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Abstract 

The rates at which lesions are removed by DNA repair can vary widely throughout the genome 

with important implications for genomic stability. To study this, we measured the distribution 

of nucleotide excision repair (NER) rates for UV-induced lesions throughout the budding yeast 

genome. By plotting these repair rates in relation to genes and their associated flanking 

sequences, we reveal that in normal cells, genomic repair rates display a distinctive pattern, 

suggesting that DNA repair is highly organised within the genome. Furthermore, by comparing 

genome-wide DNA repair rates in wild-type cells, and cells defective in the global genome-

NER (GG-NER) sub-pathway, we establish how this alters the distribution of NER rates 

throughout the genome. We also examined the genomic locations of GG-NER factor binding 

to chromatin before and after UV irradiation revealing that GG-NER is organised and initiated 

from specific genomic locations. At these sites, chromatin occupancy of the histone acetyl 

transferase Gcn5 is controlled by the GG-NER complex, which regulates histone H3 

acetylation and chromatin structure, thereby promoting efficient DNA repair of UV-induced 

lesions. Chromatin remodeling during the GG-NER process is therefore organized into these 

genomic domains. Importantly, loss of Gcn5, significantly alters the genomic distribution of 

NER rates, a finding that has important implications for the effects of chromatin modifiers on 

the distribution of mutations that arise throughout the genome. 
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Introduction 

DNA, the key molecule of heredity, is susceptible to damage to its structure because 

it is continually exposed to the deleterious effects of normal cellular metabolic processes and 

external genotoxic stresses, such as ultraviolet (UV) radiation and chemical damage 

(Friedberg 2003). Thousands of lesions occur every day in the DNA of each of our cells, the 

immediate implications of which include disruption of DNA replication and cell division as well 

as defective gene regulation. Long-term effects include the introduction of DNA mutations, 

which alter the genetic information of the cell. Repair of damaged DNA is therefore 

fundamental to the maintenance of genome stability (Holmquist and Gao 1997). Whole-exome 

sequencing studies of the range of human cancer types (The Cancer Genome Atlas Research 

et al. 2013) identified tumour-specific somatic mutations and multiple mutational signatures 

associated with the different cancer types (Alexandrov et al. 2013a). The causes of these 

mutational signatures in tumours falls broadly into two groups that arise from exposure of cells 

to environmental mutagens, such as UV light or polycyclic aromatic hydrocarbons from 

cigarette smoke; or from defects in the various DNA repair pathways (Nik-Zainal et al. 2012; 

Alexandrov et al. 2013a; Alexandrov et al. 2013b). Collectively, these observations 

demonstrate the importance of understanding how genome damage is formed and efficiently 

and accurately repaired in normal cells. 

Nucleotide excision repair (NER) acts on a spectrum of various types of DNA damage 

that have the common property of distorting the normal features of the DNA double-helix. Over 

thirty polypeptides are involved in the basic NER reaction processes. Two damage-recognition 

pathways operate: the rapid acting transcription coupled repair pathway (TC-NER) that 

operates on the transcribed strands of actively transcribing genes and involves RNA 

polymerase II in the damage recognition step; and the slower acting global genome repair 

pathway (GG-NER) that operates on all DNA, including non-transcribed and repressed 

regions, and involves a subset of proteins in the early stages of DNA damage recognition 

(Fousteri and Mullenders 2008). Following the initial stages of DNA damage detection, these 
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two pathways converge and utilise the same set of DNA repair proteins. The majority of yeast 

NER genes have well conserved structural and/or functional human homologues, and the 

main features of both GG-NER and TC-NER pathways are evolutionary conserved 

(Hoeijmakers 1993; Hoeijmakers 1994).  

In the nucleus, DNA is packaged into the nucleoprotein complex of chromatin. At 

present, how NER operates on naked DNA is quite well understood, but our knowledge of how 

the process operates in cellular chromatin is still emerging (Adam et al. 2015). Determining 

how DNA damage is sensed and removed from DNA packaged into chromatin is central to 

advancing our understanding of the mechanisms that promote genome stability and their effect 

on human health. Recent advances are providing important insights into such responses 

(Adam et al. 2015; Polo 2015) and we previously identified a complex of the Saccharomyces 

cerevisiae proteins Rad7, Rad16 and Abf1, that is required specifically for GG-NER in yeast. 

We demonstrated a novel function of the Abf1 component of this complex in NER, and showed 

that efficient GG-NER requires Abf1 to be bound to specific consensus DNA binding sites 

(Reed et al. 1999), which can be found at hundreds of locations throughout the yeast genome 

(Yu et al. 2009). The Rad16 protein is a member of the SWI/SNF super-family of chromatin 

remodelling factors. Proteins in this super-family contain conserved ATPase motifs and have 

been identified as subunits of protein complexes that demonstrate chromatin-remodelling 

activity (Flaus and Owen-Hughes 2011). Since Rad16 operates on repressed and non-

transcribed regions of the genome in GG-NER, it has long been assumed that its role might 

involve chromatin remodelling (Verhage et al. 1994), which conceivably promotes improved 

accessibility of damaged DNA within chromatin to promote efficient DNA repair. Rad16 also 

contains a C3HC4 type RING domain, which is an important functional domain in ubiquitin E3 

ligase proteins. The Rad7 protein also has two structural motifs: a leucine-rich repeat domain 

involved in protein-protein interactions and a SOCS-box domain that comprises another 

ubiquitin E3 ligase motif. Indeed, we have previously reported that the GG-NER complex has 

bona fide E3 ubiquitin ligase activity involving the Cul3 and Elc1 proteins (Pintard et al. 2004; 

Willems et al. 2004; Gillette et al. 2006).  

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted April 28, 2016. ; https://doi.org/10.1101/050807doi: bioRxiv preprint 

https://doi.org/10.1101/050807
http://creativecommons.org/licenses/by-nc-nd/4.0/


5 
 

Previously, we investigated how the yeast GG-NER complex remodels chromatin by 

examining events at a single genetic locus (Yu et al. 2011). This work has established that the 

complex promotes UV-induced chromatin remodelling necessary for DNA repair by recruiting 

the histone acetyl transferase (HAT) Gcn5 onto chromatin, which promotes increased histone 

H3 acetylation levels that in turn alter chromatin structure (Yu et al. 2011). These observations 

offered important insights into how the GG-NER complex promotes the UV-induced chromatin 

remodelling necessary for DNA repair at the genetic locus examined. 

In the present study we carry out an expanded investigation of these parameters to 

examine how the GG-NER process is organised throughout the entire yeast genome. To 

tackle this issue we developed a genome-wide DNA repair assay based on ChIP-Chip, 

referred to as 3D-DIP-Chip (Teng et al. 2011; Powell et al. 2015). The method relies upon 

immuno-affinity capture of UV-induced DNA damage and the separation of damaged from 

undamaged DNA. The genomic locations of the DNA damage can then be identified by 

hybridisation of fluorescently labelled DNA to whole-genome DNA microarrays. These 

microarrays are optically scanned where fluorescence intensities are converted to numerical 

values that reveal a map of both the levels and locations of DNA damage over the genome. 

Repeating this process at different times after the induction of DNA damage permits an 

estimate of the relative rates of DNA repair to be made at individual sites throughout the 

genome (Teng et al. 2011; Powell et al. 2015). Comparison of variations in location specific 

DNA repair rates in wild-type and various mutant strains can then be made. We also measured 

the chromatin binding of the individual GG-NER factors, HAT occupancy, and histone H3 

acetylation levels in chromatin throughout the genome, before and after UV irradiation, to 

understand how these events are organised.  

Our results demonstrate that chromatin remodelling and repair is initiated from ABF1 DNA 

binding sites, controlled by the components of the GG-NER complex found predominantly at 

many hundreds of intergenic regions throughout the genome. We reveal that the Rad7-Rad16-

Abf1 GG-NER complex is chromatin-bound at ABF1 binding sites in the absence of UV 

damage, suggesting that the co-localisation of the components at these locations primes the 
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genome for repair. Following UV irradiation, we show a UV-induced relocation of Rad7 and 

Rad16 that controls the level and distribution of the HAT Gcn5 on the chromatin in the vicinity 

of Abf1 binding sites. In this way, UV-induced acetylation of histone H3 is organised into 

domains around Abf1 binding sites, thus regulating chromatin structure in response to DNA 

damage. We show that this series of Rad7 and Rad16 dependent events is required to ensure 

the proper organisation of the GG-NER process throughout the genome. We discuss how 

these observations could help to explain how driver mutations in novel cancer genes involved 

in regulating chromatin structure contribute to altered patterns of genomic instability 

throughout the genome during tumourigenesis. 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted April 28, 2016. ; https://doi.org/10.1101/050807doi: bioRxiv preprint 

https://doi.org/10.1101/050807
http://creativecommons.org/licenses/by-nc-nd/4.0/


7 
 

Results 

The GG-NER complex promotes efficient repair of UV-induced DNA damage in 

non-transcribed genomic regions 

The GG-NER pathway operates on all DNA, including non-transcribed and repressed 

regions of the genome. Here, we used 3D-DIP-Chip (Teng et al. 2011; Powell et al. 2015) to 

measure UV-induced DNA damage throughout the yeast genome at various time points after 

