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Cell Cycle-Dependent Establishment of a
Late Replication Program

M. K. Raghuraman,” Bonita J. Brewer, Walion L. Fangman

DNA replication origins in chromosomes of eukaryotes are activated according to a
temporal program. In the yeast Saccharomyces cerevisiae, activation of origins in early
S phase appears to be a default state. However, cis-acting elements such as telomeres
can delay origin activation until late S phase. Site-specific recombination was used to
separate origin from telomere in vivo, thereby demonstrating that the signal for late
activation is established between mitosis and START in the subsequent G, phase. Once
set, the signal can persist through the next S phase in the absence of the telomere.
Establishment of the temporal program and of initiation competence of origins may be

coincident events.

Eukaryotic chromosomes are organized
into blocks of DNA sequence that replicate
early in S phase interspersed with blocks
that replicate late. Each temporal block is
presumably replicated by the coordinate ac-
tivation of clusters of replication origins
(I1). The functional significance of this tem-
poral regulation remains open to specula-
tion. A demonstrated correlation between
actively transcribed genes and early replica-
tion in higher eukaryotes has led to the
suggestion that early replication may be a
prerequisite for the activation of gene tran-
scription (2). Straying from the normal
temporal program of replication may have
deleterious  consequences for develop-
ment—for example, the fragile X syndrome
is associated with delayed replication of the
FMRI locus (3).

Saccharomyces  cervevisiae  chromosomes
also contain early- and late-replicating do-
mains, and yeast replication origins that are
activated late in S phase have been identi-
fied recently (4-6). Although there has
been much progress in understanding the
molecular steps leading to the activation of
replication origins (7), the molecular basis
for the temporal program is less clear. The
picture that is emerging is that yeast repli-
cation origins are activated early in S phase
by default. Late activation, in those in-
stances in which it has been found, is not an
intrinsic property of the origins involved,
but is imposed by cis-acting elements that
are separable from the origin (6, 8, 9).

One example of a chromosomal element
that affects origin activation time is the
telomere—proximity to a telomere can
cause late activation of origins (8, 10). How
the telomere effects a delayed schedule of
origin activation is unknown, but the par-
allel phenomenon of telomeric position ef-
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fect on transcription (11) suggests the in-
volvement of a special chromatin structure
propagated from the telomere. A notable
feature of transcriptional silencing is its her-
itability: Silenced chromatin can be main-
tained and clonally inherited through sev-
eral cell division cycles and, at least in the
silent mating—type cassettes, maintenance
of the repressed state can be independent of
its initial establishment (12).

We now asked, first, if maintenance of
the signal for late origin activation is also
separable from its establishment by the telo-
mere, and second, when in the cell cycle
the telomeric late replication program is
established. To address these questions, we
used inducible, site-specific recombination
to remove a subtelomeric late origin from
its chromosomal location in vivo (Fig. 1).
The excised circle, lacking determinants of
late origin activation, is expected to repli-
cate early in S phase unless the late repli-
cation signal originally established by the
telomere persists after excision. Excising the
origin at different times in the cell cycle
would reveal if the telomeric late replica-
tion program is stably maintained for more
than one round of the cell cycle or if it is
reestablished in every cell cycle. For exam-
ple, the origin can be removed at START,
when the cell commits entry into another
round of the cell cycle, and the cells then
allowed to proceed through S phase. If the
previously late origin now becomes active
early in S phase, then the telomere must be
needed after START and possibly through
S phase to maintain the late replication
program. If the origin remains late, then the
program must be established before START
and maintained through S phase in the
absence of the telomere.

The origin excision cassette was con-
structed (13) in a strain that contains three
copies of the “R” recombinase from Zygosac-
charomyces rouxii under control of the
GALI1 promoter (14) integrated in tandem
at the LEU2 locus on chromosome 1II. Tar-
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get sites for the recombinase were inserted
on either side of the late-activated origin
ARS501 (5) to create the cassette. One
endpoint of the cassette is adjacent to the
RAD3 locus on chromosome V, ~23 kb
centromere-proximal to ARS501. The other
endpoint is located ~7 kb distal to ARS501
(Fig. 1).

The kinetics of site-specific recombina-
tion were examined by inducing expression
of the recombinase gene in G;. Cells grown
in minimal medium with acetate as the
carbon source were arrested at START in
G, by treatment with a-factor. Galactose
was added to the culture to induce tran-
scription of the recombinase gene and
thereby initiate recombination at the
ARS501 cassette, and samples were re-
moved for analysis at hourly intervals there-
after. Contour-clamped homogeneous elec-
tric field (CHEF) gel electrophoresis (15) of
whole chromosomes showed that, as ex-
pected, the band corresponding to full-
length chromosome V (~575 kb) disap-
peared over time after the addition of ga-
lactose, while a faster migrating band ap-
peared (Fig. 2). Excision of the cassette was
efficient (>90% in 5 hours; Fig. 2), and
half-maximal excision occurred in 2 to 2.5
hours. Restriction mapping by Southern
(DNA) hybridization revealed the predict-
ed junction fragment and confirmed the
circular topology of the excised fragment
(16).

