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The long-standing conclusion that the Cdc7 kinase of Saccharomyces cerevisiae is required only to trigger
S phase has been challenged by recent data that suggests it acts directly on individual replication origins. We
tested the possibility that early- and late-activated origins have different requirements for Cdc7 activity. Cells
carrying a cdc7ts allele were first arrested in G1 at the cdc7 block by incubation at 37°C, and then were
allowed to enter S phase by brief incubation at 23°C. During the S phase, after return to 37°C, early-firing
replication origins were activated, but late origins failed to fire. Similarly, a plasmid with a late-activated
origin was defective in replication. As a consequence of the origin activation defect, duplication of
chromosomal sequences that are normally replicated from late origins was greatly delayed. Early-replicating
regions of the genome duplicated at approximately their normal time. The requirements of early and late
origins for Cdc7 appear to be temporally rather than quantitatively different, as reducing overall levels of Cdc7
by growth at semi-permissive temperature reduced activation at early and late origins approximately equally.
Our results show that Cdc7 activates early and late origins separately, with late origins requiring the activity
later in S phase to permit replication initiation.
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At the core of the cell cycle is the chromosome cycle, in
which the chromosomes are first faithfully replicated
during the DNA synthesis or S phase, and then precisely
distributed to the daughter cells at mitosis. Our knowl-
edge of the mechanisms by which these processes are
controlled has advanced greatly in recent years. The ma-
jor cell-cycle events are coordinated by members of the
family of cyclin-dependent protein kinases (CDKs),
which are activated mainly by cell-cycle regulated asso-
ciation with cyclins (for review, see Nasmyth 1996). The
process of chromosome replication requires the products
of a large number of additional genes, many of which
were originally identified by studies in the yeast Saccha-
romyces cerevisiae. One such protein is the product of
the gene CDC7, first identified by Culotti and Hartwell
(1971) and since shown to encode a nuclear serine/threo-
nine protein kinase (Bahman et al. 1988; Hollingsworth
and Sclafani 1990; Yoon and Campbell 1991). Although
the levels of CDC7 transcript and Cdc7 protein do not
appear to vary significantly during the cell cycle (Sclafani
et al. 1988; Jackson et al. 1993), Cdc7 kinase activity is
regulated by its physical association with the protein
Dbf4 (Jackson et al. 1993). Unlike CDC7, DBF4 tran-
script levels are cell-cycle regulated, peaking at the G1/S
boundary (Chapman and Johnston 1989). Consistent
with the regulation of DBF4 transcription, the kinase

activity of Cdc7 shows cyclical fluctuation and peaks
close to the start of S phase (Jackson et al. 1993). The
regulation of Cdc7 kinase activity by Dbf4 association
has been compared with the activation of CDKs by their
association with cyclins (Sclafani and Jackson 1994), al-
though Cdc7 kinase does not belong to the CDK family,
and Dbf4 shows no sequence similarity to the cyclins.
Like members of the CDK family, Cdc7 kinase activity
is probably also regulated by changes in its phosphory-
lation state (for review, see Sclafani and Jackson 1994).

Cdc7 kinase activity has long been known to be re-
quired for the initiation of S phase, but, on the basis of
previous data (Hartwell 1973, 1976), has been thought to
be dispensable for normal S-phase continuation and
completion. When the requirement for Cdc7 was first
investigated, however, nothing was known about the na-
ture of S. cerevisiae replication origins or the control of
their activation. During the intervening quarter century,
it has been shown that DNA replication in budding yeast
initiates at well-defined replication origins that were
first identified as autonomous replication sequences
(ARS elements)—named for their ability to promote plas-
mid DNA replication (Hsiao and Carbon 1979; Stinch-
comb et al. 1979; Huberman et al. 1988; Brewer and
Fangman 1991; Ferguson et al. 1991; Newlon and Theis
1993). Yeast replication origins are not all activated at
the beginning of S phase, but instead different origins fire
in a reproducible temporal sequence throughout S phase.
Some origins (e.g., ARS305; Fig. 1A) initiate replication
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at the start of S phase (Reynolds et al. 1989), others fire
slightly later during S (e.g., ARS1; Brewer et al. 1993),
whereas still others (e.g., the telomeric ARS501 and a
cluster of origins on chromosome XIV; Ferguson et al.
1991; Friedman et al. 1996) fire during the second half of
S phase.

The finding that origins are activated throughout S
phase has complicated the interpretation of Hartwell’s
original data. Dbf4 is now known to interact physically
with replication origins (Dowell et al. 1994). This obser-
vation suggested that the effects of the Cdc7–Dbf4 com-
plex may be mediated at the level of individual origins,
rather than acting as an upstream global regulator of S-
phase initiation. If Cdc7 kinase acts on individual repli-
cation origins, then a question arises from the original
suggestion that the CDC7 gene product appeared to be
required only at the beginning of S phase. If, as originally
concluded by Hartwell (1973), Cdc7 activity is required
for entry into S phase and is not used during S phase,
then either all origins are acted on by Cdc7 kinase at the
beginning of S phase or late-firing origins do not require

Cdc7 kinase for their activation. Here, we present data
showing that Cdc7 kinase acts on individual origins of
replication, with initiation of DNA replication at the
different temporal categories of origins requiring sepa-
rate activation by Cdc7 kinase.

