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DNA replication must be tightly controlled during each cell cycle to prevent unscheduled replication and ensure proper
genome maintenance. The currently known controls that prevent re-replication act redundantly to inhibit pre-replicative
complex (pre-RC) assembly outside of the G1-phase of the cell cycle. The yeast Saccharomyces cerevisiae has been a useful
model organism to study how eukaryotic cells prevent replication origins from reinitiating during a single cell cycle.
Using a re-replication-sensitive strain and DNA microarrays, we map sites across the S. cerevisiae genome that are
re-replicated as well as sites of pre-RC formation during re-replication. Only a fraction of the genome is re-replicated by
a subset of origins, some of which are capable of multiple reinitiation events. Translocation experiments demonstrate that
origin-proximal sequences are sufficient to predispose an origin to re-replication. Origins that reinitiate are largely limited
to those that can recruit Mcm?2-7 under re-replicating conditions; however, the formation of a pre-RC is not sufficient for
reinitiation. Our findings allow us to categorize origins with respect to their propensity to reinitiate and demonstrate that

pre-RC formation is not the only target for the mechanisms that prevent genomic re-replication.

INTRODUCTION

Eukaryotic DNA replication is tightly controlled to ensure
that the genome is copied exactly once before chromosome
segregation and cytokinesis. Inappropriate replication after
S-phase leads to severe DNA damage (Green and Li, 2005)
and cell death (Yanow ef al., 2001; Melixetian et al., 2004;
Wilmes et al., 2004). To prevent these catastrophic effects,
cells use multiple overlapping mechanisms to prevent un-
scheduled replication (Diffley, 2004; Blow and Dutta, 2005).

The initiation of eukaryotic DNA replication is divided into
two stages: origin selection and origin activation. Origins of
DNA replication are selected by the formation of the pre-
replicative complex (pre-RC; Mendez and Stillman, 2003). The
first event in pre-RC formation is the binding of the origin
recognition complex (ORC) to origin DNA. During G1, ORC
recruits other members of the pre-RC, including Cdc6 and
Cdtl. Together these proteins load the six-subunit mini-chro-
mosome maintenance complex (Mcm2-7), the putative replica-
tive helicase (Takahashi et al., 2005), onto origin DNA. As cells
enter S-phase, origins are activated by cyclin-dependent ki-
nases (CDKs) and the Dbf4-dependent kinase (Bell and Dutta,
2002). These kinases target both pre-RC components and other
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replication factors to trigger the recruitment of replication pro-
teins necessary for origin unwinding and DNA synthesis.

Eukaryotic chromosomes require multiple origins spread
over their length to ensure that each chromosome is copied
during S-phase. Although pre-RCs are assembled at all po-
tential origins during G1, origins are not all activated at the
same time. A temporal replication program leads to the
activation of each origin at a characteristic time during S-
phase with some origins initiating early in S-phase, others
later, and still others not at all (Donaldson, 2005). The mech-
anisms controlling this program are poorly understood, but
specific cyclins (Donaldson et al., 1998; Hu and Aparicio,
2005), checkpoint proteins (Santocanale and Diffley, 1998;
Shirahige et al., 1998), and levels of chromosome acetylation
(Vogelauer et al., 2002; Aparicio ef al., 2004) have each been
shown to affect this temporal program.

Once an origin has initiated, multiple mechanisms exist in
all eukaryotes to prevent inappropriate reinitiation from
occurring within the same cell cycle (Gopalakrishnan et al.,
2001; Nguyen et al., 2001; Yanow et al., 2001). These mecha-
nisms all inhibit the formation of pre-RCs outside of G1. For
example, CDK-dependent phosphorylation targets pre-RC
components to prevent new pre-RC formation (Machida et
al., 2005). During each round of division, cells oscillate once
between low (G1) and high (S, G2, M) CDK activity, mean-
ing pre-RCs can only form and be activated once per cell
cycle. Multicellular eukaryotes have at least one additional
CDK-independent inhibitor of re-replication called geminin.
This protein binds and inhibits Cdtl (Wohlschlegel et al.,
2000) outside of G1, thereby preventing new pre-RC forma-
tion (Mihaylov et al., 2002; Melixetian et al., 2004; Zhu et al.,
2004).

In Saccharomyces cerevisize B-type CDKs, which are com-
posed of the Cdk1/Cdc28 kinase and one of six different B-type
cyclins (Clb1-6), inhibit pre-RC formation by phosphorylating
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three components of the pre-RC (Nguyen et al., 2001). The
resulting modifications have distinct consequences for each
target. Phosphorylation of Cdc6 and Mcm2-7 leads to degra-
dation (Elsasser et al., 1999; Drury et al., 2000) and export to the
cytoplasm (Labib ef al., 1999; Nguyen ef al., 2000), respectively.
Cdc28 also phosphorylates at least two of the six ORC sub-
units, Orc2 and Orc6 (Nguyen et al., 2001), but how these
modifications inhibit ORC’s role in pre-RC formation is un-
known. All of the phosphorylation events described above
prevent new pre-RC formation, which, in turn, prevents reini-
tiation. In addition to these mechanisms, direct interactions
between ORC and cyclins prevent pre-RC formation in Schizo-
saccharomyces pombe (Wuarin et al., 2002) and S. cerevisiae
(Wilmes et al., 2004).

