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SUMMARY

Faithful DNA replication ensures genetic integ-
rity in eukaryotic cells, but it is still obscure
how replication is organized in space and time
within the nucleus. Using timelapse microscopy,
we have developed a new assay to analyze the
dynamics of DNA replication both spatially and
temporally in individual Saccharomyces cerevi-
siae cells. This allowed us to visualize replica-
tion factories, nuclear foci consisting of replica-
tion proteins where the bulk of DNA synthesis
occurs. We show that the formation of replica-
tion factories is a consequence of DNA replica-
tion itself. Our analyses of replication at specific
DNA sequences support a long-standing hy-
pothesis that sister replication forks generated
from the same origin stay associated with each
other within a replication factory while the entire
replicon is replicated. This assay system allows
replication to be studied at extremely high
temporal resolution in individual cells, thereby
opening a window into how replication dynam-
ics vary from cell to cell.

INTRODUCTION

Faithful DNA replication is essential for all prokaryotic and

eukaryotic cells to maintain their genetic integrity. DNA

replication is initiated at replication origins and proceeds

as sister forks from the same origin move along parental

DNA in a bidirectional manner. DNA polymerases involved

in replicating both leading and lagging strands, together

with their accessory proteins, such as replication factor

C (RFC) and proliferating cell nuclear antigen (PCNA),

are thought to form a large complex (called the ‘‘repli-

some’’) that moves along with each replication fork (Baker

and Bell, 1998; Waga and Stillman, 1998; Johnson and

O’Donnell, 2005).

It was originally thought that the two replisomes at sister

forks (i.e., initiated from the same origin) would behave in-

dependently since they travel in opposite directions along
parental DNA. However, it was found that on bacterial cir-

cular chromosomes where DNA replication starts from a

single defined origin, sister forks move along DNA and

normally complete DNA replication with similar timing

at a defined region on the chromosome (studied in Escher-

icia coli, Bacillus subtilis, etc.; Bussiere and Bastia, 1999).

To explain this coordinated termination of DNA replica-

tion, it was proposed that two replisomes at sister forks

(sister replisomes) remain attached during DNA replication

(Dingman, 1974; Falaschi, 2000). This model predicts that

template DNA moves into two associated replisomes and

newly replicated sister DNA strands are extruded as repli-

cation proceeds. Such DNA motion relative to centrally lo-

cated stationary replisomes (Lemon and Grossman, 1998)

was indeed recently confirmed in bacteria (Lemon and

Grossman, 2000; Jensen et al., 2001; Lau et al., 2003;

Migocki et al., 2004).

In simian virus 40, the large tumor antigen (T-antigen)

forms a hexamer that works as a DNA helicase at replica-

tion forks (Herendeen and Kelly, 1996). An electron mi-

croscopy study revealed that unwound DNA from the viral

replication origin forms two single-strand loops, both of

which were pinched by the same pair of associated T-

antigen hexamers (Wessel et al., 1992). This is also consis-

tent with the model of associated sister replisomes.

In contrast to viruses and bacteria, DNA replication in

eukaryotes initiates at multiple replication origins along

linear chromosomes. The DNA region replicated by sister

forks from a single origin is called a replicon. In contrast to

bacterial circular chromosomes, sister forks terminate at

two different loci along eukaryotic linear chromosomes,

meeting the replication forks of adjacent replicons. In

such circumstances, two sister replisomes may operate

independently of each other. So, it is sill unclear whether

the two sister replisomes are associated with each other

in eukaryotic cells.

How is DNA replication spatially organized in the eukary-

oticcell nucleus?During DNA replication in vertebrate cells,

replisome components such as PCNA and DNA polymer-

ases assemble into dozens of globular foci called replica-

tion factories in the nucleus, and it has been shown that

new DNA replication takes place within these replication

factories (Nakamura et al., 1986; Hozak et al., 1993; New-

port and Yan, 1996; Berezney et al., 2000; Frouin et al.,
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2003). To account for the number of DNA replication forks

generated during S phase, a single replication factory

must contain 20–200 DNA replication forks (Berezney

et al., 2000). A simple model is that two sister replisomes lo-

calize inside the same factory during replication. However,

if this is the case, it is still unclear whether sister replisomes

are closely associated with each other or stay at a distance

within a replication factory, which may have a diameter of

up to 1 mm in vertebrate cells (Leonhardt et al., 2000; Soma-

nathan et al., 2001; Sporbert et al., 2002). Moreover, recent

data indicate that replication factories continuously assem-

ble and disassemble during S phase (Leonhardt et al.,

2000; Somanathan et al., 2001; Sporbert et al., 2002);

thus, sister replisomes may sometimes if not always be

redistributed between different replication factories.

Here we describe dynamics of both replication factories

and individual replicons in budding yeast S. cerevisiae, us-

ing timelapse microscopy. Replication factories are much

smaller in yeast cells than in vertebrate cells and show dy-

namic behavior during S phase. Crucially, we show that the

formation of replication factories is a consequence of DNA

replication itself. We have established an assay system to

analyze DNA replication of chromosomal loci both spatially

and temporally in individual live cells. Using this system,

we find evidence that while a replicon is in the process of

DNA replication, sister replication forks remain closely

associated with each other within a replication factory.