UV irradiation, to investigate the role of GG-NER in promoting removal of this damage. We 

previously developed the R software package Sandcastle (Bennett et al. 2015) for the analysis 

of this type of data, and it has been used to create the plots described here. As described 

previously (Teng et al. 2011), we observe a heterogeneous distribution of CPDs throughout 

the genome immediately after UV irradiation (Figure 1A). To calculate relative rates of CPD 

removal throughout the genome, we repeated the 3D-DIP-Chip procedure with DNA from cells 

which had been allowed two hours repair time after UV-irradiation and then subtracted these 

values from CPD levels immediately after UV irradiation to generate a genome-wide pattern 

of repair. As shown previously, we also observe a heterogeneous distribution of DNA repair 

rates for the removal of CPDs in relation to the linear arrangement of the genome (Figure 1B) 

(Teng et al. 2011; Powell et al. 2015). Therefore, to examine the distribution of repair rates in 

relation to gene structure, we produced composite gene open-reading frame (ORF) plots 

including their flanking regions to derive an average trend of the data (Described in Figure 

1C). Thus ORFs ranging from 500 to 1500 bp were used to generate composite plots of DNA 

repair in this context, including DNA sequences ranging up to 2 kbp upstream and downstream 

of the ORFs. This represents approximately 85% coverage of the yeast genome. It is important 

to note that the profile-plotting function in Sandcastle ensures that no region of the genome is 

represented more than once in these plots. This feature is important in preventing the 

duplication of genomic data where the regions plotted overlap (as illustrated in Figure 1C). We 

refer to this style of figure as a 'composite plot' throughout the remainder of the manuscript.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted April 28, 2016. ; https://doi.org/10.1101/050807doi: bioRxiv preprint 

https://doi.org/10.1101/050807
http://creativecommons.org/licenses/by-nc-nd/4.0/


8 
 

Presenting wild-type repair data in these composite plots reveals a uniform distribution 

of repair rates in the intergenic regions of the genome flanking the ORFs, with a gradual 

increase in repair rates in the promoter regions of genes, reaching a peak repair rate at 

transcription start sites (Figure 1D; black line). Enhanced rates of repair are then observed 
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throughout the ORFs, with rates dropping to basal levels at transcription end sites (TES). It 

has previously been established that the enhanced rate of repair in ORFs is due to the effects 

of TC-NER operating in actively transcribing genes. To confirm this, we analysed CPD repair 

rates in the 15% of genes being expressed at the lowest levels in the genome. We recently 

reported global gene expression data in wild-type cells either in untreated or irradiated with 

UV (Zhou et al. 2015). We identified the genes expressing the lowest levels of transcription 

following UV damage and plotted the relative rates of CPD repair in these genes and 

compared these repair rates to the rates observed in the remaining 85% of the genome. 

Supplementary Figure S1 shows that in the 15% of genes showing the lowest level of 

transcription, no enhanced rates of repair in the ORF is observed compared to the higher rates 

of repair observed in ORFs in the remaining 85% of the genome that are transcribed at higher 

rates.  

To examine the contribution of GG-NER to the above patterns of CPD repair rates, we 

examined events in RAD16 deleted cells. In the absence of Rad16 there is a marked reduction 

in rates of repair around promoter regions, with a gradual increase within ORFs before 

Figure 1 - Genome-wide UV-induced DNA repair is organised around gene structure 
throughout the genome. (A) A linear genome plot of a section of chromosome 14 showing 
3D-DIP-Chip results from wild-type cells. The black line shows the mean (n = 3) CPD level 
observed immediately after UV irradiation (100 J/m2). The shading highlights the SEM. Grey 
dots indicate the positions of microarray probes. Yellow arrows indicate ORF positions and 
their direction of transcription. CPD levels are plotted as arbitrary units on the y-axis. (B) A 
linear genome plot of a section of chromosome 14 showing CPD repair rates. The black line 
shows the mean of CPD levels 120 minutes post-UV (n = 2) subtracted from the mean at 0 
minutes post-UV shown in (A). Annotations are as described in (A). (C) Representation of the 
Sandcastle process used to overlay data from multiple ORFs to create composite plots. A 
section of (i) data and (ii; labelled a, b, c, and d) ORFs are shown. Bars extending from the 
ORFs show the maximum length of extensions to incorporate surrounding data. Where these 
extensions overlap with adjacent ORF extensions (dotted line sections) they are both limited 
to a point halfway between the two, such that any given data point is plotted no more than 
once. (iii) Sections of data are then all oriented in the same direction and scaled up- or 
downwards so that each ORF covers the same length. (iv) These are then overlaid and an 
average of all the data sections calculated (red line). For all plots shown here ORFs from 500 
to 1,500 bp in size were analysed (n = 2,974). (D) Relative rates of CPD repair around ORF 
structures. Solid lines show the mean of CPD repair rates in wild-type (n = 3, black line) and 
rad16∆ cells (n = 2, red line). Repair rates are calculated by subtracting the CPD levels 
detected 2 hours after UV irradiation from those levels detected immediately after. Shaded 
areas indicate the SEM, with CPD levels plotted as arbitrary units on the y-axis. 
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reducing again in the downstream regions (Figure 1D; red line). This altered pattern is due to 

the absence of the GG-NER pathway, resulting in the loss of repair of the non-transcribing 

DNA. It is important to note that the rates of repair we present do not reflect absolute levels of 

lesion removal; rather they show the distribution of relative repair rates at sites throughout the 

genome. For this reason we plotted repair data from different mutants separately and with 

arbitrary units on the y-axis, as shown in Figure 1D. These results demonstrate that the GG-

NER complex plays an important role in generating the pattern of DNA repair rates observed 

in wild-type cells, and suggest that the repair mechanism may be organised within the 

genome. We next considered the mechanism by which this GG-NER organisation is achieved 

in the genome of wild-type cells. 

GG-NER is organised and initiated from Abf1 binding sites found at thousands 

of locations in the yeast genome 

We previously demonstrated that the yeast GG-NER apparatus is a heterotrimeric 

complex comprised of Abf1, Rad7 and Rad16 (Reed et al. 1999). Abf1 has a wide range of 

functions in processes including transcription (Buchman et al. 1988; Miyake et al. 2004; 

Yarragudi et al. 2007; Schlecht et al. 2008), gene silencing (Boscheron et al. 1996; Zou et al. 

2006; Zhang et al. 2012), replication (Rhode et al. 1992) and NER (Yu et al. 2004; Yu et al. 

2009). We have reported that binding of the Abf1 component of the GG-NER complex to one 

of its DNA recognition sequences promotes efficient GG-NER both in vitro and in vivo (Yu et 

al. 2009). Using standard chromatin immunoprecipitation (ChIP) and qPCR, we demonstrated 

Abf1 binding at a single Abf1 consensus binding site called the ‘I silencer’ located at the yeast 

HML alpha locus (Yu et al. 2009). Mutation of this DNA consensus site caused loss of Abf1 

and GG-NER complex binding, resulting in a domain of reduced GG-NER efficiency extending 

from the mutated Abf1 DNA binding site. These data suggested that, prior to UV damage, the 

GG-NER complex might be localised at specific genomic locations, defined by the Abf1 

component of the GG-NER complex binding to its consensus DNA binding motif. To determine 

whether other Abf1 binding sites represent locations from which domains of GG-NER are 
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organised and initiated in response to UV damage, we used ChIP-chip and the Sandcastle 

software package to measure the chromatin occupancy of each component of the GG-NER 

complex before and after DNA damage. We first measured genome-wide Abf1 binding and 

performed peak detection, which found around 3,800 sites distributed throughout the yeast 

Figure 2 - GG-NER is organised from ABF1 binding sites and Abf1 binding does not 
change significantly in response to UV. (A) The positions of Abf1 binding relative to ORFs. 
Abf1 binding levels at the ~3,800 detected binding sites are shown. Each binding site is 
represented by a single data point, with the overall relative amount of binding throughout the 
region shown above. (B) ChIP-Chip data for Abf1 binding. Data is shown for unirradiated 
(black, circle highlight), 0 min post-UV (dark grey, diamond highlight), and 30 min post-UV 
(light grey, square highlight) datasets. Solid lines show the means of 3 datasets per time point.  
(C) As (B) plotted around ORF structure (see Figure 1C). (D) Relative CPD repair rates around 
Abf1 binding sites. The data depicted in Figure 1D is used here to plot the relative rates of 
CPD removal around Abf1 binding sites in wild-type (black) and rad16∆ cells (red). Solid lines 
show the mean of CPD repair rates in wild-type (n = 3, black line) and rad16∆ cells (n = 2, red 
line). Repair rates are calculated by subtracting the CPD levels detected 2 hours after UV 
irradiation from those levels detected immediately after. The shaded areas show the SEM, 
while CPD levels are plotted as arbitrary units on the y-axis. 
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genome.  An example of a linear genomic plot of Abf1 binding in a section of chromosome 14 

is shown in Supplementary Figure S2. Other workers have investigated Abf1 binding using a 

variety of different methods (Yarragudi et al. 2007; Ganapathi et al. 2011; Kasinathan et al. 