In S. cerevisiae, the controls preventing reinitiation can be
overcome by disrupting three of the CDK-dependent mech-
anisms described above. A strain modified to express non-
degradable Cdc6, constitutively localize Mcm2-7 to the nu-
cleus and inhibit phosphorylation of Orc2 and Orc6, can
initiate a second round of initiation during a single cell cycle
(Nguyen et al., 2001). Disrupting the interaction between the
S-phase cyclin, Clb5, and the smallest ORC subunit Orc6 (in
addition to the above mutations) results in further re-repli-
cation (Wilmes et al., 2004). Analysis of DNA content from
re-replicating S. cerevisiae strains has shown that the majority
of cells in the population do not fully re-replicate their
genome. Interestingly, when a subset of origins was moni-
tored for the ability to initiate during re-replication, only
some of those tested showed reinitiation (Nguyen et al.,
2001). These data suggest that not all origins are sensitive to
reinitiation.

To gain insight into how the genome protects itself from
re-replication, we bypassed all known re-replication control
mechanisms in S. cerevisine and identified origins across the
genome that reinitiated. We show that re-replication ini-
tiates from a subset of origins used in S-phase, that the
sensitivity to re-replication varies between origins, and that
some origins are capable of reinitiating multiple times. Fi-
nally, we also show that Mcm2-7 loading is required, but not
sufficient, for origins to reinitiate, indicating that there are
layers of control beyond those inhibiting pre-RC formation
that prevent re-replication.

MATERIALS AND METHODS

Plasmids

To integrate ARS418 at iYDR309¢c, plasmid pLys2-418-309CB was generated
by first amplifying the intergenic region containing ARS418 using primers
SB2558 and SB2559 (see Supplementary Table 1 for primer sequences) and
putting the resulting DNA into the Pstl and Xbal sites of pUC119-Lys2 to
create pLys2-418. The intergenic region between YDR309C and YDR310C was
then amplified using primers SB2664 and SB2665 and inserted into the Sphl
site in pLys2-418. To integrate the mutant ARS418 at iYDR309C, plasmid
pLys2-418mut-309CB was generated by QuikChange XL (Stratagene, La Jolla,
CA) mutagenesis, using primers SB2753 and SB2754. The mutant ARS418 was
then amplified using primers SB2558 and SB3125 and inserted into the Pstl/
Sacl sites of pLys2-418-309CB. ARS214 was amplified from the genome using
primers SB3279 and SB3280 and inserted into the EcoRI/HinDIII sites of
PARSI, replacing ARS1. The origin was then amplified using primers SB3182
and SB3183 and inserted into the Pstl/Sacl sites of pLys2-418-309CB, replac-
ing ARS418.

Strains

All strains in this study are previously described except SB1808, SB1809,
SB2023, SB2052, and SB2125 (see Supplementary Table 2 for genotypes). For
density transfer, strains SB1808 and SB1809 were made ADE2 by transform-
ing SB1507 or W303BLa with plasmid pASZ10 (Stotz and Linder, 1990) that
had been linearized by Bglll. To integrate ARS418 into the iYDR09c locus,
strain SB1507 was transformed with Bsml-linearized pLys2-418-309CB
(SB2023) or pLys2-mut418-309CB (SB2052). To integrate ARS214 into the
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iYDR309C locus, strain SB1507 was transformed with Mlul-linearized pLys2-
214-309C to create SB2125.

Re-replication Microarray Assays

Exponentially growing cells (ODg, of 0.4) were washed with sterile water
and transferred into YP-raffinose + 15 ug/ml nocodazole. Once arrested, 2%
galactose was added to induce cdc6A2-49 expression. After 3 h, cells were
collected and genomic DNA was isolated by bead beating. Briefly, whole cells
were mixed with 200 ul of gDNA buffer (10 mM Tris, pH 7.5, 1% SDS, 100 mM
NaCl, 1 mM EDTA, 2% Triton X-100), 300 ul of glass beads, and 200 ul of
phenol:chloroform:isoamyl-alcohol (25:24:1, GE Healthcare) and vortexed for
4 min. The DNA in the aqueous phase was precipitated and resuspended in
200 pl of TE (10 mM Tris, 1 mM EDTA). RNA was removed with RNAse (3
png) treatment for 3 h 37°C. The DNA was then sheared to ~1 kb (Branson
Sonicator 250, Danbury, CT), phenol:chloroform extracted, and EtOH precip-
itated.

DNA from re-replicating cells and Gl-arrested wild-type cells (10 ug each)
were differentially labeled with 2 nmol of either Cy3-dUTP or Cy5-dUTP (Am-
ersham Biosciences, Piscataway, NJ; GE Healthcare) using 4 ug random nonamer
oligo (IDT) and 0.25 A of high-concentration Klenow (New England Biolabs,
Beverly, MA). Unincorporated dye was removed using a microcon column
(30-kDa MW cutoff, Millipore, Bedford, MA) by washing the sample three times
with TE. The labeled DNAs were then cohybridized onto either 11K or
custom-made (Pokholok et al., 2005) 44K DNA microarrays from Agilent
Technologies (Wilmington, DE) using Agilent Technologies” standard protocol
for cDNA hybridization and washing (see http://www.ncbinlm.nih.gov/geo/
accession no. GPL3499 for a complete description of the arrays). For each set of
triplicate experiment, one of the replicates was labeled as a dye swap.

Hydroxyurea-arrested Replication Profiles

W303 cells were arrested in 200 mM hydroxyurea (HU) for 90 min and then
collected. Genomic DNA was then isolated, labeled, and hybridized to high-
density DNA miroarrays as described above. DNA from Gl-arrested cells was
used as a reference population.

