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Acetylation of the histone H3 tail 
domain regulates base excision 
repair on higher-order chromatin 
structures
Deb Ranjan Banerjee2,4, Charles E. Deckard iii1,4, Yu Zeng3 & Jonathan T. Sczepanski  1*

Despite recent evidence suggesting that histone lysine acetylation contributes to base excision repair 
(BER) in cells, their exact mechanistic role remains unclear. In order to examine the influence of histone 
acetylation on the initial steps of BER, we assembled nucleosome arrays consisting of homogeneously 
acetylated histone H3 (H3K18 and H3K27) and measured the repair of a site-specifically positioned 
2′-deoxyuridine (dU) residue by uracil DnA glycosylase (UDG) and apurinic/apyrimidinic endonuclease 
1 (APE1). We find that H3K18ac and H3K27ac differentially influence the combined activities of UDG/
APE1 on compact chromatin, suggesting that acetylated lysine residues on the H3 tail domain play 
distinct roles in regulating the initial steps of BER. In addition, we show that the effects of H3 tail 
domain acetylation on UDG/APE1 activity are at the nucleosome level and do not influence higher-order 
chromatin folding. Overall, these results establish a novel regulatory role for histone H3 acetylation 
during the initiation of BER on chromatin.

Cellular DNA is constantly exposed to genotoxic agents arising from both exogenous and endogenous sources. 
If left unrepaired, the resulting DNA lesions can lead to genetic instability and alterations that are at the heart of 
various diseases, including cancer, cardiovascular diseases, and neurodegenerative diseases, as well as aging1–5. 
The front-line defense against damaged nucleobases is the base excision repair (BER) pathway6. BER is initiated 
by DNA glycosylases that are responsible for recognizing and excising specific nucleobase lesions via cleavage of 
the glycosidic bond7. For example, 2′-deoxyuridine (dU), which can result from the deamination of cytosine8, is 
recognized and excised from DNA by uracil DNA glycosylase (UDG). Removal of the damaged base results in 
formation of an abasic site, which is subsequently cleaved by apurinic/apyrimidinic endonuclease 1 (APE1) in 
order to generate a nicked substrate for further downstream processing6.

Like all genomic processes, BER must take place within the structural constraints of chromatin. In eukaryotic 
cells, the basic unit of chromatin is the nucleosome, which consists of ∼147 base pairs (bp) of DNA wrapped 
nearly two times around a protein core comprising two copies of each histone H2A, H2B, H3, and H4. In general, 
nucleosomes are repressive structures that restrict DNA-binding factors from accessing the underlying DNA9,10. 
Indeed, nearly every step in the BER process is inhibited to varying degrees by the packaging of DNA into nucle-
osomes, and the extent of inhibition depends largely on the rotational setting of the lesion in relation to the his-
tone octamer surface11–15. In addition, individual nucleosomes are connected by stretches of linker DNA to form 
chromosome-sized nucleosome arrays that fold and condense into more compact higher-order structures that 
further impact DNA accessibility and BER16–18. For example, the combined catalytic activities of UDG and APE1 
are inhibited by as much as 20-fold upon folding of nucleosome arrays into compact 30 nm chromatin fibers19.

Given the impact of chromatin structure on BER, it is not surprising that histone posttranslational modifica-
tions (PTMs) have been implicated in the repair process20–23. In particular, histone acetylation has been shown 
to directly impact nucleosome stability, mobility, and unwrapping24–26, as well as higher-order chromatin fold-
ing27,28, supporting a model in which histone acetylation directly regulates BER by controlling DNA accessibility. 
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Indeed, emerging evidence supports a role for site-specific histone acetylation in cellular BER29,30. However, due 
to challenges associated with manipulating the chemical structure of chromatin in cells, functional relationships 
between histone acetylation and BER remain mostly unexplored. A few pioneering studies have investigated 
the influence of histone acetylation on BER using homogeneously acetylated mononucleosomes as model sub-
strates30,31. Uncoupled from the more complex cellular environment, reconstituted mononucleosomes enable 
quantitative interrogation of the BER pathway in the context of specific PTMs. Although these studies have pro-
vided novel insight into how acetylation potentially regulates BER in vivo, mononucleosomes fall short of being 
an ideal chromatin model. In particular, they cannot be used to assess the impact of histone acetylation (or other 
PTMs) on inter-nucleosomal interactions and higher-order chromatin folding, which are likely key factors that 
regulate BER at the chromatin level19,32.

In the present study, we assembled novel nucleosome arrays consisting of both site-specifically damaged DNA 
and homogeneously acetylated histones in order to investigate, for the first time, the impact of histone acetylation 
on BER within higher-order chromatin structures. Specifically, we reconstituted 12-mer nucleosome arrays con-
sisting of one of two homogeneously acetylated H3 histones (H3K18ac and H3K27ac) and measured the repair of 
a site-specifically positioned dU residue by the combined activities of UDG and APE1. By comparing acetylated 
chromatin substrates, including mononucleosomes, to their unmodified counterparts, we find that H3K18ac and 
H3K27ac modulate the activities of UDG and APE1 in a context-dependent manner, indicating that acetylation 
of histone H3 has a site-specific effect on BER. Given that H3K18 and H3K27 are targets of the acetyltransferase 
CBP/p300, this work potentially establishes a novel regulatory role for CBP/p300 in the BER pathway.

Results and Discussion
Assembly of chemically defined nucleosome arrays. The nucleosome arrays described in this work 
utilize a DNA template composed of 12 copies of the “ Widom 601” nucleosome position sequence33, each of 
which is separated by 30 bp of linker DNA (Figs 1a and S1a). This array architecture has been shown to recon-
struct the native chromatin environment and the spatial relationship between neighboring nucleosomes34,35, 
and has been used extensively to investigate the regulation of chromatin structure by histone PTMs28,36–38. 
Furthermore, while the 601 DNA sequence has a high affinity for the histone octamer, mononucleosomes and 
arrays assembled using 601 DNA remain highly dynamic and undergo spontaneous conformational fluctua-
tions that increase DNA accessibility (i.e. site exposure) on a biologically relevant timescale39–41. We designed 
the 12 × 601 template (12-601-Nb) to contain two proximal nicking endonuclease recognition sites (Nb.BbvCI) 
within the nucleosome-bound region of the fifth 601 repeat (N5), which enabled site-specific incorporation of 
single dU residue using our previously reported “plug-and-play” approach (see “Methods” section and Fig. S1)19. 
The minor sequence variations resulting from the inclusion of these restriction sites do not significantly alter the 
rotational positioning of the DNA relative to the native 601 sequence19. Treatment of 12-601-Nb with Nb.BbvCI 
resulted in formation of a short gap upon heat denaturation, which was subsequently filled in with a DNA oligo-
nucleotide carrying the desired dU residue (Table S1). The remaining nicks were then resealed by T4 DNA ligase, 
resulting in generation of the fully intact DNA template (12-601-dU49). Complete incorporation (>95%) of the 
dU-modified oligonucleotide was confirmed using an electrophoretic mobility retardation assay (Fig. S1b). The 
final position of the dU residue (49 nucleotides from the N5 dyad; dU49) was such that upon reconstitution of 
DNA template into chromatin, the lesion would be facing outward relative to the underlying nucleosome surface 
(Fig. 2b). UDG/APE1-mediated digestion of dU at this position is highly sensitive to magnesium-induced chro-
matin compaction, suggesting that this position is ideal for examining the impact of histone PTMs on the initial 
steps of BER19.

