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Abstract

Phosphorylation of histone H2AX is an early response to DNA damage in eukaryotes. In 

Saccharomyces cerevisiae, DNA damage or replication fork stalling results in histone H2A 

phosphorylation to yield γ-H2A (yeast γ-H2AX) in a Mec1 (ATR)- and Tel1 (ATM)- dependent 

manner. Here, we describe the genome-wide location analysis of γ-H2A as a strategy to identify 

loci prone to engage the Mec1 and Tel1 pathways. Remarkably, γ-H2A enrichment overlaps with 

loci prone to replication fork stalling and is caused by the action of Mec1 and Tel1, indicating that 

these loci are prone to breakage. Moreover, about half the sites enriched for γ-H2A map to 

repressed protein-coding genes, and histone deacetylases are necessary for formation of γ-H2A at 

these loci. Finally, our work indicates that high resolution mapping of γ-H2AX is a fruitful route 

to map fragile sites in eukaryotic genomes.

Introduction

DNA replication poses a major challenge to genome integrity. Chromosomal fragile sites in 

the human genome are associated with defects in DNA replication progression and can lead 

to genome rearreangements. Replisomes encounter a number of obstacles that must be 

overcome in order to complete DNA replication in a timely yet accurate manner. Inadequate 
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nucleotide or histone supplies, DNA damage, protein-DNA complexes, gene transcription, 

chromatin organization and topological strain can all potentially block replication fork 

progression.

In budding yeast, up to 1,400 sites have been proposed as potential impediments to 

replication forks. These sites include tRNA genes, Ty long-terminal repeats (LTRs), 

centromeres, DNA replication origins, the HMR and HML heterochromatic loci and the 

repeated rDNA units,–. This list is an extrapolation based on the characterization of a few 

sites, rather than the result of high-resolution mapping of replication fork pausing. Other 

classes of replisome progression (or stability) obstacles have been identified, indicating that 

the list described above might not be exhaustive. Importantly, these natural replication fork 

barriers have been linked to genome rearrangements, suggesting that some paused forks 

collapse or are processed at these sites,–.

Generally, unscheduled replisome stalling elicits the activation of protein kinases of the 

PI(3) kinase-like kinase (PIKK) family, particularly the Mec1/ATR ortholog–. Activation of 

Mec1/ATR signaling stabilizes replication forks to prevent their collapse, although the 

critical Mec1/ATR targets that promote fork stability remain unknown. Nevertheless, several 

phosphorylation events have been characterized in response to replication fork blocks. In 

particular, phosphorylation of histone H2AX is a near-universal feature of the eukaryotic 

response to genotoxic stress–. This phosphorylation event, yielding γ-H2AX (γ-H2A in 

Saccharomyces cerevisiae), can occur as a consequence of DNA replication fork stalling in 

an ATR/Mec1-dependent manner,. The link between γ-H2AX and replication fork stability 

is better established in S. cerevisiae where abrogation of γ-H2A by mutation of the HTA 
genes produces sensitivity to camptothecin, a topoisomerase I inhibitor that provokes 

replication-associated DNA double-strand breaks (DSBs). The same hta mutants are only 

mildly sensitive to other genotoxins, indicating that γ-H2A is important for the response to 

replication-associated DSBs.

In this study, we hypothesized that mapping γ-H2A in cycling cells might reveal fragile 

genomic loci. We employed a genome-wide location assay (chromatin immunoprecipitation 

on tiled microarray, or ChIP-chip) to map γ-H2A-rich loci (referred to herein as γ-sites). 

Our data shows that γ-sites are distributed non-randomly and are concentrated at telomeres, 

the rDNA locus, DNA replication origins, LTRs, tRNA genes and, surprisingly, actively 

repressed protein-coding genes. Using a combination of genetic studies and carbon source 

manipulation, we found that the chromatin structure promoted by histone deacetylation can 

lead to PIKK activation. We conclude that mapping sites of γ-H2AX enrichment will be a 

fruitful route to map at-risk genomic elements in eukaryotes.

RESULTS

Genome-wide location analysis of γ-H2A

To identify loci enriched in γ-H2A, we carried out ChIP with a phosphospecific antibody 

that recognizes yeast γ-H2A and hybridized the associated DNA to high-density genomic 

tiling arrays. We typically performed competitive hybridization of DNA precipitated from 

HTA1 HTA2 cells with DNA precipitated from the γ-H2A-deficient hta1-S129A hta2-
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S129A cells (referred to hereafter as h2a-S129A). We also tested other experimental designs 

controlling for nucleosome density that yielded similar results (Supplementary Fig. 1a). All 

experiments (listed in Supplementary Table 1) were done at least in duplicate and combined 

using a weighted average method. The combined datasets are available in Supplementary 

File 1.

We first examined γ-H2A enrichment in asynchronously dividing cell cultures (Fig. 1a). 

