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replication together with replication initiation complex assembly was sensitive to geminin, the MCM2-7 loading inhibitor7, and roscovitin, a Cyclin Dependent Kinase (CDK) inhibitor8, although their replication time was slower than the time commonly required for sperm replication (Fig. 1c-f and Supplementary Fig. 1a-f). For these studies we used BACs containing human centromeric alpha-satellite DNA or repeat-free DNA regions with similar GC base content (Supplementary Fig. 1g-j). For most of the experiments shown we compared non-centromeric RP11-1151L10 (or L10) and centromeric RP11-5B18 (or B18) BACs. Replication efficiencies of L10, B18 and other different BACs, and chromatin binding of replication proteins on L10 and B18 were overall similar (Fig. 1f and Supplementary Fig. 1k-n). However, centromeric B18 replication kinetic was slower than non-centromeric L10 at early time points (Fig. 1g). This was likely due to the repetitive nature of the centromeric DNA impacting on replication fork progression. Replicated L10 and B18 isolated at 3.5 hours from replication initiation instead did not show detectable differences in the initiation rate and had an average inter origin distance (IOD) of 16 kb, similar to sperm nuclei (Fig. 1h-i and Supplementary Fig. 1o). Interestingly, centromeric DNA selectively recruited CENP-A, the histone H3 variant specifically enriched on centromeric chromatin9 (Fig. 1j).

To identify proteins enriched on centromeric DNA or depleted from it during DNA synthesis we set up quantitative mass spectrometry (MS) of L10 and B18 chromatin isolated from extract using LC-MS-MS analysis and label-free protein quantification (See Methods and Supplementary Fig. 2a). Several proteins resulted differentially associated with L10 and B18 BACs (Fig. 2a-c, Table S1, S2 and S3). Geminin dependent inhibition of many B18 bound proteins suggested their involvement in centromeric DNA replication (Fig. 2b and2c). Many B18 enriched and geminin sensitive factors had a known function in DNA repair such as the mismatch repair (MMR) proteins MSH2-6, the MRE11-RAD50 complex, HMGB1-3, XRCC1, XRCC5 and PARP1, and formed a network with other enriched repair factors (Fig. 2a, 2c and Supplementary Fig 2b). Also enriched on centromeric DNA were chromosome structural components SMC2-4, common subunits of Condensin I and II complexes10 and henceforth collectively referred to as Condensins (Fig. 2a). Other DNA metabolism proteins such as members of the RPA complex and TopBP1 were instead under-represented on centromeric DNA (Fig. 2a). Other B18 bound proteins belonged to pathways not previously associated to repetitive DNA. MS results for several proteins were validated by western blot (WB) as shown in Supplementary Fig. 2c-e and throughout the manuscript.

Repair factors enrichment and slower replication kinetics suggested the presence of abnormal structures in centromeric DNA impacting on replication fork progression. To verify this hypothesis we analyzed the ATR dependent checkpoint, which can be activated by replication stress11, by monitoring CHK1 Serine 345 phosphorylation (pCHK1) in L10 and B18 nuclei. Surprisingly, fork stalling induced by DNA polymerase inhibitor aphidicholin12 did not induce CHK1 phosphorylation in B18 nuclei (Fig. 3a-b). RPA protein complex accumulation on ssDNA is critical to activate ATR11. We noticed decreased RPA binding and a significant reduction in its accumulation induced by aphidicolin onto B18 DNA compared to L10 (Fig. 3c-d). Chromatin levels of TopBP1, which requires RPA to load onto DNA13, were also lower on centromeric DNA, although decreased levels of RPA were still able to promote normal ATR binding (Supplementary Fig. 2c-d). Intriguingly, aphidicolin treatment stimulated further centromeric DNA loading of MSH2-6 proteins (Fig. 3e lanes 2-4 and Fig. 3f), whose levels on B18 chromatin were already higher than L10 (Fig. 3e lanes 1-3, Fig. 3f and Supplementary Fig. S2c and2e). Significantly, B18 replication in extracts depleted of MSH614 was impaired, indicating that MSH6 is required for efficient centromeric DNA replication (Fig. 3g-h).

