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The origin recognition complex (ORC) marks chromo-
somal positions as replication origins and is essential for
replication initiation. At a few loci, the ORC functions
in heterochromatin formation. We show that the ORC’s
two roles at the heterochromatic HMRa locus in Saccha-
romyces cerevisiae were regulated by differences in the
ORC’s interaction with its target site. At HMRa, a strong
ORC–DNA interaction inhibited and delayed replication
initiation but promoted heterochromatin formation,
whereas a weak ORC–DNA interaction allowed for in-
creased and earlier replication initiation but reduced het-
erochromatin formation. Therefore, the ORC’s interac-
tion with its target site could modulate ORC activity
within a heterochromatin domain in vivo.
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The origin recognition complex (ORC) is essential for
genome replication in eukaryotes and functions by bind-
ing to specific chromosomal positions and recruiting ad-
ditional proteins essential for origin firing (Bell 2002).
Because each chromosome requires the activity of many
replication origins for its duplication, ORCs function at
hundreds of positions distributed throughout the ge-
nome. Although ORCs function at all origins, individual
origins vary in activity. Some initiate replication effi-
ciently and early during S phase, whereas others initiate
in only a small fraction of cell cycles and later during S
phase (Friedman et al. 1997; Yamashita et al. 1997; Po-
lomienko et al. 2001). In budding yeast, a small subset of
origins, termed silencers, is associated with the forma-
tion of a specialized chromatin structure that represses
transcription (Loo and Rine 1995). Significantly, a role
for the ORC in repressive chromatin is conserved in
metazoans (Pak et al. 1997).
Silencing of HMRa in Saccharomyces cerevisiae is a

form of transcription repression requiring a specialized
chromatin structure called silent chromatin that is simi-
lar to heterochromatin (Pillus and Grunstein 1995;
Rusche et al. 2003). Like heterochromatin, silent chro-
matin causes gene-independent, position-dependent

transcription repression. Both heterochromatin and si-
lent chromatin contain relatively hypoacetylated nu-
cleosomes as well as specialized nonhistone chromatin-
binding proteins that help assemble a repressive chroma-
tin domain encompassing many kilobase pairs of DNA.
In addition, silent chromatin, like many forms of hetero-
chromatin, is replicated late during S phase (Raghura-
man et al. 2001).
DNA elements bound by sequence-specific DNA-

binding proteins target specialized chromatin structures
to specific chromosomal domains. AtHMRa, the critical
DNA element is the 150-bp HMR-E silencer that con-
tains a binding site for the ORC (A-element) as well as a
single binding site for each of the abundant nuclear pro-
teins, Rap1p and Abf1p (Loo and Rine 1995). Together,
silencer-binding proteins nucleate the assembly of si-
lenced chromatin by direct physical interactions with
nonhistone chromatin-binding proteins called Sirs,
which, in turn, recruit additional Sir proteins that
modify and bind nucleosomes, forming silent chromatin
(Gasser and Cockell 2001).
In addition to its silencer function, the activity of

HMR-E differs from that of a typical nonsilencer origin
such as ARS1 in other ways. HMR-E is an inefficient
origin, initiating replication in <10% of cell cycles (De-
Beer and Fox 1999; Polomienko et al. 2001) compared
with many nonsilencer origins that initiate replication
in a majority of cell cycles (Friedman et al. 1997; Polo-
mienko et al. 2001). Here, we show that the ORC bound
the HMR-E silencer tightly and that this ORC/silencer
interaction enhanced silencer activity but inhibited ori-
gin activity of HMR-E independently of the chromatin
state at HMRa.