RESULTS

Visualizing Replication Factories during S Phase

of Budding Yeast

Polymerases a, 3, and PCNA are components of repli-

somes (Baker and Bell, 1998; Waga and Stillman, 1998;

Johnson and O’Donnell, 2005). To visualize replisomes

in budding yeast, we tagged POL1, POL2 (the catalytic

subunits of polymerases a, 3, respectively) with four tan-

dem copies of green fluorescent protein (GFP) and

PCNA with yellow fluorescent protein (YFP). All tagging

was done at their original gene loci, and all tagged genes

were expressed with their authentic promoters.

When diploid cells were not in S phase, only weak glob-

ular POL1-4GFP, POL2-4GFP, and YFP-PCNA signals

were found in the nucleus (Figure 1A; unbudded cells or

cells with medium or large buds). In S phase (small-bud-

ded) cells, however, each construct showed up to 12

bright globular signals in the diploid nucleus. The size of

each globular signal was 180–280 nm in diameter (230 ±

50 nm; mean ± SD), much smaller than the replication fac-

tories of vertebrate cells (Leonhardt et al., 2000; Somana-

than et al., 2001; Sporbert et al., 2002). After DNA replica-

tion (cells with large buds), Pol1-4GFP, but not Pol2-4GFP

or YFP-PCNA, relocalized along the nuclear envelope (see

Note S1 in Supplemental Data available with this article

online). We obtained similar results using haploid cells

with POL1-4GFP and POL2-4GFP, but the number of

bright globular signals was up to eight per nucleus.

We demonstrate below that these bright globules of
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replication proteins represent replication factories where

the bulk of DNA synthesis takes place.

Formation of Replication Factories Is

a Consequence of DNA Replication

We next addressed whether formation of the clusters of

replication proteins is directly related to DNA replication.

When B-type cyclins CLB5 and 6 are deleted, DNA repli-

cation is significantly delayed relative to bud emergence

(Schwob and Nasmyth, 1993). In clb5,6-deleted cells,

the formation of bright globular signals of Pol1-4GFP

was also delayed relative to bud emergence (Figure 1B),

suggesting that they are formed as a consequence of B

type cyclin/cyclin-dependent kinase (CDK) activation in

S phase. This notion is reminiscent of observations in ver-

tebrate cells showing that cyclin E-CDK is required for the

globular signals of replication protein A (RPA) becoming

tightly bound to DNA during S phase (Jackson et al.,

1995; Dimitrova et al., 1999).

We next studied Pol1-4GFP and YFP-PCNA localization

in Cdc6-depleted cells. Cdc6 associates with DNA repli-

cation origins (Tanaka et al., 1997) and is required for rep-

lication initiation (Blow and Tanaka, 2005). Cdc6-depleted

cells do not replicate DNA but still undergo other cell-cycle

events, such as bud emergence and CDK activation (Piatti

et al., 1995). We inhibited CDC6 expression in cells where

the only functional CDC6 was under control of a galac-

tose-inducible promoter (Piatti et al., 1996). After CDC6

expression was suppressed, small-budded cells never

showed bright globular signals of Pol1-4GFP (Figures 1C

and S1). Similar results were obtained with YFP-PCNA

(data not shown). Taken together, our data indicate that

bright globular foci of replication proteins are formed as

a consequence of DNA replication.

We then treated cells with the DNA synthesis inhibitor

hydroxyurea (HU) from G1 phase (Figure S2). When HU-

treated cells started budding (S phase), globular Pol1-

4GFP signals became brighter than in G1 phase but re-

mained dimmer than those in small-budded cells in the

absence of HU (Figure S2; pink bars). The number of

such Pol1-4GFP globules was generally not more than

two to three in HU-treated cells. The results are consistent

with HU limiting DNA replication to the vicinity of early fir-

ing origins (Santocanale and Diffley, 1998).

Subsequently, we followed the behavior of bright glob-

ular signals of Pol1-4GFP with timelapse microscopy.

During observation over 30 s, the globular signals showed

significant changes in their shape and location, indicating

dynamic behavior of replication factories (Figures S3 and

S4; see Note S2).

DNA Replication of Chromosomal Loci Observed

in Individual Live Cells

We next established an assay system for the replication of

specific chromosomal loci in individual live cells. In bud-

ding yeast, a genome-wide study previously revealed

the replication timing of all chromosomal loci (Raghura-

man et al., 2001). We chose for further study a single large



Figure 1. Replication Factories in Budding

Yeast

(A) Replication factories are found specifically during

S phase. Homozygous POL1-4GFP (T3030), homo-

zygous POL2-4GFP (T3031), and heterozygous

YFP-PCNA/PCNA+ (T3060) diploid cells were cul-

tured asynchronously. Top: representative images

of bright-field and fluorescence, classified by the

bud size. Scale bar: 2 mm. Bottom: percentages of

cells with classified bud sizes, showing the fraction

of fluorescence with a bright globular (red) or perinu-

clear (pale blue) pattern. n: numbers of observed

cells with each classified bud size.

(B) Formation of replication factories is dependent on

B type cyclin-CDKs. POL1-4GFP clb5D clb6D

(T3262) homozygous diploid cells were cultured

asynchronously and observed as in (A).