Statistical analysis of the enrichment profile identified 697 unambiguous loci enriched in γ-

H2A using the criterion of a peak with a p value <0.1 (Supplementary File 1). We refer to 

these loci asγ-sites. Fluorescence-activated cell sorting (FACS) analyses revealed no 

obvious cell cycle profile differences between wild-type and h2a-S129A cultures, thus 

excluding the possibility that differences in γ-H2A enrichment are simply due to differences 

in the cell cycle profiles (Supplementary Fig. 1b).

Statistically significant γ-sites vary in length but average 1255 bp. The average γ-site is 

therefore considerably shorter than 50 kb, the size of the γ-H2A domain caused by an 

unrepairable DSB delivered by the HO endonuclease. Moreover, the shape of the γ-sites in 

our location analyses is strikingly different from the bimodal distribution of γ-H2A 

surrounding HO-induced DSBs. The enrichments we observed generally displayed a single 

maximum intensity peak (see e.g. Fig. 1a). These differences suggest that the events 

monitored by γ-H2A ChIP in cycling cells are likely not irreparable DSBs.

In addition to mapping γ-sites in asynchronously dividing cells, we also analyzed cells 

synchronized in G1 by α-factor and cells synchronized at mid-S phase, obtained by 

releasing cells from a G1 block. The γ-H2A accumulation profiles in G1 and mid-S cells 

were highly similar to those obtained in asynchronous cultures (Supplementary Fig. 2). 

Since the γ-H2A profiles appeared highly similar whether cultures were synchronized or 

not, we pursued our analyses with datasets obtained from asynchronous cultures.

Visual and computational analysis of γ-sites identify 7 classes of genomic loci clearly 

enriched with γ-H2A in cycling cells: (i) telomeric regions, (ii) DNA replication origins, 

(iii) tRNA genes, (iv) LTRs, (v) the rDNA locus, (vi) the silent mating type cassettes HMR 
and HML, and (vii) a group of protein-coding genes (Supplementary Table 2). Apart from 

protein-coding genes, all of the above loci are known to impede replisome progression, 

strongly suggesting that γ-H2A detected in cycling cells is caused by replication fork 

pausing or collapse. Interestingly, we also observed γ-H2A enrichment at centromeres, 

another obstacle for replisomes, but the low number of centromeres in the yeast genome 

precluded this class of γ-site from being identified as statistically significant at the 0.1 p 
value.

Telomeres show striking γ-H2A enrichment at every chromosome end despite the paucity of 

probes covering the repetitive telomeric and subtelomeric regions. γ-H2A accumulation at 

telomeres, which was also observed in another study, was also detected by ChIP followed by 

quantitative real-time PCR (qPCR; Supplementary Fig. 3a). There is a strong correlation 

between the γ-H2A signal intensity and the proximity to the chromosome end 

(Supplementary Fig. 3b) whether or not the chromosome end contains a subtelomeric Y′ 
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element (e.g. see TEL06R, which does not contain a Y′ element; Fig. 1a). This result 

indicates that Y′ subtelomeric elements are not responsible for the observed γ-H2A signal, 

suggesting that it originates either from the X element (common to all chromosome ends) or 

the TG repeats themselves. However, the significance of this telomeric enrichment is still 

unknown as h2a-S129A cells do not display any striking telomeric phenotype in all assays 

we tested so far (telomere length, telomeric silencing, senescence assays, telomere capping 

and chromosome healing, data not shown).

Visual inspection of the γ-H2A enrichment profiles identifies strong signals on ChrXII, at a 

region encompassing the rDNA locus (Supplementary Fig. 3c) and on ChrIII, which harbors 

the MAT locus and the silent mating type cassettes HMR and HML (Supplementary Fig. 

3d,e). Observing γ-H2A enrichment at rDNA is not surprising since this locus experiences 

DNA strand breaks and recombination resulting from collisions between DNA replication 

forks and RNA polymerase I or via abortive decatenation reactions. The HMR and HML 
loci are also known to impede replisomes, which might cause the observed signal. However, 

these results are somewhat at odds with a recent report indicating that these heterochromatic 

regions are refractory to DSB-induced γ-H2A accumulation, although we note that high 

levels of γ-H2A before DSB induction might have skewed the enrichment ratios calculated 

by Kim et al.

