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point kinases did not greatly accelerate the timing program 
(Luciani et al., 2004; Shechter et al., 2004; Woodward et al., 2006). 
This suggests that the high concentrations of sperm nuclei used 
by Shechter et al. (2004) created replicative stress leading to 
checkpoint-mediated slowing of the replication timing program.

Cdk activity and the structure of S phase
Cdks are required throughout S phase to induce replication ini­
tiation by phosphorylating Sld2 and Sld3 (or their metazoan 

Diffley, 1998; Shirahige et al., 1998; Dimitrova and Gilbert, 2000; 
Feijoo et al., 2001). In contrast, Shechter et al. (2004) showed that 
under certain circumstances, inhibition of checkpoint kinases in 
X. laevis egg extracts can accelerate the replication timing pro­
gram. Importantly, the caffeine-induced acceleration of replication 
reported by Shechter et al. (2004) was only observed when repli­
cation rates had been slowed by the use of very high concentra­
tions of template sperm nuclei. At lower concentrations of nuclei 
that resemble those seen in the early embryo, inhibition of check­

Figure 6.  Decoupling of replication and the 
timing program. CHOC-400 nuclei were incu-
bated at 10,000 nuclei/µl in egg extracts sup-
plemented with geminin ± 10 µM roscovitine 
or 1 pM recombinant cyclin A. (a and b) Data 
from Fig. 5 and Fig. S2 are shown where the 
replication patterns at different times are plot-
ted against the total DNA synthesis that had 
occurred at each time. Vertical ticks above the 
plot indicate the boundaries of different time 
points. (c) Extract was also supplemented with 
Cy5-dCTP at the start of the incubation. At dif-
ferent times, aliquots were pulse labeled with 
Cy3-dUTP for 5 min, and individual nuclei 
were analyzed for replication pattern (Cy3  
label) or total DNA synthesis (Cy5 label). Error 
bars indicate mean ± SD.
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Conversely, stimulation of Cdk activity increased the number of 
active replication factories. Treatment of intact U20S cells with 
roscovitine can also cause a similar reduction in the number of 
active replication factories (unpublished data). This suggests 
that the role of Cdks in promoting the activation of new replica­
tion factories is conserved throughout higher eukaryotes.

Modest changes to Cdk levels changed the number of ac­
tive replication factories and thus overall replication rate without 
significantly changing progression through the different repli­
cation timing patterns. This changed the amount of total DNA 

counterparts) and allowing them to recruit Cdc45 and other  
replication fork proteins to licensed origins (Masumoto et al., 
2002; Tanaka et al., 2007; Zegerman and Diffley, 2007). How 
then is this initiation function of Cdks coordinated with the tim­
ing program so that it drives initiation at origins appropriate for 
particular stages of S phase? Our results show that Cdk activity 
also promotes the activation of replication factories (Fig. 9).  
Reduction of Cdk activity to 50% was associated with a re­
duced number of active replication factories, whereas the num­
ber of forks within each factory remained largely unchanged. 

Figure 7.  Replication foci number depends on 
Cdk levels. CHOC-400 nuclei were incubated 
in X. laevis egg extracts incubated at 10,000 
nuclei/µl in egg extracts supplemented with 
the indicated concentrations of roscovitine 
(rosc) or cyclin A (cyc A). Parallel incubations 
were supplemented with -[32P]dATP to mea-
sure total DNA synthesis. At 50 or 90 min, 
extract was pulsed for 5 min with Cy3-dUTP. 
(a–c) Representative images from the 50-min 
time point are shown. (d and e) The number 
and mean intensity of Cy3-labeled foci at  
50 (d) and 90 (e) min were measured. Error 
bars indicate SEM between different nuclei.

Figure 8.  DNA fiber analysis. (a and b) 
CHOC-400 nuclei were incubated at 10,000 
nuclei/µl in egg extracts supplemented with 
geminin minus (blue) or plus (red) 10 µM 
roscovitine (rosc). After incubation for 45 min, 
extract was pulsed with BrdUTP for 5 min. 
DNA was isolated, spread on glass slides, and 
the BrdU-labeled tracks were analyzed. The 
length of isolated tracks (a) and the distribution 
of forks within clusters are shown (b).
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Boutros et al., 2007) or by checkpoint-mediated inhibition of 
Cdk targets required for factory activation.