Results

Failure to activate late origins after a brief pulse
of Cdc7 activity

On the basis of the results of Hartwell (1973, 1976), the
product of the gene CDC7 has been thought to be re-
quired for entry into S phase, but not to have a continu-
ing role during S phase. The design of Hartwell’s original
experiment (Hartwell 1973) is summarized in Figure 1B.
A synchronized culture of temperature-sensitive cdc7-4
cells was shifted to the restrictive temperature after S
phase had begun. Measurement of the incorporation of
radioactive uracil into DNA indicated that the DNA
content of the cells doubled, suggesting that S phase was
completed. Inspection of these early data, however, re-
veal that the rate of DNA synthesis was slower at 37°C
than in cells incubated at 23°C, consistent with the pos-
sibility that S phase was not completely normal at the
restrictive temperature. These experiments did not ad-
dress whether the usual set of replication origins was
active under conditions where Cdc7 activity had been
depleted (represented by broken circles in Fig. 1B). Addi-
tionally, Hartwell was not able to investigate the kinet-
ics with which functional Cdc7 protein disappeared from
the cells, leaving open the possibility that some Cdc7
activity persisted after the temperature shift. As was dis-
cussed (Hartwell 1973), slow loss of active gene product
could lead to the misclassification of cdc7 mutants as
defective only for entry into S phase, whereas in reality
the kinase activity might be used throughout the DNA
synthesis phase of the cell cycle. A second study
(Hartwell 1976) employed a hydroxyurea block followed
by release at the restrictive temperature for cdc7-4 cells.
Cells subjected to this regime appeared able to complete
nuclear division, confirming the conclusion from the
earlier experiment that Cdc7 activity is not required be-
yond the beginning of S phase—however, in this second
study, the kinetics of S phase were not examined.

To reinvestigate the requirement for Cdc7 kinase dur-
ing S phase, we asked whether late origins are able to
initiate replication after temperature inactivation of the
Cdc7 kinase in early S phase. Conditions were sought
under which cells are limited by the available Cdc7 ac-
tivity (Fig. 1C). Cultures of a cdc7-1 strain were synchro-
nized first using a-factor, and then released from a-factor
at the restrictive temperature (37°C) and allowed to ac-
cumulate at the cdc7-1 block. The cultures were trans-
ferred to permissive temperature (23°C) for an interval of
minutes, and then returned to 37°C. Flow cytometry
analysis suggested that in cultures transferred to 23°C
for between 3 and 6 min, the majority of cells were sub-
sequently able to enter S phase but appeared to complete
it slowly or not at all (data not shown).

Figure 1. Scheme of experimental procedures. A,B,and C show
time lines representing the course of G1 and S phase under dif-
ferent experimental conditions. (A) Entry into and passage
through a normal S phase. Before entry into S phase, cells trans-
mit the a-factor arrest point and cdc7 arrest point, indicated by
arrows. The rectangular box represents S phase. Replication ori-
gin activation events are drawn as shaded circles, with lighter
shading indicating early-activated replication origins and darker
shading for later origins. (B) Scheme of the experimental ap-
proach of Hartwell (1973) employing a cdc7-4 mutant. Vertical
offset in lines represents temperature shift. Broken circles and
question mark indicate replication origins that may not have
been active under the particular experimental conditions. Al-
though the temperature shift is drawn as having taken place
two-fifths of the way through S phase, it should be noted that
this is arbitrary; it was not possible to determine the time in S
phase at which cells were shifted. (C) Illustration of experimen-
tal approach taken in this study, employing a cdc7-1 mutant.
Broken circles as in B. See text for further explanation.
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To determine which replication origins are activated
under these conditions of limiting Cdc7 activity, S-phase
DNA was analyzed by two-dimensional gel electropho-
resis (Brewer and Fangman 1987; Friedman and Brewer
1995). This technique allows active replication origins to
be identified from the distinctive ‘‘bubble’’ arc formed by
DNA fragments containing replication initiation struc-
tures (see cartoon, Fig. 2A). In contrast, fragments dupli-
cated passively by replication forks originating outside
the fragment form arcs of Y-shaped molecules. ‘‘37°C
S-phase’’ DNA was prepared by briefly releasing a cul-
ture from the cdc7 block as described above (4.5 min at
23°C), and pooling samples taken every 2 min for 50 min
following the initial transfer to 23°C. 23°C S-phase DNA
was prepared in the same way from a culture left at 23°C
after initial release from a cdc7 block; this culture com-
pleted S phase within 50 min. The early-activated chro-
mosome III origin, ARS306, showed a strong arc of
bubble structures in the 23°C S-phase preparation (Fig.
2B), indicating that this origin fired in a large majority of

cells in the population. In the 37°C S-phase preparation,
ARS306 gave an arc of bubbles that is somewhat reduced
relative to the arc of Y-shaped molecules (Fig. 2C), re-
flecting some passive replication, presumably from one
of the adjacent origins, ARS305 or ARS307.

