-
phoresis in the presence of chloroquine was
performed. Apart from the normal distribution of
topoisomers of the 2 mm plasmid, the presence of a
fast-migrating form was observed (Figure 2(a),
lanes 3 and 4).
A more detailed analysis of the topology of the

plasmid from the cdc17-1 strain shifted to restrictive
temperature was carried out by two-dimensional
agarose gel electrophoresis in the presence of
chloroquine (Figure 2(b)). Figure 2(b) shows that
the fast-migrating form of interest has taken place
as the last one counterclockwise around the result-
ing arc, which shows that this form is the most
negatively supercoiled. By analogy with previous
data from in vitro experiments,24,25 we refer to it as a
U form of DNA. Furthermore, the Figure shows that
there is a significant amount of DNA to the left of
this form, consisting of highly negatively super-
coiled species.



Figure 2. Topological pattern of
the 2 mm minichromosome in
S. cerevisiae cells deficient in poly-
merase a activity. (a) Chloro-
quine/agarose one-dimensional
gel electrophoresis of DNA
samples from strain 2765-1-4a
(cdc17-1), taken at 30 minutes
(lane 3) and 40 minutes (lane 4),
after a pheromone release at 37 8C
(0 minute). Lanes 1 and 2 show the
topoisomer distribution of the
plasmid at 30 minutes and 40
minutes, not shifted to 37 8C.
(b) DNA sample (a, lane 3), sub-
jected to two-dimensional chloro-
quine/agarose gel electrophoresis.
The positions of the nicked DNA
(II), linear DNA (III) and U form
DNA of the 2 mm plasmid are
shown. (c) FACS analysis of strain
2765-1-4a, synchronized in G1 and
shifted to 37 8C. (d) DNA sample
(a, lane 3), treated with calf thymus
topoisomerase I and run on a two-
dimensional chloroquine/agarose
gel.
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To confirm that the last band counterclockwise
around the arc of topoisomers (Figure 2(b)) is a
highly negatively supercoiled form, we used calf
thymus topoisomerase I. This enzyme relaxes both
positive and negative supercoiling.34 The cdc17-1
DNA sample, shifted to restrictive temperature, as
described above, was treated with topoisomerase I
and analysed by two-dimensional chloroquine/
agarose gel electrophoresis (Figure 2(d)). The
resulting topoisomeric pattern showed the dis-
appearance of the U form DNA, as well as of the
other highly negatively supercoiled species from
the left part of the arc. New topoisomeric forms
appeared to the right of the arc. They corresponded
to relaxed forms, and weakly negatively and
positively supercoiled forms of the plasmid. This
confirms the suggestion that the observed U form is
highly negatively supercoiled DNA.
Generation of U form DNA does not require
primer synthesis

To ensure that the U form DNA is not a result of
RNA primer synthesis, we examined the rate of
supercoiling of the 2 mm minichromosome in a
yeast strain deficient in primase activity. Tempera-
ture-sensitive mutations in the 68 kDa subunit (pri2)
lead to lack of polymerase a association with
chromatin and RNA primer synthesis defects
during the initiation of DNA replication.2

Pri2-1 mutant S. cerevisiae cells35 were blocked at
the M phase of the cell-cycle by treatment with
nocodazole for 2.5 hours at 23 8C. Then the culture
was transferred to a restrictive temperature for 30
minutes. The nocodazole was removed from the
medium and the incubation continued at 37 8C.
Samples were taken at different time-points. Total
DNA was isolated from the samples and one-
dimensional chloroquine/agarose gel electro-
phoresis was carried out. The analysis of the
topoisomer distribution of the 2 mm DNA plasmid
(Figure 3(a)) revealed the appearance of the U form
DNA one hour after the removal of the blocking
agent, which corresponds to the end of the G1 phase
and the beginning of the S phase. This result
indicates that the generation of U form DNA does
not require primer synthesis.
Additional negative supercoiling of a
centromeric plasmid in cells deficient in primase
activity