2014) and our study found similar binding profiles to the most recently reported study, which 

employed a next-generation sequencing (NGS) based method (Zentner et al. 2015). We 

demonstrate that these sites are located predominantly in intergenic regions, mainly in 

promoter regions of genes and to a lesser extent at TES (Figure 2A). Plotting Abf1 at its 

binding sites shows no marked change in response to UV, exhibiting only a slight reduction in 

overall binding 30 minutes after UV irradiation (Figure 2B). To assess the genomic distribution 

of Abf1 in more detail, we plotted its binding in relation to gene structure. This shows that Abf1 

is highly enriched in promoter proximal regions (Figure 2C, black line). Within ORFs Abf1 

occupancy is detected at much lower levels, while elevated levels of enrichment are detected 

downstream of the TES. These results show that Abf1 occupancy and its overall distribution 

in relation to ORF structure do not change markedly immediately after UV irradiation (Figure 

2C, dark grey line). A small loss in overall Abf1 occupancy, which is evenly distributed across 

the composite gene plots, is detected at 30 minutes after UV irradiation (Figure 2C, light grey 

line). We conclude that Abf1 is primarily bound at promoters and other intergenic, non-

transcribed regions of the genome, and Abf1 occupancy in chromatin is stable in response to 

UV irradiation. 

To determine whether GG-NER is organised from these Abf1 binding sites we plotted 

our DNA repair rate data for both wild-type and GG-NER defective RAD16 deleted cells as 

composite plots centred on the detected Abf1 binding sites (Figure 2D upper and lower panels 

respectively; black and red lines). This revealed that the rates of repair in rad16 deleted cells 

are markedly reduced around Abf1 binding sites compared to RAD16 wild-type controls. 

Importantly, plotting the distribution of DNA repair rates at an equal number of randomly 

generated simulated ORFs, reveals an even distribution of repair rates in both wild-type and 

rad16 deleted cells (Supplementary Figure S3). These observations confirm that Abf1 binding 

sites play a significant role in orchestrating GG-NER in the genome. 
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The GG-NER complex protein Rad7 localises to Abf1 binding sites 

Our previous studies examining events at the HML alpha locus (Yu et al. 2009) 

indicated that the GG-NER complex binds to chromatin at this Abf1 binding site, where it 

promotes efficient DNA repair. We considered the possibility that GG-NER is organised in the 

genome by the GG-NER complex localising at multiple Abf1 binding sites, priming the complex 

for efficient GG-NER throughout the genome. To investigate this, we used ChIP-chip to 

measure the genome-wide occupancy of Rad7 and plot the data at Abf1 binding sites, which 

reveals a strong enrichment of Rad7 occupancy at these sites (Figure 3A; black line). This 

extends our previous observations (Yu et al. 2009), demonstrating that Rad7 co-localises at 

multiple Abf1 binding sites throughout the genome in the absence of UV damage. Next, we 

investigated the effect of UV irradiation on Rad7 binding in wild-type cells. Following UV 

irradiation, after 15 minutes there is a marked reduction of Rad7 localisation at Abf1 binding 

sites, but not complete loss of its occupancy from chromatin (Figure 3A; grey line). Displaying 

the data as composite gene plots orientates the Abf1 binding sites in relation to ORFs (Figure 

3B). This enables the UV-induced redistribution of Rad7 to be discerned over the whole ORF 

structure. This reveals that in response to UV irradiation Rad7 dissociates from Abf1 binding 

Figure 3 - The co-localisation of the GG-NER factor Rad7 in chromatin at Abf1 binding 
sites and its redistribution in response to UV irradiation is similar to Rad16. (A) Rad7 
binding data around ORF structure for unirradiated (black) and 30 min post UV (grey) datasets. 
Solid lines show the means of three datasets per time point and shaded areas show the SEM. 
(B) As (A) plotted around detected Abf1 binding sites. 
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sites in promoter and downstream regions and redistributes predominantly into ORFs and 

upstream promoter regions. 

The Rad7 and Rad16 proteins co-localise with Abf1 in the genome 

Rad7 and Rad16 form two of the core components of the GG-NER complex and their 

protein-protein and genetic interactions, as well as their phenotypes are well established 

(Verhage et al. 1994; Reed et al. 1998). To determine whether the genomic occupancy of 

Rad16 is similar to that of Rad7 and Abf1, we performed ChIP-Chip for Rad16 and plotted the 

resulting data around Abf1 binding sites (Figure 4A, black and grey lines). We note the loss of 

occupancy from Abf1 binding sites as observed for Rad7 (Figure 3A). Similar observations are 

made when examining events as composite gene plots (Figure 4B). Slightly reduced levels of 

Rad16 chromatin occupancy are observed at the 30 minute time point after UV irradiation. As 

anticipated, Rad16 distribution around ORFs prior to UV irradiation is very similar to that of 

Abf1 (Figure 2C, black line) and Rad7 protein binding (Figure 3B, black line), showing 

enrichment in intergenic regions, especially at promoters upstream of the TSS, and lower 

levels of enrichment downstream of TES (Figure 4B, black line). Notably, the redistribution we 

observe for Rad16 30 minutes after exposure to UV damage is very similar to that observed 

for Rad7, namely a loss of occupancy from their initial binding positions and increased 

Figure 4 - Rad16 associates with chromatin surrounding Abf1 binding sites and its 
redistribution in response to UV. (A) Rad16 binding data around each of the detected Abf1 
binding sites for unirradiated (black) and 30 min post UV (grey) datasets. Solid lines show the 
means of three datasets per time point and shaded areas show the SEM. (B) As (A) plotted 
around ORF structure. 
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accumulation in upstream regions of the promoter and within the ORFs (compare Rad7, Figure 

3B, grey line, with Figure 4B, grey line). Finally, we established that the distribution of Rad7 is 

dependent on the GG-NER complex by performing ChIP-Chip for Rad7 in a RAD16 deleted 

strain. As shown in Supplementary Figure S5A, displaying the data as composite gene plots 

reveals that the normal pattern of Rad7 distribution prior to UV irradiation depends on RAD16. 

In this mutant background Rad7 is distributed throughout the ORFs prior to UV irradiation and 

is not redistributed 15 minutes after UV irradiation (Supplementary Figure 5A, compare light 

and dark red lines). These observations were confirmed when we examined events in the 

context of GG-NER complex occupancy at Abf1 binding sites (Supplementary Figure S5B).  

Collectively, these results demonstrate that prior to UV irradiation the Rad7 and Rad16 

components of the GG-NER complex are located predominantly at Abf1 binding sites found 

in intergenic regions of the genome, particularly in promoter and downstream regions of 

genes. In response to UV damage, a complex of Rad7 and Rad16 is redistributed away from 

Abf1 binding sites and occupies locations within the ORFs. 

Rad16 genomic occupancy depends on its ATPase and RING domain functions  

We next investigated which Rad16 activities are responsible for the distribution of 

Rad16 observed both before and after UV radiation. Rad16 contains within its structure two 

functional regions that contribute to efficient GG-NER: two SWI/SNF ATPase domains; and 

an E3 ubiquitin ligase RING domain (Figure 5A). It has previously been reported that 

mutationally inactivating these domains individually reduces repair rates and results in UV 

sensitivity intermediate between those of wild-type and RAD16 deletion strains, while mutating 

both domains together generates UV sensitivity equivalent to that of rad16 null strains 

(Ramsey et al. 2004; Yu et al. 2011). To determine the contributions of these domains to the 

initial distribution and UV-induced redistribution of Rad16 we used ChIP-Chip to measure its 

occupancy in strains containing point mutations in the ATPase domain, the RING domain, or 
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both domains together. Strains expressing these mutated genes produce full-length Rad16  

proteins (Supplementary Figure S4A) that can associate with chromatin (Supplementary  

Figure 5 - The activity of both the ATPase and RING domain of Rad16 determine its 
chromatin occupancy before and after UV irradiation. (A) Representation of the linear 
structure of Rad16. The amino acids targeted by the point mutations introduced in the ATPase 
(K216A) and RING domains (C552A, H554A) are highlighted.  (B – G) Composite plots of 
Rad16 chromatin occupancy in the mutants described. Mutated Rad16 binding data around 
ABF1 binding sites and ORF structures in the absence of UV irradiation (dark blue) and 15 
minutes after UV irradiation (green). The Rad16ATPase/RING double mutant binding data 
(solid lines) are shown in B (around ABF1 binding sites) and C (around ORFs). The binding 
data for Rad16 RING domain mutant (dashed lines) is shown in D (around Abf1 binding sites) 
and E (around ORFs). Finally, the Rad16ATPase mutant data (dotted lines) is depicted in F 
(around Abf1 binding sites) and in G (around ORFs). Lines show the means of three datasets 
per condition and shaded areas show the SEM. 
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Figure S4B), as shown by western blot analysis. The distributions of Rad16 at Abf1 binding 

sites before, and after UV-irradiation in wild-type cells (Figure 4A) are lost in the ATPase/RING 

double mutant strain (Figure 5B; dark and green solid lines respectively). Similar results are 

seen in the composite gene plot (Figure 5C), confirming the loss of the wild-type pattern of 

Rad16 distribution. These data show that the distribution of Rad16 before, and its redistribution 

after UV irradiation depends on functional ATPase and RING domains. 