The late replication origin we chose to examine was
ARS1412. It lies on chromosome XIV, centrally located
within a cluster of five late-activated replication origins
(Friedman et al. 1996; C. Lau, B. Brewer, and W. Fang-
man, unpubl.). The closest early replication origins to
ARS1412 have not yet been mapped, but must lie more
than 80 kb away. Like ARS306, ARS1412 is efficiently
activated during a normal, 23°C S phase (Fig. 2D). In
contrast, very few replication intermediates (either Y or
bubble structures) were present at ARS1412 in the 37°C
S-phase preparation (Fig. 2E). Because identical quanti-
ties of DNA were loaded in each of the gels shown in
Figure 2, the low level of replication intermediates at
ARS1412 in the 37°C S-phase preparation suggested that
few cells had replicated the ARS1412 region. Long expo-
sures of the ARS1412 blot showed a faint Y arc (indica-
tive of passive replication) but no bubble arc, in either
this DNA preparation, or in a pooled DNA sample made
from cells harvested between 70 and 120 min after the
brief release (data not shown). One possible explanation
for the dearth of replication intermediates at ARS1412 is
that late replication origins did not fire during the 37°C
S phase. An alternative possibility is that the late origins
were activated, but that replication forks could not prog-
ress at their normal rate late in the 37°C S phase. To
distinguish between these possibilities, we examined
replicating structures in a region that duplicates as late
in a normal S phase as ARS1412, but is replicated by a
fork initiated from a distant early-firing replication ori-
gin. The 3LT sequence is within 8 kb of the left telomere
of chromosome III and is replicated from the early-acti-
vated replication origin ARS305, which lies more than
30 kb away. Under normal conditions, the replication
fork from ARS305 slows as it approaches the left telo-
mere, arriving at 3LT late in S phase (Reynolds et al.
1989; Newlon et al. 1993). We reasoned that if the lack of
replication intermediates at ARS1412 in the 37°C S
phase were attributable to a defect in replication fork
progression late in the 37°C S phase, then replicating
structures should similarly be absent from the 3LT re-
gion. Two-dimensional gel analysis of a 3LT fragment
showed a complete Y arc of replicating structures in both
the 23°C S-phase and the 37°C S-phase preparations (Fig.
2F,G). This result suggests that the absence of replicating
structures from the ARS1412 region is not primarily at-
tributable to a defect in replication fork progression late
in S phase, but is more likely the consequence of failure
to fire late replication origins, such as ARS1412.

Results similar to those for ARS306 and ARS1412
were obtained by two-dimensional gel analysis of two
chromosome VI origins (Friedman et al. 1997; Yamashita
et al. 1997). Bubble and Y structures were present at the
early origin ARS607 in both the 23°C and the 37°C S-
phase DNA preparations. The late origin ARS603 was
active in the 23°C S phase, but showed low levels of

Figure 2. Two-dimensional gel analysis of early and late rep-
lication origin activation during S phase after a pulse of Cdc7
activity. (A) The cartoon depicts the structure of replication
intermediates in the arcs of Y and bubble-shaped molecules.
(B,D,F) Cells released from the cdc7 block and kept at 23°C
(23°C S phase). (C,E,G) Cells released from a cdc7 block, and
returned to 37°C after 4.5 min at 23°C (37°C S phase). B and C
were probed to detect a fragment containing the early replica-
tion origin ARS306. D and E show a fragment containing the
late origin ARS1412. F and G were probed for a restriction frag-
ment (3LT) close to the left end of chromosome III.
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replication intermediates, with no bubble structures, in
the 37°C S phase (data not shown). These results suggest
that, after a pulse of Cdc7 activity (caused by brief incu-
bation at 23°C) sufficient for most cells to begin S phase,
early-replicating origins are activated in many cells, but
replication fails to be initiated at normally late-firing
origins.

Delayed replication of late chromosomal regions
after a brief pulse of Cdc7 activity

To determine whether the kinetics of DNA replication
were consistent with a failure to fire late origins, we
carried out dense isotope transfer experiments (McCar-
roll and Fangman 1988). Such density transfer experi-
ments allow the replication kinetics of particular DNA
regions to be analyzed, by following the time during S
phase when the restriction fragment of interest moves
from the heavy–heavy to the heavy–light DNA density
peak in a cesium chloride gradient. Replication kinetics
of four EcoRI fragments were examined. The first was
an early-replicating marker fragment containing the
ARS305 origin. ARS305 is the next origin located
telomere-proximal to ARS306 on chromosome III; both
origins are activated at the same early time during
S phase (Reynolds et al. 1989). The second fragment
analyzed is replicated soon after the ARS305 fragment,
by the early/mid-S phase-activated origin ARS1. The
two late-replicating sequences analyzed were the frag-
ment containing the chromosome XIV late origin
ARS1412, and the late-replication standard fragment
R11. R11 lies on the right arm of chromosome V, ∼15 kb
centromere-proximal to the late origin ARS501 (Fergu-
son et al. 1991).

Replication kinetics were determined for these four
fragments during a 37°C S phase, where the culture had
been released from a cdc7 block for 3.5 min at 23°C (Fig.
3A). The kinetics of a normal 23°C S phase are shown in
Figure 3B for comparison (data from Friedman et al.
1996). The data for the two experiments differ in several
respects. First, in the 37°C S phase, the fragments con-
taining the early-activated origins ARS305 and ARS1 at-
tained a final value of ∼60% as compared with the 80%–
90% levels for these fragments in the 23°C S-phase cul-
ture. The lower final values indicate that ∼40% of the
cells failed to begin S phase at all (compared with ∼10%
of cells in the 23°C S phase). This elevation in the pro-
portion of noncycling cells presumably reflects the strin-
gency of the release conditions used; the 3.5-min pulse
provided sufficient Cdc7 activity for many, but not all,
cells to begin S phase. Second, the rates at which the
early and late fragments replicated differed between the
two experiments. All the fragments in the 23°C S-phase
experiment completed replication by 50 min after re-
lease from the cdc7 block. In the 37°C S phase, the early-
replicating fragments had also largely completed their
replication within a 50-min interval. In contrast, the rate
of replication of the R11 and ARS1412 late fragments
was very slow in the 37°C S-phase experiment, and the
level of their replication at 180 min was significantly

below the 60% level seen for early fragments. During the
50-min interval following the brief release, only ∼20% of
cells replicated the ARS1412 fragment. This observation
explains the low level of replication intermediates found
at ARS1412 by two-dimensional gel analysis—DNA
samples for the two-dimensional gels shown in Figure 2
were taken during the first 50 min of the experiment,
over which time period only a small fraction of the
ARS1412 fragments would have been replicated.