The dU containing DNA template (12-601-dU49) was reconstituted into 12-mer nucleosome arrays using 
recombinant human histone octamers containing either wild-type (WT) H3 or homogeneously acetylated H3 
(H3K18ac or H3K27ac)42–44. The acetylated H3 proteins were produced via unnatural amino acid mutagenesis 
using an amber suppression-based approach (Fig. S3)45. Optimal reconstitution conditions were determined by 
histone octamer titration, and fully saturated nucleosome arrays were purified via selective magnesium-induced 
precipitation (Fig. S4a)43,46,47. Native gel electrophoresis of the reconstituted products revealed, in all cases, a sin-
gle band consistent with a homogeneous population of nucleosome arrays (Fig. 2a). Partial digestion with micro-
coccal nuclease (MNase) confirmed the presence of 12 positioned nucleosomes (Fig. 2b), and restriction enzyme 
digests of the reconstituted arrays demonstrated full nucleosome occupancy (Fig. S4b). Together, these data sug-
gest that formation of nucleosome arrays is not affected by the presence of a single dU residue and acetylated 
histone H3, which is in agreement with several previous reports11,19,30,32.

Uracil removal by UDG and APE1 is dependent on site-specific histone acetylation. We investi-
gated the impact of H3 acetylation (H3K18ac and H3K27ac) on the combined activities of UDG/APE1. We chose 
these lysine residues because they are preferred targets for the acetyltransferase p300 and closely related CBP 
(CBP/p300)48,49. However, additional sites on the histone H3 tail (e.g. K9, K14, and K23) can also be acetylated by 
CBP/p300. CBP/p300 has been shown to interact with and acetylate a number of key enzymes in the BER path-
way, including several DNA glycosylases, APE1, and polymerase β (pol β)50–53. Thus, it is possible that these BER 
proteins could facilitate the recruitment of CBP/p300 to sites of DNA damage to acetylate histones and potential 
stimulate BER54. However, this has yet to be experimentally demonstrated.

We examined UDG/APE1-mediate repair of dU under both low (0.2 mM) and high (2.0 mM) Mg2+ con-
centration. At 0.2 mM Mg2+, 12-mer arrays take on an extended “beads-on-a-string” structure representing 
an accessible chromatin state. However, at 2 mM Mg2+, these same arrays fold into compact “30 nm” fibers55,56. 
Magnesium has been shown to impact the activities of UDG enzymes and is required for APE1 catalysis6,57–59. 
Magnesium also influences nucleosome dynamics and stability60,61. Therefore, the rate of BER on each substrate 
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type (naked DNA, mononucleosomes, and arrays) was measured at both Mg2+ concentration and only datasets 
obtained at the same Mg2+ concentration (i.e. chromatin structural state) were compared to each other.

We first examined the ability of UDG/APE1 to digest the various chromatin substrates (Fig. 1b) under low 
magnesium conditions (0.2 mM Mg2+), where nucleosome arrays are mostly in an extended state55,56. Both naked 
DNA (12-601-Nb) and nucleosome arrays (10 nM, Fig. 1b) were treated with UDG and APE1 (1 nM each), and 
cleavage of the dU-containing strand was measured over time (Figs 3a,b and S6a). A similar set of digestion reac-
tions was also carried out on either unmodified or acetylated (H3K18ac and H3K27ac) mononucleosome sub-
strates containing an identically positioned dU lesion (Figs 1c and S2, S6b). We note that the reaction conditions 
used here have been used extensively to study the impact of nucleosomes on UDG/APE-mediated BER11,12,62,63. In 
agreement with our previous study19, UDG/APE1-mediated digestion of dU49 was significantly inhibited on both 
mononucleosomes and nucleosome arrays relative to free DNA (Fig. 3a and Table 1). Importantly, the activity of 

Figure 1. Chromatin substrates containing site-specifically modified DNA and histone H3. (a) Schematic 
illustration of the 12 × 601 DNA template used in this study. The exchangeable DNA fragment within 
nucleosome 5 (N5) (12-601-Nb, light blue box) is indicated. (b) The nucleosome arrays prepared in this study 
(top) and the cryo-electron microscopy structural model of the 30 nm chromatin fiber (12 × 601, EMD-2600) 
showing the locations of dU49, as well as the corresponding Nb.BbvCI (yellow) excisable DNA region (bottom). 
The nucleosome surface (PDB ID: 1ZBB) was fitted to the electron density map using Chimera79. (c) The 
mononucleosomes prepared in this study (top) and corresponding x-ray structure (PDB ID: 1ZBB) showing the 
position of dU49 and acetylated lysine residues (H3K18ac and H3K27ac). See Supporting Information for DNA 
sequence information.
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UDG/APE1 on the chromatin substrates was dependent on histone H3 acetylation. While H3K18ac had no effect 
on digestion of dU49 by UDG/APE1, H3K27ac resulted in significant inhibition of UDG/APE1 activity relative to 
WT histone H3 (Fig. 3b and Table 1). This trend was similar for both mononucleosomes and nucleosome arrays, 
suggesting that the influence of H3K27ac on UDG/APE1 activity is likely the result of intra-nucleosomal inter-
actions rather than interactions between neighboring nucleosomes. This is consistent with previous observations 
that acetylation of the H3 tail domain primarily regulates DNA accessibility at the nucleosome level27. This is also 
in agreement with our previous observation that accessibility of dU49 in extended arrays is almost exclusively 
dictated by the underlying histone octamer19. These different outcomes were somewhat surprising given the close 

Figure 2. Characterization of modified 12-mer nucleosome arrays. (a) Purified nucleosome arrays used 
in this study. Lane 1, 12-601-dU49 prior to reconstitution (for reference); lane 2, 12-NCP-dU49; lane 3, 
12-NCP(27ac)-dU49; lane 4, 12-NCP(18ac)-dU49. (b) Partial MNase digestion of nucleosome arrays used in 
this study. Lane 1, 12-NCP-dU49; lane 2, 12-NCP(27ac)-dU49; lane 3, 12-NCP(18ac)-dU49. Molecular size 
markers are indicated in both panels (L). Uncropped images are presented in Fig. S9.