Results and Discussion

To compare the relative strengths of the ORC–DNA in-
teraction at HMR-E and nonsilencer origins, we per-
formed electrophoretic mobility shift assays (EMSAs)
with DNA fragments from several identified origins
(ARS elements) within the yeast genome (Fig. 1; Supple-
mentary Table 1). We used ARS1, a well-characterized
origin in terms of ORC binding in vitro and origin activ-
ity in vivo to guide these experiments (Fig. 1A). ARS1
consists of a conserved 11-bp A-element found in virtu-
ally all yeast origins and a less conserved series of B-
elements 5� to the A-rich strand of the A-element (Ma-
rahrens and Stillman 1992). The A-element is essential
for replication initiation in vivo and ORC binding in
vitro (Bell and Stillman 1992; Marahrens and Stillman
1992). The B-elements contribute to but are not essential
for replication initiation. Mutations in the B1-element
reduce ORC binding in vitro, and footprinting and cross-
linking experiments indicate that the ORC contacts a
bipartite element in ARS1 consisting of the B1- and A-
elements (B1/A-element; Rao and Stillman 1995; Lee and
Bell 1997).
Other origins that have been examined contain A- and

B-elements including a B1-element in similar relative
positions as those in ARS1 (Fig. 1B, see ARS305; Huang
and Kowalski 1996). Also, a sequence comparison of
multiple origins revealed an expanded ORC consensus-
binding site (Fig. 1B) that includes both the A-element
and sequences expected to contain a B1-element (Theis
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and Newlon 1997). Although a B1-element has not been
defined for HMR-E or several nonsilencer origins, we
used these observations to design DNA probes that con-
tained the best matches for both the B1- and A-elements
from natural and engineered origins (Fig. 1B) for EMSAs
with purified recombinant ORC (Bell et al. 1995).
Interestingly, ORC bound the putative B1/A-element

from HMR-E with a 10-fold higher affinity than the
analogous region of ARS1 as measured by both direct
EMSAs of radioactive substrates and competition experi-
ments with appropriate unlabeled DNA substrates (Fig.
1C,D). Additional experiments indicated that ORC
bound the B1/A-element of HMR-E more tightly than it
bound the analogous regions of several other origins
known to initiate replication muchmore efficiently than
HMR-E, including ARS305 and ARS607 (Fig. 1B; Supple-
mentary Table 1).
To test whether HMR-E’s putative B1-element con-

tributed to high-affinity binding by ORC, we used an
engineered version of HMR-E called the synthetic si-
lencer (HMR-SS) whose replication and silencing activi-
ties have been well defined (McNally and Rine 1991; Fox
et al. 1995). HMR-SS contains an A-element and binding
sites for Rap1p and Abf1p positioned with the same spac-
ing and order as inHMR-E. However, the binding sites as
well as the sequences between them differ between
HMR-E and HMR-SS. We noted that HMR-SS contains a
poor match to the expanded ORC consensus site, par-
ticularly in the region that should contain a B1-element
(Fig. 1B). Therefore, we tested whether the putative B1/
A-element of HMR-SS would bind ORC with a lower
affinity compared with HMR-E. Significantly, HMR-SS
bound ORC with >100-fold lower affinity than HMR-E
(Fig. 1E), even thoughHMR-SS initiates replication more
efficiently than HMR-E on the chromosome (Fox et al.
1995; DeBeer and Fox 1999).