To understand centromeric DNA organization we performed Electron Microscopy (EM) using a protocol previously established15 (See also Methods). In addition to the expected replication intermediates we noticed large regions of single stranded DNA (ssDNA bubbles) up to 1000 ± 200 bp in size, distributed along centromeric DNA (Fig. 4a) and absent on noncentromeric DNA (Supplementary Fig. 3a) or naked B18 templates (Supplementary Fig. 3b). ssDNA bubbles were not replication intermediates, which are made of double stranded DNA (dsDNA) (Supplementary Fig. 3c) and not of ssDNA (Supplementary Fig. 3d). ssDNA bubbles were abolished by geminin (Supplementary Fig. 3e), were more frequent than replication intermediates (Fig. 4a), were rarely associated to centromeric replication forks (Supplementary Fig. 3f) and were unlikely to be the product of degraded DNA replication intermediates as overall efficiency of B18 and L10 replication was similar. We hypothesized that ssDNA bubbles arose from DNA regions resistant to psoralen crosslinking, which was used to stabilize endogenous DNA structures for the EM procedure (Supplementary Fig. 4a). Positively supercoiled DNA, which is enriched on centromeric chromatin16, 17 is highly refractory to psoralen crosslinking18, 19 and might give rise to ssDNA bubbles after melting in the mild denaturing conditions used for to spread DNA for EM (Supplementary Fig. 4b). To verify the presence of positively supercoiled DNA regions we performed DNA supercoil mapping, a procedure based on the ability of biotynilated psoralen (bPsoralen) to incorporate preferentially in negatively underwound DNA and poorly in positively overwound DNA18, 19. Following bPsoralen photocrosslinking of intact L10 and B18 nuclei bPsoralen incorporation was monitored by dot blot using streptavidin-HRP (Fig. 4b) or a fluorescence energy transfer (FRET) based assay (Fig. 4c). These experiments revealed low levels of bPsoralen incorporation in centromeric B18 DNA, suggesting the presence of overwound DNA.

We then investigated the mechanisms responsible for this topological arrangement. Condensins promote positive supercoiling of DNA in vitro in the presence of Topoisomerase I10. Centromeric chromatin accumulation of Condensins revealed by MS and confirmed by WB (Supplementary Fig. 5a-b) prompted us to test whether overwound DNA was actively formed in the presence of Condensins and Topoisomerase I. To this end we used Topoisomerase I inhibitor topotecan (TPT)20. TPT prevented accumulation of positively supecoiled DNA on centromeric DNA (Fig. 4b-c). bPsoralen incorporation in TPT treated DNA was not due to DNA breakage (Supplementary Fig. 5c). Also, TPT did not affect centromeric DNA bound Condensins (Supplementary Fig. 5d). These observations suggested that Topoisomerase I, possibly together with Condensins, was involved in the formation of overwound DNA regions on centromeric DNA.

Since positive supercoiling limits DNA unwiding21 we asked whether this topological arrangement was responsible for RPA chromatin binding inhibition. Remarkably, TPT restored normal RPA loading and accumulation on centromeric chromatin (Fig. 4d-e).

To verify whether intereference with centromeric DNA topology had an effect on the activation of the ATR dependent checkpoint we monitored ATR activity using a more sensitive assay previoulsy established22, which is based on histone H2AX phosphorylation. This assay confirmed that ATR was not activated by stalled forks arising on centromeric DNA (Fig. 4f), showing also lower basal levels of checkpoint singalling on untreated centromeric DNA. Consistent with the effects on RPA chromatin binding, TPT treatment was able to restore normal ATR dependent checkpoint activation on centromeric DNA in the presence of aphidicolin (Fig. 4f).