A more quantitative comparison of the replication ki-
netics of each fragment can be made from the time of
replication, or Trep value, defined as the time at which
half of the replication has taken place (McCarroll and
Fangman 1988). Trep values of sequences in the 23°C and
37°C S phases shown in Figure 3 are listed in Table 1,
together with replication levels for each of the DNA se-
quences at the ends of the experiments. For the early
fragments ARS305 and ARS1, the replication times were
not significantly different between the two experiments.
The extent to which replication of normally late se-
quences ARS1412 and R11 was delayed in the 37°C S
phase is highlighted by >30-min increases in their Trep

values. The real replication times of ARS1412 and R11 in
this experiment may have been even later, as their levels
of replication were still increasing when the last sample
was taken at 180 min. As a comparison, replication ki-

Figure 3. Replication kinetics after a pulse of Cdc7 activity. (A)
Cells released at 23°C from a cdc block and returned to 37°C
after 3.5 min at 23°C. (B) Control cells released from the cdc7
block and kept at 23°C. Replication kinetics of two early-repli-
cating standard fragments, containing ARS305 (solid line with
open rectangles) and ARS1 (broken line with filled ovals), and
two late-replicating standard fragments, R11 (broken line with
filled rectangles) and a fragment containing ARS1412 (solid line
with open triangles) are shown.
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netics of the chromosome III 3LT fragment were deter-
mined in the same experiments. Replication of 3LT,
which is normally replicated late from an early origin,
was not significantly delayed in the 37°C S phase when
compared with the 23°C S phase (Table 1). In this re-
spect, the 3LT fragment behaved similarly to the early
fragments, and very differently from the other late frag-
ments ARS1412 and R11, which are normally replicated
from late origins.

In general, the replication kinetics observed in this
37°C S phase are consistent with the origin activation
profile suggested by the two-dimensional gels. The rela-
tively normal Trep values obtained for the early frag-
ments show that a brief exposure to Cdc7 activity is
adequate to begin the program of early origin activation.
The normal replication time of the 3LT fragment, in
comparison with ARS1412 and R11, indicates that the
primary defect in late S phase is in activation of origins
rather than elongation at replication forks. Therefore,
both the kinetics of replication and the two-dimensional
gel analysis suggest that many cells fire early origins, but
not late origins, after a brief pulse of Cdc7 kinase activ-
ity. The abnormally slow replication of the ARS1412 and
R11 fragments during the 37°C S phase suggests that
these sequences are duplicated passively by forks pro-
ceeding from early origins.

Replication of early and late plasmids after a pulse
of Cdc7 activity

As an independent confirmation of the differences in ori-
gin activation under minimal release conditions, we ana-
lyzed replication levels of plasmids containing either an
early- or a late-activated replication origin. Because each
plasmid contains only a single origin, replication of such
plasmids solely reflects initiation events at that origin.
For consistency, we wished to use plasmids containing
the same replication origins as were examined by two-
dimensional gel electrophoresis. To obtain a suitable
early-replicating plasmid, a library of yeast DNA frag-

ments contained in a centromeric vector (Ferguson et al.
1991) was screened for inserts containing the early-acti-
vated chromosome III origin ARS306. One of the plas-
mids obtained, called p306.10, contains ARS306 on a
13.3-kb insert. This plasmid was transformed into yeast
and its replication kinetics were analyzed (Fig. 4). Like
the chromosomal copy of ARS306, p306.10 replicates
very early during S phase, having a Trep of 14.8 min. In
the same experiment, the early chromosomal origin
ARS305 replicated at 13.4 min. A late-replicating cen-
tromeric plasmid named p12, which contains a 17.4-kb
insert with ARS1412 as its single replication origin, has
been described previously (Friedman et al. 1996).

Because the early-replicating plasmid p306.10 and the
late-replicating plasmid p12 each contain only a single
ARS or replication origin, the plasmid sequences cannot
be subject to passive replication from other origins. For
this reason, duplication levels seen for either plasmid
can be used as a measure of the extent of initiation of the
ARS it contains. If early, but not late, origins are acti-
vated after a brief pulse of Cdc7 activity (as suggested by
the experiments in Figs. 2 and 3), then we would expect
that the early, but not the late, plasmid would be dupli-
cated in an S phase under the same conditions.

Cultures of cdc7-1 cells containing either p306.10 or
p12 were synchronized as usual with a-factor at 23°C,
then incubated at 37°C without a-factor, and finally
given a 7.5-min pulse at 23°C before being returned to
37°C. The slightly longer release length used in this ex-
periment allowed a larger proportion of cells (>75% in
each case) to begin S phase. Kinetic data obtained from
the two cultures are shown in Figure 5. The replication
kinetics of chromosomal fragments ARS305 and R11
were almost identical for the two cultures, and similar to
those shown in Figure 3A, except that R11 showed more
complete replication with less delay in these two experi-
ments (Trep values 43.0 and 37.0 min compared with 63.3
min in Fig. 3A). This decreased delay in the replication of
R11 was presumably the result of more efficient firing of

Table 1. Times of replication (Trep values) and final
replication levels of chromosomal sequences

23°C S phase 37°C S phase

Trep

(min)

final
replication

(%)
Trep

(min)

final
replication

(%)

ARS305 16.0 91 13.4 60
ARS1 19.5 90 22.3 56
ARS1412 28.9 82 >68.2 42a

R11 32.4 86 >63.3 42a

3LTb 33.3 82 35.2 51

Data obtained from the experiments shown in Fig. 3.
aReplication levels that were still increasing at the last time of
sampling.
bReplication kinetics of 3LT omitted from Fig. 3; the shape of
the 3LT curve in the experiment of Fig. 3A resembled that of the
ARS1 curve.

