THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2004 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 279, No. 40, Issue of October 1, pp. 42337-42344, 2004
Printed in U.S.A.

Enforcement of Late Replication Origin Firing by Clusters of

Short G-rich DNA Sequences*Sl ¢

Received for publication, July 7, 2004

Published, JBC Papers in Press, August 3, 2004, DOI 10.1074/jbc.M407552200

Chulee Yompakdeei and Joel A. Huberman$

From the Department of Cancer Genetics, Roswell Park Cancer Institute, Buffalo, New York 14263-0001

Previous studies in budding yeast suggested that the
default firing time of most DNA replication origins is
early in S phase and that origins can be forced to fire
later by proximity to certain cis-acting sequences. How-
ever, these cis-acting sequences were not well defined.
We have attempted to characterize cis-acting sequences
that affect replication timing in the fission yeast. We
identified a stretch of 200 bp that was sufficient to com-
pel nearby origins to fire late. The 200-bp stretch was
able to force an origin to fire late whether adjacent to
the origin or ~800 bp away in opposite orientation. The
stretch contains a cluster of three close matches to a
G-rich, 10-bp late consensus sequence (LCS). The three
LCS elements cooperate with each other and with other
sequences within the 200-bp stretch to enforce late rep-
lication. Although only a few origins that fire in very
late S phase have been identified in fission yeast, all of
them are located close to a cluster of LCS elements.

DNA replication origins in most eukaryotic cells fire at spe-
cific times during S phase, from early to late. Consequently,
each segment of the genome replicates at a precise time during
S phase. It is thought that this DNA replication timing pro-
gram may be important for gene regulation, because changes in
gene expression are in some cases associated with changes in
replication timing (1). Maintenance of replication timing may
also be important for preventing cancer, because disruptions of
the replication timing program in human peripheral blood lym-
phocytes are tightly correlated with renal (2), prostate (3), and
perhaps other cancers.

For these reasons, it is important to understand the mecha-
nisms that control origin firing times. Unfortunately, little is
currently known about them. Studies in budding yeast (Sac-
charomyces cerevisiae) have suggested that the default firing
time of most origins is early, and origins can be forced to fire
later in S phase by flanking (4) and internal (5) cis-acting
sequences or by chromosome ends (6). However, the mecha-
nism by which chromosome ends control replication timing has
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not yet been elucidated, and, with the exception of sequences
that affect the affinity of origin recognition complex for its
binding sites at origins (7), other cis-acting sequences that can
force origins far from telomeres to fire late have not yet been
defined.

Previous results suggest that chromatin structure plays a
major, but apparently not a completely determining, role in
regulating replication timing. Euchromatic regions frequently
replicate early, while heterochromatic regions usually replicate
late (8, 9). Because there are significant exceptions to this
correlation (10), better evidence for the importance of chroma-
tin structure for replication timing is provided by recent stud-
ies in budding yeast, which have shown that genetic alterations
affecting chromatin structure can have dramatic effects on the
replication times of many genomic regions (11-14). Thus it is
reasonable to suggest that the ill-defined cis-acting sequences
that are capable of forcing origins to fire in late S phase (see
above) may act by promoting the formation of chromatin struc-
tures that favor late replication. Determining whether this
hypothesis is correct will require better definition of the cis-
acting sequences that affect replication timing.

To help identify and characterize such cis-acting sequences,
we turned to the fission yeast, Schizosaccharomyces pombe.
DNA replication origins in fission yeast are larger (500-1500
bp) than those in budding yeast (100-250 bp) (15). We sus-
pected that cis-acting sequences controlling replication timing
might be included in such larger fission yeast origins. Here we
report that ars727, a fission yeast origin that normally repli-
cates in late S phase, does indeed contain cis-acting sequences
that are responsible for its late replication. Furthermore, when
placed near ars3001, a fission yeast origin that normally rep-
licates in early S phase, these sequences proved capable of
forcing ars3001 to fire in late S phase. We localized the impor-
tant cis-acting sequences in ars727, and we found that they are
contained in a stretch of 200 bp. Within this stretch, we noticed
that three matches to a 10-bp late consensus sequence (LCS)!
are especially important determinants of replication timing.

EXPERIMENTAL PROCEDURES

Strains and Media—We used the Escherichia coli strains DH5«a
(Invitrogen) for general subcloning, XL1-Blue (Stratagene) for construc-
tion of plasmid pLS1.2, and INVaF’ (Invitrogen) for propagating the
pCRII vector. We used the S. pombe D18 strain (ura4-D18 leu1-32 end1
h—) (16) grown in YES (complete) medium (17). To select for cells
transformed to ura+, we used EMMS-Ura medium (17).

Yeast Transformation—D18 cells were transformed as described
(18).

Construction of Mono- and Bi-autonomously Replicating Sequence
(ARS) Plasmids—pARS3001 contains a 573-bp version of ars3001
cloned between the BamHI and Clal sites of YIp5 (GenBank™ acces-
sion number L09157) and was previously constructed in our laboratory

! The abbreviations used are: LCS, late consensus sequence; ARS,
autonomously replicating sequence (a replication origin); HU,
hydroxyurea.
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(19). To construct other mono- and bi-ARS plasmids, we used standard
molecular techniques. The procedures and oligonucleotides employed
for these constructions are described in detail in the Supplemental
Procedures and in Supplemental Table 1.

Generation of Mutant Versions of Mono- and Bi-ARS Plasmids—
Deletion, linker substitution, and other types of mutations were gener-
ated by standard molecular techniques and are described in detail in
the Supplemental Procedures and in Supplemental Table I.