Figure 3. BER of damaged DNA within various chromatin environments. The indicated substrates (10 nM; 
Fig. 1) were incubated with UDG and APE1 (1 nM each) in the presence of either 0.2 mM Mg2+ (a,b) or 2.0 mM 
Mg2+ (c,d). Error bars represent standard deviation from at least three independent experiments. See Table 1 for 
relevant statistics.
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proximity of these two lysine residues to each other on the histone H3 tail (Fig. 1c). Furthermore, previous work 
has shown that acetylation of lysine residues near the N-terminus of the H3 tail domain (e.g. H3K14 and H3K18) 
does not induce significant changes in nucleosome dynamics (i.e. DNA unwrapping)30,64. Nevertheless, acetyla-
tion has been shown to alter H3 tail dynamics and tail-DNA contacts65,66. Therefore, it is possible that H3K27ac, 
but not H3K18, results in the repositioning of the H3 tail domain in such a way that accessibility of dU49 to UDG/
APE1 is reduced. Further experiments are needed to verify this model.

Next, we repeated the UDG/APE1 digestion experiment described above in the presence of 2 mM Mg2+, 
which induces compaction of the extended array into a “30 nm” chromatin fiber55,56. Consistent with our previous 
observations19, increasing the Mg2+ concentration from 0.2 to 2.0 mM stimulated UDG/APE1 activity on both 
free DNA and mononucleosomes (Table 1). Under these conditions, we found that acetylation of either H3K18 
or H3K27 did not significantly affect the rate of UDG/APE1-mediated cleavage of dU49 on mononucleosomes 
(Fig. 3c,d and Table 1). The extent of digestion (∼80%) was also independent of acetylation (Fig. 4). Digestion 
of compact arrays by UDG/APE1 resulted in the formation of substantially less incised product overall com-
pared to corresponding mononucleosome substrates (regardless of the acetylation state), which is consistent with 
our previous observation that folding of chromatin into a 30 nm fibers is a major obstacle for BER (Fig. 4)19. 
Importantly, the amount of dU49 digested by UDG/APE1 after 60 minutes on the compact arrays was highly 
dependent on the acetylation state of histone H3. Acetylation of H3K18 resulted in increased product formation 
relative to the unmodified array, whereas acetylation of H3K27 had the opposite effect (Figs 3c,d and 4). Notably, 
product formation was inhibited by only ∼30% on H3K18ac containing arrays (57.1 ± 7.6% cleavage) relative 
to mononucleosomes (83.0 ± 0.7% cleavage) after 60 minutes, whereas ∼70% inhibition of product formation 
was observed on H3K27ac arrays (24.5 ± 2.1% cleavage) (Fig. 4). Interestingly, despite differences in the amount 

[Mg2+] 
(mM) Substrate k (% cleaved per minute)

0.2 mM

12-601-dU 24.8 ± 2.6

1-NCP-dU 4.6 ± 0.3a

12-NCP-dU 4.7 ± 0.8a

1-NCP(18ac)-dU 5.6 ± 0.8a

12-NCP(18ac)-dU 6.4 ± 0.4a

1-NCP(27ac)-dU 2.4 ± 0.5a,b

12-NCP(27ac)-dU 1.5 ± 0.6a,b

2.0 mM

12-601-dU 86.2 ± 9.8

1-NCP-dU 8.2 ± 0.8a

12-NCP-dU 6.8 ± 0.8a

1-NCP(18ac)-dU 8.2 ± 1.4a

12-NCP(18ac)-dU 6.9 ± 1.0a

1-NCP(27ac)-dU 9.1 ± 1.0a

12-NCP(27ac)-dU 6.0 ± 0.9a

Table 1. Initial rates of cleavage and extent digestion of dU49 by UDG/APE1. Initial rates were calculated by 
fitting the digestion data in Fig. 3 to a single phase exponential and multiplying each rate constant by the Ymax as 
previously described12,63. aP < 0.05 compared to naked DNA. bP < 0.05 compared to non-acetylated substrate.

Figure 4. Acetylation of histone H3 differentially regulates UDG/APE1-mediated removal of dU49 on 
compact chromatin. The indicated substrates (10 nM; Fig. 1) were incubated with UDG and APE1 (1 nM each) 
in the presence of 2.0 mM Mg2+ for 60 minutes. Error bars represent standard deviation from at least three 
independent experiments (*P < 0.05).
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of product formed, we found that the initial rate of dU49 incision was similar for each of the array substrates 
(Table 1). A possible explanation for this observation is the existence of at least two distinct substrate populations 
within each compact array: one in which dU49 is directly accessible to UDG/APE1 and one where it is not, which 
is consistent with the dynamic nature of nucleosome arrays39,67. Accordingly, our data suggests that acetylation of 
histone H3 influences the distribution of these states in a site-specific manner, with acetylation of H3K18 shifting 
the population towards a more accessible state. However, based on our steady-state analysis, we cannot rule out 
that product inhibition plays a role.

It was previously reported that acetylation of the histone H3 tail domain (H3K14) does not affect the com-
bined activities of UDG/APE1 on damaged mononucleosome substrates30. These experiments were carried out 
under “high Mg2+” conditions (5 mM), and are in general agreement with our mononucleosome data presented 
in Fig. 3. However, by expanding these studies to include oligonucleosome arrays, which more accurately rep-
resent chromatin in vivo, the above results demonstrate that histone acetylation can have a dramatic affect on 
the initial steps of BER on compact chromatin. To the best of our knowledge, this is the first direct experimental 
evidence demonstrating that histone acetylation is capable of modulating UDG/APE1-mediated excision of dU 
from chromatin.

Acetylation of the histone H3 tail domain regulates BER at the nucleosome level within com-
pact chromatin. In our previous study, we showed that digestion of dU49 on nucleosome arrays by UDG 
and APE1 was highly dependent on the structural state of the array19. In order to determine if structural differ-
ences exist between unmodified and acetylated arrays that may explain the observed variation in UDG/APE1 
activity, we utilized a previously reported fluorescence resonance energy transfer (FRET)-based assay that meas-
ures the distance between nucleosome 5 (N5) and nucleosome 7 (N7) within the arrays (Figs 5a and S7)39,68. 
Mg2+-induced compaction (2.0 mM) of both WT and H3 acetylated arrays resulted in a dramatic increase in 
the FRET signal (>10-fold) compared to naked DNA (Fig. 5b), consistent with the formation of compact 30 nm 
chromatin fibers. Importantly, no significant difference in the extent of compaction (i.e. distance between nucle-
osomes) was observed for acetylated arrays relative to unmodified arrays, indicating that the higher-order struc-
ture was not perturbed by histone H3 acetylation.