Notably, we found that inactivating Rad16 E3 ligase function by mutating its RING 

domain, results in the loss of its wild-type occupancy at Abf1 binding sites in the absence of 

UV irradiation, taking up an even distribution in unirradiated cells (Figure 5D and E, dark blue 

dashed line). However, in response to UV, some redistribution of this mutant Rad16 protein 

still occurs, resulting in a small change in its distribution (Figure 5D and E; compare dark blue 

lines with green lines). This indicates that when the ATPase domains are intact, some UV-

induced change in the distribution of Rad16 can still occur. Examining the same events in the 

ATPase mutant Rad16 strain shows a distribution in the absence of UV damage similar to that 

of the wild-type strain (Compare Figure 4A and B, with Figure 5F and G; dark blue dotted 

lines). A large reduction in the occupancy of Rad16 from its initial position is observed in 

response to UV irradiation, but not showing the redistributed pattern into the ORFs observed 

in wild-type cells (Figure 5F and G, green lines). We conclude from this that Rad16 E3 ubiquitin 

ligase activity associated with the RING domain of Rad16 is required for establishing and 

maintaining Rad16 binding at Abf1 binding sites prior to UV irradiation, while the ATPase 

activity of Rad16 is dispensable. However, the ATPase domain is required for Rad16 

redistribution after UV radiation. Therefore, both Rad16 activities function in concert to 

contribute to the normal occupancy of Rad16 in chromatin before, and its redistribution after, 

UV irradiation. 
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The GG-NER complex regulates genome-wide distribution of Gcn5 chromatin 

occupancy before and after UV irradiation 

UV-induced chromatin modifications contribute to efficient repair at the MFA2 locus 

during GG-NER, through Gcn5-dependent hyperacetylation of histone H3K9 and H3K14 (Yu 

et al. 2005). In our previous work we noted that UV-induced acetylation occurs independently 

of the core NER factors Rad4 and Rad14, demonstrating that functional NER is not required 

for this activity. However, we found that the RAD7 and RAD16 genes are required for UV-

induced acetylation of histone H3K9/K14 at the MFA2 locus and that this was achieved by the 

GG-NER complex controlling chromatin occupancy of the HAT Gcn5 (Yu et al. 2005). We also 

reported that this process promotes chromatin remodelling, making the chromatin more 

Figure 4 - Gcn5 is recruited to ABF1 binding sites and ORFs in response to UV in a 
Rad16-dependent manner. (A) Gcn5 binding data in wild-type cells around each of the 
detected ABF1 binding sites for unirradiated (black; circle highlight), 0 min post-UV (dark grey; 
diamond highlight), 15 min post-UV (mid grey; square highlight) and 30 min post UV (light 
grey; triangle highlight) datasets. Solid lines show means (n = 3, 3, 2 and 3 respectively) and 
shaded areas show the SEM. (B) Gcn5 binding data in rad16∆ cells around each of the 
detected ABF1 binding sites for unirradiated (red; circle highlight), 0 min post-UV (dark pink; 
diamond highlight), 15 min post-UV (mid pink; square highlight) and 30 min post UV (light pink; 
triangle highlight) datasets.  Solid lines show the means of two datasets per time point and 
shaded areas show the SEM. (C) As (A) plotted around ORF structure (see Figure 1C). (D) 
As (B) plotted around ORF structure (see Figure 1C). 
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accessible to restriction enzyme digestion (Yu et al. 2011). To determine how the GG-NER 

complex controls Gcn5 occupancy within the genome, we performed ChIP-Chip experiments 

for Gcn5 and analysed the genome-wide chromatin binding data. This established that Gcn5 

is enriched at Abf1 binding sites prior to UV irradiation (Figure 6A, black line, circle highlight), 

similar to the components of the GG-NER complex (Figures 3A and 4A). Gcn5 occupancy in 

the vicinity of these sites increases immediately following UV irradiation (Figure 6A, dark grey 

line, diamond highlight), and gradually reduces after 15 minutes (Figure 6A, mid-grey line, 

square highlight), with further reduction in Gcn5 occupancy observed 60 minutes after UV 

irradiation (Figure 6A light-grey line, triangle highlight). Importantly, enrichment of Gcn5 in the 

vicinity of Abf1 binding sites is retained during this period (Figure 6A). To investigate whether 

the GG-NER complex plays a role in regulating the UV-induced change in Gcn5 occupancy, 

we measured genome-wide Gcn5 binding in the absence of Rad16. The results show that 

Gcn5 binding at Abf1 binding sites prior to UV irradiation is similar to that seen in wild-type 

cells, but at slightly lower levels (Figure 6B, solid red line, circle highlight). We observed an 

initial rapid UV-induced recruitment of Gcn5 to Abf1 binding sites in the absence of Rad16, 

but at levels lower than observed in wild-type cells, indicating the importance of the GG-NER 

complex for wild-type levels of Gcn5 recruitment (Figure 6B, dark pink line, diamond highlight). 

However, 15 minutes after UV irradiation Gcn5 is no longer enriched at these sites in the 

RAD16 deleted strain compared to wild-type cells (Figure 6B, mid pink line, square highlight), 

and occupancy is even further reduced after 60 minutes (Figure 6B, light pink line, triangle  

highlight). This result clearly shows that in addition to regulating the initial UV-induced level of 

Gcn5 occupancy, Rad16 is required for maintaining Gcn5 occupancy on chromatin in the 

vicinity of Abf1 binding sites at later time points following UV irradiation. Figure 6C reveals a 

similar Gcn5 distribution to that of Abf1 and the GG-NER factors prior to UV irradiation. This 

pattern manifests as a strong promoter proximal enrichment and lower levels of enrichment at 

the 3' ends of genes. Figure 6D shows that in RAD16 deleted cells Gcn5 occupancy is 

reduced, predominantly in the vicinity of the promoter proximal Abf1 binding sites compared 

to wild-type cells at the 15 minute and 1 hour time points. These observations demonstrate 
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the role of the GG-NER complex in regulating the retention of the HAT Gcn5 on the chromatin 

in response to UV radiation. To further explore the role of the GG-NER complex in retaining 

Gcn5 occupancy on the promoter proximal chromatin regions in response to UV radiation, we 

plotted the data for Gcn5 binding in wild-type and RAD16 deleted cells at each of the different 

time points measured (Supplementary Figure S6A-D). We conclude from these results that 

the GG-NER complex regulates the wild-type recruitment and retention of Gcn5 occupancy in 

chromatin in promoter proximal domains prior to and following UV irradiation. 

The GG-NER complex regulates the UV-induced genomic distribution of histone 

H3 acetylation  

We previously demonstrated that the UV-induced chromatin remodelling necessary for 

GG- NER is promoted by the induction of histone H3 acetylation at the MFA2 gene. We 

established that this is controlled by the GG-NER complex, which regulates occupancy of the 

HAT Gcn5 on the chromatin at this locus (Yu et al. 2011).  Having established the genomic 

distribution of Gcn5 occupancy in chromatin before UV irradiation and the change in its 

distribution afterwards, we next investigated how this epigenetic histone modification  

catalysed by this HAT is distributed within the genome and how it changes in response to UV 

Figure 5 - Histone H3 (K9, K14) acetylation levels in response to UV irradiation in wild-
type and rad16∆ cells depend on the GG-NER complex. (A) Histone H3 acetylation in wild-
type (n = 5, black/grey) and rad16∆ (n = 3, red/pink) cells in response to UV irradiation around 
ABF1 binding sites. The hatched areas define the genomic regions of GG-NER-dependent 
UV-induced histone H3 acetylation. Solid lines show the mean and shaded areas show the 
SEM. (B) As (A) plotted around ORF structure. The hatched areas define the genomic regions 
of GG-NER-dependent UV-induced histone H3 acetylation. 
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irradiation. In wild-type cells we observe a distinctive 'm-shaped' pattern for this epigenetic 

marker around Abf1 binding sites (Figure 7A, black line). Histone H3 acetylation reaches a 

maximum at sites approximately 300 bp either side of Abf1 binding sites and reduces at 

positions located further away. The lower levels of histone H3Ac centred at Abf1 binding sites 

is likely caused by the absence of histones at these predominantly nucleosome free regions 

(NFRs) (Hartley and Madhani 2009; Ozonov and van Nimwegen 2013). In response to UV 

irradiation an increase in histone H3 acetylation is detected, with a maximum enrichment 

observed at approximately 500 bp on either side of the Abf1 binding sites (Figure 7A, grey 

line) and the characteristic 'm-shaped' pattern of histone modification is retained. However, in 

a RAD16 deleted strain, lower levels of histone H3 acetylation are observed in the absence of 

UV irradiation compared to wild-type cells (Figure 7A, dark red line), in line with the reduced 

Gcn5 occupancy we observed previously (Figures 6A and C). This indicates that Rad16 plays 

a role in determining the basal level and distribution of histone H3 acetylation in the absence 

of DNA damage. In response to UV irradiation, induction of histone H3Ac can still be observed 

(Figure 7A, light red line), corresponding to the Rad16-independent recruitment of Gcn5 to 

Abf1 binding sites described in the previous section (Figures 6A and B). We note that Rad16-

dependent UV-induced increase in histone H3 acetylation observed in wild-type cells 

corresponds to the redistribution of the GG-NER complex components Rad7 (Figure 3B) and 

Rad16 (Figure 4B) away from their initial positions at Abf1 binding sites. Importantly, the UV-

induced distribution of histone H3Ac around Abf1 binding sites and ORFs (Figure 7B, shaded 

areas) is significantly different in RAD16 deleted cells compared to wild-type cells. By contrast, 

in the absence of UV irradiation, H3Ac is distributed around genes in a similar fashion to the 

occupancy of Gcn5 in wild-type cells (compare Figure 7B, black line with Figure 6C, black 

line). Similarly, the distribution of histone H3 acetylation and Gcn5 occupancy observed in 

rad16∆ cells is comparable, albeit at lower levels than in wild-type cells (compare Figure 7B, 

red line with Figure 6D, red line). In response to UV irradiation histone H3 acetylation is 

induced in both wild-type and rad16∆ cells (Figure 7B, grey and light red lines respectively). 