γ-H2A accumulation correlates with replication fork blockage

Next, we mapped the γ-H2A enrichment ratios on all tRNA genes, DNA replication origins 

and LTR elements to identify sub-regions that might be responsible for the γ-H2A signal 

(Fig. 1b-d, blue traces). The γ-H2A enrichment profiles at tRNA genes are strikingly 

asymmetrical (Fig. 1b), peaking just before the RNA polymerase III transcription initiation 

site, and followed by a sharp fall in signal intensity. This enrichment is independent of any 

other nearby γ-H2A-enriched genomic loci (Supplementary Fig. 4). This asymmetry is 

consistent with tRNA genes being polar replication fork barriers where the obstacle to 

replisomes is the initiation complex rather than transcription itself. TFIIIB binds the region 

immediately upstream of the tRNA gene transcription site, suggesting that DNA-bound 

TFIIIB elicits the γ-H2A signal observed at tRNA genes. In contrast, the averaged γ-H2A 

enrichment ratios at DNA replication origins (defined as peaks of Mcm7 and Mcm4 

occupancy by ChIP-chip, see Methods) are largely symmetrical, peaking at the center of the 

origin where the pre-replication complex assembles. Likewise, the averaged γ-H2A 

enrichment ratios at LTRs are symmetrical, peaking at the 5′ end of the LTR.

Next we sought to map replication fork pausing at tRNA genes, DNA replication origins and 

LTRs in order to establish if the replisome accumulates or pauses at sites of γ-H2A 

enrichment. We therefore performed ChIP-chip analysis of myc-tagged Pol2, the catalytic 

subunit of DNA polymerase ε (DNAP). At first glance, we observed little similarity 

between DNAP and γ-H2A accumulation (Fig. 1a). However, averaging the DNAP signal at 

γ-sites revealed a striking accumulation of the replisome at these loci (Fig. 1b-d; gold 

traces). Since replication fork stalling or pausing can be defined by the accumulation of 

DNAP, these results suggest that the γ-sites are the consequence of impeded replisome 

progression.
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To directly test this possibility, we used the fact that mutation of the TFIIIB-binding site on 

tRNA genes abolishes the impediment to replication fork progression and greatly reduces 

replication fork stalling. We therefore compared γ-H2A and DNAP enrichment by ChIP-

qPCR at a tRNA gene (tS(GCU)L) that was either wild-type or contained a mutation in its 

TFIIIB-binding site (tS(GCU)Lmut). As expected, deletion of the TFIIIB-binding site 

abolished DNAP enrichment at this tRNA gene, indicating that replication forks no longer 

stall at the mutated tRNA gene (Fig. 2; gold curves). Satisfyingly, we observed that the γ-

H2A signal was also abrogated at tS(GCU)Lmut (Fig. 2; blue curves). We therefore conclude 

that γ-H2A accumulates following unscheduled replication pausing, stalling or collapse.

γ-H2A accumulation is dependent on both Mec1 and Tel1

In response to replisome pausing or stalling, H2A is solely phosphorylated by Mec1 whereas 

Tel1 contributes to γ-H2A formation, redundantly with Mec1, only when DSBs are present. 

These properties allowed us to determine whether γ-sites resulted from replication fork 

stalling, or whether DSBs also contributed to their formation. We therefore performed γ-

H2A ChIP-chip in sml1Δ, mec1Δ sml1Δ, tel1Δ and mec1Δ sml1Δ tel1Δ cells. SML1 was 

deleted to circumvent the lethality of the MEC1 deletion and therefore sml1Δ acted as a 

control for strains with the MEC1 deletion. Not surprisingly, comparison of the total signal 

intensity ratios in the wild-type and sml1Δ strain revealed a Pearson correlation coefficient 

of 0.82 (Supplementary Table 3) and no major differences in the profiles, indicating that 

sml1Δ did not affect H2A phosphorylation. Likewise, deletion of TEL1 or MEC1 did not 

have a major impact on the γ-H2A signals, with Pearson correlations of 0.82 and 0.85 when 

compared to their respective controls (Fig. 3a,b and Supplementary Table 3). However, 

deletion of either kinase led to a small decrease in the averaged signal intensities at tRNA 

genes, DNA replication origins and LTRs, indicating that both kinases contribute 

independently to γ-H2A accumulation at these sites (Fig. 3a,b). Upon closer inspection of 

the γ-sites in the mec1Δ sml1Δ strain, we observed that sites overlapping with most 

centromeres were strikingly absent in that strain (Fig. 3c). Moreover, the centromere-

associated γ-H2A signal was also absent in G1 phase cells, indicating that these are labile γ-

sites (Supplementary Fig. 2c). These results suggest that pericentromeric H2A 

phosphorylation primarily occurs following replication fork pausing.

When the tel1Δ and mec1Δ mutations were combined together (in the sml1Δ background), 

all γ-sites were lost, leading to a Pearson correlation of 0.16 when compared to the sml1Δ 
control strain (Fig. 3d and Supplementary Table 3). Together, these results indicate that in a 

cell population, γ-sites are caused by a combination of replication fork stalling and collapse, 

consistent with the idea that the great majority of the γ-sites mapped represent fragile sites.