Figure 4. Replication kinetics of an early-duplicating plasmid
containing ARS306. Kinetics of replication of the plasmid
p306.10 (solid line with open triangles), of early chromosomal
fragments containing ARS305 (dotted line with open squares)
and ARS1 (dashed line with solid circles), and the late chromo-
somal fragment R11 (solid line with solid squares) are shown.
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early or mid-S-phase chromosome V origins, attributable
to the longer, 7.5-min release time used.

In these experiments, the early p306.10 plasmid (Fig.
5A) replicated to 71% early in the S phase. The late plas-
mid p12 (Fig. 5B), which is dependent on a single late-
activated origin for duplication, in contrast, replicated to
only 20%. In a normal S phase at 23°C, both p306.10 and
p12 replicate to high levels (Fig. 4, and data for p12 con-
tained in Friedman et al. 1996). The data in Figure 5
confirm that an early origin is activated efficiently but a
late one is very defective in activation during an S phase
initiated by a pulse of 7.5 min at 23°C. The plasmid
replication kinetics also highlight other features of the
S-phase defect. The 20% replication of the normally late
plasmid p12 that did occur took place early (Trep 11.0
min). The activation time for any replication origin (dur-
ing a normal S phase) is not precisely the same in each
cell of a synchronized culture, but is spread over an in-
terval—the time of origin firing as judged from the Trep

value represents the average firing time for all cells in
the population. The 20% replication of the normally late
plasmid in Figure 5B presumably occurred in the fraction
of cells that would have activated the p12 origin at a
relatively early time in a normal S phase. It is also of note
that the replication of p12 achieved its maximum value

soon after the brief release from the cdc7 block, and did
not continue to increase at later times. The origin on
plasmid p12 cannot be passively replicated, unlike late
chromosomal sequences such as R11 and ARS1412. In
such experiments, these late chromosomal sequences in-
creased slowly in percent replication at times long after
the initial brief release (Figs. 3 and 5). This contrast be-
tween the replication kinetics of plasmid p12 and chro-
mosomal fragment R11 (Fig. 5B) suggests that most of
the replication of normally late chromosomal markers
seen in these experiments was the result of passive du-
plication by forks proceeding from origins outside the
normal late domain.

Similar results were obtained for the two plasmids
when slightly different 23°C pulse lengths were used. In
these experiments, we chose to take samples 65 and 80
min after the beginning of the release, as by then repli-
cation in a normal S phase would have been completed
(Fig. 3B). Table 2 shows data obtained 65 and 80 min after
cultures were placed at 23°C for 5 or 6 min respectively,
as well as the values at the same times in the 7.5-min
release experiments shown in Figure 5. Data for ARS305
and R11 at 65 and 80 min in the 3.5-min release experi-
ment (Fig. 3A) are also listed for comparison. The values
in Table 2 confirm the defective replication of p12 as
compared with p306.10 in these experiments. The data
also highlight the general increase in replication levels
with lengthening time of release at 23°C, and demon-
strate the reproducibility of the data under slightly dif-
fering release conditions.

Defects in both early and late origin activation
with constantly limiting Cdc7 activity

If early and late replication origins differ in their quan-
titative requirement for Cdc7, then activation of the

Figure 5. Replication kinetics of early and late plasmids after a
pulse of Cdc7 activity. Cultures held at the cdc7 block were
given a 7.5-min pulse at 23°C, then returned to 37°C. (A) Cells
containing the early-replicating plasmid p306.10. (B) Cells con-
taining the late-replicating plasmid p12. Plasmid replication
levels in each culture are indicated by solid triangles. The rep-
lication curves of chromosomal early marker ARS305 (open
circles) and late marker R11 (open squares) in the two cultures
are also shown.

Table 2. Percent replication of early and late plasmids and
chromosomal sequences after a pulse of Cdc7 activity

Length of
release
at 23°C

ARS305 R11
p306.10
(early)

p12
(late)

65
min

80
min

65
min

80
min

65
min

80
min

65
min

80
min

3.5 min 57 59 22 26 — — — —

5 min 56 60 26 32 63 60 — —
5 min 63 66 28 33 — — 13 13

6 min 64 66 33 41 65 63 — —
6 min 63 67 29 38 — — 13 17

7.5 min 72 76 48 53 71 71 — —
7.5 min 77 75 54 58 — — 18 21

Samples were taken 65 and 80 min after brief release from a
cdc7 block. The 3.5-min release length data are from the experi-
ment shown in Fig. 3, in which the culture contained no plas-
mid. For 5-, 6-, and 7.5-min release lengths, the top values cor-
respond to a culture containing p306.10, and the bottom values
to a culture containing p12. The 7.5-min release data are taken
from Fig. 5.
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temporal classes of origins will be affected to differing
extents by maintaining Cdc7 at a constant low level
throughout S phase. To obtain such conditions, we grew
asynchronous cultures at a semi-permissive temperature
for the cdc7-1 allele, and examined the effects on repli-
cation origin activation. We found that the cdc7-1 strain
RM14-3a was able to grow at temperatures up to 27°C,
although slightly more slowly than at 23°C. DNA prepa-
rations were made from asynchronous cultures grown at
23, 26.5, or 27°C, and chromosomal origin use was ana-
lyzed by two-dimensional gel electrophoresis (Fig. 6).
Bubble arcs were diminished at both the early origin
ARS306 and the late origin ARS1412 in cells grown at
26.5°C, and almost absent in cells grown at 27°C. These
decreases in origin activation confirmed that RM14-3a
cells are stressed by limited Cdc7 at 26.5 and 27°C. The
bubble arc at ARS1412, however, was not more reduced
as a result of the increase in temperature than that at
ARS306. This finding suggests that the deleterious ef-
fects of constantly limiting Cdc7 are no worse for late
origins than for early ones.