Figure 1. ORC binding to the B1/A-elements of various origins. (A)
Structural organization of ARS1 as defined by linker-scanning mu-
tagenesis (Marahrens and Stillman 1992) and the HMR-E silencer as
defined by deletion analysis (for review, see Loo and Rine 1995). A
B1-element (?) for HMR-E was functionally characterized in this
study. (B) Sequences of B1/A-elements for a variety of origins exam-
ined for ORC binding in vitro. B1-elements as defined by mutagen-
esis are shown for ARS1 and ARS305 with boxes above the element
(Marahrens and Stillman 1992; Huang and Kowalski 1996). The “ex-
panded” ORC consensus site is shown at the bottom (Theis and
Newlon 1997). The conserved A-element is shown in larger, bold
font and underlined. The conserved nucleotides in the more variable
B1-element are shown as bold and underlined. The * marks B1/A-
elements in which every nucleotide in the fragment other than the
conserved nucleotides of the expanded ORC consensus site has been
changed to G or C (GC-E) or A and T (A/T-E). (C) Equilibrium bind-
ing of purified ORC to B1/A-elements of indicated origins as mea-
sured by EMSAs (Bell et al. 1995; Rao and Stillman 1995). Binding
reactions used 0.1 nM radiolabeled DNA and 0 nM (lanes 1,6,11,16),
0.1 nM (lanes 2,7,12,17), 1 nM (lanes 3,8,13,18), and 10 nM (lanes
4,5,9,10,14,15,19,20) ORC. All binding reactions contained 2 mM
ATP except those in lanes marked NA (No ATP; lanes 5,10,15,20).
(D) Competition binding experiments to measure relative affinities
of ORC for HMR-E and ARS1. An EMSA was performed with 0.02
nM radiolabeled HMR-E DNA (as in B) and ORC to obtain ∼50%
binding of DNA substrate (lane 1). The ORC/HME-E complex is
indicated by an *. Increasing concentrations of cold HMR-E sub-
strate DNA (lanes 2–5) or ARS1 substrate DNA (as in B; lanes 6–9)
were added to identical reactions to determine the concentrations
needed to compete the binding of ORC to radiolabeled HMR-E.
(Lane 10) A no-ATP control experiment. The concentrations of cold
DNA substrate were 0.6 nM (lanes 2,6), 1 nM (lanes 3,7), 2 nM (lanes
4,8), and 20 nM (lanes 5,9). (E) ORC binding as described in C to the
natural (HMR-E) and synthetic silencer’s (HMR-SS) putative B1/A-
elements and B1/A hybrid DNA templates as shown in B.

Palacios DeBeer et al.

1818 GENES & DEVELOPMENT



To test whether the B1-element contributed to high-
affinity ORC binding at HMR-E, we engineered hybrid
B1/A-elements from HMR-SS and HMR-E and tested
them in EMSAs (Fig. 1B,E). A hybrid DNA element con-
taining the B1-element fromHMR-SS and the A-element
from HMR-E (SS-E) bound ORC only slightly better than
the B1/A-element from HMR-SS. However, the hybrid
element containing the B1-element of HMR-E and the
A-element of HMR-SS (E-SS) bound ORC as tightly as
the B1/A-element of HMR-E (Fig. 1E). Therefore, HMR-E
contains a B1-element important for high-affinity bind-
ing by ORC.
We next tested whether a high-affinity ORC–DNA in-

teraction within a silencer could contribute to the si-
lencer’s origin or silencing activities at HMRa. As de-
scribed above, HMR-E is an extremely weak replication
origin but a strong silencer. In contrast, HMR-SS is a
stronger origin but a weaker silencer, and both of its
activities are reduced by the orc2-1 mutation (Fox et al.
1995; DeBeer and Fox 1999). Therefore, we engineered
two strains that differed only in terms of the silencer
that controlled their HMRa locus (Fig. 2A). One strain
contained HMR-SS as the only silencer at HMRa (low-
affinity silencer). The other strain contained a hybrid
version ofHMR-E andHMR-SS in which the low-affinity
ORC-binding site (B1/A-element) of HMR-SS was re-
placed with the high-affinity ORC-binding site of
HMR-E (high-affinity silencer; Fig. 2A). These strains
were examined for replication (Figs. 2B, 3) and silencing
(Fig. 4) of HMRa.
Significantly, at HMRa, the low-affinity silencer initi-

ated replication more efficiently than the high-affinity
silencer as determined by 2D origin mapping gels (Fig.
2B; SIR2), indicating that the high-affinity ORC-binding
site could inhibit origin activity at HMRa.