(C) Formation of replication factories is dependent on

DNA replication. POL1-4GFP GAL-CDC6 cdc6D

(T3264) homozygous diploid cells were grown in

galactose plus raffinose-containing medium. After

culture in raffinose-containing medium lacking

galactose for 2.5 hr, small unbudded cells were col-

lected by elutriation and incubated (start of incuba-

tion: 0 min) in either galactose/raffinose- (Cdc6+) or

glucose (Cdc6�) containing medium. Top: represen-

tative images of bright-field and fluorescence, classi-

fied by the bud size. Bottom: percentages of cells

with buds (black line) and of small-budded cells

with weak (white bar) or bright globular (red bar)

Pol1 GFP signals. See Figure S1.
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replicon on chromosome IV. We selected two loci, 60 kb

apart and on opposite sides of the replication origin, which

are replicated at similar times (Figure 2A). We then marked

one of these loci with an array of 224 tet operators (tetOs-

1) and marked the other with an array of 256 lac operators

(lacOs) (Straight et al., 1996; Michaelis et al., 1997). To

minimize potential perturbation of the replication profile,

only the tet and lac operator arrays, each �11 kb in size,

were inserted, but no other DNA sequences, such as plas-

mid backbones, were inserted. The tetO array can be

bound by a fusion protein of the Tet repressor plus three

tandem copies of cyan fluorescent protein (TetR-3CFP;

Bressan et al., 2004), while the lacO array can be associ-

ated with a fusion protein of the lac repressor plus GFP

(GFP-lacI, Straight et al., 1996). Using strains expressing

TetR-3CFP and GFP-lacI, we could visualize these chro-

mosomal loci as small CFP and GFP dots.

When these dots were observed in asynchronous cell

cultures, their fluorescence intensity was approximately

doubled in cells with medium-size buds (before sister-

chromatid separation in anaphase) when compared to un-

budded cells (Figure S5). The dot intensity did not increase

if DNA replication of these loci was inhibited by HU

(Figure S6). We reasoned that DNA replication doubled

the number of tet and lac operators, which led to recruit-

ment of more TetR-3CFP and GFP-lacI fusion proteins.

Consistent with this idea, both loci in individual cells dou-

bled in intensity at approximately the same time during

the cell cycle (Figure 2B). A slight difference in replication

timing of the two loci, which was seen in a few cells, is ex-

pected to occur due to differences in fork velocity or if the

replication origin between the two loci failed to fire.

How long does it take for each dot to become brighter af-

ter the locus replicates? To address this, we compared the

kinetics of changes in the dot intensity (Figure 2B) with in-

corporation of the thymidine analog 5-bromodeoxyuridine

(BrdU), into DNA at each locus, during the cell cycle (Fig-

ures 2C and 2D). BrdU incorporation was analyzed by

chromatin immunoprecipitation of sheared and denatured

DNA, using an antibody against BrdU (Pichler et al., 1997),

followed by PCR amplification of the two loci plus the rep-

lication origin lying between them (Figures 2C and 2D).

As expected from the previously published timing data

(Raghuraman et al., 2001), the tetOs-1 and lacOs sites

showed BrdU incorporation in late S phase about 20 min

later than the replication origin (Figures 2D and 2E). Nota-

bly, BrdU incorporation and the increase in dot intensity

showed almost identical kinetics for both tetOs-1 and

lacOs integration sites (Figures 2B and 2D), suggesting

that tetOs-1-CFP and lacOs-GFP dots became brighter

very soon after they were replicated. We can therefore

use the intensity of tetOs-1-CFP and lacOs-GFP dots as

a readout of replication of these loci.

DNA Replication of Chromosomal Loci Observed

at Replication Factories

Having established techniques for visualizing replication

factories and for visualization of the replication of specific
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Figure 2. Determining Replication Timing by Timelapse Mi-

croscopy

(A) Map of the integration sites of tet and lac operators. The replication

timing profile of the chromosome region was taken from Raghuraman

et al. (2001).

(B–E) MATa PGPD1-thymidine kinase (five copies) PADH1-ENT1 tetR-

3CFP GFP-lacI haploid cells with tetO3224 and lacO3256 (as indi-

cated in A: T3765) were arrested by a factor treatment, washed, and

released in BrdU-containing medium. After 20 min, samples were

collected for time point 0 min, and other time-point samples were sub-

sequently collected. (B) The budding index and the intensity of each

tetOs-1 (red) and lacOs (green) dot of individual cells at different times

are shown. Key: dimmer and brighter dots are schematically shown by

small and large dots, respectively. The intensity of the dots was inves-

tigated in 128–300 cells at each time point. (C) BrdU-labeled DNA was

amplified by PCR using primers for the ARS (replication origin) and

tetOs-1/lacOs integration sites. Throughout the time course, DNA tem-

plate derived from the same number of cells was used for PCR ampli-

fication. If no BrdU was added to the culture, there was no increase ob-

served in the PCR products while the budding index increased (data

not shown). If cells were treated with HU, there was an increase

observed in PCR products for the ARS, but not for the tetOs-1 or lacOs

site, while the budding index increased (data not shown). (D) Quantifi-

cation of the intensity of the bands in (C). The intensity at time point

0 and the maximum intensity were set to 0 and 100%, respectively.