Next, we measured restriction enzyme (RE) accessibility within compact arrays (2 mM Mg2+) containing 
either WT or acetylated histone H3 (Fig. 6). Previous studies have shown that RE digestion serves as a sensitive 
assay to interrogate the influence of histone PTMs on chromatin structure and DNA accessibility27,69. We first 
assessed the rate of cleavage of the BstXI restriction site, which is positioned within the linker DNA between 
the fifth (N5) and sixth (N6) nucleosomes in the array (Fig. 1a). We found no significant difference in the rate of 
cleavage by BstXI between these arrays, indicating that H3K18ac and H3K27ac do not cause significant changes 
in the overall structure of compact arrays (Figs 6a and S8a). This is in agreement with previous work showing 
that installation of up to six acetylation mimics (i.e. K → Q substitutions) in the H3 tail domain does not increase 
accessibility within nucleosome arrays27,69. We then investigated the cleavage of two BbvCI restriction sites, which 
are positioned on either side of dU49 within the nucleosome (N5) core (BbvCI and Nb.BbvCI share the same 
recognition sequence) (Fig. 1a). In contrast to BstXI, cleavage by BbvCI within the nucleosome was significantly 

Figure 5. H3 acetylation does not impact higher-order chromatin structure. (a) Locations of the donor (Cy3) 
and acceptor (Cy5) for the FRET assay. (b) FRET analysis of nucleosome array compaction. Arrays were 
reconstituted using either WT histone H3 (12-NCP), H3K18ac (12-NCP(18ac)), or H3K27ac (12-NCP(27ac)). 
All fluorescent intensities were normalized to WT arrays (12-NCP) at 2.0 mM Mg2+. n.s. = Not significant.
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greater on both acetylated arrays compared to the WT array, indicating that acetylation of the H3 tail domain 
increases DNA accessibility near dU49 (Figs 6b and S8b).

Together, these data suggest that the observed effects of acetylation on UDG/APE1-mediate BER in compact 
chromatin is not due to changes in the higher-order structure, but rather acetylation of the H3 tail domain likely 
influences nucleosome-level accessibility of the DNA near dU49 in a lysine-dependent manner. Interestingly, 
these results show that RE accessibility and UDG/APE1 activity are not always correlated, further demonstrating 
the complex nature of BER on chromatin.

conclusions
Despite the need for BER to occur throughout the genome, it is now clear that nucleosome organization and 
chromatin structure appear to restrict this pathway70–73. Indeed, several studies have observed an inverse corre-
lation between BER and chromatin compaction in living cells72,73. For example, the mammalian 8-oxoguanine 
DNA glycosylase OGG1 is excluded from heterochromatin regions upon induction of oxidative DNA damage72. 
Furthermore, a recent genome-wide mapping study revealed that dU is enriched within the highly compact envi-
ronment of human centromeres73. Our results obtained using nucleosome arrays are consistent with these obser-
vations in cells (Fig. 3), and show that inter-nucleosomal interactions and histone tail domains play a significant 
role in regulating UDG/APE1-mediated repair of dU within compact chromatin.

In order to investigate how histone acetylation impacts the repair of dU within chromatin, we assembled 
nucleosome arrays containing both site-specifically damaged DNA and homogeneously acetylated histones. Our 
results demonstrate that acetylation at a particular site does not have a general effect on UDG/APE1 activity, but 
rather each site must be considered individually. However, because we only examined a single positioned dU 
residue, we cannot rule out that H3K18ac and H3K27ac may have a different effect on the removal of dU at other 
positions, for example within the linker DNA. Similarly, acetylation of other lysine residues, including those on 
histone H4, may result in alternative outcomes. Nevertheless, the opposing roles of histone H3 acetylation dur-
ing BER observed here highlights the complex nature of this relationship and suggests that regulation of BER in 
chromatin likely requires precise-tuning of the local acetylation state. Overall, these results further support the 
growing body of evidence showing the importance of epigenetic modifications in the BER pathway70,74.

The acetyltransferase CBP/p300 acetylates both H3K18 and H3K27 in vitro and in cells. Thus, our results 
suggest that acetylation of histone H3 may represent a novel regulatory role for CBP/p300 in the BER pathway. 
However, given the opposing influence of H3K18ac and H3K27ac on the removal of dU from compact chromatin, 
the precise role of CBP/p300 in BER (i.e. suppression vs. promotion) may ultimately depend on the presence of 
other factors that can target its acetyltransferase activity to a specific site. For example, pre-existing histone modi-
fications (e.g. trimethylation of H3K27) may influence the substrate specificity of CBP/p300, possibly by blocking 

Figure 6. Restriction enzyme accessibility assay on compact chromatin arrays. The indicated substrate was 
incubated with either BstXI (a) or BbvCI (b) under high magnesium conditions (2.0 mM Mg2+). Error bars 
represent standard deviation from at least three independent experiments (P < 0.05 compared to non-acetylated 
substrate).
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acetylation of a specific site or altering its binding affinity to the nucleosome75. In addition, interactions between 
CBP/p300 and its numerous binding partners, including BER proteins, may promote acetylation at a particular 
lysine on histones. For example, thymine DNA glycosylase (TDG) was shown to significantly alter the specific-
ity of p300, increasing its preference for H3K1876. It is important to note that CBP/p300 itself (which was not 
included in our experiments) could potentially alter DNA accessibility independent of acetylation through bind-
ing of the H3/H4 tail domains65. Considering the observation reported herein, as well as the intimate association 
of CBP/p300 with several BER factors and chromatin, there remains a compelling need for future investigations 
on the role of CBP/p300 in the BER pathway.

Overall, this work bring us one step closer to understanding how histone acetylation influences BER and high-
lights the advantages of using chemically defined nucleosome arrays to investigate the BER pathway. In the future, 
it will be interesting to use this model system to examine how acetylation at other histone sites (and combinations 
thereof), as well as other histone PTMs, influence the BER pathway. Given that BER must occur within a variety 
of chromatin states (both structural and chemical) throughout the genome, these studies will provide a critical 
first step in unraveling the relationship between histone PTMs, chromatin structure, and BER in vivo.

Methods
Preparation of DNA substrates containing dU49. Assembly of a plasmid DNA (pUC-12-601-Nt) 
containing the unmodified 12 × 601 DNA template (12-601-Nb) was described previously19. A short oligonucle-
otide containing a single dU residue was incorporated into the plasmid using our previously reported strand-ex-
change protocol19. Briefly, plasmid pUC-12-601-Nt (500 μg, 160 pmol) was digested for 1 hour with 500 units of 
Nb.BbvCI (all RE were purchased from New England Biolabs) in a 700 μL reaction mixture according to the man-
ufacturer’s recommended protocol using NEB buffer 3.1 (100 mM NaCl, 50 mM Tris-HCl, 10 mM MgCl2, 100 μg/
mL BSA, pH 7.9). To the nicked plasmid was added 3.2 nmol of the 5′-[32P]-labeled synthetic oligonucleotide 
insert (N5_dU49; Table S1) containing dU49 and 800 pmol of a locked nucleic acid (LNA) capture probe (N5_
Cap.Nb; Table S1), which was required to sequester the unmodified strand. The reaction mixture was then heated 
at 80 °C for 20 minutes before being slowly cooled to room temperature. Following this annealing step (~1 hour), 
400 units of T4 DNA ligase (New England Biolabs) and ATP (2 mM final concentration) were added to the mix-
ture. The ligation reaction was allowed to proceed for 2 hours at room temperature, and inactivated at 70 °C for 
20 minutes. Finally, the reaction mixture was desalted by ethanol precipitation and complete incorporation of the 
dU49-containing oligonucleotide was confirmed by 10% native PAGE (19:1 acrylamide:bisacrylamide) (Fig. S1b).