Differences in origin activation frequency can be as-
sessed quantitatively by measuring the rates at which
plasmids are lost from dividing cells. Loss rates of the
early-replicating plasmid p306.10 and the late-replicat-
ing plasmid p12 were measured at 23 and 26.5°C, in
cdc7-1 and CDC7 strains (Table 3). Both plasmids were
lost at elevated rates from cdc7-1 cells when grown at
26.5°C, confirming that the cells are limited in their ca-

pacity for origin activation at this temperature. Impor-
tantly, the extent of this elevation in loss rate was not
significantly different for the early- and late-replicating
plasmids. This result is consistent with the data ob-
tained by two-dimensional gel analysis, in that it also
suggests that initiation events at late replication origins
are not more reduced than those at early origins as a
consequence of growth at semi-permissive temperature
for the cdc7-1 allele.

Discussion

Separate activation by Cdc7 of early and late
replication origins

Cdc7 kinase activity has been known to be required for
the initiation of S phase, but was believed not to be nec-
essary for its normal continuation. Identification of dif-
ferent temporal classes of replication origins, combined
with the discovery that Dbf4 interacts physically with
ARS1, led us to investigate a possible role of Cdc7 in
origin activation throughout S phase. We wished to as-
certain whether the effects of the Cdc7–Dbf4 complex
are in fact mediated at the level of individual origins,
and, if so, whether Cdc7 is required for activation of both
early and late origins.

To examine the requirement for Cdc7 kinase activity
during S phase, we have monitored replication origin use
when cells attempt S phase under conditions where
Cdc7 activity is limiting. The first series of experiments
described here employed conditions in which cells were
synchronized by the use of a-factor followed by arrest at
the temperature-sensitive cdc7-1 block. The cultures
were then placed at permissive temperature for between
3.5 and 7.5 min before return to restrictive temperature.
It is not known whether Cdc7 kinase activity produced
when cells are released from a cdc7-1 block represents
new protein synthesis or reactivation (perhaps by refold-
ing) of existing thermolabile protein molecules. Regard-
less of how Cdc7 activity is recovered after return to the
permissive temperature, we can infer that the short re-
lease times used in these experiments produce a pulse of
kinase activity that is limiting, as briefly released cells

Figure 6. Two-dimensional gel analysis of early and late rep-
lication origin activation at semipermissive temperatures for
the cdc7-1 allele. (Top) Blots probed for replication intermedi-
ates of a fragment containing early origin ARS306. (Bottom)
Blots probed for the late origin ARS1412. Left panels show DNA
from an asynchromous culture grown at permissive tempera-
ture (23°C). Center and right panels show blots made with DNA
from cultures grown at semipermissive temperatures (26.5°C
and 27°C).

Table 3. Rates of loss of early- and late-replicating plasmids
at semipermissive temperature for cdc7-1

CDC7 cdc7-1

23°C 26.5°C 23°C 26.5°C

p306.10 (1) <0.5 <0.5 <0.5 5.2
(early plasmid) (2) 0.8 2.0 <0.5 3.6

p12 (1) 0.6 1.9 <0.5 6.5
(late plasmid) (2) <0.5 0.6 <0.5 4.7

Values are percentage of cells that lose plasmid each generation,
determined by a comparative Southern blot analysis (see Mate-
rials and Methods). The top values (1) for each plasmid were
obtained by comparison with an rDNA restriction fragment; the
bottom values (2) were obtained by comparison with a chromo-
some XIV fragment.
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do not complete S phase normally, whereas cultures left
at permissive temperature do. From both two-dimen-
sional gel analysis and measurement of plasmid replica-
tion using dense isotope transfer experiments, the re-
sults described here show that under these conditions,
early, but not late, replication origins are activated in
most cells. A significant proportion of the duplication
seen for normally late chromosomal sequences appears
to be carried out by replication forks that originated at
distant early origins.

Three models for the action of Cdc7 in promoting S
phase can be proposed. Each makes predictions for the
consequences of subjecting cells to a limiting pulse of
Cdc7 activity. The first model suggests that Cdc7 kinase
acts only as a global switch that triggers S phase, con-
trolling its initiation at a stage upstream of the firing of
individual replication origins. This suggestion is consis-
tent with Hartwell’s observation, where he found that
cells that have begun S phase can complete it even if
returned to the restrictive temperature. If this model
were correct, however, then under limiting conditions of
Cdc7 activity, all cells that initially produced levels of
Cdc7 sufficient to trigger S phase would also be able to
complete it normally, and the use of both early- and late-
activated origins would be expected to be equal. Con-
trary to this expectation, the data in Figures 2 and 5 show
that most cells activate early, but not late, origins in
response to the Cdc7 pulse. We cannot rule out a role for
Cdc7 in the G1–S transition (independent of its action on
individual origins), but our results do exclude the possi-
bility that this first model illustrates the only mecha-
nism of action of Cdc7 in promoting S phase.

The second model proposes that Cdc7 acts separately
on individual origins, with each of the different temporal
categories of origins having identical requirements for
Cdc7 activity early in S phase. This idea is also consis-
tent with Hartwell’s data, because by this model, both
early and late replication origins could fulfill their re-
quirement for Cdc7 for activation at the same early time
(presumably the so-called CDC7 execution point; Cu-
lotti and Hartwell 1971). The predictions made by this
second model are similar to those of the first model,
because if all origins share the same Cdc7 requirement,
both early and late origins would be expected to be acti-
vated to the same extent in response to a brief pulse of
Cdc7 activity. As discussed above for the first model,
however, the data are not consistent with this as the sole
mode of action of Cdc7 kinase.