In the experiments described above, the 2 mm
DNA plasmid was examined. The 2 mm



Figure 3. Topological pattern of DNA plasmids in pri 2-1 and pri1-m4 mutant strains. (a) Lanes 1 and 2 show the
topology of the 2 mm plasmid at 30 minutes and 40 minutes, respectively, after a pheromone release at 37 8C of the 2765-
1-4a (cdc17-1) mutant cells. Lanes 3–9 represent the topological pattern of the 2 mm minichromosome in pri 2-1 deficient
S. cerevisiae YB 421 cells at 0, 15 minutes, 30 minutes, 45 minutes, 60 minutes, 75 minutes and 90 minutes after the
removal of the nocodazole at 37 8C. The positions of the nicked DNA (II), linear DNA (III) and U form DNA of the 2 mm
plasmid are shown. (b) Lanes 1–5 present the topological pattern of DNA samples taken at 0 minutes, 15 minutes, 30
minutes, 45 minutes, and 60 minutes after a pheromone release at 37 8C of the YCplac33 from the transformed Cy 387
(pri1-m4) strain. The positions of the nicked DNA (II), linear DNA (III) and U form DNA of the YCplac33 plasmid are
indicated with arrows.
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minichromosome does not contain a centromere
sequence, it has a mechanism for copy-number
amplification based on double-rolling-circle repli-
cation after site-specific recombinational reversion
of the replication fork following a single initiation
event.36

This complicated mechanism raises the possi-
bility that U form DNA may be idiosyncratic to the
2 mm plasmid. To address this possibility, we
carried out the same kind of experiment for the
37 8C. Hybridisations are made with 2 mm plasmid specific p
(III) and U form DNA are indicated with arrows.
YCplac33 plasmid, transformed into pri2-1 and
pri1-m4 mutant yeast cells. This plasmid contains
the CEN4 centromere sequence and the ARS1 origin
of replication.37 Its replication occurs just once per
cell-cycle during S phase.
The pri1-m4 is a temperature-sensitive mutation

of the 48 kDa subunit of the yeast primase, deficient
in the early step of DNA synthesis.35 After
chloroquine/agarose gel electrophoresis, U form
DNA was observed in both pri1-m4 (Figure 3(b))
Figure 4. Hydroxyurea-treated
S. cerevisiae cells do not show the U
form of the 2 mm minichromo-
some. (a) Two-dimensional
chloroquine/agarose gel electro-
phoresis of DNA sample from
2765-1-4a (cdc17-1) strain, taken at
the 40th minute after a pheromone
release at 23 8C in the presence of
hydroxyurea (HU). (b) One-
dimensional gel electrophoresis of
DNA samples from cdc17-1 strain,
taken at the indicated times after a
pheromone release at 23 8C in
the presence of hydroxyurea.
(c) Chloroquine/agarose gel elec-
trophoresis of DNA samples from
2765-1-4a (cdc17-1) cells, taken
after a pheromone release at

robe. The positions of the nicked DNA (II), linear DNA



Figure 5. No U form is generated of the 2 mm plasmid in mutant mcm2-1, cdc45-1 and cdc7-4 strains.
(a) Chloroquine/agarose gel electrophoresis of DNA samples from YB 560 (mcm2-1) and YB 291 (cdc7-4) strains,
taken at the indicated time-points after the a pheromone release at 37 8C (0 minute). (b) Topological pattern of DNA
samples from 2765-1-4a (cdc17-1) cells, taken at 30 minutes and 40minutes after a pheromone release at 37 8C. (c) Chloro-
quine/agarose gel electrophoresis of DNA samples from YB 298 (cdc45-1) strain, taken at the indicated time-points after
a pheromone release at 12 8C. (d) Topological pattern of DNA samples from 2765-1-4a (cdc17-1) cells, taken at 30 minutes
and 40 minutes after a pheromone release at 37 8C. The concentration of chloroquine in the gel electrophoresis (c) and (d)
is 4.0 mg/ml. Hybridisations are made with a 2 mm plasmid-specific probe. The positions of the nicked DNA (II), linear
DNA (III) and U form DNA of the plasmid are indicated with arrows. (e) FACS analysis of strains YB 560 (mcm2-1), YB
291 (cdc7-4) and YB 298 (cdc45-1), synchronized in G1 and shifted to restrictive temperature.
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and pri2-1 (data not shown). These data demon-
strate that the U form DNA is not limited to the
2 mm plasmid.