(E) Cellular DNA content was measured by FACS.



chromosomal loci, we were in a position to test whether

replication actually occurs within the factories. To this

end, we created a strain combining Pol1-4GFP, TetR-

3CFP, and the tetO array (without the lacOs dot). If DNA

at the tetO array replicates in one of the replication facto-

ries, the intensity of the dot would be expected to increase

when it colocalizes with a bright globular Pol1-4GFP sig-

nal (Figure 3A). To test this hypothesis, we measured the

intensity of the tetOs-1-CFP dot and its three-dimensional

position relative to the Pol1-4GFP signal in cells undergo-

ing replication of this locus.

We observed 11 cells in which their tetOs-1-CFP dot in-

creased in its intensity during observation, and in all these

cells the dot colocalized with one of the bright globular

Pol1-4GFP signals for a period of 2–7 min when the dot in-

tensity started to increase (Figures 3B and S7). The peak

of colocalization frequency was found 1 min prior to repli-

cation time, defined as the midpoint of the increase in the

dot intensity on the regression curve (Figure 3C). The num-

ber and size of replication factories did not increase when

the tetO array was replicated (Figure S8; the gradual

decrease of their signals is probably due to photo bleach-

ing during timelapse microscopy), suggesting a specific

colocalization of the two structures. Colocalization was

occasionally observed at times when the tetO array was

not in the process of replication (Figures 3C and S7), but

this occurred at a frequency below that expected by

chance, given that the globular Pol1-4GFP signal oc-

cupies about a third of the nuclear volume (32.8% ±

3.8%). This suggests that when the tetO array was not ac-

tually in the process of DNA replication, it was excluded

from replication factories. Similarly, when replication of

the tetO array was not observed during the timelapse ex-

periment, the tetO array only occasionally colocalized with

bright globular Pol1-4GFP signals (Figure S9).

These results suggest that bright globular Pol1-4GFP

signals, found specifically during S phase, are the sites of

DNA replication and indeed represent replication factories.

We can therefore visualize replication of chromosomal

loci at replication factories by time-lapse microscopy.

Evidence that Sister Replication Forks are Closely

Associated during Replication

The method we describe here allows us to determine

which chromosomal loci are replicated in close proximity

to one another at particular replication factories. In partic-

ular, we wanted to test the hypothesis that sister replica-

tion forks, generated from the same origin, are associated

with each other during replication (Dingman, 1974; Fala-

schi, 2000). This hypothesis predicts that, as replication

proceeds, template DNA enters an associated double re-

plisome located within a replication factory, and newly

synthesized DNA is then extruded from it (Figure 4A). To

address this point we used the strain described above,

where the tetO and lacO arrays were integrated on either

side of a replication origin in a single large replicon (Fig-

ure 4A; tetOs-1 and lacOs). If the two sister forks from

the central origin stay together at an associated double
Figure 3. DNA Replication of Chromosomal Loci in Replica-

tion Factories

(A) Model of a closely associated double replisome at a replication

factory, and the expected behaviors of tetOs-1-CFP dots.

(B and C) MATa POL1-4GFP tetR-3CFP haploid cells with tetO3224

(tetOs-1: as indicated in Figure 2A, but without the lacOs dot: T3639)

were arrested by a factor treatment, washed, released into fresh me-

dium, and observed by timelapse. Representative images (B, top) of

Pol1-4GFP signals and tetOs-1-CFP dots, and fluorescence intensity

of the dot during observation (B, bottom). Time is shown relative to rep-

lication (0 min, midpoint of the increase in the dot intensity on the re-

gression curve). Inverted triangles indicate time points when colocali-

zation between the tetOs-1-CFP dot and Pol1-4GFP bright globular

signals (replication factories) was found. Shown is the percentage of

cells (out of all observed cells) showing such colocalization at each

time point (relative to replication; C). Scale bar: 1 mm. For individual

data of all observed cells, see Figure S7.
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Figure 4. Behavior of Two Chromosomal Loci on the Opposite Sides of a Replicon with Similar Replication Timing

(A) Model of a closely associated double replisome at a replication factory, and expected behavior of two chromosomal loci (tetOs-1 and lacOs; top)

whose positions are shown below. The position of a control locus tetOs-2 is also indicated.

(B) MATa tetR-3CFP GFP-lacI haploid cells with tetO3224 (tetOs-1) and lacO3256 (lacOs: as indicated in A: T3580) were arrested by a factor treat-

ment, released into fresh medium, and observed by time-lapse microscopy. CFP (red), GFP (green), and bright field images of a representative cell

(top) are shown. Also displayed are signal intensity of tetOs-1 (red) and lacOs (green) dots and distance between the two dots (blue bars at the bot-

tom). Time is shown relative to midreplication time (see text). Scale bar: 1 mm.

(C) Replication time of tetOs-1 and lacOs dots was measured as in (B) and shown in closed red and green circles, respectively, for each cell (top). Time

is shown relative to midreplication (see text). Times of close localization of the two dots (% 350 nm, R 2 min) are indicated by a blue line (top). The

percentage of cells with close localization of the two dots is shown for each time window by a pink bar (bottom). Images of cell 1 were shown in (B). For

individual data of all observed cells, see Figure S10.