RRM3 regulates γ-sites

The Rrm3 helicase travels with the replication fork to facilitate fork progression through 

non-histone protein-DNA complexes,,. RRM3 deletion increases the probability of 

replication fork stalling at ~1,400 potential sites in the genome,, that overlap remarkably 

with the γ-sites mapped in this study. We therefore mapped γ-H2A in rrm3Δ cells. The γ-

H2A profile of rrm3Δ cells is qualitatively similar to that of wild-type (Fig. 1a, red) although 

in some regions, Rrm3 clearly dampens the γ-H2A signal. Figure 1b-d shows the profile of 
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the averaged γ-H2A enrichment ratios at tRNA genes, DNA replication origins and LTRs in 

rrm3Δ cells overlaid against those obtained from wild-type cells. At these loci, the γ-H2A 

signal is on average more pronounced in the rrm3Δ strain than in wild-type, thus 

establishing a positive correlation between the extent of replication fork pausing and H2A 

phosphorylation at these sites. This result strengthens the possibility that the γ-H2A 

enrichment is caused by replisome stalling and collapse.

Regulation of genome stability by γ-H2A

The majority of γ-sites mapped in this study are candidate fragile sites. Indeed, Ty 

retrotransposons, tRNA genes, replication origins and telomeres can promote genetic 

recombination or chromosome breakage,,. To examine the relationship between γ-H2A and 

chromosome fragility in budding yeast, we investigated the relocation of Ddc2-GFP (green 

fluorescent protein) and Rad52-YFP (yellow fluorescent protein) into subnuclear foci, in 

wild-type and h2a-S129A strains to assess whether γ-H2A prevents chromosome breakage. 

Mutation of H2A Ser129 elevated significantly the number of cells with Ddc2 or Rad52 foci 

(Fig. 4a,b). The increase in Rad52-YFP foci seen in h2a-S129A cells is comparable to that 

seen in esc2Δ cells (Fig. 4c) which have a moderate increase in genome instability. Esc2 has 

recently been shown to contribute to genome integrity via the management of replication 

forks,. Since spontaneous Rad52 foci most likely arise following replication fork collapse, 

these results suggest that γ-H2A not only marks sites of replication fork pausing but also 

plays a role in promoting replication fork integrity.

These latter results are particularly intriguing since data linking H2A phosphorylation to 

genome stability in yeast are only starting to emerge. γ-H2A does not appear to impact 

gross chromosomal rearrangements (GCRs) using an assay employing ChrV-L. Since GCR 

assays are often biased towards certain classes of genome rearrangements, we sought to 

identify an experimental context where γ-H2A promotes genome integrity. We therefore 

tested the effect of γ-H2A in a GCR assay that primarily examines break-induced 

replication (BIR) events on ChrXV-L, (Fig. 4d), since BIR can restart replication forks after 

collapse. We measured the frequency of GCR events in cells following treatment with 

methylmethane sulfonate (MMS), an agent that impairs replication fork progression and 

stimulates GCR formation. As in the ChrV-L assay, in the absence of exogenous DNA 

damage, the h2a-S129A mutations did not greatly impact GCRs at ChrXV-L (Fig. 4e). 

However, when replisome progression is impaired by MMS, the frequency of GCRs 

increases 14.2–fold in the h2a-S129A mutant versus 5.0–fold in the wild-type strain (Fig. 

4e). Together, these data suggest that γ-H2A promotes genome integrity when replisome 

progression is impaired, but that this function is only apparent when large amounts of 

replication fork stalling occurs. In support of a role of γ-H2A in promoting genome 

integrity, recent work has shown that Tel1-induced H2A phosphorylation opposes the 

formation of break-induced translocations. Therefore H2A phosphorylation, either by Mec1 

or Tel1, can promote genome stability.

γ-H2A is enriched at actively repressed genes

The γ-sites described above correspond to known replisome barriers but accounted for only 

~30% of the total number of loci identified in the ChIP-chip experiments. Surprisingly, most 
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of the remaining γ-sites lie within or around protein-coding genes transcribed by RNA 

polymerase II (RNAPII). Using the same p value cutoff of 0.1, a total of 340 genes coincide 

partly or entirely with γ-sites (Supplementary Table 2). Analysis of the relationship between 

transcription and γ-H2A enrichment shows a clear anti-correlation between transcription 

(measured by RNAPII occupancy) and γ-H2A enrichment, calculated on the complete 

length of the genes (Fig. 5a). The anti-correlation is especially marked for the least 

transcribed genes. Poorly transcribed genes are therefore associated with higher levels of γ-

H2A. Mapping of the γ-H2A signal on genes enriched for γ-H2A and on a random group of 

genes not displaying γ-H2A enrichment shows that γ-H2A accumulates over the entire 

length of the first group of genes (Fig. 5b). Similar to tRNA genes, DNA replication origins 

and LTRs, the averaged γ-H2A signal on these protein-coding genes is also more intense in 

rrm3Δ cells. Moreover, this γ-H2A enrichment is also Mec1- and Tel1-dependent (Fig. 5b) 

indicating that H2A phosphorylation over protein-coding genes arises from DNA damage 

signaling. Intriguingly, in asynchronously dividing cells, DNAP does not preferentially 

accumulate at repressed genes but instead is found at active genes (Supplementary Fig. 6), a 

finding recently corroborated by Azvolinsky and colleagues.