Determination of Plasmid Structure in S. pombe—After transfection
of mono- or bi-ARS plasmids into fission yeast cells, the Ura+ trans-
formants were cultivated in 10 ml selective medium (EMMS-Ura) with
shaking at 30 °C until saturation. The cells were pelleted, and DNA
samples were prepared by the “Smash and Grab” method (20). The DNA
pellets were resuspended in 40 ul of TE (10 mMm Tris, pH 8.0, 1 mm
EDTA, pH 8.0) containing 100 png/ml RNase A. Half of the sample (20
wul) was digested with Pstl. Undigested DNA (20 ul) and digested DNA
were analyzed by electrophoresis in a 0.8% agarose gel in TAE buffer
(40 mMm Tris acetate, 1 mm EDTA, pH 8.0) (65 volts, 3 h). The gel was
then blotted to a nylon membrane, which was hybridized with a YIp5
probe to detect plasmid molecules. In all cases, only the predicted Pstl
fragments (3.1 and 2.4 kb) were detected, and these were detected in
equimolar ratio, indicating that the only possible plasmid rearrang-
ments were multimerizations. The sizes of the bands generated by
mono-ARS plasmids indicated that multimerization had taken place,
while the sizes of the bands generated by bi-ARS plasmids in most cases
indicated that monomeric plasmids were retained.

Cell Synchronization by Hydroxyurea Block and Release—The Ura+
plasmid-containing cells from freezer stocks were grown in EMMS-Ura
with shaking at 30 °C. One liter of log phase culture (0.8—1.4 X 107
cells/ml) was prepared and harvested. The cell pellets were resus-
pended in 1 liter of prewarmed (30 °C) YES medium and incubated with
shaking for 30 min. Then 500 pl of the cell suspension were collected
and fixed in 1 ml of ethanol for flow cytometric DNA content analysis.
The culture was treated with 25 mm hydroxyurea (United States Bio-
chemical) for 3 h at 30 °C with shaking. Cells were harvested and
washed twice with sterile prewarmed (30 °C) water. The cell pellets
were resuspended in 1 liter each prewarmed (30 °C) YES medium, and
five samples of 200 ml each were collected at either 10- or 15-min
intervals. Each of the samples was immediately mixed with 20 ml of
prechilled (0 °C) solution containing 1/3 (v/v) glycerol, 2/3 (v/v) 0.2 M
EDTA, and 0.1% NaN,. Five-hundred ul of each chilled cell suspension
were then fixed in 1 ml of ethanol for flow cytometric analysis. The cells
were then harvested by centrifugation and washed once with cold
sterile double-distilled water. The cell pellets were kept at —80 °C.

Two-dimensional Gel Analyses—DNA preparation and neutral/neu-
tral two-dimensional agarose gel electrophoresis were carried out as
described previously (21). Five pg of each DNA sample were digested
with a 5-fold excess of AlwNI and Ncol.

Flow Cytometry—Evaluation of cell DNA content and cell cycle po-
sition by flow cytometry was carried out as described (21).

Hybridization Probes—To determine the structures of plasmids in-
side transformed yeast cells, HindIII-digested YIp5 was used as probe.
To detect plasmid replication intermediates, the 2.39-kb AlwNI-EcoRI
fragment of YIp5 was used as probe.

ARS Assays—ARS activity was measured as described previously
(19). Two-hundred ng of each plasmid were used for each transforma-
tion. At least three independent repeats of each experiment were car-
ried out.

Computer Analysis of LCS Clusters—We used MacVector software to
do subsequence searches for RKKGGGGGAW (where R = Aor G, K =
T or G, and W = A or T). We required perfect matches at all five central
Gs (boldface), and we required perfect matches at three or more of the
remaining five positions. Searches were run against regions of 20 kb or
more centered on each of the origins indicated in Fig. 8 and Supple-
mental Table II. In the cases of extended origin-containing regions
(such as the centromeres and the mating type region), we searched
against the extended region plus an additional 10 kb at each end. LCS
clusters were defined as three or more LCS matches (according to the
above criteria) within an interval of 1,500 bp or less. Accession numbers
for the searched sequences are provided in Supplemental Table II.

RESULTS

Replication Timing of Mono-ARS Plasmids—Our first goal
was to determine whether large fission yeast replication origin
sequences can contain cis-acting sequences that affect their
replication timing. For this purpose, we constructed two plas-
mids (Fig. 1A), each containing a single ARS element. ARS
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Fic. 1. Replication timing of plasmids containing single repli-
cation origins (ARS elements). A, structures (not to scale) of mono-
ARS plasmids containing ars3001 or ars727. Restriction sites used for
cloning and for two-dimensional gel electrophoresis are indicated. B,
two-dimensional agarose gel analysis (26) of the abundance of Y-shaped
replication intermediates (Y arc) generated by the large Ncol-AlwNI
fragments from pARS3001 and pARS727 during a synchronized S
phase. pARS3001 replicates in early S phase, while pARS727 replicates
in late S phase. “?” indicates a signal of unknown source. “In spot”
indicates the signal due to the linear double-stranded (non-replicating)
form of the restriction fragment.

elements are stretches of chromosomal DNA that can serve as
replication origins in plasmids. One of these mono-ARS plas-
mids (pARS3001) contained ars3001, which is the fission yeast
rDNA replication origin. One copy of ars3001 is found in each
of the 150—200 tandem ~10-kb rDNA repeat units (19, 22),
which are arranged in two clusters at the ends of chromosome
III (Fig. 8). In its chromosomal location, ars3001 is replicated
early in S phase by a combination of active origin firing and
passive replication by forks coming from neighboring rDNA
repeat units (21). The second mono-ARS plasmid (pARS727;
Fig. 1A) contained ars727, which is a single-copy ARS element
(see Fig. 2 for sequence) (23) located on chromosome II (Fig. 8).
Replication timing measurements had shown that, in its nor-
mal chromosomal position, ars727 is passively replicated in
mid to late S phase (21). The fact that ars727, a potential
replication origin, is passively replicated in its normal chromo-
somal location led us to suspect that, like ARS301 and ARS302
in budding yeast (5, 24), ars727 might be programmed to fire so
late in S phase that it would always be passively replicated by
forks from neighboring earlier firing origins before it had a
chance to fire on its own.