(D) MATa tetR-3CFP GFP-lacI haploid cells with tetO3224 (tetOs-2) and lacO3256 (lacOs: as indicated in A: T3959) were treated as in (B). Replication

time of the two dots is shown in open red (tetOs-2) and closed green (lacOs) circles for each cell (top). Percentage of the cells showing close local-

ization of the two dots is shown as in the bottom of (C). For individual data of all observed cells, see Figure S12.
replisome during replication, then tetO and lacO arrays

would be brought together when they are replicated and

would then separate as they are extruded from the repli-

somes (Figure 4A).
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With time-lapse microscopy, we observed 12 yeast

cells in which the tetOs-1 and lacOs dots increased their

intensity during the observation period (Figures 4B, 4C,

and S10). As expected from Figure 2, the two loci



replicated at very similar times, with a difference of only

2.0 ± 1.4 min (mean ± SD). We standardized the observa-

tion times to the midreplication time, defined as the mean

replication time of the two dots. An example is shown in

Figure 4B; 2–3 min before the midreplication time, the

two loci moved very close together (120–150 nm) for two

consecutive time points just before the dot intensity

started to increase.

All cells observed showed a close localization of the two

dots (separation % 350 nm) for 2 min or longer, 0–3 min

before the midreplication time (Figure 4C). Although close

localization of the two dots was occasionally found at

other times, a peak of frequency in close localization of

the two dots was evidently at �2 to 0 min relative to mid-

replication time of the two dots (Figure 4C).

When more stringent thresholds were set to judge close

localization, the peak of frequency in close localization of

the two dots was still found at -2 to 0 min, but the height of

the peak became lower (Figure S11A). We assume that the

lacOs-GFP and tetOs-1-CFP dots did not always come

very close (e.g., < 200 nm) around midreplication time be-

cause their replication time was never exactly the same,

and it was more different in some cells than in others. In

fact, there was a correlation between the synchrony of

replication and the proximity of the loci (95% confidence,

r = 0.58), so that if two dots showed larger differences in

replication time, they tended to show larger minimum dis-

tances around their midreplication time (see Note S3 for

more details).

To confirm further the close localization of the two dots

upon replication, we also measured their median distance

at each time point (relative to midreplication time) among

the 12 cells (Figure 5A). Although taking median distance

among different cells significantly masked the minimum

separation at any particular time, the median distance

was indeed smaller, especially at �2 to +1 min relative

to midreplication time. These data suggest that the

tetOs-1 and lacOs dots are in closer proximity when

DNA replication takes place at these loci and that they

move apart from each other after replication.

To address whether close localization of the two loci

upon replication is dependent on their particular positions

within the replicon, we made a control strain where the

array of tetOs was at a different site, 60 kb from the array

of lacOs, but in a direction away from the replication origin

(tetOs-2; Figure 4A). From the previously published ge-

nome-wide replication study (Raghuraman et al., 2001),

we would expect tetOs-2 to replicate significantly earlier

than lacOs. We observed nine cells in which the tetOs-2

and lacOs dots increased their intensity during the obser-

vation period (Figure S12). As expected, the tetOs-2 dot

showed an increase in its intensity 14–20 min earlier

than the lacOs dot. In contrast to the tetOs-1 dot, the

tetOs-2 dot did not show frequent close localization with

the lacOs dot around the midreplication time (Figures 4D

and S11B). The median distance between the two dots

was not significantly smaller around the midreplication

time (Figure 5B).
Localization and Replication of Two Chromosomal

Loci on the Same or on Separate Homologous

Chromosomes In Diploid Cells

The above experiments revealed that two chromosomal

loci on opposite sides of a single replicon with similar rep-

lication timing show close localization as they replicate.

We next addressed whether such close localization was

found even if the two loci were on separate homologous

chromosomes. For this purpose, we made two kinds of

diploid yeast strains. In diploid strain A, the tetOs-1 and

lacOs dots were on separate homologous chromosomes,

while in diploid strain B they were on the same chromo-

some (Figure 6A). We analyzed seven diploid A cells and

five diploid B cells where the two dots increased in inten-

sity during the observation period (Figures 6B and S13).

The tetOs-1 and lacOs loci showed similar replication

timing in diploid A cells (difference: 3.8 ± 2.8 min) and in

diploid B cells (difference: 2.4 ± 1.0 min). However, in three

diploid A cells (cells 2, 3, and 5), the difference in replica-

tion timing was 5 min or larger, which seldom happened

in either diploid B cells or in haploid cells (Figures 4C

and 6B). This was probably due to differences in the timing

of replication initiation from the two relevant origins on the

homologous chromosomes.

In all diploid B cells, as in the haploid cells, the tetOs-1

and lacOs loci closely localized at about the time both loci

replicated (Figure 6B). By contrast, in none of diploid A

Figure 5. Median Distance between tetOs-1 and lacOs Dots Is

Reduced around Midreplication Time

(A) Median distance (blue bar) between tetOs-1 and lacOs dots at each

time point among 12 cells shown in Figures 4C and S10.

