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Eukaryotic genomes often contain more potential repli-
cation origins than are actually used during S phase. The
molecular mechanisms that prevent some origins from
firing are unknown. Here we show that dormant repli-
cation origins on the left arm of budding yeast chromo-
some III become activated when both passive replication
through them is prevented and the Mecl/Rad53 check-
point that blocks late-origin firing is inactivated. Under
these conditions, dormant origins fire very late relative
to other active origins. These experiments show that
some dormant replication origins are competent to fire
during S phase and that passage of a replication fork
through such origins can inactivate them.
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DNA replication initiates from multiple origins in eu-
karyotic cells (Cairns 1966; Huberman and Riggs 1968).
The usage of these replication origins changes dramati-
cally during metazoan development. For example, in
early Drosophila cleavage embryos, S phase lasts just a
few minutes, whereas it takes 8 hr for the same process
to occur in somatic cells (Dolfini et al. 1970; Blumenthal
et al. 1973). This increase in the length of S phase is
achieved both by inactivating a large number of origins,
thus increasing the distance that each replication fork
must travel, and by imposing asynchrony in the time of
activation of the remaining active origins (Blumenthal et
al. 1973). Similar observations have been made in am-
phibian development (Callan 1973). Recently, it has been
shown that the inactivation of origins within the tDNA
locus during Xenopus development is not a random pro-
cess. Early in development, initiation occurs at many
sites across the locus. However, as the embryo ap-
proaches the midblastula transition, initiation events be-
come increasingly localized to the nontranscribed spacer
region between each transcription unit (Hyrien et al.
1995). In Xenopus egg extracts it has been shown that
origin inactivation is not due to limiting amounts of
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known initiator proteins such as the origin recognition
complex (ORC), Cdc6, or minichromosome mainte-
nance proteins (MCM) (Walter and Newport 1997). A
similar restriction of potential origin use occurs during
the G, phase of the mammalian cell cycle. Prior to an
origin decision point (ODP), mammalian G, nuclei ini-
tiate replication randomly across the dihydrofolate re-
ductase (DHFR) locus in Xenopus egg extracts; after this
ODP, initiation occurs more specifically at the DHFR
origin (Wu and Gilbert 1996).

Several dormant origins of replication have been docu-
mented in the budding yeast Saccharomyces cerevisiae
(Dubey et al. 1991; Newlon et al. 1993). These se-
quences, when removed from their chromosomal con-
text and placed in a plasmid, can initiate replication ef-
ficiently; however, they do not initiate in their normal
chromosomal context. We have shown previously that
the ORC efficiently binds one of these origins, ARS301,
in vivo. Additionally, a Cdc6p-dependent prereplicative
complex (pre-RC) is assembled at ARS301 during G, and
displaced some time after Start but before mitosis. Com-
parison of the genomic footprinting pattern of ARS301 in
the active (plasmid) and inactive (chromosome) states
indicated that there were no apparent differences in the
architecture of either the pre- or post-RCs (Santocanale
and Diffley 1996). In this paper we describe conditions
that allow activation of these origins in their normal
chromosomal location.

Results and Discussion

When replication forks from early-firing origins are
stalled by dNTP depletion using hydroxyurea (HU), late-
firing origins are actively prevented from firing by the
Mecl /Rad53 checkpoint pathway (Santocanale and Dif-
fley 1998). A similar phenomenon is seen when DNA is
damaged (Shirahige et al. 1998; M. Weinberger, P.A. Tra-
bold, M. Lu, K. Sharma, J.A. Huberman, and W.C.
Burhans, in prep.). This ‘origin-firing checkpoint’ blocks
the pre-RC-to-post-RC conversion at late origins, thus
maintaining these origins in an initiation-competent
state for a long period of time (Santocanale and Diffley
1998). Pre-RCs at ARS301 are distinguished by Cdc6p-
dependent protection of ORC-induced DNase I-hyper-
sensitive sites (Fig. 1, cf. lanes 4-6 and 7-9, asterisks).
Figure 1 (lanes 10-12) shows that the chromosomal
ARS301 remains prereplicative in HU in wild-type cells.
In a rad53 mutant, however, the pre-RC at ARS301 is
lost in HU as evidenced by reappearance of the hyper-
sensitive sites (Fig. 1, cf. lanes 17 and 18 and 13-16).
ARS301 is normally passively replicated by a fork
originating from ARS305 (Dubey et al. 1991), located [BO
kb away from ARS301. We have shown previously using
both density substitution and alkaline gel electrophore-
sis that replication initiates efficiently at ARS305 but
replication forks stall within the first (10 kb when G;-
arrested cells are released into HU (Bousset and Diffley
1998; Santocanale and Diffley 1998). Abrogation of the
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Figure 1. Chromosomal ARS301 conversion from pre- to
postreplicative state in HU is blocked by the MEC1/RADS53
checkpoint. Genomic-footprinting analysis of the chromatin
structure of ARS301. Wild-type (y300; left) or rad53 (y301; right
(Allen et al. 1994) cells were arrested in G, with nocodazole
(NOC) or in G, with «a factor (a) or released from a-factor block
into HU for 90 min (@ » HU). Naked DNA (ND) was included
as control. (*) ORC-induced hypersensitive sites. Cell cycle
blocks and genomic footprinting protocols were as described
previously (Santocanale and Diffley 1996, 1998). Samples were
treated with increasing amounts of DNase I.