In some contexts, SIR-dependent silent chromatin can
inhibit replication initiation and cause early origins to
fire later in S phase (Stevenson and Gottschling 1999;
Zappulla et al. 2002). However, HMRa is replicated late
in S phase even in strains containing SIR gene mutations
that eliminate SIR-dependent silent chromatin (Dubey
et al. 1991). In addition, the low efficiency of replication
initiation at HMRa is not affected dramatically by dele-
tions in SIR genes (Rivier and Rine 1992; Fox et al. 1995;
DeBeer and Fox 1999). Thus, some feature other than the
heterochromatic state inhibits replication initiation in
this region. Therefore, we tested whether a high-affinity
ORC/DNA interaction within a silencer could inhibit
replication initiation by HMR-E in cells containing a de-
letion of the SIR2 gene (Fig. 2B). Significantly, the high-
affinity silencer still initiated replication less efficiently
than the low-affinity silencer as determined by the re-
duced number of bubble intermediates observed in 2D
origin mapping experiments (Fig. 2B; sir2�). Thus, the
SIR-dependent chromatin state could not explain the in-
hibited origin firing at HMRa.
Silent chromatin, like many forms of heterochroma-

tin, is one of the last regions of the genome to be repli-
cated. To test whether inhibiting replication initiation at
HMRa via a strong ORC-binding site contributed to the
late replication time of this locus, we compared replica-
tion timing of HMRa and two other well-characterized
chromosomal regions, ARS1 and R11, during S phase in
strains that differed only in terms of their silencers (Fig.
2A).
2D origin mapping performed on samples harvested

during S phase in cell cycle arrest and release experi-
ments revealed that a strong silencer ORC-binding site
caused a later replication timing profile ofHMRa (Fig. 3).
HMRa containing the low-affinity silencer showed mea-
surable replication intermediates, including origin
bubbles as early as 40 min after release into S phase (Fig.
3A). In contrast, HMRa containing the high-affinity si-
lencer did not show replication intermediates until 50
min, and origin bubbles were first and barely detectable
at 70 min (Fig. 3A). The replication-timing profiles of the
late (R11) and mid-early (ARS1) controls were similar in
the two strains (Fig. 3B). Thus, the low-affinity silencer
led to substantial replication of HMRa prior to the peak
replication time of R11 (40–60 min for HMRa vs. 50–60
min for R11), whereas the high-affinity silencer led to a
replication peak for HMRa that occurred after the peak
replication time for R11 (70 min forHMRa vs. 60 min for
R11). To the best of our knowledge, this is the first ex-
ample of any mutation affecting the replication time of
HMRa.
Because SIR-dependent silent chromatin can affect the

time during S phase at which an origin fires (Stevenson
and Gottschling 1999; Zappulla et al. 2002), we tested
whether it had an effect on the relative replication-tim-
ing profiles of the low- and high-affinity silencers at
HMRa (Fig. 3C,D). Significantly, the SIR2 genotype had
a negligible effect on the absolute or the relative repli-
cation timing profiles of HMRa compared with R11 and
ARS1. Thus, a silencer that can bind ORC tightly inhib-
its replication origin activity at HMRa and contributes
to the SIR-independent late replication time of this lo-
cus.
We also tested whether a strong ORC-binding site was

important for silencing of HMRa. We examined relevant
yeast strains with silencers as described above (Fig. 2A)