Although the mechanisms remain obscure at present, our 
results show for the first time the multiple ways that Cdk activ­
ity can drive progression through S phase, differentially affect­
ing the timing program, factory activation, and replication 
initiation. Identifying potential Cdk substrates for these transi­
tions is an exciting new goal.

Materials and methods
Cell culture and synchrony
CHOC-400 cells were propagated in DME (Invitrogen) supplemented with 
nonessential amino acids, 10% fetal calf serum (Perbio), and 10 U/ml 
streptomycin/penicillin at 37°C in 5% CO2. G1 phase CHOC-400 cells were 
obtained using mitotic selection as described previously (Gilbert et al., 1995). 
Essentially, cells were supplemented with fresh medium containing 50 ng/ml 
nocodazole (Sigma-Aldrich) for 4 h to block cells in metaphase. Mitotic cells 
were washed in warm medium and released into G1 for 4 h to obtain post–
origin decision point cells. Cells were prepared fresh for each experiment.

Preparation of nuclei
Intact nuclei were prepared as described previously (Wu et al., 1997). 
CHOC-400 cells were washed with ice-cold transport buffer (20 mM 
Hepes, 110 mM K acetate, 5 mM Na acetate, 2 mM Mg acetate, and 
1 mM EGTA, pH 7.6, with KOH), counted, resuspended at 10–15 × 106 
cells/ml in transport buffer, and stored on ice. Samples were supplemented 
with 50 µg/ml digitonin (EMD), incubated on ice for 5 min, and the reac-
tion was stopped by addition of 3% BSA (wt/vol) in transport buffer. 
Nuclei were recovered by centrifugation at 1,500 rpm for 5 min at 4°C. 
Cell and nuclear morphology were examined by phase-contrast micros-
copy. Permeabilization of the plasma and nuclear membranes was verified 
by staining with 0.1 µg/ml DAPI and 150 kD IgG/FITC exclusion (Dako). 
Typically, >90% intact nuclei were obtained.

Replication assay
X. laevis egg extract was prepared as described previously (Chong et al., 
1997). In brief, unfertilized X. laevis eggs were dejellied and spin crushed 

replication associated with each labeling stage of the timing pro­
gram. However, the timing program was not entirely independent 
of Cdk activity. Addition of cyclin A caused a modest accelera­
tion of the timing program, whereas high concentrations of rosco­
vitine strongly inhibited progression through the timing program 
and the appearance of later replication patterns. At present, it is 
unclear whether the effect of Cdks on the timing program is an 
indirect consequence of their effect on factory activation and ori­
gin initiation or whether Cdks have a separate role in driving the 
progression from one timing stage to another.

In our experiments, the activation of replication factories 
showed the highest sensitivity to a change in Cdk levels (Fig. 9). 
A major effect of Cdks on the activation of replicon clusters has 
also been reported when sperm nuclei replicate in X. laevis egg 
extract (Krasinska et al., 2008). This sensitivity to Cdk levels 
might depend on there being additional Cdk substrates distinct 
from Cdk substrates required for individual origins to initiate, 
whose phosphorylation is required to allow the activation of new 
factories. Alternatively, it might be that the first origin to initiate 
within a factory requires the highest Cdk activity, but that once 
this has occurred, initiation of additional origins might be less 
dependent on high Cdk activity. For example, when initiation 
occurs in a factory, it might induce a change to the structure of 
the factory, making it easier for other origins associated with 
the factory to initiate. Previous work has suggested that the  
intra–S phase checkpoint may preferentially inhibit the activation 
of new replication factories, thereby directing new initiation events 
to inefficient dormant origins within active factories (Woodward 
et al., 2006; Ge et al., 2007; Blow and Ge, 2009). Our current 
results suggest that this could be achieved by checkpoint-mediated 
lowering of Cdk activity (Karlsson-Rosenthal and Millar, 2006; 