Density Transfer

Cells (SB1808 and SB1809) were grown for at least seven generations in N-
and '3C-containing medium to an ODyg, 0.25. Alpha-factor was added and
cells were grown until the population was =95% unbudded. Cells were then
washed and resuspended in YP (14N 12C) + 2% raffinose + alpha-factor. After
1 h, cells were washed twice with water and released in to YP (**N 2C) + 2%
raffinose + 0.1 mg/ml pronase + 15 ug/ml nocodazole. When the population
was =95% large-budded, galactose was added to 2% to induce re-replication.
After 3 h, 30-ml samples were collected.

DNA was isolated as described above and digested for 8 h with EcoRI at
37°C. The digested DNA was separated on a CsCl gradient (1.255g CsCl/g
TE, refractive index = 1.4041). The resulting gradient was fractionated and
each fraction was slot-blotted onto a nylon membrane (GeneScreen Plus,
PerkinElmer, Boston, MA). The membrane was then probed using the indi-
cated radio-labeled origin fragments (see Supplementary Table 1 for primers
used to generate probes).

Genome-wide Location Analysis

Standard chromatin immunopreciptation (IP) assay was performed as previ-
ously described (Aparicio et al., 1997) at specific time points using a polyclonal
antibody against Mcm2-7, UM185, (1:250 dilution) or ORC (1:250 dilution).
The resulting IP DNA and one tenth of the input DNA were differentially
labeled and cohybridized to custom-made 44K DNA microarrays from Agi-
lent Technologies.

Data Analysis

Cy3 and Cy5 levels were quantitated using Agilent’s Feature Extraction
software. The resulting log ratios of experimental DNA /reference DNA for
each spot on the array were then determined using the sma package [45] for
R (v2.1.0, http://www.r-project.org), which is a computer language and
environment for statistical computing. We also performed scale normaliza-
tion across the slides for each set of triplicate experiments so each experiment
had the same median absolute deviation.

For all replication profiles (HU and re-replication), the average log ratio of
enrichment for each spot on the array was calculated for three independent
experiments. The resulting average was used for all subsequent analysis. The
averaged data were smoothed using the loess function in R to predict the
average log ratio of experimental DNA /reference DNA every 50 bp.

Sites of absolute re-replication were defined as any spot having a log ratio
re-replicated /unreplicated value above the bottom quarter percentile. The
bottom quarter percentile represents the midpoint of the normal distribution
of the re-replication data (Supplementary Figure 9A) and was used as a cutoff
across the entire genome rather than determining the lowest site on each
individual chromosome (Supplementary Figure 9B). The value of the log ratio
replicated /unreplicated that defined the threshold of the bottom quarter
percentile was then added to the log ratio replicated /unreplicated ratio for all
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spots on the array. All spots with a final value over zero were considered to
represent re-replicated regions.

Genome-wide location analysis for both mitotic and re-replication Mcm2-7
was performed in triplicate. Data from the individual experiments were
treated with the loess function to predict the log ratio IP DNA/input DNA
(IP/IN) every 50 bp. Peaks on the smoothed and/or predicted data sets were
determined using the turnpoints function in the pastecs package (v1.2-1) in R.
True peaks in the genome-wide location analysis data sets were defined by
three independent criteria: a confidence value >80 given by the turnpoints
function, the log ratio IP/IN value at the peak p < 0.001, and that there was
another point within 2 kb whose log ratio IP/IN had p < 0.05. The last
criterion was to prevent identification of false peaks that arose because of
gaps in the array data. True peaks in the replication data sets were defined as
peaks that had the highest confidence values (infinite) and had a log ratio
replicated /unreplicated value at the peak that was greater than 0. True peaks
in the HU data set were defined as peaks that had the highest confidence
value and had a log ratio replicated /unreplicated at the peak with p < 0.001.

Comparison of peaks between data sets was done by scanning each of the
data sets for all true peaks on a chromosome and determining if a true peak
in another data set was within 7.5 kb Averaged and raw data sets are available
online in the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.
gov/geo/, accession no. GSE4487).

RESULTS

Re-replication Initiates at Distinct Sites in the Genome

To assess the extent of re-replication across the S. cerevisiae
genome, we used DNA microarrays to determine changes in
DNA copy number as cells underwent re-replication. This
technique has been used previously to identify sites of rep-
lication initiation by detecting newly synthesized DNA as
cells pass through S-phase (Raghuraman et al., 2001; Yabuki
et al., 2002). Our experiments were conducted using an S.
cerevisiae strain with mutations that overcome all currently
known mechanisms that prevent reinitiation (Wilmes et al.,
2004). Re-replication in this strain is controlled using a ga-
lactose-inducible, nondegradable Cdc6. To ensure that all
observed replication was due to re-replication, cells were
arrested in G2/M before the induction of re-replication (Fig-
ure 1A). DNA was isolated from re-replicating cells at var-
ious time points after addition of galactose (Figure 1B).
Unreplicated DNA isolated from Gl-arrested cells served as
a hybridization reference. The two populations of DNA
were differentially labeled and cohybridized to a high-den-
sity DNA microarray with 44,000 features distributed
throughout the genome (Pokholok et al., 2005). Initial exper-
iments showed that cells after 3 h of Cdc6 induction had the
most significant re-replication (Figure 1B), thus this time
point was used in all subsequent experiments.

Analysis of three independent experiments showed that
re-replication occurs at specific sites in the genome. To vi-
sualize the sites of re-replication, the log ratio of re-replicat-
ed/unreplicated DNA for each spot on the array was plotted
as a function of its position along the chromosome (Figure
2A). The resulting profiles have distinct peaks, identifying
sequences present in elevated copy number and that have
re-replicated. Control experiments using strains lacking the
genetic changes required for re-replication showed no sig-
nificant variation in DNA copy number across the genome
(Supplementary Figure 1).