(B) Median distance (blue bar) between tetOs-2 and lacOs dots at each

time point among nine cells shown in Figures 4D and S12. The red lines

show smoothed curves. Time is shown relative to midreplication time.
Cell 125, 1297–1308, June 30, 2006 ª2006 Elsevier Inc. 1303



cells was close localization of the two dots observed

around the midreplication time of the two dots. Even

when the two loci replicated at a very similar time in the

diploid A cells (cells 1, 6, and 7 with a replication timing

difference of 1–2 min), their close localization was not ob-

served. Although some diploid A cells had a larger dis-

tance between the tetOs-1 and lacOs dots before DNA

replication than did diploid B cells, this was not the sole

reason for the lack of close localization upon replication

of the two dots in diploid A. In fact, a couple of diploid A

cells (Figure S13; diploid A cells 2 and 3) had a separation

of the two dots as small as diploid B cells (400–800 nm)

before DNA replication, but they still did not show close

localization around midreplication time.

Figure 6. Behavior of Two Loci on the Same or on Homolo-

gous Chromosomes in Diploids

(A) MATa/a diploid A (T4275) and B (T4277) cells harboured tetO3224

(tetOs-1) and lacO3256 (lacOs) on homologous chromosomes and on

the same chromosome, respectively, as indicated schematically. Both

strains also had one copy of tetR-3CFP and GFP-lacI.

(B) The MATa/a diploid A and B cells were arrested by a factor treat-

ment, released to a fresh medium, and observed by timelapse micros-

copy, as in Figure 4B. Time of replication at tetOs-1 (red circles) and

lacOs (green circles) and times of close localization (% 350 nm, R 2

min) between the two dots (blue lines) are shown for each diploid A

and B cell. For individual data of all observed cells, see Figure S13.
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These results show that only when the two loci are on

the same chromosome (and thus within the same replicon)

do they consistently show close localization as they repli-

cate. Replication of two chromosomal loci with a similar

timing does not necessarily lead to their close localization

upon replication.

Global Sites of DNA Replication Associated with

Replication Factories

We then studied how newly synthesized DNA globally

localizes in the nucleus relative to replication factories.

Previous studies showed that new DNA synthesis, visual-

ized by incorporation of BrdU, etc., takes place at multiple

foci in the budding yeast nucleus (Pasero et al., 1997; Len-

gronne et al., 2001; Hiraga et al., 2005). We incubated

POL1-4GFP cells with BrdU for 3 min, the minimum incu-

bation time after which BrdU incorporation into chromo-

somes can be detected. After the lysis of cells, chromo-

somes were fixed on glass slides, and Pol1-4GFP and

incorporated BrdU were visualized by immunostaining.

BrdU incorporation was observed in a subset of nuclei

with bright globular Pol1-4GFP signals, which correspond

to S phase nuclei. In such nuclei, most, if not all, of the

BrdU signals were found colocalized or closely associated

with bright (and some weak) globular Pol1 signals (Fig-

ure S14). The BrdU signals, which were adjacent to, rather

than colocalized at, globular Pol1 signals, may be a conse-

quence of newly synthesized DNA spooling out of replica-

tion factories. If so, newly synthesized DNA must have

moved up to 350 nm or even more in 3 min after replication.

This is consistent with our estimation, based on time-lapse

analyses of the two chromosomal loci, that replicated DNA

can move away from a replication factory at a maximum

speed of 250 nm/min (Figure 4B and Note S4).

DISCUSSION

By marking individual chromosomal loci with bacteria-

derived operators, we have developed a new assay to

study the dynamics of DNA replication with timelapse mi-

croscopy. For temporal studies of DNA replication, con-

ventional methods (e.g., FACS DNA-content analyses

[Amberg et al. 2005]; density-shift analyses of isotope-

labeled DNA [Raghuraman et al., 2001]; and immunopre-

cipitation of BrdU-incorporated DNA [Pichler et al.,

1997]) have used cells cultured synchronously in the cell

cycle. However, it is not technically possible to obtain cells

in perfect synchrony. Further, even in perfectly synchro-

nized cells, many replication processes may have a signif-

icant stochastic element. For example, because not all or-

igins fire in every cell cycle, some origins may fire in some

cells but not others; similarly, particular origins may fire at

different times in S phase in different cell cycles (Schwob,

2004; Machida et al., 2005). This intercell variation is a ma-

jor obstacle to understanding the dynamics of DNA repli-

cation using population-based assays. Because our as-

say analyzes timing of DNA replication in individual cells,

much greater temporal resolution can be obtained than



by the conventional methods, and intercell variation can

be directly monitored. Moreover, by simultaneously fol-

lowing intensity and localization of marked chromosomal

loci, chromosome duplication can be studied both spa-

tially and temporally in individual live cells.

Using this novel assay, we have studied how individual

replicons are processed for DNA replication. We discov-

ered that two chromosomal loci, having the same replica-

tion timing but located at the opposite sides of the same

replicon, move close together upon DNA replication and

separate from each other afterwards. Our discovery

strongly supports a long-standing hypothesis, which has

however lacked firm evidence in eukaryotic cells, that sis-

ter replication forks generated from the same origin stay

associated with each other during replication of the rele-

vant replicon (Dingman, 1974; Falaschi, 2000). In prokary-

otic cells, recent evidence also supports the idea that

the two replisomes stay together in the middle of the cell

during chromosomal DNA replication (Lemon and Gross-

man, 2000; Jensen et al., 2001; Lau et al., 2003; Migocki

et al., 2004).