Figure 9.  Cdk sensitivity of different levels 
of replication control. Cartoon showing three 
different levels of S phase control. The top 
level shows progression between two differ-
ent stages of the timing program for a single 
nucleus. Small green dots represent replication 
factories, and the black circles represent the 
nuclear envelope. The middle level shows the 
activation of a new replication factory (pink 
dots) next to an existing factory (large green 
dot). The lower level shows the initiation of a 
new replication origin (pink circle) on a strand 
of DNA (green) within an active factory (active 
replicon cluster).
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type IV/V, labeling of large internal foci plus speckled labeling of small 
heterochromatic foci within the nuclear interior, which are more punctate 
than the previous (some peripheral replication may also persist); and type V, 
predominant labeling of large internal replication foci and at the periphery 
of the nucleus.

The timing of initiation events associated with different replication 
patterns was performed as follows: at different times after the start of the 
in vitro reaction (20, 40, 60, and 80 min), aliquots were taken and supple-
mented with 1 mM roscovitine. At different times afterward, subaliquots of 
these were taken, pulsed with 25 µM Cy3-dUTP for 5 min, and the replica-
tion patterns were analyzed. If addition of roscovitine at a particular time 
significantly blocked the subsequent appearance of a particular pattern, 
the initiation events associated with that pattern were considered to have 
taken place exclusively after the roscovitine addition time. If addition of 
roscovitine at a particular time had no significant effect (relative to a control 
with no added roscovitine) on the appearance of a particular pattern, the 
initiation events associated with that pattern were considered to have taken 
place exclusively before the roscovitine addition time. Intermediate cases 
(in which roscovitine delayed but did not abolish the appearance of a pat-
tern) were considered to indicate that the initiation events associated with 
that pattern were occurring at the roscovitine addition time.

Analysis of Cy3-labeled foci
Labeling of replication foci was performed at either 50 or 90 min by sup-
plementing X. laevis egg extract with 25 µM Cy3-dUTP for 5 min. Reactions 
were stopped, fixed, and prepared for microscopy exactly as described for 
replication pattern labeling. In parallel, total DNA synthesis at either 50 or 
90 min was measured in extract supplemented with -[32P]dATP by TCA 
precipitation. Datasets were acquired using a camera (Micromax) on a res-
toration microscope (DeltaVision DV3) built around a stand (Eclipse TE200; 
Nikon) with a 100× 1.40 NA Plan Apo lens (Nikon). For each nucleus, op-
tical sections were recorded every 0.5 µm, and datasets were deconvolved 
using the constrained iterative algorithm software (SoftWoRx). For each nu-
cleus, the section with the largest surface area (presumed middle of the  
nucleus) was selected for quantitation. A 6,400-pixel square (4 × 4 µm) 
was drawn in the physical center of the section. The number of discernible 
foci and the total incorporation of label within this area were measured. 
The mean label incorporated per focus was calculated. Data were gener-
ated from 20 nuclei for every condition and time point in each experiment. 
The OME Remote Objects (OMERO) insight program was used for quanti-
tative analysis (Swedlow, 2003; Goldberg et al., 2005).

Analysis of PCNA foci
For immunodetection of PCNA foci, CHO nuclei incubated in vitro were 
isolated, fixed, and pelleted onto coverslips as described for replication 
pattern labeling. Coverslips were washed extensively with PBS plus 0.1% 
Triton X-100 (vol/vol; PBS-T). Samples were blocked for 1 h in the same 
buffer plus 3% BSA and incubated for a further 1 h with PC10 anti-PCNA 
antibody. After extensive washing in PBS-T, cells were labeled with FITC- 
labeled anti–mouse IgG followed by extensive washing in PBS-T. DNA was 
stained with 1 µg/ml DAPI for 5 min at 23°C. Coverslips were mounted 
with Vectashield mounting medium, sealed, and dried before visualization. 
Datasets were acquired using a camera (Micromax) on a restoration micro-
scope (DeltaVision DV3) built around a stand (Eclipse TE200) with a 100× 
1.40 NA Plan Apo lens (Nikon). For each nucleus, optical sections were 
recorded every 0.5 µm. The OMERO Insight program was used for quanti-
tative analysis (Swedlow, 2003; Goldberg et al., 2005). For each nucleus, 
the section with the largest surface area (presumed middle of the nucleus) 
was used for quantitation. A 1,600-pixel square (4 × 4 µm) was drawn in 
the physical center of each nucleus, and the number of discernible spots 
was counted. The 10 brightest spots in the whole nucleus were selected 
and averaged to give mean focus intensity.