Analysis of the timing experiments that
follow depended on two prerequisites. First,
integration of the recombinase target sites
to create the excision cassette must not
reduce or eliminate ARS501 activity. Sec-
ond, replication of the excised cassette must
be initiated at ARS50! and not at cryptic
origins that might be uncovered in the ex-

30 kb ARS501 cassette

ARS501  Rec
Late site

Chrv
telomere

F————23 kb——— 7 kb—+——20 kb—

Induce T
recombinase (—:-/‘V

gene

ARSS501
Early or Late?

Fig. 1. Experimental rationale. The 30-kb cassette
(top) was constructed by insertion of two target
sites for the “R” recombinase in direct orientation
at the indicated locations near the right end of
chromosome V (13).
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cised circle. To confirm that these condi-
tions were met, we examined replication
intermediates at ARS501 by two-dimen-
sional (2D) agarose gel electrophoresis (17).
S-phase DNA was collected from untreated
control cells and from cells in which recom-
bination had been induced in G,. The
DNA was cut with Xba I, subjected to 2D
agarose gel electrophoresis, and hybridized
to an Xba I fragment containing ARS501. A
bubble-to-Y pattern expected for an asym-
metrically located, active origin (Fig. 3A)
was seen in both the uninduced and the
induced sample (Fig. 3, B and C). The
dearth of intermediates in the ascending
portion of the Y-arc in the induced sample
indicates that the origin is highly active, as
passive replication of the fragment by an
origin located elsewhere on the excised cir-
cle would have caused an increase in the
signal in that portion of the Y-arc. We
conclude that initiation at the chromosom-
al ARS501 was extremely efficient and that
replication of the excised circle was driven
predominantly, if not exclusively, by
ARS501. The activity of ARS501 was not
perturbed by either the creation of the cas-
sette or by its subsequent excision; the rep-
lication timing results for ARS501 that fol-
low therefore reflect the activation time for
the origin.

Does the telomere set up the late acti-

Fig. 2. Excision of ARS501 by site-
specific recombination in vivo. Im-
age of an ethidium bromide (EtBr)-
stained CHEF gel (left) and of an
autoradiogram of a Southern blot
(right) demonstrate excision of the
30-kb ARS507 cassette. Cells
grown in 1% sodium acetate as the
carbon source were arrested in G,
by treatment with a-factor (200
nM), and dry galactose was added

Time in
galactose (hours): 0 1

Chrv
J [Aﬂerexcision -

£ REPORTS

vation program at ARS501 before the cells
enter S phase? We anticipated that if so,
ARS501 excised in G; would remain late-
activated in the subsequent S phase, pro-
vided that the signal set up by the telomere
persisted through S phase. Accordingly, the
ARS501 cassette was excised in G, at
START, and its replication time in the
ensuing S phase was determined by density
transfer experiments (18). The replication
time of a sequence (measured as ¢, the
time of half-maximal replication) can vary
from culture to culture, hampering direct
comparisons between experiments. There-
fore, we show both the absolute replication
time of ARS501 and its replication index
(Table 1), which is much less subject to
experimental variation (6).

The control, chromosomal copy of
ARS501 replicated in the second half of S
phase, with a replication index of 0.61 (Fig.
4A and Table 1). After excision in G,
ARS501 replicated with an index of 0.52,
slightly earlier than the control experiment
but still in the second half of S phase (Fig.
4B and Table 1). These results were con-
firmed in a second, independent experi-
ment (Table 1). In contrast, after long-term
growth of the cells (more than 20 genera-
tions) following excision of the cassette,
ARS501 replicated early in S phase, with a
replication index of —0.02 (that is, slightly

EtBr-stained Probed for chr V
2 345 0123 405

Chr XI —
Intact

b = $-5°9

P
Chr Vil
ChriX —

Chrill —

to the culture medium (final concentration of 2% w/v). Samples were collected at hourly intervals
thereafter for 5 hours, and the chromosomes were separated by CHEF gel electrophoresis (75). The gel
was stained with ethidium bromide and photographed (left), then blotted onto a nylon membrane and
probed for chromosome V with a fragment of the RAD4 gene, centromere-proximal to the excision
cassette (right). Bands corresponding to the various chromosomes (Chr) are indicated.