The unmodified DNA template (1-601-Nb) used to assemble mononucleosomes containing dU49 was pre-
pared by PCR from the native 601 DNA sequence using primers N5_NCP_FWD and N5_NCP_REV (Fig. S2a 
and Table S1). The dU residue was then installed into this DNA using the same oligonucleotide exchange process 
described above, employing oligonucleotide N5_dU49 (Table S1). Complete incorporation of the modified oligo-
nucleotide was confirmed by native PAGE (Fig. S2b).

Histone preparation and octamer refolding. Recombinant human histones (H2A.1, H2B.1, H3, and 
H4) were expressed and purified using established protocols77. Homogeniously acetylated histones (H3K18ac 
and H3K27ac) were expressed and purified from ΔCobB E.coli cells (BL21[DE3] strain) as descibed previously45, 
and acetylation was confired by mass spectrometry (Fig. S3). Histone octomers were refolded using standard 
protocol42–44, and purified by size exclusion chromatography using a SuperDex 200 10/300 GL column (GE 
Lifesciences). Purified histone octamers were stored at 4 °C in Octamer Buffer (2 M NaCl, 5 mM BME, 0.2 mM 
PMSF, 1 mM EDTA, 10 mM HEPES, pH 7.8).

Reconstitution of mononucleosomes and nucleosome arrays. Reconstitution of both mononu-
cleosomes and nucleosome arrays was carried out according to procedures in our previous report19. Prior to 
reconstitution, the dU containing 12 × 601 DNA template (12-601-dU49) was removed from the corresponding 
plasmid backbone via digestion with EcoRV. The reaction mixture was also digested with DraI and HaeII (600 
units each) in order to degrade the plasmid DNA to fragments ≤700 bp. Following digestion, the reaction mix-
ture was passed through a QIAquick spin column (Qiagen) and the eluted DNA was used directly to reconstitute 
nucleosome arrays. Following the reconstitution step, oligonucleosomes were purified away from the plasmid 
DNA using selective Mg2+ precipitation (6 mM MgCl2). After addition of MgCl2, the samples were incubated on 
ice for 30 minutes and spun at 13,000 × g for 20 minutes at 4 °C. The pellet containing the pure arrays was then 
dissolved in 25 µL of low salt (LS) buffer (25 mM NaCl, 0.1 mM PMSF, 10 mM HEPES, pH 7.8) and stored at 4 °C 
until use. Reconstituted arrays were analyzed by 0.6% agarose gel electrophoresis (Fig. S4a) and reconstituted 
mononucleosomes were analyzed by 5% native PAGE (59:1 acrylamide:bisacrylamide) (Fig. S5).

Nucleosome saturation assay. Nucleosome saturation was confirmed by digestion of 0.2 pmol oligonu-
cleosome array with 10 units of PflMI/BstXI in LS buffer supplemented with 2 mM MgCl2. The respective naked 
DNAs were also digested under the same conditions, and both sets of samples (naked DNA and arrays) were ana-
lyzed side-by-side by 5% native PAGE (59:1 acrylamide:bisacrylamide) (Fig. S4b). The presence of a nucleosome 
band as well as the absence of significant free DNA (<3%) demonstrates full nucleosome occupancies in these 
reconstituted arrays.

Partial micrococcal nuclease digestion of reconstituted arrays. The presence of 12 nucleosomes per 
array was confirmed through partial micrococcal nuclease (MNase) digestion. Arrays (0.4 pmol) were digested 
with 1000 units of MNase for 1 min on ice in presence of 5 mM CaCl2. Reactions were stopped with the addition 
of 0.2% (v/v) SDS and 20 mM EDTA and filtered through a QIAquick spin column. The eluted DNA was analyzed 
on a 0.5% agarose gel and visualized with ethidium bromide (Fig. 2b).
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UDG and APE1 digestion reactions. Reaction mixtures contained 10 nM of the appropriate substrate, 
25 mM NaCl, 0.1 mM PMSF, 10 mM HEPES, pH 7.8, and either 0.2 or 2 mM MgCl2. Reactions were initiated by 
adding UDG and APE1 (1 nM each, New England Biolabs) and incubated at 37 °C for the indicated times. For 
mononucleosomes, reactions were supplemented with 110 nM (11 equivalents) of undamaged mononucleosomes 
such that the ratio of damaged to undamaged mononucleosomes, as well as total number of 601 units, was iden-
tical to the 12 × 601 arrays. Aliquots were removed at different times and the reaction stopped with the addition 
of 1% SDS (v/v), NaBH4 (10 mM), and 5 units proteinase K. The mixture was then extracted with phenol:chloro-
form:isoamyl alcohol (25:24:1 v/v, ThermoFisher Scientific) and the DNA desalted by ethanol precipitation. The 
resulting DNA was digested with 5 units of Nb.BbvCI in order to excise the dU containing 5′-[32P]-labeled oli-
gonucleotide insert from the large 12 × 601 DNA array. The digested DNA was then resolved by 10% denaturing 
PAGE (19:1 acrylamide:bisacrylamide) and visualized using a Typhoon FLA 9500 gel imager (GE Healthcare) 
(Fig. S6). The fraction cleaved was quantified using ImageQuant TL software (GE Healthcare, v8.1). At least three 
replicates were carried out for each substrate, and initial rates were calculated by fitting the digestion data in to a 
single phase exponential and multiplying each rate constant by the Ymax as previously described12,63.

Analysis of chromatin compaction by FRET. We prepared a fluorescently labeled 12 × 601 DNA tem-
plate by installing Cy3 (Donor) and Cy5 (Acceptor) dyes within N7 and N5, respectively, as described in our 
previous report19. This DNA (12-601-FRET) was reconstituted using either WT histone octamers or octam-
ers containing acetylated histone H3 (Fig. S7). FRET measurements on the resulting chromatin were carried 
out as previously described68. Briefly, nucleosome arrays (10 nM) were equilibrated in LS buffer in the presence 
(2 mM) or absence of MgCl2 at 37 °C for 5 minutes. A portion of each solution (20 μL) was then transferred to a 
Nunc 384-Well Optical Bottom Plate (Thermofisher) for imaging. Plates were siliconized with Sigmacote (Sigma 
Aldrich) according to the manufacturer’s instructions prior to use. Samples were imaged with a Typhoon FLA 
9500 multimode imager (GE Healthcare Lifesciences) and all FRET intensities were corrected for spectral overlap 
as described previously68,78.

Restriction enzyme accessibility assay. The indicated nucleosome arrays (5 nM) were digested with 
either BstXI (0.1 U/μL) or BbvCI (0.2 U/μL) in LS buffer supplemented with 2 mM MgCl2 at 37 °C. Aliquots 
were taken at the indicated times and quenched with three volume equivalence of LS buffer supplemented with 
0.1% SDS, 2 u/μL Proteinase K, and 8% glycerol and then were heated at 60 °C for 10 minutes. Digested DNA was 
resolved by 1% agarose gel electrophoresis and visualized/quantified as described above (Fig. S8).