The observed U form DNA is not a partially
replicated plasmid intermediate

To rule out the possibility that the U form DNA is
a result of residual DNA synthesis, we analysed the
topological changes of the 2 mm plasmid in yeast
cells, treated with hydroxyurea (HU), which inhi-
bits ribonucleotide reductase and thus reduces the
concentration of deoxyribonucleotides in the cell.
The early origins are activated, but the replication
fork stalls after synthesis of DNA fragments of
various lengths.22 Wild-type cells, synchronized
with a pheromone, were incubated with HU for
an hour. After washing out the a pheromone, the
cells were released into a medium containing HU.
DNA was isolated from samples taken at certain
intervals and one-dimensional chloroquine/agar-
ose gel electrophoresis was performed (Figure 4(b)).
The 40th minute probe was run on a two-dimen-
sional chloroquine/agarose electrophoresis (Figure
4(a)). The U form of the 2 mmminichromosome was
not detected. These results indicate that the
observed U form DNA is not a partially replicated
plasmid intermediate.

No U form DNA is generated in mcm2-1, cdc45-1
or cdc7-4 mutant strains

TheMCM complex is required for the initiation of
DNA replication. The MCM helicase activity
suggests its key role in origin unwinding.38,39 To
enquire whether an active MCM complex is
required for U form DNA generation, the mcm2-1
mutant strain, deficient in MCM activity,40 was
synchronized with a pheromone and released at the
restrictive temperature. The mcm2-1 mutation is
known to affect the interaction of Mcm2 and Dbf4
during the initiation process.41 Our mcm2-1 fluor-
escence-activated cell sorter (FACS) results (Figure
5(e)) as well as those of Yan and colleagues,42,43

indicate a slow shift toward a condition between 1C
and 2C of DNA but lack of completion of
replication.

The rate of supercoiling was analyzed by chloro-
quine/agarose gel electrophoresis. U form DNA
formation was not detected (Figure 5(a)).

Cdc45 associates with the origin at the late G1
phase of the cell-cycle and transforms the pre-RC
into the pre-initiation complex (pre-IC).6,11 It is
required for the chromatin association of DNA
polymerase a.44,45 We decided to check whether the
Cdc45 is required for the replicative DNA unwind-
ing in S. cerevisiae. cdc45-1 mutant yeast cells46 were
synchronized with a pheromone and released at the
restrictive temperature (12 8C). The flow cytometry
results for the cdc45-1 strain (Figure 5(e)) show that
three hours after the release from the blocking agent
at the restrictive temperature, the cells are arrested
with 1C of DNA. After that point, they start slowly
to migrate towards 2C. Our FACS results, as well as
those of Zou and co-workers,47 indicate that until
the third hour the mutated Cdc45 protein does not
allow initiation of DNA replication. DNA was
isolated from samples taken at different time-points
and the topology of the 2 mm plasmid was exam-
ined. The results (Figure 5(c)) showed the lack of
extremely negatively supercoiled DNA.
At late G1 phase, the activation of the Cdc7/Dbf4

protein kinase11 is necessary to trigger the pre-IC to
unwind DNA origin. We examined the yeast cdc7-4
mutant strain, deficient in Cdc7/Dbf4 activity, for U
form DNA formation. After release at the restrictive
temperature, the cdc7-4 mutant strain arrests with
unreplicated DNA (Figure 5(e)). Figure 5(a) indi-
cates that no U form of the 2 mm plasmid was
observed after chloroquine/agarose gel electro-
phoresis (Figure 5(a)).
The lack of additional negative supercoiling of

the 2 mm plasmid for mcm2-1, cdc45-1 and cdc7-4
mutant cells is consistent with the suggestion that U
form DNA is not generated during the pre-IC
formation until the activation of Cdc7 protein
kinase.
Interaction of Tof1, Csm3 and Mrc1 checkpoint
proteins with MCM helicase complex