The second advance demonstrated in our study is visu-

alization of replication factories in S. cerevisiae. Previous

studies using fixed nuclei have suggested that replication

proteins in budding yeast are clustered together at poten-

tial sites of DNA synthesis (Ohya et al., 2002; Hiraga et al.,

2005). Similarly, observations using a cell-free replication

system suggested that DNA synthesis occurs in small

globular foci within yeast nuclei (Pasero et al., 1997). We

show here that replication factories are formed in globular

patterns specifically during S phase of the budding yeast,

and they colocalize with sites of DNA synthesis. This is

similar to factories observed in vertebrate cells (Hozak

et al., 1993; Frouin et al., 2003), though the yeast foci

have a smaller size. A recent report also suggested that

fission yeast GFP-PCNA shows bright globular signals

specifically in S phase nuclei (Meister et al., 2005).

We show that factory formation in yeast is dependent

on S phase-cyclin CDKs (S-CDKs) as it is in vertebrate

cells (Jackson et al., 1995; Dimitrova et al., 1999). We

also addressed whether replication factory formation is

dependent on DNA replication itself, rather than being in-

dependent events both regulated by S-CDKs. We found

that factory formation was dependent on Cdc6, which is

required for DNA replication initiation but not for progres-

sion of a cell cycle (CDK activation, etc.). Therefore, repli-

cation factory formation is likely to be a consequence of

DNA replication in budding yeast. This is probably also

the case in vertebrate cells because the loading of replica-

tion fork proteins onto DNA during S phase in Xenopus is

dependent on the DNA having previously been licensed,

which in turn is dependent on Cdc6 activity (Jares and

Blow, 2000; Mimura et al., 2000). Because replisomes

are assembled at replication origins dependent upon S-

CDK activation, Cdc6, and origin unwinding (Tanaka and

Nasmyth, 1998), we suggest that replication factories

are mainly, if not exclusively, composed of replisomes

at advancing replication forks. Our data are not readily
consistent with formation of factories by replisome com-

ponents prior to DNA replication.

In contrast to our results, a previous study using immu-

nostaining of fixed nuclei detected globular patterns of

Pol2 and Pol3 (a catalytic subunit of polymerase d) in the

nucleus throughout the cell cycle (Ohya et al., 2002).

Such signals might correspond to the weak globular

Pol2 (and Pol1, PCNA) signals that we also observed

throughout the cell cycle. In fact, we found that after fixing

cells for immunostaining, the S phase-specific bright glob-

ular signals of Pol1, Pol2, and PCNA were less evident

(data not shown). On the other hand, it is unlikely that

the bright globular POL1-4GFP, POL2-4GFP, and YFP-

PCNA signals in S phase of live cells were artifacts of

GFP/YFP tagging because (1) such signals were strictly

dependent on DNA replication, (2) new DNA synthesis oc-

curred specifically at these signals, and (3) POL2-4GFP

bright globular signals were reduced in DNA primase mu-

tants (data not shown).

Our observations of replication factories in budding

yeast raise questions about whether multiple replicons

are processed in a single replication factory at a given

time during S phase, as in vertebrate cells, and, if so,

how many replicons are processed simultaneously. A ge-

nome-wide replication profile in S. cerevisiae suggested

that up to 80 replicons are undergoing replication at any

given time in S phase of haploid cells (Raghuraman

et al., 2001). Because we observed up to eight replication

factories in haploid cells, this suggests that an average of

ten replicons are processed in each factory at any given

time. However, this number could be highly variable as

factories have a wide range of brightness when visualized

with GFP.

Obviously, budding yeast cells process a lower number

of replicons in a single replication factory than do verte-

brate cells (where 10–100 replicons are processed per

factory). This difference accounts for the different size of

replication factories between budding yeast (180–280

nm) and vertebrate cells (up to 500 nm–1 mm; Leonhardt

et al., 2000; Somanathan et al., 2001; Sporbert et al.,

2002) when visualized with GFP. Replication factories

show more dynamic behavior in budding yeast, presum-

ably because factories containing a smaller number of

replicons can change their shapes and sizes more readily

as replicons join and leave factories as they initiate and

terminate replication. It will be intriguing to address using

our experimental system which replicons are processed in

the same factory, the timing by which these replicons join

the factory, and how these processes could differ from cell

to cell.

Why should cells keep sister replisomes closely associ-

ated, and why do they assemble groups of replisomes in

factories? One possible benefit might be to avoid only

half of a replicon being replicated. Provided that replica-

tion origins lose their ability to initiate replication once

the origin is unwound and replication forks are generated

(Blow and Dutta, 2005), a half replicon might fail to repli-

cate if one replisome could initiate replication without
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waiting for the other replisome to be loaded onto the ori-

gin. In addition, associated sister forks may coordinate

the DNA polymerase operation for two leading and two

lagging strands to avoid chromosome entanglement and

to facilitate smooth reeling in and out of unreplicated

and replicated DNA strands (Falaschi, 2000). Moreover,

the assembly of multiple replisome pairs into a replication

factory may be a way to increase the local concentration

of DNA components (e.g., deoxyribonucleotides) and/or

replication accessory proteins (e.g., PCNA and RPA),

which could lead to more efficient DNA replication. Fur-

thermore, cohesion between sister chromatids is also es-

tablished during S phase (Uhlmann and Nasmyth, 1998).