To test the firing times of ars3001 and ars727 in the plasmid
context (Fig. 1A), we used a hydroxyurea block-and-release
synchronization procedure (21) (Fig. 1B). Hydroxyurea (HU)
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10 20 30 40 50 60 70 80 90 100
GATCCCCCCACAAGGTACGAAAAAGGGTATCATGGGTAAAGCAAAGGTAGATGGAGATGGTTAGCTAGACTAAGACTTAGGAGTTAATGAGGTGGGGGAA
CTAGGGGGGTGTTCCATGCTTTTTCCCATAGTACCCATTTCGTTTCCATCTACCTCTACCAATCGATCTGATTCTGAATCCTCAATTACTCCACCCCCTT

110 120 130 140 150 160 170 180 190 200
ATGAGTACTACGGGGGGGGAAGAGGTAATGTTGGGTATGTAAGTAAAGAATAATAGTAATAGTGGCTATGGAAAGTAATACAACATATACGGTGAGATGG
TACTCATGATGCCCCCCCCTTCTCCATTACAACCCATACATTCATTTCTTATTATCATTATCACCGATACCTTTCATTATGTTGTATATGCCACTCTACC

210 220 230 240 250 260 270 280 290 300
GATGAACTGAATGAATTAGTATAAATTAAATGAACTTTAGTGAAGT TACATGAGACGGAATATAGTAAATAAAAAAAAAATAAAATAAAATAAATTTTGA
CTACTTGACTTACTTAATCATATTTAATTTACTTGAAATCACTTCAATGTACTCTGCCTTATATCATTTATTTTTTTTTTATTTTATTTTATTTAAAACT

310 320 330 340 350 360 370 380 390 400
AAATAAATAAATAAATTAAACTATGATGAATACATTTGTTTCCTAAAAAATATCTATTAATTTATTTATTTACATTTTACAAAGGAAGCATTGGAAAATA
TTTATTTATTTATTTAATTTGATACTACTTATGTAAACAAAGGATTTTTTATAGATAATTAAATAAATAAATGTAAAATGTTTCCTTCGTAACCTTTTAT

410 420 430 440 450 460 470 480 490 500
CGAATGGTGAGAAATATGTTTAAAAGAAAAGCTTTCCATTTGAATACTTATTAGTACGAAAACGAAGTTAATGGAAAATAATAAATATAAAAAAAAAAAA
GCTTACCACTCTTTATACAAATTTTCTTTTCGAAAGGTAAACT TATGAATAATCATGCTTTTGCTTCAATTACCTTTTATTATTTATATTTTTTTTTTTT

510 520 530 540 550 560 570 58@ 590 600
AAAAAAAAAAGAATAATAACAA CCTCAACTTTGCACAAGTTGTATGTATAATATACAAAGAAGTTTGGTCCGAATACCCATCATCTAAATAGCTTC
TTTTTTTTTCTTATTATTGTTAAAAGGAGT TGAAACGTGTTCAACATACATATTATATGTTTCTTCAAACCAGGCTTATGGGTAGTAGATTTATCGAAG

610 620 630 640 650 660 670 680 690 700
TTAATAATCCCGTTCTATGCCATCTCCCCTTGACTGTCGAGATTTTCTTTTGTTTATTCTTTTTTCAATCAAGTTTTTATCTTATCGCTAGTCTTTGTAC
AATTATTAGGGCAAGATACGGTAGAGGGGAACTGACAGCTCTAAAAGAAAACAAATAAGAAAAAAGTTAGTTCAAAAATAGAATAGCGATCAGAAACATG

7190 720 730 740 750 760 770 780 790 800
ACAAGTTTTTCCTTCGCATCTGCAGTAACGAGGAACGGAAAGGAAAAAGGGGTAAGGAACAATTAGGGTTGCTTTGAAATTTCAATGCTCAAATTCCAAC
TGTTCAAAAAGGAAGCGTAGACGTCATTGCTCCTTGCCTTTCCTTTTTCCCCATTCCTTGTTAATCCCAACGAAACTTTAAAGTTACGAGTTTAAGGTTG

810 820
ATGCCGTACGGGAAATGATC
TACGGCATGCCCTTTACTAG

Fic. 2. The complete nucleotide sequence of ars727 (23). This corresponds to nucleotides 3,338,897 to 3,339,716 on the complementary

strand of S. pombe chromosome II (GenBank™

accession number NC_003423). The regions deleted in our consecutive deletion scan of ars727 are

indicated. All of these regions contain 100 bp except for region 8, which contains 120 bp.