Figure 2. A high-affinity ORC-binding site inhibits replication ini-
tiation by the HMR-SS silencer. (A) Structure of the two versions of
HMRa analyzed for origin function in vivo. The HMR-I silencer and
the cryptic origins flanking the definedHMR-E silencer were deleted
(shown as gaps; DeBeer and Fox 1999). In one strain, the HMR-SS
containing a low-affinity ORC-binding site was the only silencer at
HMRa (low affinity). In a second strain, an HMR-SS engineered to
contain the high-affinity ORC-binding site of natural HMR-E was
the only silencer at HMRa (high affinity). (B) 2D origin analysis of
the HMR-SS origins described in A in both SIR2 and sir2� strains.
2D origin mapping experiments allow the analysis of chromosomal
replication intermediates formed in vivo by allowing the separation
of origin bubbles from replication forks (Friedman and Brewer 1995).
Arrows indicate origin bubbles. Except for differences noted, the
strains were MAT� and isogenic to W303.
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for their ability to silenceHMRa (Fig. 4A).HMR-SS (low-
affinity silencer) is a weak silencer that provides for only
partial silencing of HMRa (Fox et al. 1995). This reduced
ability to form silent chromatin can be measured by the
appearance of a1 mRNA transcribed from HMRa in an
RNA blot hybridization experiment (Fig. 4A, lane 1). The
orc2-1 mutation completely abolished the low-affinity
silencer’s ability to silence (Fig. 4A, lane 2). In contrast,
the high-affinity silencer provided for full silencing of
HMRa (Fig. 4A, lanes 3,10) that was unaffected by the
orc2-1mutation (Fig. 4A, lane 4). Thus, the high-affinity
ORC-binding site, owing in large part to the B1-element

at HMR-E (Fig. 1D), was required for ORC-dependent
silent chromatin formation.
These data indicated that a high-affinity ORC-binding

site was sufficient to convert the weak HMR-SS silencer
into a strong silencer whose ability to silenceHMRawas
insensitive to the orc2-1 mutation. Because the syn-
thetic silencer is an engineered version of HMR-E that
contains differences in addition to the A/B1-element, we
also tested the effect of a low-affinity ORC-binding site
on natural HMR-E (Fig. 4A, lanes 5–8). A low-affinity
ORC-binding site reduced silencing byHMR-E and made
it more sensitive to orc2-1 (Fig. 4A, lanes 5,6). The si-
lencer activity of HMR-E was not as sensitive to a low-
affinity ORC-binding site as HMR-SS, consistent with
other differences between the two elements having roles
in silencer strength. Nevertheless, these data indicate
that a strong ORC-binding site was necessary for full
silencing of HMRa.
Conceivably, some unique sequence in the B1-element

of HMR-E could promote the ORC’s function in silenc-
ing rather than high-affinity binding per se. To test this,
we engineered silencers containing high-affinity B1/A-
elements that were relatively “unrelated” to the B1/A-
element of HMR-E (Fig. 1B). These hybrid silencers, in-
cluding one that contained the B1/A-element from the
exceptional nonsilencer origin ARS605 that bound ORC
with a particularly high affinity in vitro (Supplementary
Table 1) silenced HMRa more effectively than the low-
affinity silencer, suggesting that a high-affinity binding
site rather than some specific sequence was important
for silencer function at HMRa (Fig. 4A, lanes 9–13).
One mechanism to reduce silencing at HMRa is to

reduce the recruitment of Sir proteins; however, Sir re-
cruitment alone is not sufficient for silencing HMRa
(Lau et al. 2002). Because the primary role for ORC in
silencingHMRa is to recruit Sir1p (for review, see Gasser
and Cockell 2001), we tested whether the high-affinity
ORC-binding site was necessary for efficient Sir1p bind-
ing in vivo by chromatin immunoprecipitation (ChIP;
Fig. 4B). Significantly, Sir1p–3xHA bound more effi-
ciently to HMRa in the strain controlled by the silencer

Figure 4. A high-affinity ORC-binding site contributes to silencing
of and efficient Sir1p binding to HMRa. (A) RNA blot hybridization
of a1mRNA expressed from HMRa in strains containing the HMR-
SS (lanes 1–4) or natural HMR-E (lanes 5–8) silencers with the indi-
cated B1/A-element ORC-binding site and either ORC2 (lanes
1,3,5,7) or the orc2-1 allele (lanes 2,4,6,8). Hybrid versions of HMR-
SS containing high-affinity ORC-binding sites different from the
B1/A-element of HMR-E (see Fig. 1B) also silenced HMRa (lanes
9–13). scr1 RNA was used as an RNA loading control. (B) ChIP of
Sir1p–3xHA in yeast strains with either the low-affinity or high-
affinity silencers was performed as described previously (Gardner
and Fox 2001) except that HML-E was also examined as an internal
control with HML-specific primers.