The amount of U form DNA observed in this
work was small. We therefore explored the possi-
bility that the generation of this form is suppressed
by the DNA replication checkpoint. It is known that
RAD53-mediated checkpoint mechanisms slow
DNA replication, induce inhibition of late origin
firing and delay cell-cycle progression in response
to either DNA damage or HU replication block.20–22

Recent results suggest that single-stranded DNA is
the initial signal that activates the checkpoint.48,49

The replicative unwinding observed in polymer-
ase a/primase mutants will generate single-
stranded DNA regions, which could cause check-
point inhibition of still unreplicated origins, thereby
decreasing U form DNA formation. If so, the
amount and extent of unwinding in polymerase
a/primase mutant in mec1- or rad53-deficient cells
should be increased. However, we were not able
to create either viable temperature-sensitive or
inducible degron mutants of polymerase a/primase
subunits in mec1 or rad53-deficient yeast strains
(Table 1). Notably, it has been shown that the
temperature-sensitive double mutants pri1-4/rad53
and pri1-4/mec1 are not viable,35 indicating hyper-
sensitivity to mutation combining defects in DNA
synthesis and replication checkpoint.
To approach these issues from a different angle,

we looked for physical interactions between repli-
cation checkpoint proteins and the DNA unwind-
ing machinery. Recently, it was shown that Mrc1
and Tof1, proteins, which are required for activation
of replication checkpoint,48,50–53 travel with the
replication fork.54–56 We therefore studied the
possible interactions between the replication check-
point complexes and the DNA helicase. Protein



Table 1. Construction of double mutants of various polymerase a/primase and S-phase checkpoint genes by combining
inducible degrons (td), temperature-sensitive (ts) and deletion mutants

D mec1/D sml1 D rad53/D sml1 D tof1 D csm3 D mrc1

Ts cdc17-1 Inviable Inviable Inviable Inviable Inviable
td cdc17 Inviable Inviable Inviable Inviable Inviable
td pri 1 Inviable Inviable Inviable Inviable Inviable
td pri 2 Inviable Inviable Inviable Inviable Inviable
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interactions were documented by C-terminal
tandem affinity purification (TAP)-tags on Tof1,
Mrc1, Rad53 and N-terminal TAP-tags on Mec1 and
Tel1, because strains containing C-terminal TAP-
tagged Mec1 or Tel1 were not viable, followed by
two-step affinity chromatography (Figure 6).57 In
this experiment, all visible bands were identified by
mass spectrometry. Only specific bands are labeled
in the Figures. The other bands are a subset of
proteins that were detected repeatedly using the
TAP tag and hence are common background
contaminants.58

Mass spectrometry identifications show that Tof1
and Csm3 co-purify together in stoichiometric
amounts (Figure 6(a) and (b)), consistent with
Figure 6. Checkpoint protein complexes. Coomassie b
electrophoresis of (a) Tof1, (b) Mrc1, (c) Csm3, (d) Cdc45 1, (
tagged proteins are indicated with an asterisk (*). Bands corres
methodology61 are not labelled.
recent findings of their interaction in S. cerevisiae59

and Schizosaccharomyces pombe.60 Tof1 and Csm3
were also found to interact with Mrc1 in substoi-
chiometric amounts (Figure 6(a)–(c)). In addition,
the three checkpoint proteins interact with subunits
of the MCM helicase complex (Figure 6(a)–(c)).
Csm3 was co-purified with Mcm7, Tof1 was
co-purified with Mcm6, and Mrc1 was co-purified
with Mcm2 and Mcm3. The fact that the three
checkpoint proteins co-purify with different MCM
subunits may indicate specific interaction with
these subunits; however, it may also reflect certain
limitation of sensitivity. We were not able to detect
direct interaction between Tof1, Csm1 or Mrc1 with
Cdc45, protein, which interacts with the MCM
rilliant blue-stained SDS/polyacrylamide-gradient gel
e) Mec1, (f) Rad53, and (g) Tel1 protein complexes. TAP-
ponding to background contaminants common to the TAP