A clear example of a gene displaying γ-H2A enrichment is GAL7 (Fig. 5c, blue trace). 

GAL7 is repressed when cells are grown in media containing glucose as the carbon source 

and is actively transcribed when cells are grown in galactose. This enrichment at GAL7 
allowed us to test the causal relationship between transcription and the presence of γ-H2A. 

We therefore performed a γ-H2A ChIP-chip experiment on galactose-grown cells and 

observed that the γ-H2A signal at GAL7 is completely abolished (Fig. 5c, green trace). 

These results were also confirmed by qPCR (data not shown) and support a model whereby 

active repression results in H2A phosphorylation.

To test whether this observation is a general phenomenon or unique to GAL7 we binned 

genes in four groups according to their galactose inducibility and graphed the difference in 

their averaged γ-H2A enrichment ratios following galactose induction (Fig. 5d). 

Importantly, this analysis revealed that galactose-inducible genes generally lose their γ-H2A 

signal following galactose addition (Fig. 5d, red trace). Inversely, genes that are repressed in 

galactose tend to gain γ-H2A signal when grown in this carbon source (Fig. 5d, blue trace). 

Collectively, this data demonstrates that repressed genes are more prone to H2A 

phosphorylation than are active genes.

Accumulation of γ-H2A at inactive genes is HDAC-dependent

Not all inactive genes show evidence of γ-H2A accumulation. To identify a common theme 

between the RNAPII-transcribed genes associated with γ-H2A, we compared γ-H2A-

enriched genes with previously published transcription factor binding sites based on ChIP-

chip data. Interestingly, the genes with high γ-H2A levels are enriched in those whose 

promoter is bound by the transcription factors Sum1 and Ume6 (Supplementary Table 4), 

which recruit histone deacetylases (HDACs)–. This analysis therefore suggested that some 

actively repressed genes may pose a special obstacle to DNA replication, likely due to a 

specialized chromatin structure involving HDACs. To investigate the role of HDACs in γ-

site formation, we remapped γ-sites by ChIP-chip in cells lacking either Hst1 or Rpd3, two 
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HDACs likely to play a role since they are recruited by Sum1 (Hst1) or Ume6 (Rpd3). 

Figure 6a,b show the γ-H2A signal at SPR3 and TOS4, two genes regulated by Hst1 and 

Rpd3, respectively. Consistent with this differential regulation, deletion of HST1 abolished 

the γ-signal at SPR3 but not at TOS4 (Fig. 6a). The inverse was seen for deletion of RPD3 
(Fig. 6b). To confirm that the γ-H2A signal observed on Rpd3-regulated genes was due to 

its deacetylase activity, we mapped γ-sites in the catalytically inactive rpd3-H188A strain 

and found that its profile closely matched that of the rpd3Δ mutant (Pearson correlation 

coefficient of 0.9, Supplementary Table 3). These results therefore suggest that a chromatin 

structure dependent on HDAC activity promotes Mec1- and Tel1-dependent H2A 

phosphorylation.

Finally, we analyzed the gene ontology (GO) terms for genes that have a γ-site most 

strongly dependent on Hst1 and Rpd3 (Supplementary Table 5). Genes having a γ-H2A 

signal dependent on HST1 are enriched for GO terms related to sporulation, a process 

known to be regulated by Hst1. Similarly, genes whose γ-site is RPD3-dependent are 

enriched with GO categories related to cell cycle regulation and meiosis, two processes 

regulated by Rpd3,,,. This data supports the idea that Hst1 and Rpd3 influence γ-H2A 

formation directly. Additionally, we separated genes containing a γ-site in two groups: those 

that were affected by the deletion of HST1 and those that were affected by the deletion of 

RPD3. Genes that harbor Hst1-dependent γsites tend to be direct targets of Hst1 but not of 

Rpd3 (Fig. 6c), while the Rpd3-dependent γ-sites are enriched in genes directly bound by 

Rpd3 but not Hst1 (Fig. 6d). Together, this data indicates that a HDAC-mediated chromatin 

structure elicits PIKK-dependent H2A phosphorylation and suggests that this chromatin 

structure might pose a problem for replisome progression or stability.

DISCUSSION

In this study, we surveyed the genome to identify loci displaying γ-H2A accumulation. 