To understand the physiological significance of ATR checkpoint suppression we tested the effect of restoring ATR signalling using TPT and aphidicolin at concentrations that did not inhibit the bulk of DNA polymerization but which were able to induce limiting amount of ssDNA23 and ATR activity (Fig. 4f). Significantly, centromeric DNA replication was inhibited by low levels of ATR activity and could be restored by an ATR specific inhibitor (Fig. 4g). Taken together these data suggested that suppression of ATR signalling facilitates centromeric DNA replication.

During early stages of mitosis Condensins and Topoisomerases initiate a process that leads to chromosome condensation, in which DNA is organized in large DNA loops held together by a protein matrix10. Condensins play important but poorly understood roles in the general organization of chromosomes and centromeres10. Overwound DNA regions in the centromere might underlie the presence of DNA loops linked to Condensins. To uncover the presence of these structures and to visualize them we isolated chromatin under limiting protein digestion conditions that preserved sufficient amounts of DNA bound proteins able to maintain centromeric chromatin structure (Supplementary Fig. 5e-f and Methods). Using this approach we observed dsDNA loops that were distributed at either sides of centromeric DNA (Fig. 5a). We could not distinctively visualize the matrix holding the loops probably due to EM shadowing interference caused by the DNA, although granules and other structures with different electrondensity were observed (Fig. 5a). To verify that DNA loops were held by a protein matrix milder extraction conditions were followed by complete proteinase K mediated digestion (Supplementary Fig. S5e-f andMethods). This led to DNA loop disappearance and revealed the presence of ssDNA bubbles similar to the ones described earlier (Fig. 5b). We counted about 20-25 loops every 50 kB of DNA with an average size for each loop from base to apex of 1000 ± 200 bp. DNA loops were absent in geminin treated samples (Fig. 5c), suggesting that they were actively formed and stabilized by proteins loaded on centromeric DNA during or after DNA replication initiation. Loops were stably mantained over time (Fig. 5c) and inhibition of Topoisomerase I prevented loop formation, although it did not perturb loops already formed (Fig. 5d), suggesting that superhelical tension, which could be easily lost during DNA isolation, was involved in DNA loop formation but not maintainance.

Here we successfully reconstituted replication of defined chromosome regions in Xenopus laevis egg extract. We established the proteome of a specific human chromosome segment during its replication, revealing the structure, the replication dynamics and the replication stress response of centromeric DNA. We showed that efficient centromeric DNA replication requires MMR proteins, which can bind mismatched hairpins and other DNA secondary structures24, 25, and are probably involved in their resolution, facilitating replication fork progression (Fig. 5e, panel a). Such structures can form on alpha-satellite DNA repetitive units, which harbor conserved palindromic regions of homopurine and homopyrimidine elements that can pair following DNA unwinding26, 27, potentially altering fork progression. In the presence of replication stress caused by aphidicolin extensive ssDNA regions generated by helicase uncoupling28 might generate even more hairpins29 causing further MMR proteins accumulation on centromeric DNA (Fig. 5e Accumulation of DNA loops must be coordinated with DNA replication to allow replication fork progression21 and it is likely to take place behind forks (Fig. 5e, panel a). The observed dsDNA loops resemble previously proposed centromeric loops organized in spring-like structures linked centromere and kinetochore function in mitosis17. However, we uncovered another function for this structural organization showing that this arrangement prevents the exposure of extended regions of ssDNA and consequent RPA hyper-loading in conditions of replication stress (Fig. 5e,panel b). Physically constrained DNA loops in the nucleus accumulating behind forks could limit the extent of normal fork movements and rotation33, restraining helicase mediated DNA unwinding needed for RPA chromatin binding11 (Fig. 5e, panel b). As RPA hyper-loading is required to promote chromating binding of ATR activating cofactors, among which TopBP111, 13, restraining RPA binding to chromatin prevents full activation of the ATR dependent checkpoint, which normally limits DNA replication origin firing under stress11 (Fig. 5e, panel b). Interference with centromeric DNA topology restores normal RPA loading and promotes activation of ATR, which inhibits DNA replication (Fig. 5e,panel c). Suppression of ATR activity facilitates replication of repetitive centromeric DNA, whose natural tendency to form DNA secondary structures can slow down replication fork progression. Therefore, the ATR dependent checkpoint triggered by secondary DNA structures arising in the context of repetitive DNA could be locally suppressed by DNA loops that form as replication progresses, facilitating completion of DNA replication.