Figure 7. Checkpoint protein
complexes during hydroxyurea
replication and DNA damage
block. Coomassie brilliant blue-
stained SDS/polyacrylamide-gra-
dient gel electrophoresis of (a)
Tof1, (c) Mec1, and (d) Tel1 protein
complexes during hydroxyurea
replication block. (b) Rad53 pro-
tein complexes during MMS repli-
cation block. TAP-tagged proteins
are indicated with an asterisk (*).
Bands corresponding to back-
ground contaminants common to
the TAP methodology58 are not
labelled.
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complex. To validate this result, the Cdc45 TAP–tag
protein complex was purified (Figure 6(d)). The
interaction between Cdc45 and the MCM helicase
complex was confirmed but no co-purification with
Tof1 or Mrc1 was observed. Interaction of Rad53
with Asf1 and of Mec1 with Ddc2 were con-
firmed,61–63 but no co-purification with helicase
complex was observed. No interaction with Tel1
was found (Figure 6(g)).

In order to identify possible rearrangements of
checkpoint complexes during stalling of replication
fork, the Tof1, Mec1 and Tel1 complexes were
purified during HU replication block22 and Rad53
was purified after treatment of cells with methyl-
methane sulphonate (MMS). As seen in Figure 7(a),
during HU block, Tof1 interacts with Csm3, Mrc1,
and Mcm3 and Mcm5 subunits of the MCM
complex. The co-purification of Tof1 with Mcm3
and Mcm5 during the HU replication block but not
with Mcm6 (which is presented in Tof1 complex
during normal replication) either presents regu-
latory change or variability of identifications at
these lower limits of sensitivity. As expected, MMS
promotes the interaction of Rad9 with Rad53
(Figure 7(b)),61,62 indicating that the experimental
conditions were satisfactory. No other change
between interactions of checkpoint proteins during
normal replication and replication block was
observed (Figure 7(c) and (d)).

These results suggest that Tof1/Csm3/Mrc1
complex interacts directly with MCM helicase but
not with cdc45 during both replication fork pro-
gression and stalled DNA replication. The stoichio-
metric interaction of Tof1 with Csm3 indicates that
this complex is present during replication and
throughout the cell-cycle. In contrast, the non-
stoichiometric amounts of MCM-complex and
Mrc1 found with Tof1 and Csm3 preparations
suggest that these interactions are present only
during DNA replication. In order to investigate the
genetic interaction between tof1, csm3, mrc1 and
cdc17-1 mutants, in which DNA unwinding
becomes uncoupled from DNA synthesis, we tried
to create double cdc17-1/Dtof1, cdc17-1/Dcsm3 and
cdc17-1/Dmrc1 mutant strains. None was viable
(Table 1), which suggests that the Mrc1/Tof1/Csm3
checkpoint complex can prevent lethality of cells in
which DNA unwinding can proceed without DNA
synthesis.
Discussion

The extensive negative supercoiling is a result
of replicative DNA unwinding

Here, we demonstrate that some plasmid mol-
ecules gain additional negative supercoiling in
mutant polymerase a/primase cells, deficient in
DNA synthesis. Such supercoiling was detected in
yeast strains exhibiting disorders in the 180 kDa
polymerase a as well as in the 48 kDa and 68 kDa
primase subunits. In all mutant strains, additional
negative supercoiling appeared during the G1/S
phase transition. At that time, in cells with normal
polymerase a/primase activity, such extra super-
coiling was not observed. No change in the
topology of plasmid DNA was observed in mcm2-
1, cdc45-1, cdc7-4 or HU-arrested yeast cells. As the
replication intermediates take place closer to the gel
starts when subjected to chloroquine/agarose gel
electrophoresis (demonstrated by in vitro experi-
ments),25 our results indicate that the extensive
negative supercoiling of DNA is a result of
replicative unwinding, which is not followed by
DNA synthesis in vivo. Such supercoiling was
observed in both the 2 mm minichromosome and a
plasmid in which the replication is initiated at the
chromosomal origin ARS1. This indicates that the
extra supercoiling is representative of the chromo-
somal origin of DNA unwinding.