Since Mec1 and Tel1 are responsible for γ-H2A formation in S. cerevisiae, this study 

provides a high-resolution map of sites prone to PIKK activation in eukaryotes. We conclude 

that the great majority of γ-sites observed are the consequence of replication fork pausing, 

stalling or collapse based on a number of observations. Firstly, ~30% of the γ-sites map to 

known natural replication fork barriers such as tRNA genes, DNA replication origins, 

telomeres and LTRs. Secondly, γsites overlap with DNAP accumulation at these sites. 

Thirdly, deletion of RRM3 leads to an increase in γ-H2A accumulation at most γ-sites. 

Fourthly, our GCR and focus formation data support the idea that γ-H2A promotes 

replication fork stability (or restart). Finally, we showed that γ-sites, with one notable 

exception discussed below, are dependent on the combined action of Mec1 and Tel1, 

indicating that the loci mapped are prone to breakage. We therefore contend that high-

resolution mapping of γ-H2AX provides a novel tool to analyze genome architecture.

Recent studies have identified fragile sites in yeast that are particularly sensitive to low 

levels of DNA polymerases or DNA damage checkpoint signaling,. Satisfyingly, these 

studies point to Ty elements, tRNA genes or DNA replication origins as the source of 

chromosome breakage. For example, we see at least two γ-sites at the 403 locus mapped by 

Admire et al. (Supplementary Fig. 5). Surprisingly, the peaks at the 403 locus are not more 
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pronounced than the hundreds of other γ-sites we mapped. Our observation suggests that γ-

sites (and replication fork pausing) are not the only determinants of the genome 

rearrangements observed in these studies.

Centromeric chromatin displays a unique property in that H2A phosphorylation at this locus 

is entirely Mec1-dependent and is also particularly labile, being totally absent from G1-

synchronized cells. Why this is the case is currently unknown but we can speculate on two 

possible mechanisms that would impart Mec1 specificity to this class of γ-sites. Firstly, 

centromeric chromatin might be a replisome barrier that promotes Mec1 activity but does 

not make replication forks prone to collapse; possibly the resulting centromeric γ-site plays 

a role in centromere biology. A second possibility, albeit harder to explain, is that 

centromeric chromatin may be specifically refractory to Tel1 activity.

The link identified between histone deacetylation and H2A phosphorylation is perhaps the 

most unexpected finding of this study. Since H2A phosphorylation at silent genes arises 

from Mec1/Tel1-dependent signaling, it indicates that the chromatin structure promoted by 

HDACs may impede replisome progression. However, we and a recent study do not observe 

on average a major accumulation of DNAP on repressed genes. In contrast, DNAP clearly 

accumulates over active genes (Supplementary Fig. 6). This latter result indicates that 

replisome pausing at active genes must be managed effectively since it does not trigger 

Mec1/Tel1-dependent signaling. It will be interesting to determine what mechanism 

stabilizes replication forks at actively transcribed genes since work by Azvolinsky et al. have 

already excluded Rrm3 from having such a function. We also note that histone acetylation 

has been reported to positively regulate the timing of late-origin firing,. Although it is not 

clear whether replication timing and the γ-sites seen at the HDAC-regulated genes are 

functionally linked, it may suggest that a relationship exists between replisome progression 

and origin firing. Additionally, our results suggest that mechanisms may exist that 

specifically promote replication through HDAC-repressed chromatin, and that a balance 

must be struck between the need for stable gene repression and replisome stability.

METHODS

Yeast strains

The strains used in this study are described in Supplementary Table 6. We constructed all 

strains using standard genetic techniques.

Antibodies

We obtained antibodies from the following sources: rabbit anti-yeast phospho-Ser129 H2A 

(γ-H2A), Millipore; mouse anti-myc (9E10), Santa Cruz or Covance; mouse anti-RNA 

polymerase II (8WG16), Covance; mouse anti-HA (F7), Santa Cruz; rabbit polyclonal yeast 

histone H4 antibody is a kind gift of Alain Verreault; normal rabbit serum was obtained from 

an unimmunized rabbit.
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Chromatin immunoprecipitations and qPCR

We performed ChIP experiments essentially as described previously. Briefly, we grew 50 

mL of cells in XY + 2% (w/v) glucose until the culture reached mid-log phase. For galactose 

induction experiments we precultured cells in XY + glucose, washed them twice in water, 

and subcultured them into XY + 2% (w/v) galactose for 7 hours. Growth conditions for cell 

synchronization experiments are described below. Next, we incubated 800 μL of 

formaldehyde-fixed whole-cell extract with the appropriate antibody coupled to magnetic 

beads (Dynal Biotech, Brown Deer, WI). We used immunoprecipitated DNA either for 

genome-wide location analysis (see below) or qPCR analysis. For analysis of TEL06R, we 

performed qPCR with SYBR Green PCR Master Mix (Applied Biosystems) on an ABI 7500 

Fast Real-Time PCR System and analyzed the results as previously described using 

chromatin immunoprecipitated with normal rabbit serum as the control condition and TSC11 
as the reference gene. For analysis of tS(GCU)L, we performed qPCR with the Quantitect 

SYBR Green PCR kit (QIAGEN) on a Stratagene Mx3005P. We determined enrichment at 

the tS(GCU)L locus after normalization against values obtained from input samples using 

the ARN1 locus, as well as normalizing for nucleosome density by histone H4 

immunoprecipitation. The sequences of the oligonucleotides used for the qPCR experiments 

are available in Supplementary Table 7.