inhibits ribonucleotide reductase and prevents the synthesis of
dNTPs. When cells enter S phase in the presence of HU, en-
dogenous pools of dANTPs are rapidly exhausted. Only early
origins fire, and replication forks move variable distances, usu-
ally no more than a few kb, away from the early origins (21, 25).
For the experiments reported here, we treated unsynchronized
cells with HU for 3 h to permit them to accumulate in early S
phase with early origins fired. Then, at 0 min, we removed the
HU so that cells could continue through S phase. In the exper-
iment in Fig. 1B, both cell lines completed S phase by 40 min
after HU removal, as indicated by the flow cytometry profiles.
Next, replication intermediates were separated from non-rep-
licating DNA by two-dimensional agarose gel electrophoresis
(26) (Fig. 1B). Because both ars3001 and ars727 are weak, the
plasmids containing them multimerized under selection pres-
sure to increase the number of replication origins per plasmid.
Under these conditions, only one origin fires per multimer; the
other origins are replicated passively (27). Consequently the
major signal from replication intermediates has the form ofa Y
arc (as indicated in Fig. 1B). It is evident that the strongest Y
arc signal from pARS3001 was detected in the 0-min sample
(before release from the HU block) indicating that in the plas-
mid context, as in chromosome III, ars3001 fires in early S
phase. In contrast, few or no replication intermediates were
evident in the 0-min sample from pARS727. The maximum Y
arc signal for pARS727 was detected in the 30-min time point,
indicating that in the plasmid context ars727 fires in late S
phase, even later than the time when it is passively replicated
in chromosome II (21). Since pARS3001 and pARS727 differ
only in their ARS elements, these results suggested that cis-
acting sequences controlling replication timing must be present
in one or both of the ARS elements.

Replication Timing of Bi-ARS Plasmids—To learn more
about these putative timing control sequences, we constructed
four bi-ARS plasmids, representing the four possible relative
orientations of the two ARS elements (ars3001 and ars727)
side-by-side (Fig. 3A). Of these, one orientation (pBiARS#2;
Fig. 3A) proved to replicate poorly in yeast cells due to dimin-
ished origin activity (data not shown). The other three orien-
tations displayed enhanced origin activity, which permitted
these plasmids to remain monomeric (as indicated by bubble
arcs in two-dimensional gels, Fig. 3B, and by investigations of
plasmid structure, data not shown). One of these orientations
(pBiARS#1) replicated in early S phase but slightly later than
pARS3001 (Fig. 3B). The other two orientations (pBiARS#3
and pBiARS#4) replicated in late S phase, similar to pARS727
(compare Fig. 1B with Fig. 3B). In pBiARS#3 and pBiARS#4
(but not in pBiARS#1), the cis-acting sequences within ars727
that enforce late replication timing appeared to be dominant
over any cis-acting sequences within ars3001 that might en-
courage early replication.

The robust bubble arcs generated in late S phase by pBi-
ARS#3 and pBiARS#4 indicated that the late replication of
these bi-ARS plasmids could not be due to repression of firing
of ars3001. If ars3001 were not contributing to the replication
of these bi-ARS plasmids, their replication efficiency would be
determined solely by ars727, which on its own is a weak origin
that cannot efficiently replicate monomeric plasmids. Plasmids
dependent solely on ars727 for their replication tend to mul-
timerize, leading to loss of bubble arc signal (as in Fig. 1B).
Thus the late replication-determining sequences within ars727
must function at least in part by delaying the firing of ars3001
until late S phase rather than by inhibiting it.
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Fic. 3. Replication timing of plasmids containing two replication origins. A, diagrams showing the relative orientations of ars3001 and
ars727 in the four bi-ARS plasmid constructs, pBiARS#1-pBiARS#4. The orientations indicated by the arrows correspond to the conventional
numbering directions through these two ARS elements. B, two-dimensional gel analyses (26) of plasmid replication intermediates (from the
indicated large Ncol-AlwNI restriction fragment) at the indicated times after release from a hydroxyurea block. pBiARS#1 replicates slightly later
than pARS3001 (Fig. 1B). pBiARS#2 did not have sufficient ARS activity to generate viable transformed yeast strains. pBiARS#3 and pBiARS#4
replicated in late S phase, similar to pARS727 (Fig. 1B). The final portion of the Y arc is relatively intense in these autoradiograms, because the
origin (the two ARS elements) is not located in the center of the restriction fragment (26).

Effects of 100-bp Deletions on the Origin Activity of ars727—
Our next goal, therefore, was to identify the late replication-
determining sequences within ars727. The fact that pBiARS#3
contains two ARS elements permitted us to carry out satura-
tion mutagenesis of ars727 and test the effect of each mutation
on replication timing without losing the ability of the plasmid
to replicate autonomously. In each case origin activity was
supplied by the non-mutated ars3001.

First we constructed a series of eight consecutive ~100-bp
deletions through the 820 bp of ars727 (Fig. 2). Before testing
the effects of these deletions on replication timing in pBi-
ARS#3, we used two assays to determine their effects on the
ARS activity (activity as a plasmid replication origin) of ars727
in the mono-ARS plasmid, pARS727. Measurements of plasmid
transformation frequency (Fig. 4A) and measurements of the
growth rates of the transformed colonies as indicated by colony
size (Fig. 4, A and B) indicated that deletion of region 1 (A1; the
first 100 bp of ars727) slightly stimulated ARS activity; A2 and
A8 had little effect; A3-A5 strongly inhibited ARS activity, and
A6-AT slightly inhibited ARS activity. Because regions 3-5 are
particularly rich in asymmetric A+T-rich stretches (Fig. 2),
which are known to form good binding sites for S. pombe origin
recognition complex (28-30), these experimental results are
not surprising.