DNA fiber labeling
CHO nuclei were incubated in extract supplemented with 100 µM BrdU 
under the desired conditions (5-min incubation at 45–50 min). Reactions 
(100 µl) were stopped by resuspension in 400 µl TBS. The resuspended ex-
tract was underlayered with 1 ml TBS plus 0.1% Triton X-100 (vol/vol) and 
20% sucrose (wt/vol) and was spun at 300 g in a swinging bucket rotor 
for 5 min at 4°C. The supernatant was removed to leave only the sucrose 
cushion (100 µl; equal to the starting volume), and the cell pellet was resus-
pended and stored on ice. DNA was spread on glass slides (Superfrost; 
VWR) according to the following conditions: nuclei were diluted (1:5) in 
TBS buffer (2,000 nuclei/µl). A 1-µl sample was spotted onto the glass 
slide followed by addition of 9 µl of lysis buffer (0.75% SDS, 200 mM 

at 12,000 g at 4°C for 20 min in a swinging bucket rotor. Cytoplasm 
was withdrawn, supplemented with 10 µg/ml cytochalasin B and 15% 
(vol/vol) extract dilution buffer (50 mM KCl, 50 mM Hepes KOH, pH 7.6, 
2 mM DTT, 0.4 mM MgCl2, 0.4 mM EGTA, 1 µg/ml each of pepstatin, 
leupeptin, and aprotinin, and 10% sucrose), and respun at 20,000 g at 
4°C for 20 min in a swinging bucket rotor. Cytoplasm was withdrawn and 
frozen in 20-µl drops in liquid nitrogen. After thawing for use, extracts 
were supplemented with 250 µg/ml cycloheximide, 25 mM phospho-
creatine, 15 µg/ml creatine phosphokinase, and 0.3 mM CaCl2 and incu-
bated for 15 min to promote metaphase exit. They were supplemented with  
100 µg/ml geminin and incubated for a further 10 min to prevent fur-
ther licensing of CHO nuclei. CHOC-400 nuclei were added to extract at 
10,000 nuclei/µl. All incubations were performed at 23°C. To measure 
total DNA synthesis, extracts were supplemented with -[32P]dATP, and 
DNA synthesis was measured by TCA precipitation and scintillation counting 
as described previously (Chong et al., 1997).

Recombinant proteins
The bovine His6-N–cyclin A cDNA plasmid was a provided by T. Hunt (UK 
London Research Institute, London, England, UK; Brown et al., 1995).  
Cyclin A was expressed in BL21DE3 induced with 1 mM IPTG for 4 h at 
37°C. Bacteria were lysed using Bugbuster (Merck) according to the man-
ufacturer’s recommendations. Cyclin A was solubilized in 4 M urea and 
purified on nickel nitrilotriacetic acid beads (QIAGEN) following the manu-
facturer’s recommendations. Urea was removed by stepwise dialysis 
against cyclin A solubilization buffer (50 mM glycine, pH 9, 100 mM KCl, 
2 mM MgCl2, 5 mM EDTA, 1 mM DTT, 10% [wt/vol] sucrose, and 
0.0005% [vol/vol] Tween 20, pH 7.6, with KOH). His-tagged gemininDEL 
was produced by A. Ferenbach (University of Dundee, Dundee, Scotland, 
UK) as described previously (Ferenbach et al., 2005).