Mecl/Rad53 checkpoint does not promote detectably
more DNA synthesis in the presence of HU nor does it
appear to change the position at which the replication
fork from ARS305 stalls (Santocanale and Diffley 1998).
Thus, the loss of pre-RCs at ARS301 (Fig. 1, lanes 17,18)
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was unlikely to be the result of passive replication from
ARS305.

An alternative possibility is that ARS301 might be ac-
tivated in HU in the rad53 mutant. We therefore looked
for replication intermediates (RIs) originating from
ARS301 itself. Wild-type and rad53 or mecI mutant cells
were released from a G, block into HU-containing me-
dium and small nascent RIs were examined by alkaline
gel electrophoresis and DNA blot hybridization using a
probe to ARS301 (Santocanale and Diffley 1998). Figure
2.A shows that RlIs are not detected in wild-type cells but
accumulate in both checkpoint mutants with time. To
further characterize this we examined RIs by neutral-
neutral two-dimensional gel electrophoresis (Brewer and
Fangman 1987). Figure 2B shows that RIs can be seen in
both mutants but not wild-type cells after 90 min in HU,
confirming the results obtained with the alkaline gels. In
the two-dimensional gels both bubble arcs and Y arcs can
be seen. Detection of a bubble arc in both the rad53 and
mecl mutants demonstrates that the dormant origin
ARS301 becomes active in at least a fraction of these
checkpoint-deficient cells.

The presence of Y arcs in these gels, indicative of pas-
sive replication in some cells, suggests that other dor-
mant origins located nearby may also have been acti-
vated. ARS302 and ARS303 are very close together
(within 500 bp) and are only [B.5 kb from ARS301. Figure
2C (lanes 1-6) shows that we were also able to detect
small RIs that hybridize with a probe spanning ARS302/
303 in HU in the rad53 mutant but not in wild-type
cells. As an additional control, Figure 2C (lanes 7-12)
shows that small RIs were not detected with a probe
between ARS302/303 and ARS304 (= 6 kb from each
ARS), consistent with the notion that these RlIs are only
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Figure 2. Activation of the dormant chromosomal ARS301 and ARS302/303. (A) Detection of RIs from ARS301. « factor-arrested
cells were released from the G, block into medium containing HU. At the indicated times replication intermediates that originated
from ARS301 were studied using the alkaline gel electrophoresis method as described (Santocanale and Diffley 1998). The relevant
genotype is indicated. A 207-bp HindIII-BamHI DNA fragment containing the ARS301 sequence prepared from plasmid pCS1 (San-
tocanale and Diffley 1996) was used as a probe. (B) Characterization of RIs from ARS301. DNAs prepared from o factor-arrested cells
(a) or cells released into HU containing medium for 90 min (HU 90') were analyzed as described in Materials and Methods. (C)
Detection of replication intermediates from ARS302. Cells were grown and Rls analyzed as in A. A 1-kb DNA fragment of chromo-
some III (14,000-15,000 nucleotides) containing the ARS302 sequence was used as a probe for hybridization (lanes 1-6). In lanes 7-12
a 0.8-kb fragment of chromosome III (21,200-22,000 nucleotides) that does not contain origin sequences and lies between ARS303 and

ARS304 was used as a probe.
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Figure 3. ARS301 is not activated in an unperturbed S phase in
checkpoint mutants. Genomic DNA was prepared from loga-
rithmically growing wild-type, rad53, mec1, or rad53/sir4 mu-
tant cells. RIs around ARS301 (or, where indicated, ARS305)
were studied as described in Materials and Methods. The rel-
evant genotype of yeast strains Y10860, Y10848 (Paulovich et al.
1997), Y300, Y301 (Allen et al. 1994), and YCS38 (MATa, canl-
100, ade2-1, his3-11,15, leu2-3,112, trp1-1, ura3-1, Asird::kan®
AARS1::HIS3, sad1-1) is indicated.

found near replication origins. In conclusion, both
ARS301 and ARS302 /303 become active in HU in check-
point-mutant cells.