However, the UV-induced pattern of histone H3 acetylation is different in rad16∆ cells 
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compared to the wild-type. The shaded area in Figure 7B identifies the GG-NER complex 

dependent histone H3 acetylation in response to UV irradiation. The altered pattern of histone 

H3Ac in the RAD16 deleted strain extends from within the promoter regions at Abf1 binding 

sites throughout the ORFs and also into upstream intergenic regions (Figure 7B, grey line). 

We conclude that the GG-NER complex directs the UV-induced propagation of histone H3 

acetylation by regulating the residency of Gcn5 in the genomic domains described. 

Defective UV-induced chromatin remodelling results in domains of altered DNA 

repair rates distributed throughout the genome 

We previously reported that UV-induced histone H3 acetylation promotes chromatin 

remodelling necessary for efficient GG-NER (Yu et al. 2005). In the present study we have 

shown how the GG-NER complex regulates this process, and how these events are organised 

Figure 6 - The GG-NER pathway coordinates lesion removal by controlling UV-induced 
histone H3 acetylation in genomic domains around ABF1 binding sites. (A) Rad16-
dependent repair (purple line) is calculated by subtracting rad16∆ repair from the wild-type 
repair data. UV-induced H3Ac (orange line) is calculated by subtracting the rad16∆ post-UV 
H3Ac from the wild-type data. The shading highlights the domain where lesion removal and 
UV-induced H3 acetylation are controlled by the GG-NER complex, initiated predominantly 
from sites of Abf1 binding. (B) Relative rates of CPD removal around ORF structures in wild-
type (n = 3, black) and gcn5∆ (n = 2, green) cells. Solid lines show the mean of relative CPD 
repair rates levels, with the shaded areas highlighting the SEM. CPD levels are plotted as 
arbitrary units on the y-axis. 
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within the yeast genome. In Figure 1D we demonstrated the effect on the distribution of 

genomic DNA repair rates when the GG-NER pathway is abrogated in rad16 mutated cells. In 

Figure 8A (upper panel, purple line) we have plotted the difference between the wild-type and 

Rad16 mutant repair rates to define the genomic regions most affected by loss of the GG-

NER pathway. This shows that the biggest effect on DNA repair rates in the absence of GG-

NER occurs in promoter regions, just upstream of transcription start sites, where Abf1 binding 

sites are predominantly located, and extend in both directions into the upstream promoter as 

well as into the ORF regions. A similar analysis plotting the difference between UV-induced 

histone H3 acetylation in wild-type and RAD16 deleted cells (Figure 8A, lower panel, orange 

line) reveals the reciprocity between repair rates and UV-induced histone H3 acetylation levels 

in the absence of GG-NER, and defines the genomic domains from which GG-NER organises 

and initiates chromatin remodelling and repair, highlighted by grey shading. Strikingly, the 

genomic regions that exhibit defective histone H3 acetylation in GG-NER-defective cells align 

with the regions of altered DNA repair rates observed in these cells (Figure 8A). To probe the 

central importance of histone H3 acetylation on the distribution of genomic DNA repair rates, 

we deleted GCN5 and showed that this results in complete loss of UV-induced histone H3Ac 

at K9/K14 observed in wild-type cells (Supplementary Figure S7). This demonstrates the 

central role of this chromatin modifier in promoting the wild-type distribution of UV-induced 

histone H3Ac within the genome. Finally, we measured removal of UV-induced DNA damage 

in the absence of Gcn5. Figure 8B compares the relative repair rates in GCN5 deleted cells 

(lower panel, green line) to those in wild-type cells (upper panel, black line) in the context of 

gene structure. Importantly, these data establish that the distribution of DNA repair rates is 

completely disrupted in the absence of the HAT Gcn5. This confirms the importance of the 

GG-NER complex in regulating the UV-induced, Gcn5 catalysed histone H3 acetylation on the 

wild-type distribution of genomic DNA repair rates. 
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Discussion 

In this report, we have provided new insights into understanding the processes that 

govern genome stability and how these events are organised within the genome. In previous 

studies we showed (Reed et al. 1999; Yu et al. 2009) that a single Abf1 binding site located 

at the HML alpha locus functions as a site from which DNA repair is initiated (Yu et al. 2009). 

Therefore, we considered the possibility that the structure of the genome is organised in such 

a way that ensures the efficient rate of removal of DNA damage by the GG-NER pathway. We 

speculated that Abf1 binding sites in general might represent regions from which GG-NER is 

organised to promote efficient DNA repair of chromatin in the genome. To investigate this 

possibility, we embarked herein to map genomic rates of DNA repair in relation to the genomic 

occupancy the GG-NER complex components, both before and after exposing cells to UV 

irradiation. We focused on repair of UV-induced cyclobutane pyrimidine dimers by the GG-

NER pathway in yeast. Using 3D-DIP-Chip (Teng et al. 2011; Powell et al. 2015), we 

generated genome-wide DNA damage and repair profiles both in wild-type and mutant yeast 

strains. This showed that in wild-type cells, both the initial pattern of CPD induction and the 

subsequent pattern of their relative DNA repair rates, appear to be heterogeneously distributed 

throughout the genome when viewed as a linear representation of the chromosomes. 

Importantly however, presenting such data as composite gene plots around ORFs (upper 

panel of figure 1D), revealed a level of organisation of genomic repair rates in wild-type cells 

that was previously unknown.  We noted enhanced rates of CPD removal within the ORFs in 

wild-type cells, which is consistent with the known contribution of the transcription coupled 

repair pathway to the rapid removal of lesions from the transcribed strand of active genes 

(Mellon et al. 1987). A similar observation was made in a recent study measuring genomic 

DNA repair using the NGS-based method XR-seq in human cells (Hu et al. 2015; Adar et al. 

2016). To examine the effect of removing the GG-NER pathway, we measured DNA repair 

rates in RAD16 deleted cells, and observed a significantly altered distribution of genomic DNA 

repair rates (Figure 1D, lower panel). The altered genomic DNA repair rate profile represents 
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the contribution of the TC-NER pathway, which remains intact in these mutant cells. It’s 

important to note, however, that the data derived from these DNA damage and repair 

experiments measure only the relative rates of repair and not the absolute levels of lesion 

removal.  

We considered how the organisation of genomic DNA repair rates might be established 

in the genome. Thus, we examined the genomic distribution of GG-NER complex components 

both before and after UV treatment. Firstly, we examined Abf1 binding in the absence of UV 

damage and observed approximately 3,800 peaks distributed throughout the genome. The 

majority of these sites are located in the promoter region of genes, close to the TSS, although 

a second, less abundant group can be found at the 3’ end of ORFs near the TES. This 

demonstrates that the vast majority of Abf1 binding sites are located in intergenic, non-

transcribed regions of the genome. To determine whether these sites represent locations from 

which GG-NER is organised, we plotted genomic DNA repair rates for wild-type cells against 

GG-NER defective RAD16 deleted cells in relation to all Abf1 binding sites, which revealed 

significantly reduced repair in the vicinity of Abf1 binding sites in GG-NER defective cells. This 

demonstrates the importance of GG-NER for efficient removal of CPD lesions at these 

genomic locations, suggesting that GG-NER may be organised from these sites. Importantly, 

genomic Abf1 distribution does not change markedly in response to UV irradiation, as only a 

small loss of occupancy, evenly distributed across ORFs is observed. We conducted similar 

experiments for the Rad7 and Rad16 components of the GG-NER complex. These GG-NER 

components co-localise with Abf1 at multiple Abf1 binding sites in the absence of UV 

irradiation. This demonstrates that the GG-NER complex is chromatin bound at Abf1 binding 

sites in the genome in the absence of DNA damage, poising the genome for GG-NER. 

However, following UV irradiation and in contrast to Abf1 itself, a striking loss of Rad7 and 

Rad16 occupancy is seen from Abf1 sites and a distinctive redistribution of these proteins is 

observed extending into the ORFs away from the Abf1 binding sites. These observations 

demonstrate that the Abf1 component of the GG-NER complex anchors the repair factors 

Rad7 and Rad16 at Abf1 binding sites in the absence of DNA damage. This establishes the 
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formation of nucleation sites for GG-NER at these genomic locations, which primes the 

pathway for efficient lesion removal. In response to UV irradiation, the Rad7 and Rad16 

components of the complex are redistributed away from these sites, while the Abf1 component 

predominantly remains bound. This organisation of the genome into domains promotes the 

efficient removal of UV-induced DNA damage from the genome by GG-NER. Future studies 

will focus on the mechanism of the UV-induced dissolution of the complex. 

By studying the effects of inactivating mutations in key domains of Rad16, we found 

that while the RING E3 ligase motif was important for the normal pre-UV irradiation distribution 

of Rad16 observed in wild-type cells, the ATPase domain is dispensable for this. This suggests 

that ubiquitylation of an as yet undefined target protein by the E3 ligase function of the GG-

NER complex, is necessary for normal positioning of the complex in the genome in the 

absence of DNA damage. Potential candidates for such ubiquitylation include histones, which 

may serve to tether the GG-NER complex to the chromatin in the vicinity of Abf1 binding sites. 