Effects of 100-bp Deletions on the Replication Timing of pBi-
ARS#3—Next we made the corresponding 100-bp deletions in

the ars727 portion of pBiARS#3, and we measured their effects
on replication timing. As illustrated in Fig. 5A, deletion of
region 1 produced a complete shift from late replication to early
replication. The early replication was efficient, because the
plasmids remained monomeric (data not shown). However,
during incubation in HU, most of the earliest (bubble-shaped)
replication intermediates disappeared, because most of the
forks moved far enough from the origin to convert the replica-
tion intermediates from bubble-shaped to late Y-shaped. In
contrast to deletion of region 1, deletion of region 2 (Fig. 5A)
produced only a partial shift; replication intermediates were
most abundant in the 10-min time point rather than at 20-30
min as in non-mutated pBiARS#3 (Fig. 3B). Deletions of re-
gions 3—8 had no detectable effect on replication timing (Fig.
5A and data not shown). Thus region 1 appeared to contain
cis-acting sequences that were essential for late replication
timing, while region 2 appeared to contain additional cis-acting
sequences capable of stimulating late replication timing.
Effects of Linker-Substitution Mutations on Replication Tim-
ing—To better localize these cis-acting sequences, we employed
linker-substitution mutagenesis. Since deletion of region 1 had
the most pronounced effect on replication timing, we con-
structed consecutive 10-bp Xbal linker-substitution mutations
(GCTCTAGAGC) throughout region 1. Of these, pLLS1.10, in
which nucleotides 91-100 of ars727 (Fig. 2) were replaced by
the Xbal linker, had the most pronounced effect on timing, but
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it was only a partial effect, similar to that of deleting region 2
(Fig. 5, A and B, and data not shown).

We noticed that nucleotides 91-100 (GGTGGGGGAA),
whose loss by linker substitution had the greatest effect on
replication timing (Fig. 5B), resemble nucleotides 2-11 (GT-
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Fic. 4. Effects of consecutive 100-bp deletions through ars727
on its activity as a plasmid replication origin. A, effects of the
indicated deletions (A1-A8) of ars727 in pARS727 on colony size (white
bars) or on transformation frequency (black bars) relative to the corre-
sponding measurements for wild-type pARS727. Three or more meas-
urements were carried out in each case. The error bars show standard
deviations. B, photographs of yeast colonies growing under selection for
plasmids containing the indicated mutations. Under these conditions
colony size depends on plasmid replication efficiency, which is propor-
tional to replication origin efficiency.

A
pBiARS#3A1 pBiARS#3A2 pBiARS#3

GGGGGGAT in the bottom strand) and 112-121 (GGGGGGG-
GAA) of ars727 (Fig. 2). These three 10-bp sequences determine
a consensus, GKKGGGGGAW, where K represents G or T, and
W represents A or T. Because we found that the similar se-
quences in telomere-associated sequences, which replicate late
(21) (Fig. 8), frequently have A in the first position, we modified
the consensus to RKKGGGGGAW, where R represents A or G.
There are two exact matches to this consensus in region 1 of
ars727 and one exact match in region 2. The fact that deletion
of region 1 led to complete loss of late replication timing, while
deletion of region 2 led to partial loss (Fig. 5A) suggested that
three copies of the consensus might be required for maximal
effect on replication timing, two copies might have a partial
effect, and one copy might be insufficient for any detectable
effect. To test this possibility, we constructed linker substitu-
tions specifically targeted to the three consensus sequences. We
named these three late consensus sequences LCS1, LCS2, and
LCS3 according to their order in ars727. We found that indi-
vidual linker substitutions of LCS1 and LCS3 (Supplemental
Fig. 1) had effects no greater than the partial effect produced by
linker substitution of LCS2 (Fig. 5B). However, double substi-
tutions of LCS1 + LCS2, LCS1 + LCS3, and LCS2 + LCS3,
and also triple substitution of LCS1 + LCS2 + LCS3, caused
complete loss of late replication timing (Fig. 5C and data not
shown). These results indicate that, as suspected, one copy of
the LCS is insufficient to produce a detectable effect on repli-
cation timing, two copies are essential to produce a partial
effect, and three copies are essential for a complete shift from
early to late replication.

Our linker substitution analyses also suggested that non-
LCS sequences immediately adjacent to the LCS elements can
enhance the contributions of LCS elements to enforcement of
late replication. For example, the results in Supplemental Fig.
1 show that linker substitution of nucleotides 1-20 permits
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Fic. 5. Effects on replication timing of mutations within the ars727 component of pBiARS#3. A, most of the 100-bp deletion mutations

had no effect on replication timing. An example is provided by pBiARS
complete shift from late to early replication timing, and deletion of the
B, linker substitution of nucleotides 91-100 in the ars727 component of