Fig. 3. Activation of ARS5017 on the excised cas-
sette. Cells were arrested with a-factor, and exci-
sion of the cassette was induced in one-half of the
culture by addition of galactose. After 5 hours,
glucose was added to both portions; 30 min later,
the cells were shifted to 37°C, released from the
a-factor block by treatment with Pronase, and
synchronized further at the cdc7 block. The cells
were then released from the cdc7 arrest, and
samples were collected at 1-min intervals for 30 to
35 min. DNA was extracted (28) from pooled sam-
ples, cut with Xba I, and examined by 2D gel

A B Uninduced C Induced

electrophoresis (77). The gel used for the first dimension was made of 0.4% agarose in 1X TBE, and that
of the second dimension was 1.1% agarose in 1X TBE containing 0.3 pg/ml ethidium bromide. (A) A
cartoon depicts the bubble-to-Y 2D gel pattern expected for an active origin asymmetrically located in
the fragment being examined. DNA from (B) control and (C) galactose-treated cells was hybridized to a

probe fragment corresponding to ARS5017 (5).
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earlier than ARSI, our marker for early
replication) (Fig. 4C and Table 1).
Because the excised origin replicated
late in the first S phase after excision but
early in S phase after long-term growth,
there must be a switch in replication timing
that occurs some time after the first S
phase. We entertained two possibilities:
that the telomeric signal for late activation
has to be established in every cell cycle, or
that the origin, once programmed for late
activation, remains in that state for many
cell cycles but has some low probability of
switching to early activation in every cell
cycle. This second possibility is akin to the
silencing of gene transcription seen at the
silent mating type loci and at telomeres
(19). In the first scenario, it should be
possible to define the execution point for
establishment of the telomeric position ef-
fect—a time in the cell cycle before which
the late program is not yet established. Ex-
cision of the origin before this point in the
cell cycle should result in its early activa-
tion in the following S phase; excised after
this point, the origin should remain late-
activated in the first S phase. Because ori-
gins appear to undergo a key transition to a

100

A Integrated

80 4

Replication (%)

01 L + +
C Long-term growth

80 = ]
60 ]
................... N
40 e N
S
208 47 tg,=22minT
el

0 20 40 60 80
Time at 23°C (min)
Fig. 4. Replication kinetics of ARS501 after exci-
sionin G,. Density transfer experiments (78) show
replication of ARS507 (@), early-replicating chro-
mosomal ARST7-adjacent sequence [- — —; (4)],
and late-replicating RAPT sequence [— - —; (6)] in
(A) the control, uninduced culture; (B) the first S
phase after excision of the cassette (=90% com-
plete) at the a-factor block; and (C) after long-term
growth of a clone containing excised 30-kb cas-
sette (13). The t,., for ARS507 is indicated illus-
trated in (C) as a dotted line]. The data points for
the early and late markers show the same low level
of scatter as the experimental sample and have

been omitted for clarity.
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prereplicative form at mitosis [(20); see be-
low], we chose mitotic arrest as a starting
point for the following experiments. Cells
grown in isotopically dense culture medium
were initially synchronized with a-factor,
then arrested in G,/M by treatment with
nocodazole, an inhibitor of tubulin poly-
merization. Excision of the origin was in-
duced by treatment with galactose. The
cells were then washed and resuspended in
isotopically light medium lacking nocoda-
zole. After further synchronization at the
cdc7 block, the cells were allowed to enter S
phase, and samples were collected for den-
sity gradient centrifugation as usual. The
arrests at various stages of the experiment
and the progress through S phase were con-
firmed by flow cytometry (16).

Excision of the origin in G,/M resulted in
a switch in its activation time to early in the
following S phase, with a replication index of
0.05 (Fig. 5 and Table 1). In the control
experiment, unexcised, chromosomal ARS501
replicated late in S phase as expected (16).
We conclude that the telomeric late replica-
tion program had not yet been established at
G,/M, the time of origin excision. An alter-
native possibility is that the excised circle
initially was programmed for late replication
but that the signal for late replication decayed
by the time the cells reached S phase. This
possibility seems unlikely because the interval

100 T T
£ el - a
c [ -
S ol e h
‘ﬁ 60 &
o N ‘ i
= 40 /
e 20} ya .
x , trep = 26 Min
0 . 1 .

0 20 40 60 80
Time at 23°C (min)

Fig. 5. Replication kinetics of ARS507 after exci-
sion at G,/M. Excision was ~85% complete in this
experiment. Symbols are as in Fig. 4.

Table 1. Replication index of chromosomal and
excised ARS507. Numbers in parentheses indi-
cate values obtained from a second, independent
experiment.