DNA labeling and hybridization

We amplified and labeled immunoprecipitated DNA as described previously. We performed 

hybridization as described in Pokholok et al., using salmon sperm in place of herring sperm 

DNA. We purchased the microarrays used for location analysis from Agilent Technologies 

(Palo Alto, California, United States). The arrays contain a total of 44,290 Tm-adjusted 60-

mer probes (including 2,306 controls), covering the entire genome (except for repetitive 

regions) for an average density of one probe every 275 bp (±100 bp) within the probed 

regions (catalog # G4486A and G4493A). Detailed scanning protocols are available from the 

GEO submission described above.

Data analysis

We normalized the data and combined the replicates using a weighted average method as 

described previously. The procedure used to identify γ-sites listed in Supplementary Table 2 

is based on statistically enriched regions and is described in the Supplementary Methods. We 

performed visual inspection of the enrichment ratios on the UCSC Genome Browser (http://

genome.ucsc.edu/). To interpolate between probes, we applied a standard Gaussian filter (SD 

= 200 bp) to the data twice as described previously. This will be referred to as “smoothed 

data”. We performed most of the mapping and correlation analyses as in Rufiange et al.. 
Additional details are available in the Supplementary Methods. The location of DNA 

replication origins are defined as loci described as origins in oriDB (http://www.oridb.org, 

June 12 2007) and we refined their exact positions by ChIP-chip of the Mcm4 and Mcm7 

components of the MCM complex (Supplementary File 1).
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Cell synchronization and cell cycle profiling

For cell synchronization experiments, we precultured cells overnight in standard XY + 2% 

(w/v) glucose, subcultured them into 200 mL of XY (pH adjusted to 3.9) + 2% (w/v) 

glucose and grew them to an OD600 of 0.5–0.6. We enriched for G1 cells by exposure to α-

factor (5 μg mL−1) for 2 h at 30°C prior to fixation for ChIP or FACS. To enrich for mid-S-

phase cells, we washed α-factor-arrested cells twice in sterile water, released them into 200 

mL standard XY + 2% (w/v) glucose, and fixed them for ChIP or FACS after 32 minutes of 

growth at 30°C. We determined cell cycle profiles by FACS as described.

Ddc2-GFP and Rad52-YFP Focus Formation Assays

We examined cells expressing either Ddc2-GFP or Rad52-YFP for focus formation 

essentially as described by Kanellis et al. We took micrographs in 8–10 z-stacks spanning 1–

2 μm through the nucleus. For each strain, we examined 2–3 independent isolates. For each 

independent isolate, we examined a minimum of 100 cells. We counted foci by visually 

examining each focal plane. Further details are available in the Supplementary Methods.

Gross chromosomal rearrangement analysis

We performed MMS-induced GCR measurements essentially as described in Myung and 

Kolodner. Briefly, we grew yeast cells from single colonies in media lacking uracil to select 

for the URA3-CAN1 ChrXV-L arm. We washed mid-log phase cells twice in water and 

treated them with 0.1% (v/v) MMS or dimethyl sulfoxide for 2h at 30 C. We washed the 

cells 3 times in water and resuspended them in 10 culture volumes of non-selective rich 

media (XY + 2% (w/v) glucose). After growth to saturation, cells were plated onto a 10 cm 

plate containing 1 g L−1 5-FOA and 60 mg L−1 canavanine and the frequency of resulting 

colony forming units was calculated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Genome-wide location analysis of γ-H2A. (a) Genome browser capture of ChrVI. The 

log2γ-H2A/γ-H2A h2a-S129A enrichment ratio is shown for wild-type (WT; blue) and 

rrm3Δ (red) cells, along with the γ-H2A sites identified in the WT strain (blue boxes). The 

log2 DNAP-myc/untagged occupancy ratio is also shown (gold). The probes are shown as 

black bars and the Saccharomyces Genome Database (SGD) annotations are shown in grey. 