Re-replication Initiates from Sites of G1 pre-RC
Formation

Peaks in the re-replication profile represent the most fre-
quently re-replicated sequences, suggesting that they are
sites of reinitiation. To determine if these sites are coincident
with previously identified, potential origins, we compared
the re-replication profile to sites of G1 pre-RC formation
in wild-type cells as determined by genome-wide location
analysis of Mcm2-7. This comparison allowed us to deter-
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Figure 1. Multiple pre-RC mutations result in induced re-replica-
tion. (A) An outline of the re-replication experiment. Re-replication-
sensitive cells were grown to an ODyy, of 0.4 in YPD and then
arrested in nocodazole. After the cells were arrested, galactose was
added to induce expression of Cdc6AN. After 3 h, cells were col-
lected for further experiments. (B) FACS analysis of the re-replica-
tion-sensitive strain SB1507 (See Supplementary Table 2) several
hours after induction of re-replication.

mine if peaks of re-replication colocalized with sites that
have the capability to initiate replication during S-phase.

To compare the re-replication profile and G1 Mcm2-7
binding sites, we determined the midpoint of the peaks in
each of the data sets. Before analysis, we applied a smooth-
ing algorithm to the re-replication profile to help delineate
the peaks by reducing random noise (Figure 2B, gray histo-
gram, Supplementary Figure 2). Initial analysis showed that
peaks on the re-replication profile substantially overlapped
sites of Mcm2-7 binding (Figure 2B, black histogram, Sup-
plementary Figure 3). To conduct a more quantitative anal-
ysis, a peak-finding algorithm was used to define the mid-
points of the peaks along the chromosome in both data sets.
We monitored the overlap between peaks on the re-replica-
tion profile and sites of Mcm2-7 binding using a range of
window sizes and found that a 7.5-kb window was optimal.
Using this window size, 82% of re-replication peaks over-
lapped with Mcm2-7 binding sites (Table 1). We noted that
the peak-finding algorithm was not able to identify all sites
of re-replication and thus possible reinitiation (e.g., peaks at
chromosome ends; see Supplementary Figure 4). Account-
ing for these uncalled initiation sites in the re-replication
data set, the final percent of re-replication peaks that are
within 7.5 kb of an Mcm2-7 binding site is 91%. We conclude
that re-replication largely occurred at sites that normally
direct pre-RC formation during GI1.

Although nearly all sites of re-replication overlapped with
Mcm2-7 binding sites, the converse was not true. There were
many sites of G1 pre-RC formation that did not align with
peaks of re-replication. Using the same computational-based
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Figure 2. Analysis of genome-wide re-replication. (A) Re-replica-
tion is detected by copy number analysis using DNA microarrays.
DNA from re-replicating cells and from Gl-arrested cells was dif-
ferentially labeled and cohybridized to a high-density DNA mi-
croarray. The log ratio re-replicated /unreplicated for each spot was
plotted as a function of its position along the chromosome. Chro-
mosome IV (see Supplementary Figure 2 for other chromosomes) is
shown here as an example. (B) Sites of re-replication initiation are
associated with G1 Mcm2-7 binding sites. A smoothing algorithm
and a significance cutoff was applied to the re-replication data (see
Materials and Methods) and plotted here for Chromosome IV (gray
histogram). G1 Mcm?2-7 binding sites (black histogram), determined
by genome-wide location analysis, are superimposed on top of the
re-replication data. Key sites discussed throughout the text, ARSI,
ARS418, ARS428, and iYDR309C, are marked with a gray dashed
line.

analysis as described above, we found that only 31% of all
sites of pre-RC formation during G1 showed significant
re-replication (Table 1). Together, our data show on a

genome-wide level that not all potential sites of initiation
can re-replicate and, therefore, that the extent of protection
from re-replication is not uniform across the genome.

Origins Direct Re-replication

To directly address if origin sequences are required for
re-replication, we asked if moving an origin sequence asso-
ciated with a peak of re-replication was sufficient to establish
a new site of re-replication in the genome. These experi-
ments focused on the ARS418 locus, which is a site of G1
pre-RC formation (Figure 2B, black histogram), provides
origin function on a plasmid (unpublished data), is a peak
on an S-phase timing curve (Raghuraman et al., 2001; Yabuki
et al., 2002; MacAlpine and Bell, 2005 and unpublished data),
and is closely associated with a prominent peak on the
re-replication profile (Figure 2B, gray histogram). Six hun-
dred base pairs surrounding the ARS418 locus were inte-
grated at an ectopic intergenic region (iYDR309C) that
showed little, if any, re-replication (Figure 3A, gray histo-
gram and see Figure 5B, closed circles). Using the re-repli-
cation-sensitive strain containing the ectopic ARS418, we
performed the same re-replication experiment described
above. The resulting re-replication profile showed that the
insertion of ARS418 at the iYDR309C locus induced substan-
tial re-replication (Figure 3B, gray histogram) compared
with the strain without the ectopic ARS418 (Figure 3, A and
B, dashed line). We also ectopically inserted 200 base pairs
surrounding another re-replicating origin into iYDR309C:
ARS214 (see dotted black line on Chromosome II in Supple-
mentary Figure 2 for location). This second origin also in-
duced re-replication at iYDR309C (Supplementary Figure 5).
Thus, moving only origin-proximal DNA is sufficient to
direct re-replication at a new locus.