The third model also has Cdc7 acting separately on
individual replication origins, but in this case, early- and
late-activated origins are proposed to have either tempo-
rally or quantitatively distinct Cdc7 requirements. If this
model were correct, then it should be possible to dissect
the different Cdc7 requirements of early and late repli-
cation origins by subjecting the cells to limiting doses of
the kinase activity. The data presented in this paper are
more consistent with this third possibility than with ei-
ther of the first two, as is most clearly shown by the
plasmid replication data. As illustrated by Figure 4, plas-
mids are replicated to ∼80% during a ‘‘normal’’ S phase

at 23°C. A short exposure to a limiting quantity of Cdc7
activity at the beginning of S phase causes activation of
just over 70% of early p306.10 plasmid replication ori-
gins in the culture, but an identical pulse causes only
20% of late p12 plasmid origins to fire (Fig. 5). Addition-
ally, our data indicate that under the same conditions,
only early chromosomal origins fire, whereas late re-
gions are passively duplicated. Therefore, the results pre-
sented here are best explained by proposing that at least
one role of Cdc7 kinase is to promote initiation at indi-
vidual replication origins, and that the requirements of
early and late replication origins for Cdc7 kinase are ei-
ther quantitatively or temporally different.

Cdc7 kinase is required throughout S phase
for activation of replication origins

The results of the experiments in which cells were re-
leased briefly from a cdc7-1 block suggest that early- and
late-activated origins differ in their Cdc7 requirements.
We cannot, however, deduce from these experiments
whether the difference is quantitative or temporal. For
example, both early and late origins could require Cdc7
activity only at the start of S phase, with late origins
requiring significantly higher levels for their eventual
activation (a quantitative distinction). The brief interval
at 23°C used to release from the cdc7-1 block may not
have allowed kinase activity to build up to the levels
required for late origin activation. An alternative possi-
bility is that Cdc7 executes its function at each replica-
tion origin at the moment of activation, acting early dur-
ing S phase on early-activated origins but at a later time
on those origins that fire late. If this explanation were
true, then the distinction in Cdc7 requirement between
early and late origins would be temporal.

We addressed this issue by examining origin activation
in asynchronous cultures grown at semi-permissive tem-
perature for the cdc7-1 allele. Under such conditions, the
available Cdc7 activity is assumed to be at a constantly
limiting level throughout S phase; if late replication ori-
gins required higher levels of Cdc7 kinase for activation,
the effects would be more severe for late origins. The
data obtained from both two-dimensional gels and plas-
mid loss rate analysis gave no indication that semi-per-
missive temperature decreases firing of late origins more
than early origins—both were reduced by increased tem-
peratures, suggesting that the difference in requirement
for Cdc7 is not quantitative. We infer that the distinc-
tion in the requirement for Cdc7 activity at early and
late replication origins is likely to be temporal.

Data in the accompanying paper by Bousset and Diff-
ley (1998) also favor a later requirement for Cdc7 activity
at late origins. Their experiments make use of a hydroxy-
urea block to interrupt S phase, followed by release un-
der restrictive conditions for cdc7. During this experi-
ment, cells appear able to fire early origins but not late
ones. Because cells presumably enter the hydroxyurea
block with normal levels of Cdc7, these data imply that
even normal levels of Cdc7 at the start of S phase are not
adequate for late origin firing. Instead, these data concur
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with ours in suggesting that Cdc7 activity must also be
present later in S phase (after release from the hydroxy-
urea block) for late origin activation.

The finding that Cdc7 is required later in S phase for
late origin activation seems initially inconsistent with
the original determination of an execution point for
CDC7 at the start of S phase. In light of the results pre-
sented here, it seems possible that late replication ori-
gins were not activated as usual after the temperature
shift in Hartwell’s experiment (Fig. 1B)—this possibility
would be consistent with the somewhat slowed incorpo-
ration of radioactivity observed in his culture after shift
to restrictive temperature (Hartwell 1973). The fact that
Cdc7 was inferred to act only to initiate S phase high-
lights a complexity in interpreting the meaning of the
‘‘execution point’’ of a gene. In the case of CDC7, the
gene product has completed its essential function soon
after the start of S phase, at the time when enough rep-
lication origins have fired to allow the eventual comple-
tion of chromosome replication. Although its essential
role is complete, Cdc7 is still used later during the nor-
mal S phase to fire late origins. The fact that Cdc7 is not
essential throughout S phase presumably reflects the fact
that firing of all the late origins is not absolutely required
for completion of S phase.

The identity of the substrate phosphorylated by Cdc7
to cause origin activation remains unknown. However, a
single amino acid change in the Cdc46/Mcm5 protein,
can bypass the effects of cdc7 or dbf4 null mutations.
This intriguing observation has led to the suggestion
that the essential role of Cdc7 is to regulate Cdc46/
Mcm5 function; one possibility is that Cdc46/Mcm5
poses a block to replication that is normally removed by
Cdc7 kinase (Hardy et al. 1997). Cdc46/Mcm5 is a mem-
ber of the Mcm/P1 family of six essential proteins (for
review, see Chong et al. 1996; Kearsey et al. 1996; see
also Hardy et al. 1997) that mediate the licensing of
DNA necessary for its replication (Madine et al. 1995;
Kubota et al. 1997; Thömmes et al. 1997). MCM family
proteins appear to be present in all eukaryotes. Also,
genes homologous to S. cerevisiae CDC7 have been iden-
tified in Schizosaccharomyces pombe, Xenopus, and hu-
man (Masai et al. 1995; Sato et al. 1997). The ubiquitous
occurrence of Cdc7-related proteins, and of homologs of
the CDC46 gene known to interact with CDC7, suggests
that activities homologous to that of Cdc7 kinase may be
generally important in controlling the S phase of eukary-
otic cells.