Statistical analysis. All statistical analysis was conducted using GraphPad Prism (v7.03). Corrected FRET 
intensities were compared by an unpaired one-way analysis of variance (ANOVA). Rates and yields of UDG/
APE1, BstXI, and BbvCI cleavage reactions at each Mg2+ concentration (0.2 mM and 2 mM) were compared 
using an unpaired one-way ANOVA. Prior to the analysis, each data set was separately screened for outliers 
using a Grubbs test (α = 0.01). Within individual Mg2+ concentrations, rates and product yields on mononu-
cleosomes and arrays were then compared to free DNA using a Dunnett’s multiple comparisons test. Acetylated 
and non-acetylated substrates were compared similarly, as were arrays and corresponding mononucleosomes. 
P-values less than 0.05 were considered significant.

Data availability
The data generated or analyzed during the current study are available from the corresponding author on 
reasonable request.

Received: 6 June 2019; Accepted: 15 October 2019;
Published: xx xx xxxx

References
 1. Coppede, F. & Migliore, L. DNA damage in neurodegenerative diseases. Mutat. Res. 776, 84–97 (2015).
 2. Dizdaroglu, M. Oxidatively induced DNA damage and its repair in cancer. Mutat. Res. 763, 212–245 (2015).
 3. Jackson, S. P. & Bartek, J. The DNA-damage response in human biology and disease. Nature 461, 1071–1078 (2009).
 4. Hoeijmakers, J. H. J. DNA damage, aging, and cancer. N. Engl. J. Med. 361, 1475–1485 (2009).
 5. Wallace, S. S., Murphy, D. L. & Sweasy, J. B. Base excision repair and cancer. Cancer Lett. 327, 73–89 (2012).
 6. Schermerhorn, K. M. & Delaney, S. A Chemical and Kinetic Perspective on Base Excision Repair of DNA. Acc. Chem. Res. 47, 

1238–1246 (2014).
 7. Drohat, A. C. & Maiti, A. Mechanisms for enzymatic cleavage of the N-glycosidic bond in DNA. Org. Biomol. Chem. 12, 8367–8378 

(2014).
 8. Frederico, L. A., Kunkel, T. A. & Shaw, B. R. Cytosine deamination in mismatched base pairs. Biochemistry 32, 6523–6530 (1993).
 9. Anderson, J. D. & Widom, J. Sequence and position-dependence of the equilibrium accessibility of nucleosomal DNA target sites. J. 

Mol. Biol. 296, 979–987 (2000).
 10. Tims, H. S., Gurunathan, K., Levitus, M. & Widom, J. Dynamics of nucleosome invasion by DNA binding proteins. J. Mol. Biol. 411, 

430–448 (2011).
 11. Beard, B. C., Wilson, S. H. & Smerdon, M. J. Suppressed catalytic activity of base excision repair enzymes on rotationally positioned 

uracil in nucleosomes. Proc. Natl. Acad. Sci. USA 100, 7465–7470 (2003).
 12. Rodriguez, Y. & Smerdon, M. J. The structural location of DNA lesions in nucleosome core particles determines accessibility by base 

excision repair. J. Biol. Chem. 288, 13863–13875 (2013).
 13. Hinz, J. M. Impact of abasic site orientation within nucleosomes on human APE1 endonuclease activity. Mutat. Res. 766–767, 19–24 

(2014).
 14. Chafin, D. R., Vitolo, J. M., Henricksen, L. A., Bambara, R. A. & Hayes, J. J. Human DNA ligase I efficiently seals nicks in 

nucleosomes. EMBO J. 19, 5492–5501 (2000).
 15. Hayes, J. J. & Balliano, A. J. Base excision repair in chromatin: insights from reconstituted systems. DNA Repair 36, 77–85 (2015).

https://doi.org/10.1038/s41598-019-52340-0


1 0Scientific RepoRtS |         (2019) 9:15972  | https://doi.org/10.1038/s41598-019-52340-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

 16. Zhu, P. & Li, G. Structural insights of nucleosome and the 30-nm chromatin fiber. Curr. Opin. Struct. Biol. 36, 106–115 (2016).
 17. Schalch, T., Duda, S., Sargent, D. F. & Timothy, R. J. X-Ray Structure of a Tetranucleosome and its Implications for the Chromatin 

Fibre. Nature 436, 138–141 (2005).
 18. Luger, K., Dechassa, M. L. & Tremethick, D. J. New insights into nucleosome and chromatin structure: an ordered state or a 

disordered affair? Nat. Rev. Mol. Cell Biol. 13, 436–447 (2012).
 19. Banerjee, D. R. et al. Plug-and-Play Approach for Preparing Chromatin Containing Site-Specific DNA Modifications: The Influence 

of Chromatin Structure on Base Excision Repair. J. Am. Chem. Soc. 140, 8260–8267 (2018).
 20. Mostoslavsky, R. et al. Genomic instability and aging-like phenotype in the absence of mammalian SIRT6. Cell 124, 315–329 (2006).
 21. Hwang, B.-J. et al. SIRT6 protein deacetylase interacts with MYH DNA glycosylase, APE1 endonuclease, and Rad9–Rad1–Hus1 

checkpoint clamp. BMC Mol. Biol. 16, 12, https://doi.org/10.1186/s12867-015-0041-9 (2015).
 22. Tjeertes, J. V., Miller, K. M. & Jackson, S. P. Screen for DNA-damage-responsive histone modifications identifies H3K9Ac and 

H3K56Ac in human cells. EMBO J. 28, 1878–1889 (2009).
 23. Khoronenkova, S. V., Dianova, I. I., Parsons, J. L. & Dianov, G. L. USP7/HAUSP stimulates repair of oxidative DNA lesions. Nucleic 

Acids Res. 39, 2604–2609 (2011).
 24. Simon, M. et al. Histone fold modifications control nucleosome unwrapping and disassembly. Proc. Natl. Acad. Sci. USA 108, 

12711–12716 (2011).
 25. Kim, J., Lee, J. & Lee, T.-H. Lysine acetylation facilitates spontaneous DNA dynamics in the nucleosome. J. Phys. Chem. B 119, 

15001–15005 (2015).
 26. Manohar, M. et al. Acetylation of histone H3 at the nucleosome dyad alters DNA-histone binding. J. Biol. Chem. 284, 23312–23321 

(2009).
 27. Wang, X. & Hayes, J. J. Acetylation mimics within individual core histone tail domains indicate distinct roles in regulating the 

stability of higher-order chromatin structure. Mol. Cell. Biol. 28, 227–236 (2008).
 28. Shogren-Knaak, M. et al. Histone H4-K16 acetylation controls chromatin structure and protein interactions. Science 311, 844–847 

(2006).
 29. Driscoll, R., Hudson, A. & Jackson, S. P. Yeast Rtt109 promotes genome stability by acetylating histone H3 on lysine 56. Science 315, 

649–652 (2007).
 30. Rodriguez, Y., Hinz, J. M., Laughery, M. F., Wyrick, J. J. & Smerdon, M. J. Site-specific acetylation of histone H3 decreases polymerase 