The activation of ARS301 in the previous experiments
occurred in checkpoint mutants but not in wild-type
cells when replication was blocked with HU. Therefore,
activation of ARS301 requires abrogation of the Mecl/
Rad53 checkpoint pathway. Next, we asked whether in-
activation of this pathway was sufficient to allow
ARS301 activation or whether the replication fork block
was also required. DNA prepared from logarithmically
growing cells in the absence of HU was analyzed by neu-
tral-neutral two-dimensional gels, and RIs from ARS301
were visualized by autoradiography. Unlike Figure 2B,
Figure 3 shows that only Y arcs are seen in these experi-
ments. Therefore, ARS301 remains inactive in normally
cycling checkpoint-deficient cells. As a control for the
integrity of Rls in these experiments the same filters
were reprobed with an ARS305 probe, and a full transi-
tion from bubble to Y arc was observed (data not shown).
Recently it has been shown that the firing of some ori-
gins is accelerated in mutants that are defective in tran-
scriptional silencing. In addition, the telomeric X ele-
ment ARS becomes activated in a sir3 mutant (Steven-
son and Gottschling 1999). We tested whether
inactivation of both the Mecl/Rad53 pathway and tran-
scriptional silencing could activate ARS301 in the ab-
sence of the replication fork block. Figure 3 (bottom pan-
els) show that even in a rad53, sir4 double mutant,
ARS301 remains inactive in the absence of HU. The bot-

2362 GENES & DEVELOPMENT

tom right panel shows that ARS305 is efficiently acti-
vated in these cells.

We conclude that both checkpoint deficiency and rep-
lication fork arrest are required to activate ARS301 in its
normal chromosomal location. HU might act by pre-
venting the replication fork that normally originates
from the early-firing ARS305 from passively replicating
ARS301 before ARS301 can be activated. A prediction of
this hypothesis is that the firing of ARS301 should be
considerably delayed relative to that of ARS305 in HU.
We have found previously that in the rad53 mutant
treated with HU, the relative order and timing of origin
firing appears to be maintained (Santocanale and Diffley
1998). We therefore compared the time of ARS301 firing
to that of well-characterized early (ARS305)- and late
(ARS501)-firing origins. rad53 cells were released from
G, arrest into S phase in the presence of HU and at dif-
ferent times the accumulation of RIs from the different
origins was determined. Figure 4 shows that in this ex-
periment, RIs from ARS305 first appear [BO min after G,
release and peak at 45 min. The accumulation of RIs
from ARS501 is delayed by 15-30 min relative to
ARS305. Strikingly, RIs from ARS301 are not detected
until 75-90 min after release into HU, a full 45 min after
ARS305. The relative times of ARS305 and ARS501 ac-
tivation obtained in this experiment are similar to those
determined for the same origins in wild-type cells with-
out the use of HU (Ferguson et al. 1991; Bousset and
Diffley 1998).

Accurate measurement of the replication timing of
chromosome III has shown that a replication fork origi-
nating from early-firing ARS305 takes (015 min to pas-
sively replicate the ARS301 sequence (Reynolds et al.
1989). Therefore, ARS301 would always be passively rep-
licated before it could be activated. The firing of ARS301
is so late that it would probably be passively replicated
by even more distant origins in the absence of ARS305
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Figure 4. Activation timing of ARS301 in a rad53 mutant in
HU. « factor-arrested rad53 cells were released from the G,
block into medium containing HU. At the indicated times ali-
quots of the culture were collected and genomic DNA prepared
as in Fig. 1. Kinetics of RI accumulation from early-firing
ARS305, late-firing ARS501, and chromosomal ARS301 were
compared using the alkaline gel electrophoresis method.



firing. Previous experiments studying replication fork di-
rection suggested that ARS301 does not become acti-
vated when other active origins on chromosome III are
deleted (Newlon et al. 1993). More recently, it has been
shown directly that ARS301 is weakly activated when
both ARS305 and ARS306 are deleted (Vujcic et al. 1999).