Checkpoint suppression is common to other chromosome regions containing repetitive DNA such as telomeres34, which can form DNA loops and can be organized in positively supercoiled domains by telomeric proteins35. The experimental approach described here will be useful to dissect the role of checkpoint, DNA repair and structural proteins at repetitive chromosome loci, whose aberrant metabolism can predispose to cancer and other human diseases. mean values for all IODs; One-way Anova. (j) Chromatin was isolated at the indicated times of the replication reactions with L10 and B18 DNA and then analyzed by WB using the indicated antibodies. A representative of 3 experiments is shown. Uncropped gel images for all experiments are shown in Supplementary Figure 6. S2 for statistical significance). (c) Heat map for some non-centromeric (L10) and centromeric (B18) or geminin sensitive (B18+) proteins. Chromatin enriched proteins are in red, depleted proteins in green. 

  , panel b). Using EM we directly observed the ultrastructural organization of centromeric DNA, uncovering the presence of dsDNA loops, which might be held by a Condensin enriched protein matrix. Condensins could promote formation of DNA loops by an extrusion-based (loop extrusion)30, 31 or by Topoisomerase-dependent mechanism (chiral loops)10. Positively supercoiled DNA and Condensin complex II enrichment have previuosly been observed at centromeres10, 16. DNA loops dependency on replication and Topoisomerase I suggest that they are actively formed as replication progresses. Topoisomerase II participation in this process cannot be ruled out. Inefficient centromere replication in the absence of MSH2-6 might also affect their formation. The presence of dsDNA loops might reflect centromeric DNA organization in the interphase nucleus during early chromosome condensation processes10, which might start from the centromere in interphase and spread to other regions of the chromosomes in mitosis. DNA loop formation might be facilitated by Topoisomerase-induced superhelical tension in the context of centromeric nucleosome fibers and might require both chiral and extrusion-based mechanisms. Interestingly, Condensins promote CENP-A chromatin binding9. However, CENP-A loading kinetic on centromeric BAC is different from somatic cells, in which CENP-A chromatin recruitment takes place between telophase and early G132, and might not entirely reflect new CENP-A molecules loading onto pre-existing centromeres. Selective accumulation mechanisms of CENP-A and Condensins onto centromeric BAC, respective roles of Condensin I and II complexes in loop formation and their involvement in CENP-A loading remain to be clarified.
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 1 Figure 1. BAC DNA induced nuclei formation and DNA synthesis in interphase Xenopus egg extract. (a) BACs were incubated in interphase extract for the indicated time. Samples were fixed and stained with DAPI for DNA (DNA) and DiOC6 for membranes (DiOC6). (b) Nuclei assembled in interphase extract supplemented with GFP-NLS and Cy3-dCTP (dCTP). (c) BACs replicated for 4 hours in egg extract supplemented with buffer (Control) or recombinant geminin (Geminin). (d) and (e) Chromatin isolated from sperm and BACs nuclei at different times and analysed by WB with the indicated antibodies. Representative

Figure 2 .

 2 Figure 2. Proteomic analysis of replicating centromeric and non-cetromeric chromatin using label free quantitative MS.

  (a) Centromeric B18 and non-centromeric L10 chromatin was isolated after 150 minutes incubation of BAC DNA in egg extract and analysed by high resolution MS-MS. Volcano plots show the mean log 2 protein B18/L10 ratio plotted against the p-values of biological replicates. Proteins differentially represented on centromeric and non-centromeric chromatin are shown. Black lines indicate the significance cut off. (b) Proteins differentially represented on centromeric chromatin in the absence (B18) or in the presence (B18+) of geminin analysed as in (a) are shown. Experiments shown in (a) and (b) were repeated with three different extracts (see Methods and Table

Figure 3 .