Replication origins in Saccharomyces cerevisiae are
programmed during the G1 phase of the cell cycle to be
fired either early or late in the following S phase (Ra-
ghuraman et al. 1997). Origins so programmed for early
or late activation must have molecular features that dis-
tinguish them. Whether Cdc7 kinase activates replica-
tion origins by regulating Cdc46/Mcm5 function or by
another mechanism, the results presented here show
that Cdc7–Dbf4 executes its function at different times
during S phase, first at early origins and subsequently at
late origins. We conclude that the Cdc7–Dbf4 kinase can
directly or indirectly detect the molecular distinction

between early and late origins, and bring about their ac-
tivation at the appropriate time.

Materials and methods

Strains and plasmids

All strains were constructed from RM14-3a (MATa cdc7-1 bar1
ura3-52 trp1-289 leu2-3,112 his6). A CDC7 derivative of RM14-
3a was made by transformation with a 2489-bp EcoRV fragment
containing wild-type CDC7 sequence [obtained by digesting
pRS277 (Sclafani and Fangman 1986), a gift from Robert Scla-
fani], followed by selection for growth at 37°C (restrictive tem-
perature for cdc7-1).

Both p12 and p306.10 are URA3 CEN5 plasmids containing
inserts at the BamHI site of vector YIp5-5 (Ferguson et al. 1991).
Plasmid p12 (a gift from John Diller) has been described (Fried-
man et al. 1996). Plasmid p306.10 was obtained by screening a
library of yeast inserts (Ferguson et al. 1991) with the 1391-bp
EcoRI subfragment of the chromosome III BamHI fragment
C1G (Reynolds et al. 1989). p306.10 contains a 13.3-kb insert
that extends from nucleotide number 69,586 to 82,849 of the
chromosome III sequence as given in the S. cerevisiae Genome
Database, oriented with the 82,849 end of the insert lying closer
to the YIp5-5 centromere. ARS306 lies between nucleotides
74,102 and 74,642 of the chromosome III sequence (Zhu et al.
1992).

Cells were grown in standard synthetic complete medium or
selective medium as appropriate.

Temperature shifts

The temperature of cultures was shifted rapidly from 37°C to
23°C or vice versa either by swirling the flask in an iced or 55°C
water bath, or, for larger culture volumes, by addition of a pre-
determined volume of warmed or chilled medium. Attainment
of the target temperature generally took between 1 and 2 min.
The time of transfer was taken to be at the beginning of the shift
procedure.

Two-dimensional agarose gel electrophoresis

DNA was prepared from either pooled S-phase cells (Fig. 2) or
asynchronously growing cultures (Fig. 6) as described previously
(Huberman et al. 1987; Brewer et al. 1992). Two-dimensional
gels were run as described (Friedman and Brewer 1995). First
dimension gels were 0.4% agarose. Second dimension gels were
either 1% or 1.1% agarose, depending on the size of the frag-
ment to be examined. Fragments probed were ARS306, 5.405-kb
NcoI; ARS1412, 2.574-kb MscI; 3LT, 4.877-kb NcoI; ARS607,
2.764-kb BclI; ARS603, 2.793-kb PstI (Fig. 2 and data not shown)
and ARS306, 4.223-kb ClaI; ARS1412, 2.574-kb MscI (Fig. 6). All
restriction digests (including digests using BclI) were carried out
at 37°C. Probe fragments were prepared by appropriate digestion
and gel purification of fragments from plasmids p306.10, p12, or
p78-4.4 (McCarroll and Fangman 1988) or were PCR-amplified
fragments [gifts from Katherine Friedman (Friedman et al.
1997)].

Dense isotope transfer experiments

Dense isotope transfer experiments were carried out using an
adaptation of the synchronous density transfer procedure de-
scribed previously (McCarroll and Fangman 1988). Cells were
grown for at least seven generations in minimal medium con-
taining 0.1% [13C]glucose and 0.01% [15N]ammonium sulfate
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and arrested by incubation with 200 nM a-factor. Cultures were
shifted to 37°C, and pronase was added to degrade the a-factor,
allowing cells to progress to the cdc7 block. Cultures were
transferred rapidly to 23°C (see above) and held at 23°C for be-
tween 3 and 7.5 min before rapid transfer to 37°C. Samples were
collected at appropriate times after the initial transfer to 23°C,
and processed for CsCl density gradient centrifugation (McCar-
roll and Fangman 1988). Chromosomal EcoRI fragments probed
were as described previously (McCarroll and Fangman 1988;
Friedman et al. 1996). Replication levels of plasmids (Fig. 5;
Table 2) were determined using a probe unique to the vector
sequences. Replication levels were quantitated by analysis on
an InstantImager (Packard).

Determination of plasmid loss rates

Loss rates of plasmids p306.10 and p12 were measured by a
comparative Southern blot method (Brewer and Fangman 1994).
Log phase cultures containing either plasmid were transferred
from selective to non-selective medium and grown for an addi-
tional 24 hr. A sample of the culture was harvested for DNA
isolation. The remaining culture was split and diluted 200×.
Half the culture was maintained at 23°C, whereas the other half
was transferred to 26.5°C. DNA was isolated from samples of
each culture taken at approximately seven doublings after the
temperature split. Growth rate was followed by measuring cell
density, and DNA was prepared by the smash and grab proce-
dure of Rose et al. (1990). Aliquots of DNA were digested with
NcoI, and subjected to Southern blot analysis. Relative mainte-
nance levels of the plasmids after transfer to nonselective con-
ditions were estimated by comparing changes in relative inten-
sity of Southern blot signal from the plasmid with the signals
produced by restriction fragments on chromosome XIV or at the
rDNA locus. Southern blots were quantitated using an Instant-
Imager (Packard).
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