Why ARS301 should be such a late-firing replication
origin in its chromosomal context is uncertain. We note
that a plasmid containing a 207-bp ARS301 fragment
replicates after chromosomal ARS305 (Bousset and Dif-
fley 1998), suggesting that some determinants of late
ARS301 firing reside in or near the origin. However, on a
plasmid, ARS301 fires at or before the time that an ac-
tive, late-firing origin (ARS501) fires (Bousset and Diffley
1998), suggesting that the time of ARS301 activation is
advanced on a plasmid. This is similar to ARS501, which
replicates earlier on a plasmid than it does in its normal
chromosomal location (Ferguson and Fangman 1992).

One prediction of the licensing factor model is that
passage of a replication fork through a potentially active
origin should cause its inactivation (Harland and Laskey
1980; Harland 1981; Blow and Laskey 1988). The experi-
ments described in this paper and in our previous work
(Santocanale and Diffley 1996) strongly support this
view; S-phase progression promotes the conversion of
the inactive ARS301 from pre-RC to post-RC. In addi-
tion, activation of ARS301 (in the checkpoint mutants)
only occurs if replication fork progression is blocked.
Together, these results suggest that origin inactivation
by passive replication may be a highly conserved mecha-
nism involved in ensuring once-per-cell cycle replica-
tion.

Experiments in both budding and fission yeast have
shown that when two origins are located close together,
it is rare that both origins are active in the same cell
during S phase (Brewer and Fangman 1993, 1994; Dubey
et al. 1994, Marahrens and Stillman 1994). We have
shown previously that this ‘origin interference’ or ‘rep-
licator dominance’ is unlikely to be related to ORC or
pre-RC assembly, as these factors bind efficiently to all
origins in a very closely spaced tandem array of origins
(Santocanale and Diffley 1996). An alternative explana-
tion for this phenomenon is that these closely spaced
origins might not fire at the same time. Forks from the
first origin to fire might then pass through the second
origin, rendering it inactive. This possibility is clearly
speculative and warrants further examination.

Origin inactivation during development occurs at the
same time that embryonic cells acquire the capacity to
inhibit mitosis in response to drugs such as HU in both
Xenopus and Drosophila (Kimelman et al. 1987; Raff and
Glover 1988; Newport and Dasso 1989). For example, at
the mid-blastula transition in Drosophila interphase in-
creases in length mainly because S-phase progression is
much slower as a result of both origin inactivation and
asynchronous origin firing (Blumenthal et al. 1973; Mc-
Knight and Miller 1977). At this point a functional S-
phase checkpoint becomes essential (Fogarty et al. 1997;
Sibon et al. 1997). It is tempting to speculate that in
these organisms, the inactivation of at least some repli-
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cation origins may be a consequence of the acquisition of
a temporal program of origin firing.

Materials and methods

Genomic footprinting, alkaline gel electrophoresis, and detection of rep-
lication intermediates were performed as described (Santocanale and Dif-
fley 1998). Two-dimensional electrophoresis was performed as described
(Brewer and Fangman 1987); before separation the DNA was digested
with EcoRV and HindIIl endonucleases. For the experiments in Figure 2,
100-ml log-phase cultures were treated with 6 pm « factor for 3.5 hr at
25°C to arrest in G,. Cells were washed once with YPD medium and
released into fresh YPD containing 0.2 m HU. Cells were collected at
either 0 or 90 min after G, release. Genomic DNA was prepared and run
directly on the first dimension after digestion, without benzoylated nap-
thoylated DEAE (BNDJ-cellulose fractionation. For the experiments in
Figure 3, genomic DNA was prepared from 2 liters of log-phase cultures.
After digestion with restriction enzymes, Rls were enriched using BND-
cellulose fractionation as described (Huberman et al. 1987).

All of the two-dimensional gels center ARS301 in a 4.6-kb EcoRV-
HindIII fragment, probed with a 1.2-kb Xbal fragment covering ARS301.
The gels that show only Y arcs were stripped and reprobed for ARS305
(using a 2-kb BamHI-PstI probe covering ARS305) as a positive control
for intact bubble-containing RIs on the same membrane.

The DNA probe for ARS302 was amplified from genomic DNA using

oligonucleotides 5-CAATCAAAGAAATCTTTCACTGCTC-3’ and
5'-GAAGACCCCAGTATTTTAGC-3'. The probe for the interorigin se-
quence in chromosome I1I was amplified using oligonucleotides 5'- CCC-
GAATTTTTAATGTGTGTGG-3" and 5'-GCTTCAATAGCATTTCAA-
ACAC-3'.
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