 3 Figure 3. Centromeric DNA Replication is associated with checkpoint suppression and MMR proteins accumulation (a) Sperm nuclei, L10 or B18 BACs were incubated in egg extract treated with 25 μg ml -1 aphidicolin (APH) (+) or buffer (-). Cytoplasmic CHK1 and its phosphorylated form (pCHK1) were detected using specific antibodies as indicated. Total transferred proteins were stained with Ponceau (Pon). (b) The average ratio of pCHK1 signal over the total level of CHK1 was quantified and plotted in the graph. Error bars represent ± sd of the mean. n=5 independent experiments; p<0.05 when comparing Sperm, L10 and B18 mean values for

Figure 4 .

 4 Figure 4. Overwound centromeric DNA suppresses RPA accumulation and ATR activation.

  (a) EM of B18 DNA isolated after 150 minutes incubation in interphase extract. Arrows indicate ssDNA bubbles. Scheme is included. Data represent 1 out of 3 experiments. (b) Streptavidin-HRP stained dot blot of L10 ad B18 DNA isolated from BAC nuclei replicated with 40 μM topotecan (TPT) or left untreated and treated with biotin-psoralen (bPsoralen) in the presence (+) or absence (-) of UV. Data represent 1 out of 3 experiments (c) Total incorporated bPsoralen was measured using a fluorescence based biotin quantification assay. Values represent fluorescence intensity expressed in arbitrary units. Error bars represent ± sd of the mean. n=3 experiments; p<0.05 when comparing L10 and B18 mean values for all treatments; One-way Anova. (d) WB of RPA32 and MCM7 bound to B18 chromatin isolated from nuclei replicated in the presence of 40 μM topotecan (TPT) and 25 μg ml -1 APH as indicated. (e) RPA32/MCM7 ratio. Error bars represent ± sd of the mean. n=3 experiments; p<0.01 when comparing B18 mean values for all treatments; One-way Anova. (f) Average incorporation of 32P in histone H2AX C-terminal peptide in the presence of nucleoplasm derived from L10 and B18 nuclei replicated in extracts that were untreated (UN), treated with 25 μg ml -1 APH (High APH), 40 μM TPT, TPT and 1 μg ml -1 APH (TPT + Low APH) or TPT and 25 μg ml -1 APH (TPT + High APH). Reactions were performed in the absence (black bars) or in the presence (white bars) of 10 μM VE-821 (ATRi). Error bars represent ± sd of the mean. n=3 experiments; p<0.001 when comparing B18 and L10 mean values for all treatments; One-way Anova. (g) L10 and B18 DNA replication in extracts treated with 40 μM TPT and 1 μg ml -1 APH (Low APH) in the presence or absence of ATRi as indicated. Relative average percentage of 32 PdCTP incorporation is shown. L10 values in untreated extracts were considered 100%. Error bars represent ± sd of the mean. n=3 experiments; p<0.001 when comparing B18 and L10 mean values for all treatments; Oneway Anova.

Figure 5 .

 5 Figure 5. Centromeric BACs generate stable double stranded DNA loops during DNA replication. (a) EM of centromeric B18 chromatin isolated after partial proteinase K digestion (See Methods). (b) EM analysis of samples isolated as in (a) and subjected to complete protein digestion. (c) Graph showing the frequency of DNA loops in L10 or B18 DNA incubated in extracts that were untreated or treated with geminin (Gem) for the indicated times. Experiments were repeated three times scoring the equivalent of about one mega base of DNA in total. Error bars represent ± sd of the mean. n=3 experiments; p<0.001 when
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