#3A4. However, deletion of the first 100 bp of ars727 (pBiARS#3A1) led to
second 100 bp (pBiARS#3A2) produced a partial shift toward early timing.
pBiARS#3 produced a partial shift toward early replication timing, similar

to the shift in pBiARS#3A2. C, simultaneous linker substitution of LCS1 plus LCS3 produced a complete shift to early replication timing (as did
simultaneous linker substitution of all additional pair-wise combinations of LCS1, LCS2 and LCS3; data not shown). The time points in C were

at 0, 15, 30, 45, and 60 min after removal of HU; the time points in A

and B were the same as in Fig. 1.
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Fic. 6. Region 1 is essential, and re-
gions 1 plus 2 are sufficient, to force
late firing on a nearby origin. A, nei-
ther region 1 (RI) nor region 2 (R2) is
sufficient by itself to force ars3001 to fire
late, but the combination of R1 plus R2 (in
the absence of the rest of ars727) is suffi-
cient. B, deletion of region 1 from ars727
makes the mono-ARS plasmid, pARS727,
replicate early. Thus ars727 normally
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when its orientation is reversed and
it is more than 700 bp away from
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versed, and region 1 is separated from
ars3001 by the rest of ars727 (more than
700 bp; Figs. 2 and 3). Nevertheless, as
shown here, deletion of region 1 permits
pBiARS#4A1 to replicate in early S phase.
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earlier replication than linker substitution of nucleotides 1-10,
even though linker substitution of nucleotides 1-10 (which
contain most of LCS1) should have inactivated LCS1 (nucleo-
tides 2—11). Thus nucleotides 12—20 appear to have a small
effect on replication timing in cooperation with LCS1. Simi-
larly, Supplemental Fig. 1 shows that linker substitution of
nucleotides 81-100 permits earlier replication timing than
linker substitution of nucleotides 91-100 (LLCS2), suggesting
that nucleotides 81-90 have a small effect on replication timing
in cooperation with LCS2. Note that linker substitution of
nucleotides 11-20 or 81-90 alone has no detectable effect on
replication timing (Supplemental Fig. 1 and data not shown).

Regions 1 and 2 Are Sufficient to Enforce Late Replica-
tion—To test whether a cluster of three LCS elements plus
flanking sequences is sufficient to change the replication tim-
ing of ars3001 from early to late, we constructed plasmids in
which ars3001 (with orientation as in pBiARS#3) was flanked
on its right side by region 1 alone, by region 2 alone, or by
regions 1 + 2. We found that regions 1 + 2 (total of 200 bp), but

S

iN 2N

not region 1 or region 2 alone, were sufficient to force ars3001
to replicate as late in S phase as it does in pBiARS#3 (Fig. 6A).
Regions 1 + 2 have no ARS activity of their own (data not
shown). Thus ars3001 is the only ARS element in the plasmids
studied in Fig. 6A, making it clear that regions 1 + 2 together
delay the firing of ars3001 until late S phase rather than
inhibiting it.

We also found that deletion of region 1 from ars727 in the
mono-ARS plasmid, pARS727 (Fig. 1A), had little effect on ARS
activity (Fig. 4) but led to complete loss of late replication
timing (Fig. 6B). These findings indicate that a cluster of three
LCS elements is essential, and may be sufficient, to force at
least two different replication origins (ars727 and ars3001) to
fire in late S phase in a plasmid context.

Effects of Distance and Orientation—In pBiARS#3, the se-
quences in region 1 that contribute to forcing late replication on
ars3001 are located adjacent to ars3001 (Fig. 3A). However,
pBiARS#4, in which the orientation of ars727 with respect to
ars3001 is reversed, replicates in late S phase like pBiARS#3



Enforcing Late Origin Firing

Chromosome |

Telomere 1324 rkp1 766 cgm%n Telomere
LCS LCS LC LCS
Cluster  Cluster ( Cluster

Chromosome |l

[ {—t ] & e
Telomere CEN2 MAT 745 727 2-12-2 Telomere
A rumi
| tugl
LCS LCS LCS
Cluster Cluster Cluster
Chromosome ||
| — g '
3001 3002 CEN3 nmti 3001

Fic. 8. Chromosomal locations of all studied early and late
replicating regions in fission yeast. Early replicating regions are
white; late regions are black. Regions with intermediate timing (ars2-1
and ars2-2) have intermediate shades. Regions in which three or more
8/10 matches to the LCS consensus sequence are within 1.5 kb of each
other and are also near a replication origin are indicated (“LCS Clus-
ter”). In two cases, LCS clusters (indicated in gray) are separated from
origins by transcribed regions. In the other cases (indicated in black),
there is no transcribed region between the origin and the LCS cluster.
For all other regions, there is no LCS cluster within the indicated region
or within 10 kb on either side of it. See Supplemental Table II for
detailed data. Note that simple sequence telomeric repeats are found at
the ends of all chromosomes. However the telomere-associated se-
quences, which are more complex repeats, are found consistently only at
the ends of chromosomes I and II (31) (www.sanger.ac.uk/Projects/
S_pombe/telomeres.shtml). The LCS clusters that we have identified
are in the telomere-associated sequences terminal HindIII fragments.

(Figs. 3 and 7). This raises a question. In pBiARS#4, are the
ars727 sequences that are closest to ars3001 responsible for the
late replication of ars3001, or does late replication require
region 1, which is more than 700 bp from ars3001 and reversed
compared with its orientation in pBiARS#3? To answer this
question, we created pBiARS#4A1 and pBiARS#4A8, which are
identical to pBiARS#4 except for deletion of region 1 or region
8 (Fig. 2), respectively. We found (Fig. 7) that pBiARS#4A8
(which lacks the 120 bp of ars727 closest to ars3001) replicates
in late S phase like pBiARS#4. In contrast, pBiARS#4A1
(which lacks the 100 bp of ars727 furthest from ars3001) rep-
licates in early S phase. This result indicates that region 1 is
essential for the late replication of ars3001, even when it is
more than 700 bp away from ars3001 and in reversed orienta-
tion. We conclude that the ability of a cluster of LCS elements
to force late replication on a nearby ARS element can be inde-
pendent of orientation of the LCS cluster (but not necessarily
independent of orientation of the ARS element; Fig. 3) and can
be independent of distance up to 700 bp or more.