The replicative unwinding of DNA in cells
deficient in polymerase a activity is at least
400 bp

To determine the length of DNA origin unwind-
ing, we took into account the fact that the difference
in supercoiling of two neighbouring topoisomers
from the arc of distribution is one supercoil. One
negative supercoil is a result of 10 bp of unwound
DNA. Figure 2(b) makes it obvious that the distance
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between two neighbouring topoisomers in the
lower left part of the arc decreases as their negative
supercoiling is increased and they fuse in an
uninterrupted line. For this reason, it is difficult to
count bands in that region of the arc. Considering
the distances between the final separable negative
topoisomers in Figure 2(b), we suggest that the
distance between the last common negative topo-
isomers for the shifted and not shifted to 37 8C
cdc17-1 plasmid DNA and the U form is at least 40
bands (compare Figure 2(a), line 1 and (b)). There-
fore, the 2 mm plasmid gains at least 40 additional
negative supercoils, corresponding to a minimum
of 400 bp of unwound origin DNA.
DNA unwinding and polymerase a/primase
complex

It is known that leading strand DNA synthesis is
initiated at a discrete starting point.17 The extensive
unwinding of DNA, shown here, is too large to
place the polymerase a/primase complex at a
specific location at the origin of replication.
Besides DNA unwinding, interaction of polymerase
a/primase with ORC is likely required for the exact
positioning and initiation of DNA replication.53 The
synthesized RNA/DNA primer at the replication
origin is elongated by the processive polymerases d
and 3. This requires the continuance of the DNA
unwinding throughout the elongation of replica-
tion. The leading strand DNA synthesis and DNA
unwinding are normally coupled. This poses the
question of whether the leading strand synthesis is
required for DNA unwinding. If that were true, the
unwinding in the lack of DNA synthesis would be
limited to a region around the replicative starting
site. The extensive unwinding detected in this work
demonstrates that in vivo unwinding of DNA
during elongation does not require DNA synthesis.
Our results indicate that the DNA unwinding also
does not require polymerase a/primase complex,
because it has been shown that in the pri2-1 and
pri1-m4 mutant strains, polymerase a/primase
complex was not loaded onto the chromatin2.
Nevertheless, the plasmid molecules from these
strains showed extensive negative supercoiling as a
result of DNA unwinding.

The limited number of unwound plasmid
molecules and the direct interaction between the
Tof1/Csm3/Mrc1 checkpoint proteins and the
MCM helicase complex suggest a new mechanism
for activation of the replication checkpoint.

During a replication block, yeast cells engage the
Mec1/Rad53 checkpoint response, which prevents
the collapse of stalled replication forks and allows
the restart of DNA replication after recovery. This
response requires both Tof1 and Mrc1 proteins,
which were found to travel with the replication
fork,54,55 and phosphorylation of Mrc1 by Mec1.
Uncoupling of the replicative unwinding from
DNA synthesis and the direct interaction of Tof1/
Csm3 and Mrc1 checkpoint proteins with the MCM
helicase complex suggests a possible mechanism for
activation of the replication checkpoint. Pausing of
replicative DNA synthesis in response to decreas-
ing levels of nucleotides or DNA damage leads to
accumulation of single-stranded DNA regions as a
result of the uncoupling of DNA unwinding from
synthesis. RPA mediates Mec1/Ddc1 binding to the
single-stranded regions56 and allows Mec1 to
phosphorylate Mrc1 to stabilize the MCM complex
and stop the progression of DNA unwinding.Mec1-
dependent activation of Rad53 leads to additional
phosphorylation of Mrc1 and inhibition of still
unreplicated origins. Keeping the MCM complex
intact allows for restart of the replication fork when
the replication block is relieved. Several other lines
of evidence support this mechanism.