In this regard we note that the UV-DDB complex, which is involved in GG-NER in human cells, 

is a component of an E3 ubiquitin ligase that ubiquitylates histone H2A in response to UV 

damage (Kapetanaki et al. 2006; Lan et al. 2012). In contrast, we found that the ATPase 

domain is required for the post-UV redistribution of Rad16 into the ORFs seen in wild-type 

cells. This observation is consistent with the presence of ATPase motifs in Rad16 that are 

required for the DNA translocase activity of the complex (Yu et al. 2004).  

Our previous studies suggested that the GG-NER complex controls UV-induced 

histone H3 acetylation by regulating recruitment of the Gcn5 onto the chromatin (Yu et al. 

2011). Examining Gcn5 occupancy on a genomic scale in our current study revealed how the 

GG-NER complex controls its occupancy on the chromatin at the correct genomic locations 

necessary to promote efficient GG-NER. In wild-type cells we observed Gcn5 occupancy in 

chromatin with a similar distribution to the GG-NER complex components. We noted a very 

rapid increase in Gcn5 occupancy in response to UV irradiation. Examining Gcn5 binding at 

later time points revealed a gradual overall reduction in its occupancy, but Gcn5 retention is 

seen in regions of the genome where we observe UV-induced GG-NER complex 
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redistribution. We found that retention of Gcn5 at the genomic locations observed depends on 

UV-induced redistribution of the GG-NER complex away from its initial positions at Abf1 

binding sites during a one hour period after UV damage. Consistent with a potential UV-

induced direct or indirect interaction between the GG-NER complex and Gcn5, we found that 

the GG-NER complex controlled induction and retention of Gcn5 in response to UV at the 

correct genomic locations in chromatin is necessary for the normal pattern of UV-induced 

histone H3 acetylation (shaded areas highlighted in the context of Abf1 binding sites and 

composite gene plots shown in Figure 7A and B). Deletion of RAD16 results in lower levels of 

histone H3 acetylation in the absence of UV damage, highlighting a role for the GG-NER 

complex in setting basal levels of histone H3 acetylation in the genome. Whether this affects 

cellular processes outside of NER, such as gene transcription, remains unknown at present. 

We noted that histone H3 acetylation is induced following UV irradiation in the absence of 

Rad16 but that in the absence of Rad16, this acetylation is not induced to wild-type levels and 

fails to spread towards the genomic regions where redistribution of the GG-NER complex 

occurs in response to UV irradiation. Finally, we compared the effect of removing the GG-NER 

pathway on the distribution of histone H3 acetylation, and rates of DNA repair. By plotting the 

difference between these wild-type and rad16∆ cells, we established that the regions of DNA 

repair most affected by loss of GG-NER correspond to the regions most affected by the UV-

induced, GG-NER dependent histone H3 acetylation (Figure 8A, 
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Figure 7 – Model to illustrate how GG-NER is organised in the yeast genome. Top panel: 
In undamaged cells the GG-NER complex is located at multiple ABF1 binding sites 
predominantly in the promoter regions of genes. This occupancy is dependent on the RING 
domain of the Rad16 protein. The enrichment of GG-NER-independent basal levels of Gcn5 
can be detected at these sites. Middle panel: In response to UV irradiation, the GG-NER 
complex dissociates from the Abf1 component at ABF1 binding sites. This process depends 
on the activity of the ATPase domain in Rad16. Concomitantly, the HAT Gcn5 is recruited onto 
the chromatin with its increased levels and distribution dependent on the Rad7-Rad16 GG-
NER complex. Bottom panel: During this process histone H3 acetylation is increased over a 
domain defined by the redistribution of the Rad7-Rad16 proteins from ABF1 binding sites. This 
mechanism drives the chromatin remodelling necessary for the efficient repair of UV damage. 
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shaded region). We conclude that the GG-NER complex regulates the chromatin structure in 

the vicinity of Abf1 binding sites in response to UV irradiation by controlling the occupancy of 

the HAT Gcn5 on the chromatin and the UV-induced histone H3 acetylation status.  

Our data lead us to a model (Figure 9) in which the Rad7 and Rad16 components of 

the GG-NER complex contribute to the normal distribution and steady-state levels of histone 

H3Ac observed in the absence of DNA damage. Following UV irradiation, Rad7 and Rad16 

promote the recruitment and retention of Gcn5 to intergenic and non-transcribed regions of 

chromatin located within ORFs. This increased Gcn5 occupancy in turn promotes enhanced 

levels of histone H3 acetylation within these regions of the genome to promote the normal 

distribution of DNA repair rates in these genomic regions. Confirming the significance of Gcn5 

mediated UV-induced histone H3 acetylation on DNA repair, we have shown that in an 

otherwise wild-type cell, deleting the HAT GCN5, which is required for the UV-induced histone 

H3 acetylation, completely altered the pattern of repair rates seen in wild-type cells (Figure 

8B). This demonstrates the importance of the GG-NER complex in recruiting the Gcn5 onto 

chromatin in the correct regions of the genome to promote histone H3 acetylation required for 

the normal pattern of CPD repair rates observed in wild-type cells. This observation is striking 

because GCN5 deleted cells are only moderately UV sensitive and exhibit near normal overall 

levels of repair of UV lesions. However, our experiments show that the genomic distribution of 

the rates of repair is markedly altered. We speculate that this could result in altered 

distributions of UV-induced genomic mutation patterns. If so, this could have important 

implications for genomic stability in tumourogenesis because cancer cells frequently display 

altered control of chromatin structure. 

Recent reports have begun to measure and decipher the non-random nature of the 

mutational patterns that shape the somatic cancer genome that lead to disease. These include 

efforts to explain the causes of these mutation patterns based on our current knowledge of 

DNA damage and repair mechanisms (Haradhvala et al. 2016). Most recently, genomic DNA 

repair rates have been correlated with the incidence of mutations in skin cancer suggesting 

that cancer associated mutations occur in regions of the genome that are more difficult to 
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repair (Adar et al. 2016; Perera et al. 2016; Sabarinathan et al. 2016). Our study demonstrates 

the importance of understanding the genomic organisation of DNA repair mechanisms in order 

to help explain the cellular processes that shape the cancer genome.   

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted April 28, 2016. ; https://doi.org/10.1101/050807doi: bioRxiv preprint 

https://doi.org/10.1101/050807
http://creativecommons.org/licenses/by-nc-nd/4.0/


31 
 

Methods 

Strains and plasmids 

Plasmid/strain  Genotype Reference 

BY4742 (WT) MATα his3∆1 leu2∆0 lys2∆0 ura3∆0  EuroScarf 

rad16∆ BY4742 rad16∆::kanMX4 EuroScarf 

rad7∆ BY4742 rad7∆::kanMX4 EuroScarf 

GCN5-myc BY4742 GCN5::myc9-URA3 This Lab 

rad16∆GCN5-myc BY4742 rad16∆::kanMX4 GCN5::myc9-URA3 This Lab 

RAD7-myc BY4742RAD7::myc18 This Lab 

rad16∆ RAD7-myc BY4742 rad16∆::kanMX4 RAD7::myc18 This Lab 

gcn5∆ BY4742 gcn5∆::kanMX4 This Lab 

RAD16 W303 RAD16::myc18-URA3 This Lab 

K216A W303 RAD16K216A::myc18-URA3 This Lab 

C552AH554A W303 RAD16C552A,H554A::myc18-URA3 This Lab 

K216AC552AH554A W303 RAD16K216A,C552A,H554A::myc18-
URA3 

This Lab 

UV irradiation, yeast cell culture and crosslinking 

Yeast cells were grown and UV irradiated as described previously (Yu et al. 2011). 

After the indicated repair time in YPD, 100 mL of cells were treated with formaldehyde to a 

final concentration of 1% for between 10-40 mins at room temperature to crosslink protein-

DNA complexes. Crosslinking was stopped with the addition of 5.5ml Glycine (2.5 M) to 100 

mL cells. Cells were collected by centrifugation and resuspended in cold PBS.  For Rad7 

capture using ChIP a double crosslinking method is required using 2x109 cells collected by 

centrifugation and washed once with cold PBS. Crosslinking was carried out in two steps; first 

protein-protein crosslinking was performed using DMA (Dimethyl adipmidate dihydrochloride). 

Cells were resuspended in 10 mL of 10 mM and 0.25 % DMSO in cold PBS and incubated at 

room temperature for 45 min with mixing. Secondly, the cells were collected by centrifugation 

and washed 3 times with PBS and resuspended in 100 mL YPD. Finally, DNA-protein 
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crosslinking was performed by addition of formaldehyde to a final concentration of 1%. The 

cell suspension was incubated for 45 min at room temperature. 

Chromatin preparation 

Chromatin extracts were prepared as described previously (Teng et al. 2011; Yu et al. 

2011). Briefly, cells were washed two times in cold PBS, followed by a wash step with cold 

FA/SDS (50 mM HEPES KOH pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% 

NaDeoxycholate, 0.1% SDS, 1 mM PMSF). The cells were collected by centrifugation and 

prepared for lysis by bead beating in FA/SDS (+PMSF) using 0.5 mL of glass beads. The 

whole cell extract was then sonicated with a Bioruptor (Diagenode) as described previously 

(Yu et al. 2011), after which the chromatin extra was collected by centrifugation.  