Figure 3. A high-affinity ORC-binding site in HMR-SS delayed the replication time of HMRa. (A) Two strains, differing only in terms of their
silencers at HMRa (Fig. 2A) were examined by 2D origin analysis at 10-min intervals throughout S phase after release from synchronized G1
arrest. Arrows indicate the first detectable origin bubbles. (B) A plot of quantified data obtained from analysis of replication intermediates for
HMR, R11, and ARS1 for the two strains examined in A. (C) Replication times of HMRa controlled by the two different versions of HMR-SS
were not affected by SIR genotype. The same experiments as in A were performed in sir2� strains. Arrows indicate the peaks of replication. (D)
A plot of quantified data obtained from analysis of replication intermediates for HMR, R11, and ARS1 for strains examined in C. For B and D,
replication data for HMR, R11, and ARS1 were graphed as ratios of replication intermediates to unreplicated linear DNA (Y-axis) versus time
after release from G1 arrest (X-axis). Data were quantified using a PhosphorImager. The peak replication time for HMRa in each strain is
indicated with a broken vertical line.
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with a high-affinity ORC-binding site, indicating that
this site contributes to Sir1p’s association with HMRa.
A major conclusion of this study is that stable binding

of ORC to its target site in HMRa favors ORC’s role in
silencing over its role in replication initiation at this
locus. We propose that the low origin activity at HMRa
is not necessarily a prerequisite for silent chromatin for-
mation, but rather a consequence of a stable ORC–chro-
mosome interaction that is optimal for formation of si-
lent chromatin. Tight binding by ORC would enhance
the probability of a Sir complex remaining stably asso-
ciated withHMR-E because ORC binds Sir1p (Triolo and
Sternglanz 1996), and this, in turn, would stabilize silent
chromatin at HMRa. Alternatively, the tight binding
may reflect a conformation of the ORC at the silencer
optimal for recruitment of Sir1p. The late replication
time of HMRa during S phase may therefore be a conse-
quence of an ORC–DNA interaction optimized for Sir1p
recruitment rather than replication.
This study also provides an explanation for why de-

fects in ORC caused by mutations in ORC genes fail to
cause either silencing or replication defects at wild-type
HMRa and why compromised silencers were useful in
identifying the first mutant alleles of ORC genes (Foss et
al. 1993). For example, the orc2-1 mutant allele lowers
the concentration of ORC in vivo (Shimada et al. 2002)
and reduces replication initiation by many origins, in-
cluding the HMR-SS silencer origin (Fox et al. 1995; Li-
ang et al. 1995). However, because the HMR-E silencer
has a high affinity for ORC, it is resistant to reductions
in ORC concentration and may have a competitive ad-
vantage over other lower-affinity chromosomal origins
in an orc2-1 mutant strain.
The observation that the high-affinity ORC-binding

site did not promote enhanced replication initiation at
HMRa compared with the low-affinity silencer may
seem nonintuitive at one level because such a site
should increase the probability that the silencer origin is
bound by ORC in any given cell, and ORC binding is
necessary for origin activity. However, it is clear that
there is enough ORC present in yeast to occupy origins
with measurably lower affinities sufficiently enough
that they initiate in a majority of cell cycles (Supplemen-
tary Table 1). Perhaps the silencer origin used here is
revealing something about ORC function in replication
initiation that is not possible to observe at nonsilencer
origins optimized for origin firing. If true and if the high-
affinity binding by ORC to silencer DNA observed in
this study reflects a slow off-rate, then perhaps a step in
replication initiation requires the ORC’s dissociation
from double-stranded origin DNA. Such a mechanism
would be akin to Escherichia coli RNA polymerase pro-
moter clearance (for review, see Hsu 2002). Alterna-
tively, other features of the silencer origin may collabo-
rate with some as yet unknown feature of the HMR-E
A/B1-element that influences both ORC binding affinity
and conformation and Sir binding, resulting in low origin
efficiency and late replication of HMR-E.
Interestingly, genome-wide binding studies of ORC

