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Abstract

The first order of DNA packaging is the nucleosome with the DNA wrapped around the histone 

octamer. This leaves the nucleosomal DNA with access restrictions, which impose a significant 

barrier to repair of damaged DNA. The efficiency of DNA repair has been related to nucleosome 

structure and chromatin status, which is modulated in part by post-translational modifications 

(PTMs) of histones. Numerous studies have suggested a role for acetylation of lysine at position 

56 of the H3 histone (H3K56ac) in various DNA transactions, including the response to DNA 

damage and its association with human cancer. Biophysical studies have revealed that H3K56ac 

increases DNA accessibility by facilitating spontaneous and transient unwrapping motions of the 

DNA ends. However, how this acetylation mark modulates nucleosome structure and dynamics 

to promote accessibility to the damaged DNA for repair factors and other proteins is still poorly 

understood. Here, we utilize approximately 5–6 microseconds of atomistic molecular dynamics 

simulations to delineate the impact of H3K56 acetylation on the nucleosome structure and 

dynamics, and to elucidate how these nucleosome properties are further impacted when a bulky 

benzo[a]pyrene-derived DNA lesion is placed near the acetylation site. Our findings reveal that 

H3K56ac alone induces considerable disturbance to the histone-DNA/histone-histone interactions, 

and amplifies the distortions imposed by the presence of the lesion. Our work highlights the 

important role of H3K56 acetylation in response to DNA damage and depicts how access to DNA 
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lesions by the repair machinery can be facilitated within the nucleosome via a key acetylation 

event.
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Introduction

The nucleosome, the basic DNA packaging unit in eukaryotes, is comprised of a nucleosome 

core particle (NCP) together with linker DNA; the linker interconnects individual NCPs 

which are further folded into the compact chromatin fiber in euchromatin.1 The NCP 

contains approximately 147 base pairs of the highly negatively charged DNA wrapped 

around the positively charged histone octamer, which consists of one (H3-H4)2 tetramer and 

two H2A-H2B dimers.2, 3 This leaves the occluded DNA with access restrictions even in 

the nucleosome, the first level of chromatin compaction,4, 5 and imposes a significant barrier 

to all DNA transactions. There is significant interest in understanding how accessibility 

to the occluded DNA is modulated to enable biological processes such as repair; one 

important process that fosters accessibility is post-translational modifications (PTMs) of 

histones,6–14 which have related the efficiency of DNA repair to nucleosome structure and 

chromatin status.5, 12, 15 Acetylation of lysine, one of the most studied PTMs, functions in 

regulating gene activity and repair of DNA damage.11, 13, 16–18 Acetylation marks, found 

on all core histones, are deemed to have various functions that depend on the sites of 

their occurrence within the nucleosome:19–24 they are implicated in DNA unwrapping near 

the ends, disassembly of NCPs near the dyad, and on the tails they primarily impact 

the chromatin structure indirectly by recruiting chromatin remodeling factors. While some 

molecular dynamics simulations have explored effects of certain lysine acetylations,25–31 the 

impact of H3K56 acetylation on a DNA lesion has never been explored.

H3K56 is evolutionarily conserved and subject to reversible acetylation,32–36 that plays a 

role in many DNA processes,8, 33–35, 37–47 including signaling for DNA damage checkpoints 
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and response to DNA damage,8, 33, 37–41 and it is associated with human cancer.35, 46 

Defects in H3K56ac in yeast revealed sensitivity to genotoxic agents that cause DNA strand 

breaks during replication.33 Lack of the H3K56 acetylation mark influences the normal level 

of meiotic DNA double strand breaks (DSBs) within recombination hotspots.48 H3K56ac 

has been shown to play a role in the oncogenic Ras-P13K signaling pathway that regulates 

tumor cell activity,46 and its deacetylation is involved in damaged DNA-binding protein 

(DDB)-mediated damage recognition, a very early event in nucleotide excision repair (NER) 

for UVR-induced DNA lesions.40 H3K56ac enhances the human apurinic/apyrimidinic 

endonuclease 1 protein activity, at an early step in DNA base excision repair (BER).47 

A study in mammalian cells49 showed that the DNA damage response (DDR) is regulated by 

a dynamic H3K56 acetylation and deacetylation process, an important signal for completion 

of repair.