Chromatin Immunoprecipitation 

ChIP was performed as described previously (Yu et al. 2011; Powell et al. 2015). In 

short, Pre-washed pan mouse or anti-rabbit IgG Dynabeads were incubated with the 

respective antibody for 30 min at 30°C (2.5 µg of mouse anti-Myc (9E11, Abcam) antibody, 

2.5 µL of rabbit anti-acetyl histone H3 (at K9 and K14, Upstate Biotechnology) or 20 µL anti-

Abf1 antibody (yC-20, #sc-6679, Santa Cruz Biotechnology). Dynabeads were collected, 

washed and resuspended in 50 µL of PBS-BSA (0.1%) per sample. 30 µL of 10x PBS-BSA 

(10 mg/mL) and 100ul of sonicated DNA were added to each sample containing the 

Dynabeads, and the final volume made up to 300 µL with PBS. Samples were incubated at 

21°C for 3 hours at 1300 rpm in an Eppendorf thermomixer. Following incubation, samples 

underwent a series of washes after which DNA was eluted from the Dynabeads in 125 µL of 

pronase buffer (25 mM Tris pH 7.5, 5 mM EDTA, 0.5% SDS) at 65°C at 900 rpm for 30 min. 

Pronase was added to each sample and incubated at 65°C in a water bath overnight. 50 µL 

of chromatin were taken as input samples and were treated with pronase and incubated 

overnight as the IP samples. The IP and input samples were treated with 5ul of DNase-free 
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RNase A (10 mg/mL) for 1 hour at 37°C prior to DNA purification using the PureLink Quick 

PCR Purification Kit (Invitrogen) and eluted with 50 mL elution buffer. 

DNA preparation and IP for CPD detection 

DNA was prepared and sonicated as described previously (Teng et al. 2011). IP was 

conducted as described in previous section (Chromatin Immunopreciptation) with the 

exception of using a different antibody for CPD IP (2 µg per sample of Anti-Thymine Dimer 

clone KTM53, Kamiya Biomedical Company). Following IP all samples were processed the 

same way to microarray.  

Removal of CPDs prior to microarray preparation and real-time PCR 

CPDs need to be removed from the UV treated samples prior to PCR amplification and 

microarray hybridisation. The PreCR DNA repair kit (New England Biolabs) removes many 

DNA damages including CPDs. 40 µL of IP and IN sample were processed for repair using 

the PreCR repair kit as per the manufacturer’s instructions. Following repair, DNA was 

retrieved using phenol-chloroform extraction and ethanol precipitation and resuspended in 10 

µL.  

DNA preparation and micro array hybridization 

Samples were prepared for microarray hybridisation as detailed in the Agilent 

Technologies Yeast ChIP on chip protocol (Agilent Technologies Yeast ChIP-on-chip Analysis 

Protocol, version 9.2) and described previously (James' 3D-DIP-chip paper, 'Sample 

Preparation for yeast DNA microarray hybridisation' and 'Microarray washing, scanning and 

feature extraction' sections).  Briefly, DNA fragments are blunt ended and a common linker 

sequence is ligated to their ends for two steps of ligation-mediated PCR amplification. The 

DNA concentration was measured with the NanoDrop spectrophotometer and adjusted to 150 

ng/µL with H2O.  10.5 µL of IP and IN samples were differentially labelled with Alexa Fluor 5 

and 3 dyes respectively, using the BioPrime Total Genomic Labelling System (Invitrogen).  

Labelling efficiency was determined using the MicroArray Measurement Module on the 
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NanoDrop ND-1000 Spectrophotometer. The IP and input samples were combined and 110 

µl hybridisation mixture applied to each Agilent yeast microarray. Mixtures were hybridised for 

24 hours at 65°C.  After hybridisation the microarrays were washed twice and scanned as 

described in the Agilent Technologies Yeast ChIP on chip protocol. The scanned image was 

processed with Agilent Feature Extraction software which converts fluorescence intensities 

into numerical values for analysis. Analysis of the data was conducted using Sandcastle 

(Bennett et al. 2015) in R version 3.2.4 , which uses log2 values of IP:input ratios. 

Data Normalisation 

Data from each experiment were normalised using the 'normalise' function in 

Sandcastle. The full Sandcastle normalisation procedure was applied to the individual protein 

binding and H3Ac datasets. This performs quantile normalisation on each set of replicates (for 

each time point), and then shifts and scales all datasets (combining all time points) together. 

This allows comparisons to be made between the binding levels of the protein/H3Ac at the 

different time points.  Note that this procedure transforms the data so that for each set of 

protein/H3Ac datasets the values are comparable between the different time points analysed, 

but are not comparable between the different proteins/H3Ac. Only the quantile normalisation 

step was applied to each set of replicates of the CPD datasets, because these data are not 

suitable for the full Sandcastle normalisation procedure. For this reason the values of the 

damage levels at the different time points are not directly comparable and so the calculated 

repair rates are plotted using arbitrary units. It is thus possible to determine areas of relative 

faster or slower repair, but not to determine how much faster or slower repair is in one area 

compared to another. 

Data Analysis 

The composite plots shown in this paper were created using the 'profilePlot' function 

of Sandcastle. Plots around Abf1 binding sites were created using peaks detected in the no 

UV treatment Abf1 binding datasets using the 'enrichmentDetection' function.  Plots over 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted April 28, 2016. ; https://doi.org/10.1101/050807doi: bioRxiv preprint 

https://doi.org/10.1101/050807
http://creativecommons.org/licenses/by-nc-nd/4.0/


35 
 

ORFs were created using data downloaded from the ensembl databases using the 

'loadAnnotation' function. Full details of these procedures are described in the Sandcastle 

publication and associated documentation (Bennett et al. 2015). 

Data Access 

Data described here was submitted to EBIs Annotare 2.0 database and can be 

accessed using accession number E-MTAB-4641. 

Acknowledgements 

The work was supported by an MRC Career Establishment Grant to SHR and a CRUK 

project grant A12340. SHR is also a member of the Cancer Genetics Biological Research unit 

funded by the Welsh Government.  

Author Contributions 

The authors S.Y. and K.E. contributed equally. 

Disclosure Declaration 

The authors declare no conflict of interest. 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted April 28, 2016. ; https://doi.org/10.1101/050807doi: bioRxiv preprint 

https://doi.org/10.1101/050807
http://creativecommons.org/licenses/by-nc-nd/4.0/


36 
 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted April 28, 2016. ; https://doi.org/10.1101/050807doi: bioRxiv preprint 

https://doi.org/10.1101/050807
http://creativecommons.org/licenses/by-nc-nd/4.0/


37 
 

References 

Adam S, Dabin J, Polo SE. 2015. Chromatin plasticity in response to DNA damage: The 
shape of things to come. DNA repair 32: 120-126. 

Adar S, Hu J, Lieb JD, Sancar A. 2016. Genome-wide kinetics of DNA excision repair in 
relation to chromatin state and mutagenesis. Proc Natl Acad Sci U S A. 

Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin AV, Bignell GR, 
Bolli N, Borg A, Borresen-Dale AL et al. 2013a. Signatures of mutational processes in 
human cancer. Nature 500(7463): 415-421. 

Alexandrov LB, Nik-Zainal S, Wedge DC, Campbell PJ, Stratton MR. 2013b. Deciphering 
signatures of mutational processes operative in human cancer. Cell Rep 3(1): 246-
259. 

Bennett M, Evans KE, Yu S, Teng Y, Webster RM, Powell J, Waters R, Reed SH. 2015. 
Sandcastle: software for revealing latent information in multiple experimental ChIP-
chip datasets via a novel normalisation procedure. Sci Rep 5: 13395. 

Boscheron C, Maillet L, Marcand S, Tsai-Pflugfelder M, Gasser SM, Gilson E. 1996. 
Cooperation at a distance between silencers and proto-silencers at the yeast HML 
locus. The EMBO journal 15(9): 2184-2195. 

Buchman AR, Kimmerly WJ, Rine J, Kornberg RD. 1988. Two DNA-binding factors 
recognize specific sequences at silencers, upstream activating sequences, 
autonomously replicating sequences, and telomeres in Saccharomyces cerevisiae. 
Molecular and cellular biology 8(1): 210-225. 

Flaus A, Owen-Hughes T. 2011. Mechanisms for ATP-dependent chromatin remodelling: the 
means to the end. FEBS J 278(19): 3579-3595. 

Fousteri M, Mullenders LH. 2008. Transcription-coupled nucleotide excision repair in 
mammalian cells: molecular mechanisms and biological effects. Cell research 18(1): 
73-84. 

Friedberg EC. 2003. DNA damage and repair. Nature 421(6921): 436-440. 
Ganapathi M, Palumbo MJ, Ansari SA, He Q, Tsui K, Nislow C, Morse RH. 2011. Extensive 

role of the general regulatory factors, Abf1 and Rap1, in determining genome-wide 
chromatin structure in budding yeast. Nucleic acids research 39(6): 2032-2044. 

Gillette TG, Yu S, Zhou Z, Waters R, Johnston SA, Reed SH. 2006. Distinct functions of the 
ubiquitin-proteasome pathway influence nucleotide excision repair. Embo Journal 
25(11): 2529-2538. 

Haradhvala NJ, Polak P, Stojanov P, Covington KR, Shinbrot E, Hess JM, Rheinbay E, Kim 
J, Maruvka YE, Braunstein LZ et al. 2016. Mutational Strand Asymmetries in Cancer 
Genomes Reveal Mechanisms of DNA Damage and Repair. Cell 164(3): 538-549. 

Hartley PD, Madhani HD. 2009. Mechanisms that specify promoter nucleosome location and 
identity. Cell 137(3): 445-458. 

Hoeijmakers JH. 1993. Nucleotide excision repair I: from E. coli to yeast. Trends Genet 9(5): 
173-177. 