and MCM proteins reveal that the heterochromatic loci
HMRa and HML� are the only genomic regions that ex-
hibit inefficient origin activity yet bind both ORC and
MCM in vivo quite efficiently as measured by ChIP ex-
periments (Wyrick et al. 2001). These data support the
idea that origin inefficiency associated with a stable
ORC–chromosome interaction may reflect the role for

ORC in silencing. Our data indicate that at HMRa, a
significant contributor to a stable ORC–chromosome in-
teraction may be the ORC DNA-binding site (B1/A-ele-
ment) itself. But it is probable that other features of
silencers and heterochromatic regions in yeast and meta-
zoans could contribute substantially to a stable interac-
tion between the ORC and its chromosomal target site.
Silencers use several of the same proteins necessary for

both replication initiation and transcription activation
at other loci, and a central question is how these proteins
can perform different functions depending on their ge-
nome position. We propose that highly stable binding of
these factors to silencers may be critical for their roles in
forming a stable silent chromatin structure but less es-
sential, and possibly even detrimental, for their other
roles at other positions. Further biochemical analysis of
silencer–protein complexes from yeast and other organ-
isms should address this idea and help define the mecha-
nisms that govern the duplication and expression of the
eukaryotic genome.

Materials and methods
Yeast strains
All experiments were carried out with yeast strains isogenic to W303-1A.
Chromosomal gene deletions and mutations were generated using stan-
dard recombinant DNA technology and yeast molecular biology.

In vitro ORC-binding assays
The DNA probes for EMSAs were prepared by annealing complementary
55-bpair oligonucleotides containing the core 11-bp ORC-binding site
(A-element) and best match to the 5� putative B1-element from relevant
ARSs (Fig. 1B). The annealed fragments were subcloned into pSTBlue1
(Novagen) and then used as templates to generate 260-bp radiolabeled
probes (32P-dCTP) by PCR with a set of common primers complementary
to pSTBlue1. Because all A/B1-elements contained the same flanking
sequences, the specific activity of probes was virtually the same, and
DNA concentrations of different probes varied by at most 1.2-fold. The
binding reactions were done under equilibrium conditions in which ORC
was in excess over probe DNA such that the concentration of ORC nec-
essary to bind 50% of the probe DNA was approximately equal to the
apparent Kd. Binding reactions contained 20 µg/mL dI–dC as nonspecific
competitor (Amersham Pharmacia). The concentrations of ORC and
DNA used in reactions are indicated in the figure legends.

2D origin analysis and replication timing experiments
2D origin analysis was performed as described (Friedman and Brewer
1995; Kim and Huberman 2001). For replication-timing experiments, the
strains were as described in Figure 2 except they were additionally engi-
neered to contain MATa and bar1��HIS3 for arrest and release experi-
ments. To examine the effect that silent chromatin had on replication-
timing profiles of HMRa, the strains were additionally modified to con-
tain sir2��URA3 and hml��LEU2. First, 4 L of yeast cells was grown in
YPD to 0.7 O.D. and concentrated for arrest in G1 with �-factor at 23°C.
Arrested cells were harvested, washed, and released into S phase in YPD
plus 0.025 mg/mL Pronase (CalBiochem). Every 10 min, 400 mL of cells
was harvested and genomic DNAwas isolated for each sample. The DNA
was split into three samples and analyzed for relevant replication inter-
mediates directly after restriction digest. To examine replication inter-
mediates, genomic DNA was digested with HindIII (for HMRa), with
NcoI (for ARS1), and with EcoRI (for R11). Hybridization probes were
generated by PCR with appropriate primers.
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