β activity on nucleosome core particles in vitro. J. Biol. Chem. 291, 11434–11445 (2016).
 31. Bilotti, K., Kennedy, E. E., Li, C. & Delaney, S. Human OGG1 activity in nucleosomes is facilitated by transient unwrapping of DNA 

and is influenced by the local histone environment. DNA Repair 59, 1–8 (2017).
 32. Nakanishi, S., Prasad, R., Wilson, S. H. & Smerdon, M. Different structural states in oligonucleosomes are required for early versus 

late steps of base excision repair. Nucleic Acids Res. 35, 4313–4321 (2007).
 33. Lowary, P. T. & Widom, J. New DNA sequence rules for high affinity binding to histone octamer and sequence-directed nucleosome 

positioning. J. Mol. Biol. 276, 19–42 (1998).
 34. Hsieh, T.-H. S. et al. Mapping nucleosome resolution chromosome folding in yeast by micro-C. Cell 162, 108–119 (2015).
 35. Risca, V. I., Denny, S. K., Straight, A. F. & Greenleaf, W. J. Variable chromatin structure revealed by in situ spatially correlated DNA 

cleavage mapping. Nature 541, 237–241 (2016).
 36. Debelouchina, G. T., Gerecht, K. & Muir, T. W. Ubiquitin utilizes an acidic surface patch to alter chromatin structure. Nat. Chem. 

Biol. 13, 105–110 (2017).
 37. Lu, X. et al. The effect of H3K79 dimethylation and H4K20 trimethylation on nucleosome and chromatin structure. Nat. Struct. Mol. 

Biol. 15, 1122–1124 (2008).
 38. Fierz, B. & Muir, T. W. Chromatin as an expansive canvas for chemical biology. Nat. Chem. Biol. 8, 417–427 (2012).
 39. Poirier, M. G., Oh, E., Tims, H. S. & Widom, J. Dynamics and function of compact nucleosome arrays. Nat. Struct. Mol. Biol. 16, 

938–944 (2009).
 40. Li, G., Levitus, M., Bustamante, C. & Widom, J. Rapid spontaneous accessibility of nucleosomal DNA. Nat. Struct. Mol. Biol. 12, 

46–53 (2004).
 41. Kilic, S. et al. Single-molecule FRET reveals multiscale chromatin dynamics modulated by HP1α. Nat. Commun. 9, 235, https://doi.

org/10.1038/s41467-017-02619-5 (2018).
 42. Dorigo, B., Schalch, T., Bystricky, K. & Richmond, T. J. Chromatin fiber folding: requirement for the histone H4 N-terminal tail. J. 

Mol. Biol. 327, 85–96 (2003).
 43. Huynh, V. A. T., Robinson, P. J. J. & Rhodes, D. A Method for the in vitro reconstitution of a defined “30nm” chromatin fibre 

containing stoichiometric amounts of the linker histone. J. Mol. Biol. 345, 957–968 (2005).
 44. Muthurajan, U. et al. In vitro chromatin assembly: strategies and quality control. Methods Enzymol. 573, 3–41 (2016).
 45. Wang, W. W., Zeng, Y., Wu, B., Deiters, A. & Liu, W. R. A Chemical biology approach to reveal Sirt6-targeted histone H3 sites in 

nucleosomes. ACS Chem. Biol. 11, 1973–1981 (2016).
 46. Maier, V. K. & Becker, P. B. A defined in vitro system to study ATP-dependent remodeling of short chromatin fibers. [Morse, R. H. 

(ed.)] Chromatin remodeling: methods and protocols. 255–270 (Humana Press, 2012).
 47. Hansen, J. C. Conformational Dynamics of the Chromatin Fiber in Solution: Determinants, Mechanisms, and Functions. Annu. Rev. 

Biophys. Biomol. Struct. 31, 361–392 (2002).
 48. Henry, R. A., Kuo, Y.-M. & Andrews, A. J. Differences in specificity and selectivity between CBP and p300 acetylation of histone H3 

and H3/H4. Biochemistry 52, 5746–5759 (2013).
 49. Zhang, Y. et al. The ZZ domain of p300 mediates specificity of the adjacent HAT domain for histone H3. Nat. Struct. Mol. Biol 25, 

841–849 (2018).
 50. Bhakat, K. K., Izumi, T., Yang, S. H., Hazra, T. K. & Mitra, S. Role of acetylated human AP-endonuclease (APE1/Ref-1) in regulation 

of the parathyroid hormone gene. EMBO J. 22, 6299–6309 (2003).
 51. Tini, M. et al. Association of CBP/p300 Acetylase and thymine DNA glycosylase links DNA repair and transcription. Mol. Cell 9, 

265–277 (2002).
 52. Bhakat, K. K., Mokkapati, S. K., Boldogh, I., Hazra, T. K. & Mitra, S. Acetylation of human 8-oxoguanine-DNA glycosylase by p300 

and its role in 8-oxoguanine repair in vivo. Mol. Cell. Biol. 26, 1654–1665 (2006).
 53. Hasan, S. et al. Acetylation regulates the DNA end-trimming activity of DNA polymerase β. Mol. Cell 10, 1213–1222 (2002).
 54. Cortellino, S. et al. Thymine DNA glycosylase is essential for active DNA demethylation by linked deamination-base excision repair. 

Cell 146, 67–79 (2011).
 55. Hansen, J. C., Ausio, J., Stanik, V. H. & Van Holde, K. E. Homogeneous reconstituted oligonucleosomes, evidence for salt-dependent 

folding in the absence of histone H1. Biochemistry 28, 9129–9136 (1989).
 56. Schwarz, P. M. & Hansen, J. C. Formation and stability of higher order chromatin structures. Contributions of the histone octamer. J. 

Biol. Chem. 269, 16284–16289 (1994).
 57. Kavli, B. et al. hUNG2 is the major repair enzyme for removal of uracil from U:A matches, U:G mismatches, and U in single-

stranded DNA, with hSMUG1 as a broad specificity backup. J. Biol. Chem. 277, 39926–39936 (2002).
 58. Mechetin, G. V. & Zharkov, D. O. Mechanism of translocation of uracil-DNA glycosylase from Escherichia coli between distributed 

lesions. Biochem. Biophys. Res. Commun. 414, 425–430 (2011).

https://doi.org/10.1038/s41598-019-52340-0
https://doi.org/10.1186/s12867-015-0041-9
https://doi.org/10.1038/s41467-017-02619-5
https://doi.org/10.1038/s41467-017-02619-5


1 1Scientific RepoRtS |         (2019) 9:15972  | https://doi.org/10.1038/s41598-019-52340-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

 59. Ko, R. & Bennett, S. E. Physical and functional interaction of human nuclear uracil-DNA glycosylase with proliferating cell nuclear 
antigen. DNA Repair 4, 1421–1431 (2005).

 60. Yang, Z. & Hayes, J. J. The divalent cations Ca2+ and Mg2+ play specific roles in stabilizing histone–DNA interactions within 
nucleosomes that are partially redundant with the core histone tail domains. Biochemistry 50, 9973–9981 (2011).