Several Very Late Replicating Chromosomal Origins Are Lo-
cated Close to Clusters of LCS Elements—The preceding results
demonstrate that LCS clusters can affect replication timing in
plasmids. But do LCS clusters affect replication timing in chro-
mosomes? Four observations suggest that LCS clusters may
contribute to the lateness of many of the very late firing origins
in the fission yeast genome. First, in its chromosomal context
ars727 is passively replicated in mid to late S phase. The fact
that it is passively replicated suggests that it may be pro-
grammed by its LCS cluster to replicate so late in S phase that
it becomes passively replicated by forks from neighboring ear-
lier firing origins before it has a chance to fire on its own.
Second, there are clusters of sequences similar to the LCS at
the telomeres of chromosomes I and II, which replicate in very
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late S phase (21) (Fig. 8). Third, the only other very late firing
origin discovered so far in fission yeast, ori1324 2 (Fig. 8), is
also associated with a cluster of LCS elements. Fourth, only
two of the known early firing replication origins in fission yeast
are close (<10 kb) to a cluster of LCS elements, and in both of
these cases the cluster of LCS elements is separated from the
early firing origin by a transcribed region, which is likely to act
as a barrier (Fig. 8). Although these observations (Fig. 8) are
based on study of only a small portion of the origins in the
fission yeast genome, the correlation between clusters of LCS
elements and very late firing of nearby origins is striking.

DISCUSSION

The experiments presented here demonstrate that, in fission
yeast, clusters of a 10-bp G-rich consensus sequence, the LCS,
can enforce late firing on nearby origins that would otherwise
fire in early S phase. This is the first high resolution localiza-
tion, in any organism, of cis-acting sequences that affect repli-
cation timing.

The next step will be to figure out how LCS elements func-
tion to control replication timing, whether in plasmids or in
chromosomes. Do they bind a protein and if so which one? Or do
they act as structural elements? Answering these questions
will require further experiments. In vivo footprinting studies
will provide information regarding interactions between LCS
elements and proteins. Additional mutagenesis studies will
help to identify the nucleotides within LCS elements that are
most important for their function. Oligonucleotides containing
clusters of functional (“wild-type”) or non-functional (mutant)
LCS elements will provide important tools for purification of
specific LCS-binding proteins. Studies comparing the chroma-
tin structures of early firing origins (in the absence of LCS
clusters) and the corresponding late firing origins (under the
influence of LCS clusters) will assist in evaluating the potential
role of chromatin structure in controlling replication timing.

Even with the limited information that is currently avail-
able, however, it is possible to reach some preliminary conclu-
sions regarding the possible roles of LCS elements and their
mechanisms of action. First, although our initial hypothesis
was that fission yeast ARS elements contain internal se-
quences that affect replication timing (note: that hypothesis
appeared to be supported by our initial experiments; Fig. 1 and
data not shown), our subsequent results suggested that, as in
budding yeast (4), fission yeast sequences controlling replica-
tion timing can be located in regions near ARS elements as well
as within them. As an example demonstrating that replication
timing sequences can be external to origins, consider the re-
sults in Fig. 4. These results demonstrate that deletion of
ars727 regions 1 and 2 (the regions containing the LCS cluster
that enforces late replication of ars727) has no significant effect
on the ability of ars727 to function as a replication origin. Thus
the portion of what was previously defined as ars727 (23) that
controls replication timing (regions 1 and 2) is in fact external
to the portion of ars727 that (according to Fig. 4) is important
for origin activity. We suggest that, based on Fig. 4, the bound-
aries of ars727 should be redefined to include regions 3-7 but
exclude regions 1, 2, and 8 (Fiigs. 2 and 4). According to this new
definition, the LCS cluster that controls its replication timing
is adjacent to, not inside of, ars727. Additional examples of LCS
clusters affecting replication timing from positions adjacent to
or near (rather than within) ARS elements are provided in
Figs. 3, 6, and 7.

Second, the results in Fig. 3 show that pBiARS#1 replicates
early, while pBiARS#3 replicates late. The only difference be-

2D. L. Scott, C. Yompakdee, and J. A. Huberman, manuscript in
preparation.
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tween these two plasmids is the orientation of ars3001 within
the plasmid. In pBiARS#1, the “left” end of ars3001 is adjacent
to the LCS cluster in regions 1 and 2 of ars727, but in pBi-
ARS#3, the “right” end of ars3001 is adjacent to the LCS
cluster. Thus the results in Fig. 3 show that the susceptibility
of an ARS element to control by an LCS cluster can be affected
by the orientation of the ARS element relative to the LCS
cluster. A possible explanation of this phenomenon is that
ars3001 may contain a barrier sequence near its left end, and
this barrier may prevent the spread of the late timing effect of
the LCS cluster to the active internal portion of ars3001. Fur-
ther experiments are needed to test for this hypothetical bar-
rier sequence and, if it exists, to characterize it.

Third, although the orientation of an origin relative to an
LCS cluster can be important, the results in Figs. 3 and 7
suggest that both the orientation and the distance of the LCS
cluster relative to the origin can have no effect. In pBiARS#3,
the LCS cluster is adjacent to ars3001, while in pBiARS#4, the
LCS cluster is more than 700 bp away from ars3001 and in the
opposite orientation. Nevertheless, in both cases ars3001 is
forced to fire in late S phase (Fig. 3). Additional experiments
are needed to determine precisely the distance over which an
LCS cluster can control an origin.