Replication pattern labeling
Labeling of replication patterns was performed by supplementing X. laevis 
egg extract with 25 µM Cy3-dUTP (GE Healthcare) for 5 min. For quantifi-
cation of total DNA synthesis, X. laevis egg was supplemented with 50 µM 
Cy5.5-dCTP (GE Healthcare). Reactions (20 µl) were stopped by resuspen-
sion in 400 µl ice-cold buffer A (60 mM KCl, 15 mM Tris-HCl, pH 7.4,  
15 mM NaCl, 1 mM -mercaptoethanol, 0.5 mM spermidine, and 0.15 mM 
spermine). The resuspended extract was underlayered with 1 ml buffer A 
containing 10% sucrose (wt/vol) and was spun at 1,500 rpm in a swing-
ing bucket rotor for 5 min at 4°C. Nuclei were resuspended in 200 µl para-
formaldehyde (4%) and incubated for 10 min at 23°C. Meanwhile, 12-mm 
poly-L-lysine coverslips were placed into 24-well plates and covered with  
2 ml TBS (10 mM Tris-HCl, pH 7.5, and 0.15 M NaCl) containing 10%  
sucrose (wt/vol). After fixation, nuclei were loaded onto the sucrose cush-
ion and spun at 1,500 rpm in a swinging plate rotor for 5 min at 4°C. 
Coverslips were retrieved and washed three times with TBS plus 0.1% Triton 
X-100 (vol/vol) followed by three washes with TBS. Nuclei were stained 
with 1 µg/ml DAPI for 5 min at 23°C. Coverslips were mounted with Vecta-
shield mounting medium, sealed, and dried before visualization.

3D datasets were acquired using a cooled camera (CoolSNAP HQ; 
Photometrics) on a restoration microscope (DeltaVision Spectris; Applied 
Precision) built around a stand (lX70; Olympus) with a 60× 1.4 NA Plan 
Apo lens (Applied Precision). For each nucleus, 22 optical sections were 
recorded every 0.5 µm, and 3D datasets were deconvolved using the con-
strained iterative algorithm software (SoftWoRx; Applied Precision). Spatio-
temporal patterns could then be visualized and analyzed. The Open 
Microscopy Environment (OME; Swedlow, 2003; Goldberg et al., 2005) 
was used for quantitative analysis of images. Quantification of the Cy5.5 
intensity was performed using the FindSpots algorithm, and results were 
exported into an OME XML file for analysis (Platani et al., 2000).

Timing pattern analysis
The following classification of different replication patterns based on previ-
ous work (O’Keefe et al., 1992) was used: type I, faintly punctate labeling 
throughout euchromatic regions; type I/II, intense and diffuse but incom-
plete labeling of euchromatic regions with distinct lack of nucleolar label-
ing; type II, complete diffuse labeling of euchromatic regions with lack of 
nucleolar labeling; type II/III, diffuse labeling of euchromatic regions plus 
some labeling of the peripheral ring and perinucleolar regions; type III,  
intense labeling of the peripheral ring, possibly with some perinucleolar la-
beling; type III/IV, punctate labeling of the peripheral ring plus small-speckled 
heterochromatic foci within the nuclear interior; type IV, mainly labeling 
of small-speckled heterochromatic foci within the nuclear interior or at the 
periphery, with some of the speckled foci forming chain-like structures; 

 on D
ecem

ber 20, 2011
jcb.rupress.org

D
ow

nloaded from
 

Published January 18, 2010

http://jcb.rupress.org/


JCB • VOLUME 188 • NUMBER 2 • 2010� 220

Dimitrova, D.S., and D.M. Gilbert. 1998. Regulation of mammalian replication 
origin usage in Xenopus egg extract. J. Cell Sci. 111:2989–2998.

Dimitrova, D.S., and D.M. Gilbert. 1999. The spatial position and replication 
timing of chromosomal domains are both established in early G1 phase. 
Mol. Cell. 4:983–993. doi:10.1016/S1097-2765(00)80227-0

Dimitrova, D.S., and D.M. Gilbert. 2000. Temporally coordinated assembly and 
disassembly of replication factories in the absence of DNA synthesis. 
Nat. Cell Biol. 2:686–694. doi:10.1038/35036309

Dimitrova, D.S., T.A. Prokhorova, J.J. Blow, I.T. Todorov, and D.M. Gilbert. 
2002. Mammalian nuclei become licensed for DNA replication during 
late telophase. J. Cell Sci. 115:51–59. doi:10.1242/jcs.00087

Donaldson, A.D. 2005. Shaping time: chromatin structure and the DNA replication 
programme. Trends Genet. 21:444–449. doi:10.1016/j.tig.2005.05.012