 61. Blacketer, M. J., Feely, S. J. & Shogren-Knaak, M. A. Nucleosome interactions and stability in an ordered nucleosome array model 
system. J. Biol. Chem. 285, 34597–34607 (2010).

 62. Hinz, J. M., Rodriguez, Y. & Smerdon, M. J. Rotational dynamics of DNA on the nucleosome surface markedly impact accessibility 
to a DNA repair enzyme. Proc. Natl. Acad. Sci. USA 107, 4646–4651 (2010).

 63. Cole, H. A., Tabor-Godwin, J. M. & Hayes, J. J. Uracil DNA glycosylase activity on nucleosomal DNA depends on rotational 
orientation of targets. J. Biol. Chem. 285, 2876–2885 (2010).

 64. Wang, W. W. et al. A click chemistry approach reveals the chromatin-dependent histone H3K36 deacylase nature of SIRT7. J. Am. 
Chem. Soc. 141, 2462–2473 (2019).

 65. Gatchalian, J. et al. Accessibility of the histone H3 tail in the nucleosome for binding of paired readers. Nat. Commun. 8, 1489, 
https://doi.org/10.1038/s41467-017-01598-x (2017).

 66. Stützer, A. et al. Modulations of DNA contacts by linker histones and post-translational modifications determine the mobility and 
modifiability of nucleosomal H3 tails. Mol. Cell 61, 247–259 (2016).

 67. Poirier, M. G., Bussiek, M., Langowski, J. & Widom, J. Spontaneous access to DNA target sites in folded chromatin fibers. J. Mol. Biol. 
379, 772–786 (2008).

 68. Deckard, C. E., Banerjee, D. R. & Sczepanski, J. T. Chromatin structure and the pioneering transcription factor FOXA1 regulate 
TDG-mediated removal of 5-formylcytosine from DNA. J. Am. Chem. Soc. 141, 14110–14114 (2019).

 69. Mishra, L. N., Pepenella, S., Rogge, R., Hansen, J. C. & Hayes, J. J. Acetylation mimics within a single nucleosome alter local DNA 
accessibility in compacted nucleosome arrays. Sci. Rep. 6, 34808, https://doi.org/10.1038/srep34808 (2016).

 70. Mao, P. et al. Genome-wide maps of alkylation damage, repair, and mutagenesis in yeast reveal mechanisms of mutational 
heterogeneity. Genome Res. 27, 1674–1684 (2017).

 71. Li, S. & Smerdon, M. J. Base excision repair of N-methylpurines in a yeast minichromosome: Effects of transcription, DNA sequence, 
and nucleosome positioning. J. Biol. Chem. 274, 12201–12204 (1999).

 72. Amouroux, R., Campalans, A., Epe, B. & Radicella, J. P. Oxidative stress triggers the preferential assembly of base excision repair 
complexes on open chromatin regions. Nucleic Acids Res. 38, 2878–2890 (2010).

 73. Shu, X. et al. Genome-wide mapping reveals that deoxyuridine is enriched in the human centromeric DNA. Nat. Chem. Biol. 14, 
680–687 (2018).

 74. Mao, P. & Wyrick, J. J. Emerging roles for histone modifications in DNA excision repair. FEMS Yeast Res. 16, fow090, https://doi.
org/10.1093/femsyr/fow090 (2016).

 75. Delvecchio, M., Gaucher, J., Aguilar-Gurrieri, C., Ortega, E. & Panne, D. Structure of the p300 catalytic core and implications for 
chromatin targeting and HAT regulation. Nat. Struct. Mol. Biol. 20, 1040–1046 (2013).

 76. Henry, R. A. et al. Interaction with the DNA repair protein thymine DNA glycosylase regulates histone acetylation by p300. 
Biochemistry 55, 6766–6775 (2016).

 77. Sczepanski, J. T., Wong, R. S., McKnight, J. N., Bowman, G. D. & Greenberg, M. M. Rapid DNA-protein cross-linking and strand 
scission by an abasic site in a nucleosome core particle. Proc. Natl. Acad. Sci. USA 107, 22475–22480 (2010).

 78. Hieb, A. R., D’Arcy, S., Kramer, M. A., White, A. E. & Luger, K. Fluorescence strategies for high-throughput quantification of protein 
interactions. Nucleic Acids res. 40, e33, https://doi.org/10.1093/nar/gkr1045 (2012).

 79. Pettersen Eric, F. et al. UCSF Chimera—A visualization system for exploratory research and analysis. J. Comput. Chem. 25, 
1605–1612 (2004).

Acknowledgements
The authors are grateful to Dr. Wenshe Liu for providing the pEVOL-mmAcKRS-tRNAUAG plasmid required 
for incorporation of acetyllysine into histone H3. J.T.S. is a CPRIT Scholar of Cancer Research supported by the 
Cancer Prevention and Research Institute of Texas (RR150038).

Author contributions
D.R.B., C.E.D. and J.T.S. designed the experiments. D.R.B. and C.E.D. performed the experiments. Y.Z. prepared 
acetylated histone H3. D.R.B., C.E.D. and J.T.S. interpreted the results. J.T.S. and C.E.D. wrote the manuscript text. 
All authors reviewed the manuscript.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available at this paper at https://doi.org/10.1038/s41598-019-52340-0.
Correspondence and requests for materials should be addressed to J.T.S.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-52340-0
https://doi.org/10.1038/s41467-017-01598-x
https://doi.org/10.1038/srep34808
https://doi.org/10.1093/femsyr/fow090
https://doi.org/10.1093/femsyr/fow090
https://doi.org/10.1093/nar/gkr1045
https://doi.org/10.1038/s41598-019-52340-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Acetylation of the histone H3 tail domain regulates base excision repair on higher-order chromatin structures
	Results and Discussion
	Assembly of chemically defined nucleosome arrays. 
	Uracil removal by UDG and APE1 is dependent on site-specific histone acetylation. 
	Acetylation of the histone H3 tail domain regulates BER at the nucleosome level within compact chromatin. 

	Conclusions
	Methods
	Preparation of DNA substrates containing dU49. 
	Histone preparation and octamer refolding. 
	Reconstitution of mononucleosomes and nucleosome arrays. 
	Nucleosome saturation assay. 
	Partial micrococcal nuclease digestion of reconstituted arrays. 
	UDG and APE1 digestion reactions. 
	Analysis of chromatin compaction by FRET. 
	Restriction enzyme accessibility assay. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Chromatin substrates containing site-specifically modified DNA and histone H3.
	Figure 2 Characterization of modified 12-mer nucleosome arrays.
	Figure 3 BER of damaged DNA within various chromatin environments.
	Figure 4 Acetylation of histone H3 differentially regulates UDG/APE1-mediated removal of dU49 on compact chromatin.
	Figure 5 H3 acetylation does not impact higher-order chromatin structure.
	Figure 6 Restriction enzyme accessibility assay on compact chromatin arrays.
	Table 1 Initial rates of cleavage and extent digestion of dU49 by UDG/APE1.