Hoeijmakers JHJ. 1994. Human Nucleotide Excision-Repair Syndromes - Molecular Clues to 
Unexpected Intricacies. Eur J Cancer 30A(13): 1912-1921. 

Holmquist GP, Gao S. 1997. Somatic mutation theory, DNA repair rates, and the molecular 
epidemiology of p53 mutations. Mutation research 386(1): 69-101. 

Hu J, Adar S, Selby CP, Lieb JD, Sancar A. 2015. Genome-wide analysis of human global 
and transcription-coupled excision repair of UV damage at single-nucleotide 
resolution. Genes & development 29(9): 948-960. 

Kapetanaki MG, Guerrero-Santoro J, Bisi DC, Hsieh CL, Rapic-Otrin V, Levine AS. 2006. 
The DDB1-CUL4ADDB2 ubiquitin ligase is deficient in xeroderma pigmentosum 
group E and targets histone H2A at UV-damaged DNA sites. Proceedings of the 
National Academy of Sciences 103(8): 2588-2593. 

Kasinathan S, Orsi GA, Zentner GE, Ahmad K, Henikoff S. 2014. High-resolution mapping of 
transcription factor binding sites on native chromatin. Nat Methods 11(2): 203-209. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted April 28, 2016. ; https://doi.org/10.1101/050807doi: bioRxiv preprint 

https://doi.org/10.1101/050807
http://creativecommons.org/licenses/by-nc-nd/4.0/


38 
 

Lan L, Nakajima S, Kapetanaki MG, Hsieh CL, Fagerburg M, Thickman K, Rodriguez-
Collazo P, Leuba SH, Levine AS, Rapic-Otrin V. 2012. Monoubiquitinated Histone 
H2A Destabilizes Photolesion-containing Nucleosomes with Concomitant Release of 
UV-damaged DNA-binding Protein E3 Ligase. Journal of Biological Chemistry 
287(15): 12036-12049. 

Mellon I, Spivak G, Hanawalt PC. 1987. Selective removal of transcription-blocking DNA 
damage from the transcribed strand of the mammalian DHFR gene. Cell 51(2): 241-
249. 

Miyake T, Reese J, Loch CM, Auble DT, Li R. 2004. Genome-wide analysis of ARS 
(autonomously replicating sequence) binding factor 1 (Abf1p)-mediated 
transcriptional regulation in Saccharomyces cerevisiae. The Journal of biological 
chemistry 279(33): 34865-34872. 

Nik-Zainal S, Alexandrov LB, Wedge DC, Van Loo P, Greenman CD, Raine K, Jones D, 
Hinton J, Marshall J, Stebbings LA et al. 2012. Mutational processes molding the 
genomes of 21 breast cancers. Cell 149(5): 979-993. 

Ozonov EA, van Nimwegen E. 2013. Nucleosome free regions in yeast promoters result 
from competitive binding of transcription factors that interact with chromatin modifiers. 
PLoS computational biology 9(8): e1003181. 

Perera D, Poulos RC, Shah A, Beck D, Pimanda JE, Wong JW. 2016. Differential DNA 
repair underlies mutation hotspots at active promoters in cancer genomes. Nature 
532(7598): 259-263. 

Pintard L, Willems A, Peter M. 2004. Cullin-based ubiquitin ligases: Cul3-BTB complexes 
join the family. The EMBO journal 23(8): 1681-1687. 

Polo SE. 2015. Reshaping chromatin after DNA damage: the choreography of histone 
proteins. Journal of molecular biology 427(3): 626-636. 

Powell JR, Bennett MR, Evans KE, Yu S, Webster RM, Waters R, Skinner N, Reed SH. 
2015. 3D-DIP-Chip: a microarray-based method to measure genomic DNA damage. 
Sci Rep 5. 

Ramsey KL, Smith JJ, Dasgupta A, Maqani N, Grant P, Auble DT. 2004. The NEF4 complex 
regulates Rad4 levels and utilizes Snf2/Swi2-related ATPase activity for nucleotide 
excision repair. Molecular and cellular biology 24(14): 6362-6378. 

Reed SH, Akiyama M, Stillman B, Friedberg EC. 1999. Yeast autonomously replicating 
sequence binding factor is involved in nucleotide excision repair. Genes & 
development 13(23): 3052-3058. 

Reed SH, You Z, Friedberg EC. 1998. The yeast RAD7 and RAD16 genes are required for 
postincision events during nucleotide excision repair. In vitro and in vivo studies with 
rad7 and rad16 mutants and purification of a Rad7/Rad16-containing protein 
complex. The Journal of biological chemistry 273(45): 29481-29488. 

Rhode PR, Elsasser S, Campbell JL. 1992. Role of multifunctional autonomously replicating 
sequence binding factor 1 in the initiation of DNA replication and transcriptional 
control in Saccharomyces cerevisiae. Molecular and cellular biology 12(3): 1064-
1077. 

Sabarinathan R, Mularoni L, Deu-Pons J, Gonzalez-Perez A, Lopez-Bigas N. 2016. 
Nucleotide excision repair is impaired by binding of transcription factors to DNA. 
Nature 532(7598): 264-267. 

Schlecht U, Erb I, Demougin P, Robine N, Borde V, van Nimwegen E, Nicolas A, Primig M. 
2008. Genome-wide expression profiling, in vivo DNA binding analysis, and 
probabilistic motif prediction reveal novel Abf1 target genes during fermentation, 
respiration, and sporulation in yeast. Mol Biol Cell 19(5): 2193-2207. 

Teng Y, Bennett M, Evans KE, Zhuang-Jackson H, Higgs A, Reed SH, Waters R. 2011. A 
novel method for the genome-wide high resolution analysis of DNA damage. Nucleic 
acids research 39(2): e10. 

The Cancer Genome Atlas Research N, Weinstein JN, Collisson EA, Mills GB, Shaw KRM, 
Ozenberger BA, Ellrott K, Shmulevich I, Sander C, Stuart JM. 2013. The Cancer 
Genome Atlas Pan-Cancer analysis project. Nature genetics 45(10): 1113-1120. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted April 28, 2016. ; https://doi.org/10.1101/050807doi: bioRxiv preprint 

https://doi.org/10.1101/050807
http://creativecommons.org/licenses/by-nc-nd/4.0/


39 
 

Verhage R, Zeeman AM, Degroot N, Gleig F, Bang DD, Vandeputte P, Brouwer J. 1994. The 
Rad7 and Rad16 Genes, Which Are Essential for Pyrimidine Dimer Removal from the 
Silent Mating-Type Loci, Are Also Required for Repair of the Nontranscribed Strand 
of an Active Gene in Saccharomyces-Cerevisiae. Molecular and cellular biology 
14(9): 6135-6142. 

Willems AR, Schwab M, Tyers M. 2004. A hitchhiker's guide to the cullin ubiquitin ligases: 
SCF and its kin. Biochimica et biophysica acta 1695(1-3): 133-170. 

Yarragudi A, Parfrey LW, Morse RH. 2007. Genome-wide analysis of transcriptional 
dependence and probable target sites for Abf1 and Rap1 in Saccharomyces 
cerevisiae. Nucleic acids research 35(1): 193-202. 

Yu S, Owen-Hughes T, Friedberg EC, Waters R, Reed SH. 2004. The yeast 
Rad7/Rad16/Abf1 complex generates superhelical torsion in DNA that is required for 
nucleotide excision repair. DNA repair 3(3): 277-287. 

Yu S, Smirnova JB, Friedberg EC, Stillman B, Akiyama M, Owen-Hughes T, Waters R, Reed 
SH. 2009. ABF1-binding sites promote efficient global genome nucleotide excision 
repair. The Journal of biological chemistry 284(2): 966-973. 

Yu S, Teng Y, Waters R, Reed SH. 2011. How chromatin is remodelled during DNA repair of 
UV-induced DNA damage in Saccharomyces cerevisiae. PLoS genetics 7(6): 
e1002124. 

Yu Y, Teng Y, Liu H, Reed SH, Waters R. 2005. UV irradiation stimulates histone acetylation 
and chromatin remodeling at a repressed yeast locus. Proc Natl Acad Sci U S A 
102(24): 8650-8655. 

Zentner GE, Kasinathan S, Xin B, Rohs R, Henikoff S. 2015. ChEC-seq kinetics 
discriminates transcription factor binding sites by DNA sequence and shape in vivo. 
Nature communications 6: 8733. 

Zhang X, Yu Q, Olsen L, Bi X. 2012. Functions of protosilencers in the formation and 
maintenance of heterochromatin in Saccharomyces cerevisiae. PloS one 7(5): 
e37092. 

Zhou Z, Humphryes N, van Eijk P, Waters R, Yu S, Kraehenbuehl R, Hartsuiker E, Reed SH. 
2015. UV induced ubiquitination of the yeast Rad4-Rad23 complex promotes survival 
by regulating cellular dNTP pools. Nucleic acids research. 

Zou Y, Yu Q, Bi X. 2006. Asymmetric positioning of nucleosomes and directional 
establishment of transcriptionally silent chromatin by Saccharomyces cerevisiae 
silencers. Molecular and cellular biology 26(20): 7806-7819. 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted April 28, 2016. ; https://doi.org/10.1101/050807doi: bioRxiv preprint 

https://doi.org/10.1101/050807
http://creativecommons.org/licenses/by-nc-nd/4.0/