First, DNA damage by treatment with MMS
reduces the rate of DNA replication fork pro-
gression.65 Mec1 and Rad53 mutants show the
same phenotype but initiate new DNA synthesis
randomly in the regions ahead of the replication
fork that do not contain active replication origins.
In this case, slowing synthesis of the leading
strand DNA would create single-stranded DNA
by uncoupling helicase action and DNA synthesis,
thus producing a template for random initiation of
DNA replication. Second, during collapse of repli-
cation forks in Tof1 and Mrc1 mutants, Cdc45 and
the MCM complex become uncoupled from DNA
synthesis.54 Third, depletion of the Mec1 homo-
logue ATR increases plasmid DNA unwinding in
Xenopus egg extracts.55 Fourth, MCM is the only
replication protein complex that, once unloaded,
cannot reload onto the replication fork during S
phase and restore DNA replication.19
Materials and Methods

Strains and media

Six S. cerevisiae strains were used in this work: 2765-1-4a
(MATa, cdc 17-1, his 7, leu2-3, 112), A364 background; 7859-
10-2a (MATa, his 7, leu2-3, 112, trp1-289, ura3-52), wild-
type, A364 background; YB 421 (MATa, pri2K1 leu2-3,
112, trp 1-1, ura3-1, his3-11, 15, can1-100, ade2-1), W303-1B
background; YB 560 (MATa, mcm2-1, leu2-3, 112, trp 1-1,
ura3-1, his3-11, 15, can1-100, ade2-1), W303 background;
YB 298 (MATa, cdc45-1, leu2-3, 112, trp 1-1, ura3-1, his3-11,
15, can1-100, ade2-1), W303-1A background; YB 291
(MATa, cdc7-4, leu2-3, 112, trp1-1, ura3-1, his3-11, 15, ade2-
1), W303 background and isogenic to K699 Cy 387(MATa,
ade2-1, trp1-1, can1-100, leu2-3,112, his3-11,15, ura3, pri1-
m4), transformedwith YCplac33. Cells from 2765-1-4a, YB
421, YB 560, YB 298 and YB 291 were grown in YPD
medium (1% (w/v) yeast extract (Difco), 2% (w/v) Bacto-
peptone (Difco), 2% (w/v) dextrose). The strain trans-
formed with YCplac33 Cy 387 was grown in a minimal
medium, containing 0.67% (w/v) Bacto-yeast nitrogen
base, 2% dextrose, 20 mg/l of adenine sulphate, 20 mg/l
of tryptophan, 30 mg/l of leucine and 20 mg/l of
histidine–HCl for ura3 selection.

Cell-cycle experiments

For a factor block and release experiments, cells were
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suspended in liquid YPD medium to a density of
approximately 1!107 cells/ml and a pheromone
(Sigma) was added to a concentration of 10 mg/ml. Cells
were arrested for two hours at 23 8C, washed free from the
pheromone and released at 23 8C into fresh YPD medium
containing 0.1 mg/ml of Pronase E (Sigma). The 0 minute
time-point was taken immediately after the removal of
the a pheromone. Samples were taken at intervals of
12 minutes.
The cdc17-1 (2765-1-4a), pri1-m4 (Cy 387), mcm2-1 (YB