To demonstrate that the origin was necessary for the new
re-replication peak, we mutated the ectopically inserted
ARS418 so that it was no longer functional. Our laboratory
recently refined an algorithm (Breier ef al., 2004) to identify
functional ARS Consensus Sequences (ACS) across the S.
cerevisiae genome (our unpublished results). Using this algo-
rithm, we predicted the site of the essential ACS of ARS418
and mutated this sequence. This mutation eliminated the
function of ARS418 on a plasmid (unpublished data). The
mutant ARS418 was integrated at iYDR309C and the re-
replication of this strain was analyzed by microarray (Figure
3C, gray histogram). Unlike the wild-type ARS418, the mu-
tant ARS418 did not induce re-replication at iYDR309C,

Table 1. Comparison of overlap of peaks between all data sets

% of peaks that
overlap with

% of peaks that

% of peaks that
overlap with

% of peaks that

% of peaks that overlap with

Total no. of G1 Mcm2-7 overlap with re-replication overlap with re-replication
Data set peaks® peaks re-replication peaks =~ Mcm2-7 peaks HU peaks ORC peaks
G1 Mcm2-7 377 32 (120)¢ 45 (169) 33 (125) 76 (285)
Re-replication profile 123 82 (101)k 71 (87) 48 (59) 83 (102)
Re-replication Mcm2-7 183 92 (169) 51 (93) 40 (74) 93 (171)
HU profile 114 98 (112) 52 (59) 63 (72) 96 (109)
Re-replication ORC 331 86 (284) 35 (117) 52 (171) 34 (114)

@ Numbers given are entirely generated by the peak-finding algorithm and do not include manually analyzed peaks.

® Numbers in parentheses represent total number of peaks.

€101 re-replication peaks overlap with G1 Mcm2-7 peaks, but 120 G1 Mcm2-7 peaks line up with re-replication peaks. This discrepancy is because
the Mcm2-7 data set has some peaks that are very close together. Therefore, two G1 Mcm2-7 peaks may overlap with a single re-replication peak.
The same discrepancy exists for comparing re-replication Mcm2-7 or re-replication ORC binding sites to the re-replication profile.
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Figure 3. An origin sequence directs reinitiation (A)
The re-replication profile surrounding iYDR309C, a A
segment that does not re-replicate, in the absence of an

no
Integration

Pre-RCs Are Insufficient for Reinitiation

ectopic origin is depicted as both the gray histogram
and the black dashed line. (B) ARS418, an origin that is
associated with a peak on the re-replication profile,
directs re-replication at an ectopic locus. The 600-base
pair intergenic region containing ARS418 was moved
to iYDR309C. Re-replication was induced and the result-
ing DNA was hybridized to a low-density DNA microar-
ray (gray histogram, Chromosome IV, 800-1400 kb). Su-
perimposed on top is the re-replication profile from
the strain without the ectopic ARS418 (black dashed
line). (C) An origin with a mutant ACS is not capable
of directing re-replication. The essential ACS of
ARS418 was mutated and integrated into the re-repli-
cating strain. Re-replication was induced and the re-

1.0

0.8
|

log re—replicated/unreplicated
0.4
1

0.0

sulting DNA hybridized on to a low-density array

(gray histogram, Chromosome IV, 800-1400 kb). The 800 1000

re-replication profile of the strain without the ectopic
mutant ARS418 is superimposed on top (black dashed
line).

showing that the same sequence that is required for origin
function in a plasmid context during normal S-phase is also
required to direct re-replication. This observation is consis-
tent with previously published data concerning ARS305
(Nguyen et al., 2001).

Timing of Initiation during S-phase Does Not Correlate
with the Ability to Re-replicate

Having demonstrated that sites of reinitiation correspond to
a subset of potential origins, we asked if sites of reinitiation
represented a particular class of origins. We compared ori-
gins that reinitiate to the time of initiation of those same
origins during S-phase. We used a previously described
protocol (Yabuki et al., 2002) to identify origins that initiated
in the presence of HU (Supplementary Figure 3). HU allows
early origins to initiate but inhibits activation from later-
initiating origins of replication (Santocanale and Diffley,
1998; Shirahige et al., 1998).

Comparing the profile generated in the presence of HU
with the re-replication profile showed that some of the reini-
tiating origins are early, but not all. Similarly, there are early
origins that do not re-replicate. Using a window of 7.5 kb
and computationally based analysis, 48% of re-replication
peaks are associated with HU-initiating origins (Table 1).
Conversely, 52% of HU-initiating origins re-replicate. These
data suggest that there is not a strong correlation between
origins that re-replicate and when that origin initiates dur-
ing S-phase. Thus, the factors that determine timing of ini-
tiation in S-phase are not the same as the factors that sensi-
tize origins to re-replication during G2/M.

The telomeres and centromeres of the S. cerevisine genome
are specialized regions of the genome that replicate at
specific times during S-phase (telomeres replicate late,
whereas centromeres replicate early), so we also analyzed
the ability of these regions to re-replicate. The subtelomeric
chromosomal regions appeared overrepresented in the re-
replicated fraction of the DNA (Supplementary Figure 2). To
examine this feature further, we plotted the relative level of
re-replication for each point on the array as a function of its
distance from the telomere (Figure 4A, black plot). For com-
parison, we plotted the relative level of re-replication for a
wild-type strain under re-replicating conditions (Figure 4A,
gray plot). The resulting plot showed a positive correlation
between the proximity of a sequence to the telomere and its
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extent of re-replication. We also plotted each point on the
array as a function of its distance from the centromere
(Figure 4B, black plot) and found that there was no correla-
tion between distance from the centromere and sensitivity to
re-replication.