Eshaghi, M., R.K.M. Karuturi, J. Li, Z. Chu, E.T. Liu, and J. Liu. 2007. Global 
profiling of DNA replication timing and efficiency reveals that efficient 
replication/firing occurs late during S-phase in S. pombe. PLoS One. 
2:e722. doi:10.1371/journal.pone.0000722

Farkash-Amar, S., D. Lipson, A. Polten, A. Goren, C. Helmstetter, Z. Yakhini, and  
I. Simon. 2008. Global organization of replication time zones of the mouse 
genome. Genome Res. 18:1562–1570. doi:10.1101/gr.079566.108

Feijoo, C., C. Hall-Jackson, R. Wu, D. Jenkins, J. Leitch, D.M. Gilbert, and C. 
Smythe. 2001. Activation of mammalian Chk1 during DNA replication 
arrest: a role for Chk1 in the intra-S phase checkpoint monitoring replica­
tion origin firing. J. Cell Biol. 154:913–923. doi:10.1083/jcb.200104099

Ferenbach, A., A. Li, M. Brito-Martins, and J.J. Blow. 2005. Functional domains 
of the Xenopus replication licensing factor Cdt1. Nucleic Acids Res. 
33:316–324. doi:10.1093/nar/gki176

Frouin, I., A. Montecucco, S. Spadari, and G. Maga. 2003. DNA replication:  
a complex matter. EMBO Rep. 4:666–670. doi:10.1038/sj.embor 
.embor886

Ge, X.Q., D.A. Jackson, and J.J. Blow. 2007. Dormant origins licensed by excess 
Mcm2-7 are required for human cells to survive replicative stress. Genes 
Dev. 21:3331–3341. doi:10.1101/gad.457807

Gilbert, D.M., H. Miyazawa, and M.L. DePamphilis. 1995. Site-specific initia­
tion of DNA replication in Xenopus egg extract requires nuclear structure. 
Mol. Cell. Biol. 15:2942–2954.

Goldberg, I.G., C. Allan, J.M. Burel, D. Creager, A. Falconi, H. Hochheiser, J. 
Johnston, J. Mellen, P.K. Sorger, and J.R. Swedlow. 2005. The open 
microscopy environment (OME) data model and XML file: open tools for 
informatics and quantitative analysis in biological imaging. Genome Biol. 
6:R47. doi:10.1186/gb-2005-6-5-r47

Goren, A., and H. Cedar. 2003. Replicating by the clock. Nat. Rev. Mol. Cell 
Biol. 4:25–32. doi:10.1038/nrm1008

Hartley, R.S., R.E. Rempel, and J.L. Maller. 1996. In vivo regulation of 
the early embryonic cell cycle in Xenopus. Dev. Biol. 173:408–419. 
doi:10.1006/dbio.1996.0036

Hayashi, M., Y. Katou, T. Itoh, A. Tazumi, M. Tazumi, Y. Yamada, T. Takahashi, 
T. Nakagawa, K. Shirahige, and H. Masukata. 2007. Genome-wide local­
ization of pre-RC sites and identification of replication origins in fission 
yeast. EMBO J. 26:1327–1339. doi:10.1038/sj.emboj.7601585

Heichinger, C., C.J. Penkett, J. Bähler, and P. Nurse. 2006. Genome-wide char­
acterization of fission yeast DNA replication origins. EMBO J. 25:5171–
5179. doi:10.1038/sj.emboj.7601390

Hiratani, I., T. Ryba, M. Itoh, T. Yokochi, M. Schwaiger, C.W. Chang, Y. Lyou, 
T.M. Townes, D. Schübeler, and D.M. Gilbert. 2008. Global reorganiza­
tion of replication domains during embryonic stem cell differentiation. 
PLoS Biol. 6:e245. doi:10.1371/journal.pbio.0060245

Howe, J.A., M. Howell, T. Hunt, and J.W. Newport. 1995. Identification of a 
developmental timer regulating the stability of embryonic cyclin A and 
a new somatic A-type cyclin at gastrulation. Genes Dev. 9:1164–1176. 
doi:10.1101/gad.9.10.1164