560) and cdc7-4 (YB 291) temperature-sensitive mutants
were first arrested with a factor at 23 8C (as described
above) and then transferred to medium at 37 8C and kept
in a factor for one hour. The a pheromone was removed
by changing the medium, and 0.1 mg/ml of Pronase E
was added. The incubation continued at 37 8C.
The cdc45-1 (YB 298) temperature-sensitive mutant was

first arrested with a factor at 23 8C and then transferred to
12 8C and kept in the presence of a factor for one hour. The
a pheromone was removed by changing the medium, and
0.1 mg/ml of Pronase E was added. The incubation
continued at 12 8C
For the pri2-1 (YB 421) block experiments, cells were

suspended in liquid YPD medium to a density of
approximately 1!107 cells/ml and 10 mg/ml of nocoda-
zole (Sigma) was added. Cells were arrested for 2.5 hours
at 23 8C. Then the culture was transferred to the restrictive
temperature (37 8C) for 30 minutes. The nocodazole was
removed from the medium and the incubation continued
at 37 8C.
For the HU arrest, cells were first synchronized with a

pheromone at 23 8C, as described above and next
transferred to a medium containing 0.2 M HU as well as
a factor. After one hour the pheromone was washed away
and the cells were resuspended in fresh YPD medium
with HU and incubated at 23 8C.
FACS analysis was performed as described.4
DNA preparation and chloroquine/agarose gel
electrophoresis

The preparation of S. cerevisiae DNA was as
described,56 and the samples were treated with RNase
A and Proteinase K.57 The plasmid relaxation by calf
thymus topoisomerase I was carried out according to the
Amersham Pharmacia protocol.
Electrophoresis was carried out as described.30,31 For

two-dimensional gel electrophoresis, DNA samples were
applied to a 20 cm!20 cm!0.5 cm horizontal slab 0.7%
(w/v) agarose gel. Electrophoresis in the first dimension
was carried out at room temperature in circulating TBE
(50 mM Tris–borate (pH 8.3), 1 mM EDTA) containing
0.8 mg/ml of chloroquine diphosphate. After 20 hours at
1.5 V cmK1, the gel was soaked for four hours in TBE
containing 4.0 mg/ml of chloroquine diphosphate.
After 908 rotation of the slab, electrophoresis in the
second dimension was carried out at room
temperature for 14 hours at 1.5 V in fresh buffer.
Chloroquine/agarose one-dimensional gel electro-
phoresis was carried out in the same manner as the first
dimension of the two-dimensional electrophoresis unless
noted otherwise.
Processing and transfer to nylon membrane were

performed by standard protocols.64 The hybridisation to
random primed 2 mm minichromosome 1203 HindIII
restriction fragment and YCplac 382bp BsaHI restriction
fragment probes was carried out as described.27
Purification of protein complexes

Genes of interest were tagged by in-frame fusion of the
open reading frames (ORFs) with a PCR-generated
targeting cassette encoding for the TAP tag and a
selectable marker.57 Correct cassette integrations were
confirmed by PCR and Western blot analysis. TAP
purification was performed as described.48,58 The purified
protein assemblies were concentrated, separated by
denaturing gradient gel electrophoresis, and visualized
by staining with Coomassie brilliant blue.
Identification of proteins by mass spectrometry

Protein bands were excised and in-gel digested with
trypsin (Promega, Madison WI) as described.59 Aliquots
of 1 ml were withdrawn from the digests and analyzed by
peptide mass fingerprinting on a REFLEX IV mass
spectrometer (Bruker Daltonics, Billerica, MA) on
AnchorChipe targets as described.60 If no conclusive
identification was achieved, peptides were extracted from
the polyacrylamide gel matrix by 5% (v/v) formic acid
and acetonitrile. The combined extracts were dried, and
analyzed by nanoelectrospray tandemmass spectrometry
on a hybrid quadrupole time-of-flight mass spectrometer
QSTAR Pulsar i (MDS Sciex, Concord, Canada) or by
nanoflow liquid chromatography–tandem mass spectro-
metry on an ion trap mass spectrometer LTQ (Thermo-
Electron corp., San Jose, CA). Peptide mass fingerprints
and tandem mass spectra were searched against the
MSDB database using Mascot software (Matrix Science
Ltd, London) installed on a local server. All hits were
statistically significant, according to their corresponding
MOWSE scores, but were accepted upon manual inspec-
tion of corresponding matrix-assisted laser desorption/
ionization time-of-flight (MALDI TOF) or tandem mass
spectra.
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