log re-replicated/unreplicated -

-0.2 00 02 04 06

0 50 100 150 200 250 300
Distance From Telomere (kb)

log re-replicated/unreplicated
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I T I T
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Figure 4. Subtelomeric regions have a high probability of re-rep-
licating. (A) There is a positive correlation between the proximity of
a sequence to the telomere and its probability of re-replicating. The
relative enrichment for each spot on the microarray was plotted as
a function of its distance to the closest telomere for both the re-
replicating strain (black) and wild-type strain (gray) 3 h after addi-
tion of galactose. (B) There is no correlation between re-replication
and proximity to centromeres. The relative enrichment for each spot
on the microarray was plotted as a function of its distance to the
centromere for both the re-replicating strain (black) and wild-type
strain (gray) 3 h after addition of galactose.
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Origins Can Reinitiate Multiple Times

FACS analysis 3 h after induction of re-replication shows
that most cells in the population have ~3C DNA content;
however, some cells appear to have DNA content greater
than 4C (Figure 1B). The existence of cells with >4C DNA
content suggests that at least a subset of origins is capable of
multiple rounds of reinitiation. To determine if origins can
reinitiate more than once, we used a density transfer ap-
proach to more accurately determine the extent of re-repli-
cation at particular regions.

Cells were labeled with dense isotopes as outlined in Figure
5A. As illustrated, at the nocodazole arrest, cells will have
passed through S-phase and therefore have one heavy and one
light DNA strand. Induction of re-replication in the nocoda-
zole-arrested cells will result in a third species of DNA com-
posed of entirely light DNA strands. If a segment of DNA
re-replicates exactly once then the ratio of Light-Light (LL)
DNA to Heavy-Light (HL) DNA will be 1:1. If a segment has
re-replicated more than once, the ratio will increase.

We examined several sites that represented different fea-
tures of the re-replication profile to determine their extent of
re-replication. We tested two origins that were prominent
sites of reinitiation (ARS418 and ARS428; see Figure 2B), two
origins that did not seem to be efficient sites of reinitiation
(ARS1 and ARS1413; see Figure 2B and Supplementary Fig-
ure 2), and one sequence that was not substantially re-
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I ARS1413, O) and an intergenic sequence that
20 does not re-replicate (iYDR309C, ®). The data
were normalized by setting the peak of the HL
density to a copy number of one.

replicated, iYDR309C (Figure 2B). Consistent with their
prominence in the re-replication profiles, both ARS418 and
ARS428 have at least twice as much LL DNA as HL DNA
(Figure 5B, closed triangles and open squares). Consistent
with the re-replication profile, these data definitively dem-
onstrate that some origins are capable of reinitiating multi-
ple times. iYDR309C, however, showed no LL DNA, indi-
cating that other regions of the genome do not re-replicate at
all. Together, these data strongly support the model that
re-replication is limited across the genome but that origins
that reinitiate can do so more than once.

Pre-RC Formation Is Not the Only Determinant of the
Ability to Re-replicate

We have shown that not all sites of G1 pre-RC formation
reinitiate. Because previous data strongly suggest that
Mcm2-7 loading onto origin DNA is required for reinitiation
(Nguyen et al., 2001), there are two possible explanations for
only a subset of these G1 pre-RC sites undergoing re-replica-
tion. First, it is possible that Mcm2-7 is only recruited to those
origins that reinitiate. Alternatively, similar to the pre-RCs
assembled in G1, Mcm2-7 could load at all potential origins,
but only a subset is competent to reinitiate. To distinguish
between these hypotheses, we asked where pre-RCs were
formed during re-replication using Mcm2-7 genome-wide lo-
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Figure 6. Recruitment of Mcm2-7 is not sufficient for reinitiation.
(A) Mcm2-7 binds only a fraction of possible origins during re-
replication. Genome-wide location analysis of Mcm2-7 and ORC
was performed 45 min after induction of re-replication. The binding
sites of Mcm2-7 during re-replication (e) were compared with
binding sites of ORC during re-replication (dark gray circles) and
binding sites of Mcm2-7 during G1 (light gray circles). Plotted are
only the points on the array that satisfied the significance cutoff (see
Materials and Methods) for each of the data sets. (B) Mcm2-7 binds to
origins that do not reinitiate. The binding sites of Mcm2-7 (black
histogram) are overlaid on top of the re-replication profile for Chro-
mosome IV (gray histogram). Each peak of re-replication is associ-
ated with an Mcm2-7 binding site, but the converse is not true.

cation analysis. To avoid confusing sites of pre-RC formation
with fork movement, samples were taken 45 min after induc-
tion when re-replication is limited as determined by FACS
(Figure 1B) and array analysis (unpublished data).

We first asked if Mcm2-7 binds to the same sites during
re-replication as seen during G1. Because both genome-wide
location analysis data sets have narrow peaks (compared
with the re-replication profile), we could use a much smaller
window when comparing G1 and re-replication Mcm2-7
binding sites. Using a 1-kb window, 92% of the re-replica-
tion Mcm?2-7 binding sites overlap with G1 Mecm2-7 binding
sites (Table 1). In contrast, only 45% of G1 Mcm2-7 binding
sites overlap with re-replication Mcm2-7 binding sites (Fig-
ure 6A, Table 1, and Supplementary Figure 3), demonstrat-
ing that only a subset of sites that assemble pre-RCs in G1
also do so in re-replicating cells.