Finally, our observations suggest that LCS clusters are not
the only type of sequence that can control replication timing in
fission yeast. In addition to testing the replication timing of
mono-ARS plasmids bearing ars3001 and ars727 (Fig. 1), we
also tested a mono-ARS plasmid containing ars2-2, which rep-
licates in mid to late S phase (21) in its normal chromosomal
location. We found that the plasmid with ars2-2 also replicated
in mid to late S phase (data not shown), suggesting that ars2-2
contains internal sequences that determine its replication tim-
ing. However, ars2-2 does not contain a cluster of LCS elements
(Fig. 8). It is interesting that ars2-2 replicates in mid to late S,
while all of the origins known or suspected to be controlled by
LCS clusters (ars3001 and ars727 in the plasmids described
here and ori1324 and telomere-associated sequences in chro-
mosomes) replicate in very late S phase (Fig. 8). It is possible
that different sets of cis-acting sequences regulate the firing of
origins at different times during S phase.

Enforcing Late Origin Firing

Acknowledgments—We thank Bill Burhans, Dharani Dubey, David
Gilbert, Michael Higgins, Raya Huang, David Kowalski, Sanjay Kumar,
Janet Leatherwood, Karuna Sharma, and Martin Weinberger for crit-
ical review of this manuscript.

REFERENCES

1. Zhang, J., Xu, F., Hashimshony, T., Keshet, 1., and Cedar, H. (2002) Nature
420, 198-202
2. Dotan, Z. A., Dotan, A., Litmanovitch, T., Ravia, Y., Oniashvili, N., Leibovitch,
1., and Avivi, J. R. L. (2000) Genes Chromosomes Cancer 27, 270-277
3. Dotan, Z. A., Dotan, A., Ramon, J., and Avivi, L. (2004) Int. J. Cancer 111,
60-66
4. Friedman, K. L., Diller, J. D., Ferguson, B. M., Nyland, S. V. M., Brewer, B. J.,
and Fangman, W. L. (1996) Genes Dev. 10, 1595-1607
. Sharma, K., Weinberger, M., and Huberman, J. A. (2001) Genetics 159, 35—45
. Ferguson, B. M., and Fangman, W. L. (1992) Cell 68, 333-339
. Palacios DeBeer, M. A., Muller, U., and Fox, C. A. (2003) Genes Dev. 17,
1817-1822
. Lima-de-Faria, A., and Jaworska, H. (1968) Nature 217, 138-142
. Gomez, M., and Brockdorff, N. (2004) Proc. Natl. Acad. Sci. U. S. A. 101,
6923-6928
10. Kim, S.-M., Dubey, D. D., and Huberman, J. A. (2003) Genes Dev. 17, 330-335
11. Stevenson, J. B., and Gottschling, D. E. (1999) Genes Dev. 13, 146-151
12. Vogelauer, M., Rubbi, L., Lucas, 1., Brewer, B. J., and Grunstein, M. (2002)
Mol. Cell 10, 1223-1233
13. Zappulla, D. C., Sternglanz, R., and Leatherwood, J. (2002) Curr. Biol. 12,
869-875
14. Aparicio, J. G., Viggiani, C. J., Gibson, D. G., and Aparicio, O. M. (2004) Mol.
Cell. Biol. 24, 4769-4780
15. Masukata, H., Huberman, J. A., Frattini, M. G., and Kelly, T. J. (2004) in The
Molecular Biology of Schizosaccharomyces pombe (Egel, R., ed) pp. 73-99,
Springer-Verlag, Berlin
16. Grimm, C., Kohli, J., Murray, J., and Maundrell, K. (1988) Mol. Gen. Genet.
215, 81-86
17. Moreno, S., Klar, A., and Nurse, P. (1991) J. Mol. Biol. 194, 795-823
18. Gietz, R. D., and Schiestl, R. H. (1991) Yeast 7, 253263
19. Kim, S.-M., and Huberman, J. A. (1998) Mol. Cell. Biol. 18, 7294-7303
20. Hoffman, C. S., and Winston, F. (1987) Gene (Amst.) 57, 267-272
21. Kim, S.-M., and Huberman, J. A. (2001) EMBO J. 20, 6115-6126
22. Sanchez, J. A., Kim, S.-M., and Huberman, J. A. (1998) Exp. Cell Res. 238,
220-230
23. Maundrell, K., Hutchison, A., and Shall, S. (1988) EMBO J. 7, 2203-2209
24. Vujcic, M., Miller, C. A., and Kowalski, D. (1999) Mol. Cell. Biol. 19,
6098-6109
25. Santocanale, C., and Diffley, J. F. X. (1998) Nature 395, 615-618
26. Brewer, B. J., and Fangman, W. L. (1987) Cell 51, 463—-471
27. Schvartzman, J. B., Adolph, S., Martin-Parras, L., and Schildkraut, C. L.
(1990) Mol. Cell. Biol. 10, 3078-3086
28. Chuang, R.-Y., and Kelly, T. J. (1999) Proc. Natl. Acad. Sci. U. S. A. 96,
2656-2661
29. Lee, J.-K., Moon, K.-Y., Jiang, Y., and Hurwitz, J. (2001) Proc. Natl. Acad. Sci.
U. S. A. 98, 13589-13594
30. Kong, D., and DePamphilis, M. L. (2001) Mol. Cell. Biol. 21, 8095-8103
31. Sugawara, N. F. (1989) DNA Sequences at the Telomeres of the Fission Yeast,
Schizosaccharomyces pombe. Ph.D. thesis, Harvard University, Cambridge,

oot

© 0o