Chromosomal positions are indicated in kilobases. (b-d) Natural replication fork barriers 

promote γ-H2A formation. The average γ-H2A enrichment ratio for WT (blue) and rrm3Δ 
(red) cells, as well as the DNAP occupancy ratio (gold), are mapped on the complete non-

mitochondrial sets of tRNA genes (b), DNA replication origins (c) and LTRs (d).
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Figure 2. 
Mutation of the TFIIIB-binding site of a tRNA gene abolishes DNA polymerase and γ-H2A 

enrichment. Data is represented as the average relative fold enrichment and standard 

deviation of two experiments obtained by qPCR for DNAP (gold) and γ-H2A (blue) from 

WT (solid curves) and tS(GCU)Lmut (dashed curves) strains. The amplicons are represented 

as black lines and the SGD annotations are shown in grey.
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Figure 3. 
Mapping of the γ-H2A enrichment in cells harboring different combinations of TEL1, 
MEC1 and SML1 deletions on natural replication fork barriers. (a) Enrichment of γ-H2A 

from WT cells (blue curves from Figure 1b-d) are grouped on the same graph (tRNA genes 

in red, DNA replication origins in blue, and LTRs in green) and presented in dashed 

transparent curves while the γ-H2A enrichment detected in the tel1Δ cells is shown in solid 

curves. (b) As in a except that solid curves were obtained from mec1Δ sml1Δ cells while 

dashed curves represent sml1Δ control cells. (c) The γ-H2A enrichment was mapped in the 

middle of the 16 centromeres in WT (blue), sml1Δ (purple), tel1Δ (gold) and mec1Δ sml1Δ 
(red) cells. (d) As in b except that solid curves were obtained from the mec1Δ sml1Δ tel1Δ 
cells.
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Figure 4. 
Mutation of the H2A Ser129 residue increases the frequency of gross chromosomal 

rearrangements. (a-b) The h2a-S129A mutation results in an accumulation of Rad52-YFP 

(a) and Ddc2-GFP (b) foci. (c) Rad52-YFP foci accumulate in esc2Δ cells. Data is 

represented as the average and standard deviation of 6 (a,b) or 5 (c) experiments. Statistical 

significance (p value) was obtained with an unpaired t test. (d) The ChrXV-L GCR reporter 

chromosome. The assay monitors the loss of CAN1 and URA3 genes inserted ~10 kb from 

the telomere of ChrXV-L. This chromosome arm contains two regions of homology (HRI 

centered on the PAU20 gene, and HRII centered on the HXT11 gene) located 12 kb and 25 
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kb from the telomere that share a high degree of sequence identity with 21 regions in the 

genome. Consequently, DNA lesions formed at loci telomeric to HRI or HRII are 

predominantly repaired by BIR, thereby converting a canavanine- and 5-fluoroorotic acid (5-

FOA)-sensitive strain (canS FOAS) into a canavanine and 5-FOA-resistant strain (canR 5-

FOAR). (e) The h2a-S129A mutation results in an increased frequency of drug-induced GCR 

events. Cells carrying the ChrXV-L GCR reporter chromosome were grown in the presence 

or absence of MMS and assayed for survival on media containing 5-FOA and canavanine. 

Data is represented as the average frequency of GCR events and standard error of the mean 

of 6 experiments.
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Figure 5. 
Many inactive genes display γ-H2A enrichment. (a) Anti-correlation between γ-H2A and 

RNAPII occupancy for the least transcribed genes. The average γ-H2A enrichment is 

plotted against RNAPII occupancy as determined by ChIP-chip in the same conditions. (b) 

γ-H2A accumulation at inactive genes is enhanced in rrm3Δ cells and is abolished in mec1Δ 
sml1Δ tel1Δ cells. The average γ-H2A enrichment ratios for WT (blue), rrm3Δ (red) and 

mec1Δ sml1Δ tel1Δ (green) cells are mapped relative to the 5′ and 3′ boundaries of 

protein-coding genes enriched for γ-H2A (solid curves) and on a random group containing 

the same number of genes (dashed curves). (c) Gene activation abolishes the accumulation 

of γ-H2A at repressed protein-coding genes. The smoothed γ-H2A enrichment ratios for 

cells grown in presence of glucose (blue) and galactose (green) are shown at the GAL7-10-1 
locus. Chromosomal positions are indicated in kilobases. (d) The variation of γ-H2A level is 

correlated with galactose induction. The difference of γ-H2A enrichment ratios between 

cells grown in the presence of galactose (Gal) or glucose (Glu) is mapped (as in b) on 

groups of genes based on their fold change of expression in the presence of galactose.
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Figure 6. 
γ-H2A accumulation at many inactive genes depends on HDAC activities. (a-b) The 

smoothed γ-H2A enrichment ratio is shown at selected Hst1 (a) and Rpd3 (b) target genes 

in WT cells (blue curves) and hst1 or rpd3 mutant (green curves) cells (the complementary 

mutant curves are in grey). Chromosomal positions are indicated in kilobases. (c-d) The 

deletion of Hst1 or Rpd3 preferentially affects γ-H2A enrichment at genes known to be 

physically associated with these HDACs according to previously published ChIP-chip data.
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