We were concerned that Mcm?2-7 associated with a subset
of origins during re-replication because in the re-replication-
sensitive strain, which has several ORC mutations, ORC
only associated with the same subset of origins. To deter-
mine the location of ORC binding during re-replication, we
performed ORC genome-wide location analysis as described
above (Figure 6A and Supplementary Figure 3). We found
that the majority of G1 Mcm?2-7 binding sites overlap with
sites of re-replication ORC binding sites (Table 1), suggest-
ing that ORC containing two nonphosphorylatable subunits
can bind to most potential origins. Therefore, ORC binding
does not limit Mcm2-7 loading. Similar to G1 Mcm2-7 bind-
ing sites, only 52% of re-replication ORC binding sites are
associated with a re-replication Mcm2-7 binding site. Thus
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the reduction in pre-RC formation during re-replication is
not due to a reduced number of ORC binding sites.

We then determined how many sites of reinitiation over-
lap with re-replication Mcm2-7 binding sites. We used the
same approach to compare these two data sets as when we
compared the re-replication profile to G1 Mcm2-7 binding
sites. We found that 71% of the re-replication profile peaks
overlapped with a re-replication Mcm2-7 peak within a
7.5-kb window (Table 1). Taking into account the peaks that
were not identified by the peak-finding algorithm (Supple-
mentary Figure 4), the percentage increased to 80%. These
comparisons show that Mcm2-7 is found at most sites of
reinitiation, supporting the model that Mcm2-7 is required
at origins that reinitiate.

We then asked what percentage of re-replication Mcm2-7
binding sites overlapped with sites of re-replication. Fifty-
one percent of re-replication Mcm?2-7 binding sites over-
lapped with re-replication peaks (Table 1), suggesting that
only a subset of sites that exhibit Mcm2-7 association during
induced re-replication go on to reinitiate (Figure 6B and
Supplementary Figure 3). We also measured the interorigin
distance between sites of re-replication as well as the dis-
tance between pre-RC binding during re-replication (Sup-
plementary Figure 5). The median distance between origins
that initiate during re-replication is 84 kb, but the median
distance between Mcm2-7 binding sites during re-replica-
tion is only 57 kb. Thus, there are substantially more Mcm?2-7
binding sites during induced re-replication than there are
re-replication initiation sites.

These data support the first hypothesis presented above,
which stated that reinitiation was limited to sites that load
Mcm2-7 during re-replication. We found, however, that
loading of Mcm?2-7 was not sufficient to induce reinitiation
because there were many origins throughout the genome
that loaded Mcm2-7 but did not re-replicate (Figure 6B).
With respect to the ability to re-replicate, sites of G1 pre-RC
formation can be grouped into three classes: those that do
not form pre-RCs during re-replication, those that form pre-
RCs but do not reinitiate, and those that form pre-RCs and
reinitiate. The recruitment of Mcm2-7, therefore, is not the only
obstacle to re-replication and there must be other levels of
control that act after pre-RC formation to prevent reinitiation.

DISCUSSION

Prevention of re-replication during a single cell cycle is
critical for cell survival. Without such control, cells undergo
gross chromosomal damage (Green and Li, 2005) and even-
tually death (Nguyen et al., 2001). Here, we have monitored
the increase in DNA copy number and pre-RC formation
during re-replication of the S. cerevisize genome. We found
that re-replication initiates from specific sites in the genome
and that these sites are coincident with origins of replication.
Our findings allow us to categorize origins with respect to
their propensity to reinitiate and demonstrate that pre-RC
formation is not the only target for mechanisms that prevent
genomic re-replication.

In the course of these studies, we determined that at least
123 sites in the genome are capable of reinitiation. Concur-
rent with this study, Li and colleagues performed an anal-
ogous study (Green et al., 2006). A comparison between the
results from each group show that 53% of our reinitiating
sites (65 total) overlap with a reinitiating site in the Green et
al. data set within 10 kb. There are a number of factors that
might lead to a less than perfect correlation, including dif-
ferent strain backgrounds, a mutation that induces addi-
tional re-replication in the strain analyzed in this study, and
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different numbers of features on the DNA microarray slides
(this study: ~44,000; Green et al.: ~13,000). We expect that
the more sensitive reinitiation sites would be more likely to
overlap. Indeed, of the 30 most-efficient reinitiation sites in
our data set, 77% overlap with a peak in the Green et al. data
set within 10 kb. This is more than a 25% increase over the
entire data set, suggesting that many of the same origins
reinitiate in both studies despite the differences in strain
background, mutations, methodology, and analysis.

Limited Replication Fork Processivity Prevents Complete
Genome Re-replication

The extent of re-replication varies widely over the genome,
including substantial regions that show little or no re-replica-
tion. The differences in the amount of re-replication are likely to
be due to a combination of asynchronous re-replication, inef-
ficient re-replication, low replication fork processivity (see be-
low), and the ability of some sequences to reinitiate more than
once. The height of the peaks reflects two features of a re-
replicating origin: 1) the percentage of cells in which each
origin reinitiated, and 2) the number of rounds of reinitiation
the associated origin(s) underwent (see Figure 5).

The lack of full-genome re-replication suggests that the
replication forks derived from flanking origins stop before
replicating the intervening DNA. These data are consistent
with previously reported 2D-gel data (Nguyen et al., 2001),
suggesting that replication forks have trouble reaching a site
30-35 kb from an origin. The inability of forks derived from
adjacent origins to fully replicate intervening regions could
be due to a reduced number of sites of initiation or from
reduced processivity of forks. Although there is a notable
increase in the interorigin distance during re-replication (84
kb compared with 43 kb in S-phase; see Supplementary
Figure 5), this change cannot fully explain the incomplete
re-replication. It is known that origins separated by 100 kb
can direct the replication of the intervening DNA without
affecting chromosome stability or cell viability (Dershowitz
and Newlon, 1993). Thus, reduced fork processivity must
play a role in the incomplete nature of re-replication.