" Replication
Condition of ARS501 index*
Unexcised, chromosomal 0.61 (0.63)
Excised in Gy, first S phase 0.52 (0.51)
Excised in G./M, first S phase 0.05 (0.13%)
Excised, long-term growth -0.02

*The replication index for ARS507 was calculated by
comparing its t.e,, (time of half-maximal replication) with
those of the early and late markers. The early marker
(ARS17) was assigned a replication index of 0.00 and the
late marker (RAP1) was assigned an index of 1.00; the
replication index of ARS501 is the ARS7-ARS5017 inter-
val as a fraction of the ARS7-RAPT interval. tExcision
was 70% complete.

between the excision step and the start of S
phase was the same in this experiment as in
the G excision experiment (2.5 to 3 hours at
37°C), yet the observed replication times in
the two experiments were very different. The
slight delay in activation of the excised origin
in this experiment (replication index of 0.05)
compared with its activation time after
steady-state growth (replication index of
-0.02) may be attributed to incomplete exci-
sion of the cassette in nocodazole [~85%
(16)).

Taken together, our observations demon-
strate that the telomeric position effect on
replication is established between mitosis
and START. Once established, the late rep-
lication signal can be maintained through S
phase even if the telomere was removed at
START. The maintenance of the signal
through S phase is reminiscent of previous
observations on the silencing of transcrip-
tion by telomeres—when Prpl, a transcrip-
tion factor needed for URA3 expression, is
produced in G, it fails to de-repress a si-
lenced copy of URA3 until late S or G, (21).
Presumably, a stable, inaccessible chromatin
state (22) is not disrupted until then. Al-
though it is not clear what elements, if any,
are common to the telomeric silencing of
transcription and the telomeric late replica-
tion effect, it is possible that the replication
effect is also caused by a chromatin structure
that is set up by the telomere but subsequent-
ly maintained through S phase in its ab-
sence. An alternative but not mutually ex-
clusive possibility is that the subnuclear lo-
calization of the telomere is the primary
cause of the late replication effect. Telo-
meres are believed to be localized to the
nuclear periphery (23); perhaps origins lo-
cated in that portion of the nucleus are
targeted for late S-phase activation. The
slightly earlier replication of the origin after
excision at START (Fig. 4B) is consistent
with either model—a slow loss of chromatin
structure over time after excision or slow
diffusion of the excised circle away from the
nuclear periphery.

One difference between the telomere’s
effect on transcription and its effect on
replication timing is the genomic distanc-
es involved—the origin can be affected
over a distance of at least 27 kb from the
telomere, whereas transcriptional silenc-
ing normally extends only about a tenth
that distance (24). The early replication
of ARS501 after excision at G,/M suggests
another difference: unlike transcriptional
silencing, which is clonally inherited for
several cell cycles (11), the late replica-
tion signal has to be reestablished in every
cell cycle.

The G,/M phase transition appears to be
a time when the cell prepares its DNA
replication origins for the next round of
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initiations. Footprint analysis of origins
shows that they are bound thoughout the
cell cycle by the origin recognition complex
(ORCQC), a six-subunit protein (25). At mi-
tosis, the ORC is joined by one or more
additional factors, resulting in an expanded
footprint that lasts until S phase (20). The
formation of this prereplicative complex de-
pends on the CDC6 gene product, which is
essential in S phase (26). Coincident with
the formation of the prereplicative com-
plexes, the Mcm2, Mcm3, and Mcm5 pro-
teins, which are also involved in replication
initiation, are localized to the nucleus,
where they remain until S phase (27).
Thus, crucial steps in the decision of wheth-
er to fire an origin in S phase occur between
the preceding mitosis and the end of G;.
Our results raise the possibility that the
decision of when during S phase to fire the
origin occurs at the same time.
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Nucleosome Mobility and the Maintenance
of Nucleosome Positioning

Michael J. Pazin, Purnima Bhargava,*
E. Peter Geiduschek, James T. Kadonagaf

To study nucleosome mobility and positioning, the R3 /ac repressor was used with an
adenosine triphosphate (ATP)-dependent chromatin assembly system to establish the
positioning of five nucleosomes, with one nucleosome located between two R3 /ac op-
erators. When R3 protein was dissociated from DNA with isopropyl p-D-thiogalactopyr-
anoside, the R3-induced nucleosome positions remained unchanged for at least 60 min-
utes in the absence of ATP but rearranged within 15 minutes in the presence of ATP. These
results suggest that nucleosomes are dynamic and mobile rather than static and that a DNA
binding factor is continuously required for the maintenance of nucleosome positioning.

Transcription, replication, recombination,
and repair in eukaryotes involve the inter-
action of proteins with DNA packaged into
chromatin. Nucleosomes are often located
at distinct positions in regions of genomes
that regulate replication and transcription,
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and this specific positioning is typically al-
tered as genes are activated or repressed (1).
The analysis of factors that influence the
organization of chromatin is essential to
elucidating the function of DNA binding
regulatory factors in the context of a chro-
matin template.

One interesting facet of chromatin
structure is the relation between the bind-
ing of sequence-specific DNA binding pro-
teins and the translational positioning of
nucleosomes in nonrepetitive DNA (2). For
example, the binding of factors to specific
DNA elements, such as the a2 operator (3,
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