Jackson, D.A., and A. Pombo. 1998. Replicon clusters are stable units of chro­
mosome structure: evidence that nuclear organization contributes to the 
efficient activation and propagation of S phase in human cells. J. Cell 
Biol. 140:1285–1295. doi:10.1083/jcb.140.6.1285

Jeon, Y., S. Bekiranov, N. Karnani, P. Kapranov, S. Ghosh, D. MacAlpine, C. 
Lee, D.S. Hwang, T.R. Gingeras, and A. Dutta. 2005. Temporal pro­
file of replication of human chromosomes. Proc. Natl. Acad. Sci. USA. 
102:6419–6424. doi:10.1073/pnas.0405088102

Karlsson-Rosenthal, C., and J.B. Millar. 2006. Cdc25: mechanisms of checkpoint 
inhibition and recovery. Trends Cell Biol. 16:285–292. doi:10.1016/j 
.tcb.2006.04.002

Kitamura, E., J.J. Blow, and T.U. Tanaka. 2006. Live-cell imaging reveals rep­
lication of individual replicons in eukaryotic replication factories. Cell. 
125:1297–1308. doi:10.1016/j.cell.2006.04.041

Krasinska, L., E. Besnard, E. Cot, C. Dohet, M. Méchali, J.M. Lemaitre,  
and D. Fisher. 2008. Cdk1 and Cdk2 activity levels determine the  

Tris-HCl, pH 7.4, and 50 mM EDTA) and incubated for 4 min. DNA fi-
bers were spread by tipping the slides at 36°. After migration down the 
slide, samples were fixed in methanol/acetic acid (3:1) for >10 min. Slides 
were rehydrated with H20 and incubated in 2.5 M HCl for 1 h to denature 
the DNA. Slides were briefly rinsed in TBS and incubated for 1 h in blocking 
solution containing TBS, 1% (wt/vol) BSA, and 0.1% (vol/vol) Tween 20. 
Slides were incubated with monoclonal anti-BrdU (BD) at 20 µg/ml in this 
buffer for 1 h. Slides were washed several times in TBS + Tween, in TBS + 
Tween + BSA, briefly rinsed in TBS alone, and labeled with 1 µg/ml 
Alexa Fluor 555 anti–mouse antibody (Invitrogen) in TBS + Tween + BSA 
for 2 h. Samples were washed extensively in TBS, and DNA was stained with 
YOYO (Y-3601; diluted at 1:10,000 from a 1 mM stock; Invitrogen) for  
10 min. Samples were rinsed five times in TBS and mounted in Vectashield. 
Random fields were selected using YOYO staining to ensure that only sin-
gle DNA fibers and not fiber bundles were scored and recorded using a 
63× NA 1.32–0.6 oil Plan Apo lens on a microscope (DM IRB; Leica).

Fiber analysis was performed as described previously (Ge et al., 
2007). The mean and standard deviation of track lengths were first deter-
mined by measuring the length of labeled tracks that were well separated 
from other tracks (thereby minimizing the risk that they represented fusions 
between adjacent replicons). Track clusters were selected for the determi-
nation of intracluster fork density and origin spacing by the following criteria: 
clusters (a) consisted of single DNA fibers and not fiber bundles based 
on YOYO staining, (b) were located in a relatively isolated area, (c) con-
tained at least four consecutive tracks, and (d) each track in the cluster was 
no longer than the mean track length plus one standard deviation to mini-
mize the risk of including clusters where termination and fusion of neigh-
boring replicons had occurred. For each sample, at least 100 measurements 
were performed.

Online supplemental material
Fig. S1 shows the effect of preincubation of egg extract on the timing 
program. Fig. S2 shows that aphidicolin slows the timing program and 
caffeine causes fork instability. Fig. S3 shows the effect of roscovitine 
and cyclin A on the timing program. Fig. S4 shows the measurement 
of DNA synthesis in individual nuclei ± 10 µM roscovitine or 1 pM  
cyclin A. Fig. S5 shows the effect of roscovitine and cyclin A on repli-
cation foci. Online supplemental material is available at http://www.jcb 
.org/cgi/content/full/jcb.200911037/DC1.
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