Multiple factors could contribute to reduced fork proces-
sivity during re-replication. One possibility is that fork pro-
cessivity could be affected by changes in chromatin that
occur during G2/M. Alternatively, the “forks chasing forks”
generated after multiple initiation events from the same
origin could contribute to reduced processivity. Recent stud-
ies showed that the DNA damage response is elicited in S.
cerevisiae when re-replication is induced (Archambault et al.,
2005; Green and Li, 2005). Both groups proposed that one
likely source for damaged DNA was fork collapse after two
replication forks followed one another too closely. This idea
is supported by data mapping replication intermediates from
the chorion amplicon in Drosophila melanogaster, which sug-
gested that multiple initiation events impeded fork movement
(Claycomb et al., 2002). Consistent with the latter model, our
density transfer experiments show that multiple rounds of
reinitiation occur at a subset of origins (Figure 5).

What Determines Origin Sensitivity to Reinitiation?

Our studies clearly show that the sequences within a few
hundred base pairs of an origin are sufficient to direct reini-
tiation. This is in contrast to the sequence determinants that
control replication timing (Friedman et al., 1996), which in-
clude large regions of DNA (>10 kb) surrounding the origin.
Consistent with this difference in sequence determinants, we
did not observe a correlation between an origin’s ability to
re-replicate and its time of replication in S-phase.
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Although origin-proximal sequences are sufficient to di-
rect ectopic re-replication, the site of insertion may influence
the extent of the resulting re-replication. For example, we
see that the efficiency of re-replication directed by ARS418 is
reduced when ARS418 is inserted at the ectopic locus (Fig-
ure 3b). This difference suggests that the surrounding chro-
matin structure influences the efficiency of re-replication. We
noted that a nearby site showed increased re-replication
after ARS418 insertion (Figure 3B). We do not know if this
increase is due to passive re-replication by replication forks
derived from the ectopic origin or if the ectopic origin stim-
ulated reinitiation at this neighboring site.

One case in which there may be a more global influence
on the sensitivity to re-replication is at the telomeres. We
found that proximity to telomeres was associated with an
increased likelihood of re-replication. One possible reason
for this particular sensitivity to re-replication is the high
density of pre-RC formation at telomeres (Supplementary
Figure 2; Wyrick et al., 2001).

Formation of a pre-RC Is Not Sufficient to Induce
Re-replication during G2

Only a subset of the sites that assemble pre-RCs during the
induction of re-replication go on to initiate. It is possible that
the origins that load pre-RCs but do not reinitiate are simply
S-phase inactive origins. Unlike many inactive origins in
S-phase, however, in numerous instances these sites of
pre-RC formation are never re-replicated and therefore are
not inactivated by passive replication. Additionally, several
of the sites that assemble pre-RCs but do not reinitiate
overlap with active S-phase origins (e.g., Chromosome V at
406,996 base pairs and Chromosome XI at 257,488 base pairs;
MacAlpine and Bell, 2005). Thus far, the described mecha-
nisms in every organism that prevent re-replication target
pre-RC formation (Blow and Dutta, 2005; Machida et al.,
2005). As discussed below, our results indicate the existence
of unidentified mechanisms in S. cerevisize that prevent
inappropriate pre-RC formation and activation of licensed
origins outside of S-phase.

The presence of many ORC binding sites during re-replica-
tion that are not associated with Mcm2-7 suggests that even in
the re-replication-sensitive strain there are still intact controls
preventing pre-RC formation. There are several possible tar-
gets for this residual regulation. For example, only two of the
three ORC subunits that have CDK phosphorylation sites are
mutated to be nonphosphorylatable in the re-replication-sensi-
tive strain. It is possible that CDK-dependent phosphorylation
of the third phosphorylated ORC subunit, Orcl, can prevent
pre-RC formation at some potential origins. Pre-RC formation
also requires the presence of Cdtl (Maiorano et al., 2000). In S.
cerevisige a role for Cdtl in preventing re-replication has not
been identified, although it has been shown to be important in
other organisms (Blow and Dutta, 2005). If Cdtl is limiting
during re-replication, this could prevent efficient Mcm2-7 load-
ing onto origins.

Although residual mechanisms preventing pre-RCs from
forming likely exist, they do not explain why Mcm2-7 can
load more efficiently at some origins rather than others. One
possibility is that pre-RC components, other than ORC, are
excluded from associating with certain origins due to a
change in chromatin structure. As cells proceed toward mi-
tosis, the chromatin undergoes structural changes due to
cohesion, condensation and changes in the transcriptional
program. The effect of these changes may alter the local
chromatin structure surrounding certain origins, making
them inaccessible to pre-RC formation.
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The numerous sites of pre-RCs formation that do not
reinitiate indicate that there are levels of re-replication con-
trol that prevent pre-RC activation rather than pre-RC for-
mation. One such control could be the alterations in chro-
matin structure as discussed above. Although local changes
may not hinder pre-RC association, they may exclude associ-
ation of downstream replication factors (Mendez and Stillman,
2003). Alternatively, factors required for pre-RC activation may
be limiting during G2/M. Finally, recent reports (Archambault
et al., 2005; Green and Li, 2005) have shown that the DNA
damage response is activated, including the Rad53 kinase, in S.
cerevisine during re-replication. Because activated Rad53 has
been shown to suppress origin activation in some circum-
stances, it is possible that the activation of Rad53 during the
DNA damage response suppresses reinitiation from some or-
igins. Future experiments will be necessary to address whether
these or other, as of yet unknown mechanisms, provide further
safeguards against activation of initiation to prevent re-repli-
cation during the same cell cycle.
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