Proteins involved in the establishment of cohesion might

be also concentrated in replication factories, which may

account for coupled DNA replication and cohesion estab-

lishment.

To address possible benefits of colocalizing replisomes

in factories, we need to intervene in these structures with-

out interfering with other processes, and we need to follow

the outcome. Such studies will be facilitated by use of the

technology that we describe here.

EXPERIMENTAL PROCEDURES

Yeast Genetics and Molecular Biology

Yeast strain background (W303), methods for yeast culture and for

cell-cycle synchronization using a factor treatment or elutriation, and

the TetR-GFP/tet and GFP-lacI/lac operator system were described

previously (Piatti et al., 1996; Straight et al., 1996; Michaelis et al.,

1997; Tanaka et al., 1997; Amberg et al., 2005). Cells were cultured

at 25ºC in YP medium containing glucose unless otherwise stated.

POL1 and POL2 were tagged with four tandem copies of GFP at their

C termini, and PCNA was tagged with YFP at its N terminus. All tagging

was done at the original gene loci by PCR methods as previously de-

scribed (Prein et al., 2000; Maekawa et al., 2003), and all tagged genes

were expressed with their authentic promoters. POL1, POL2, and

PCNA are all essential for DNA replication and cell growth (Sugino,

1995; Waga and Stillman, 1998). Haploid cells containing POL1-

4GFP and POL2-4GFP grew normally, suggesting that these tagged

genes were functional. YFP-PCNA severely retarded haploid cell

growth, indicating that the tagged construct was not fully functional.

Therefore, we used haploid or homozygous diploid cells containing

POL1-4GFP or POL2-4GFP and diploid cells containing heterozygous

YFP-PCNA (i.e., PCNA on the other homologous chromosome is not

tagged), all of which showed normal growth.

To integrate tetO3224 and lacO3256 arrays into chromosomal loci

(tetOs-1, tetOs-2, and lacOs) as shown in Figures 2A and 4A,K. lactis

URA3 was first inserted at noncoding regions between YDL089w

and YDL088c, YDL020c and YDL019c, and YDL055c and YDL054c,

using a one-step PCR method (Amberg et al., 2005). Two 650–700

bp DNA fragments flanking the insertion sites were amplified by PCR

and cloned into the pUC18 plasmid (GenBank/EMBL accession num-

ber L09136). tetO3224 and lacO3256 arrays were inserted between

the two DNA fragments. Using these constructs, K. lactis URA3 was

replaced with tetO3224 and lacO3256 arrays by negative selection

against URA3 on culture plates containing 5-fluoroorotic acid (Amberg

et al., 2005). Correct insertion of URA3 and subsequent replacement

were confirmed by PCR amplification of relevant chromosomal re-

gions. TetR-3CFP and GFP-lacI constructs were as described previ-

ously (Straight et al., 1996; Bressan et al., 2004). MATa/a diploid cells

were made by expressing the HO gene from the GAL1-10 promoter in

MATa/a diploid cells (Herskowitz and Jensen, 1991).
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To facilitate BrdU incorporation (Vernis et al., 2003), five copies of

the herpes simplex thymidine kinase gene were expressed from

GPD1 promoters (Dahmann et al., 1995), and the human equilibrative

nucleoside transporter 1 (ENT1) gene (its codon usage was optimized

for yeast) was expressed from ADH1 promoter (K Shirahige et al., per-

sonal communication).

Microscopy and Image Analyses

The general procedures for time-lapse microscopy were described

previously (Tanaka et al., 2005). Time-lapse images were collected

at indicated time intervals at 23ºC (ambient temperature) unless other-

wise stated. Using the Deltavision microscope (Applied Precision), we

acquired 5–9 (0.7 mm apart) z-sections, unless otherwise stated, which

were subsequently deconvoluted and projected to two-dimensional

images using SoftWoRx (Applied Precision) and Volocity (Improvision)

software. To distinguish GFP and CFP signals, the JP4 filter set

(Chroma) was used. GFP and CFP signals were quantified using Voloc-

ity. Replication factories were judged to colocalize with tetOs dots

when Pol1-4GFP bright globular signals overlapped with tetOs-CFP

dots on the focal plane for tetOs-CFP dots for 2 min or longer. To mea-

sure the distance between tetOs-CFP and lacOs-GFP dots, the dis-

tance between their centers was quantified in three-dimensional

space.

Other Methods

FACS DNA-content analyses, BrdU incorporation, and subsequent

chromatin immunoprecipitation and indirect immunostaining of epi-

tope tags and incorporated BrdU were as described previously (Pich-

ler et al., 1997; Dimitrova et al., 1999; Lengronne et al., 2001; Amberg

et al., 2005). Find more methods in Note S5.

Supplemental Data

Supplemental Data include 5 notes and 14 figures and can be found

with this article online at http://www.cell.com/cgi/content/full/125/7/

1297/DC1/.
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