H3K56 is located at the first αN helix of the globular H3 core domain (Figure 1) and 

its side-chain extends toward the DNA major groove near the entry/exit sites of the 

nucleosome.2, 50 Thus, the predominantly biophysical role of the H3K56ac is to weaken the 

electrostatic interactions between the DNA termini and the histones.24, 51 Nucleosomes are 

highly dynamic;13, 52, 53 an important aspect of the intrinsic dynamics in nucleosomes is the 

transient and spontaneous unwrapping of the DNA termini from the histone octamer, called 

“DNA breathing”.13, 54 A study in vivo has suggested that the spontaneous unwrapping 

of DNA can facilitate rapid DNA repair.55 Notably, it has been reported that nucleosomes 

within homogeneous nucleosome arrays undergo DNA unwrapping similarly to the isolated 

nucleosomes and their DNA is similarly accessible to DNA-binding proteins,13, 56 indicating 

that the site exposure attributable to the presence of nucleosome neighbors within the 

chromatin fiber is of more modest-significance. Biophysical studies have shown that 

acetylation of H3K56 increases DNA accessibility by facilitating spontaneous and transient 

unwrapping dynamics of the DNA ends.57–61 While acetylation of H3K56 enhances the 

spontaneous opening dynamics of the nucleosome by about two-fold,59 the enhancement 

is about six-fold when H3K56 is acetylated while also bound with histone chaperone 

nucleosome assembly protein 1 (Nap1).61 These findings highlight the important role 

played by H3K56ac in changing the dynamic behavior of nucleosomes by enhancing the 

spontaneous and transient DNA unwrapping motion to increases site exposure that may 

be enhanced by the presence of a ligand moiety such as Nap1; we hypothesize that such 

enhancement may apply as well to a DNA lesion.

The focus of our work is to elucidate how single acetylation of H3K56, at the end of the 

nucleosome core particle, modulates DNA accessibility both with and without a lesion, 

using long unconstrained and all-atom microsecond (~5–6 μs) MD simulations (Figure 1). 

We built a NCP model based on the crystal structure with PDB ID 1KX52 and utilized 

histone tail clipping as in our prior work.62 The truncation of these tails corresponds to 

those observed in trypsin digestion studies63 as fully detailed in reference.62 A discussion 

of histone tail clipping is given in Supplementary Data. While full-length tails interact 

with other nucleosomes or other proteins in the multi-nucleosomal context,64–67 histone 

tail clipping in vivo by endopeptidases has been observed in all histone proteins in several 

organisms and affects a wide range of biological outcomes, including development, aging, 

tumorigenesis, and others.68
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Furthermore, we wished to establish whether a bulky lesion near position 56 of histone 

H3 would affect the local histone structure and dynamics differently, depending on the 

acetylated status of H3K56. The lesion investigated is a well-repaired adduct,69, 70 which is 

derived from the metabolic activation of the environmental carcinogen benzo[a]pyrene:71, 72 

10R (+)-cis-anti-B[a]P-N2-dG (referred to as cis-B[a]P-dG) that adopts the base-displaced/

intercalated conformation73. Our findings indicate that acetylation of K56 alone induces 

detectible disruptions in the histone-DNA/histone-histone interactions and further magnifies 
the distortions imposed by the cis-B[a]P-dG adduct, highlighting the important role of 

H3K56ac in response to DNA damage particularly at the ends of the DNA. Thus, our 

work sheds light on our understanding of how accessibility to lesions by the DNA repair 

machinery could be facilitated within chromatin via a key acetylation event.47, 49

Material and methods

Initial model

We wished to investigate the impact of a single acetylation of the H3 histone K56 on the 

local region in the NCP. We built the nucleosome core particle (NCP) model based on the 

crystal structure PDB ID 1KX52 with truncated histone tails according to trypsin digestion 

data.63 Amino acid sequences that remain in each truncated N terminal tail are given in our 

prior work.62 The single acetylation of K56 was modelled into only one histone H3, the one 

corresponding to Chain E in the PDB ID: 1KX5 NCP (H3K56ac). A NCP with unacetylated 

K56 was also investigated as a control (H3K56) (Figure 1). We carried out ~ 6 μs of MD 

simulation for each of these lesion-free NCPs.

In order to investigate whether the structural and dynamic changes induced by a lesion 

would be modulated when H3 K56 is acetylated, we investigated a well-repaired cis-B[a]P

dG adduct69, 70 and incorporated it at the position BP 9 from the DNA ends (SHL = 6.25), 

where the displaced damaged guanine oriented outward toward the solvent and its displaced 

partner dC inward toward the histones (Figure 1B). As in our prior study,26 we modeled 

the cis-B[a]P-dG adduct with its displaced partner dC based on an MD74 equilibrated 

NMR solution structure.73, 75 With unacetylated and acetylated K56, we generated two 

lesion-containing NCPs (Lesion-H3K56 and Lesion-H3K56ac) and carried out ~5μs of 

MD simulation for each lesion-containing NCP. Additional simulations were performed to 

further explore the conformations induced by this base-displaced/intercalated cis-B[a]P-dG 

adduct positioned at the end of the DNA in the nucleosome with ten ~500–600 ns MD 

simulations for each lesion-containing NCP.

Molecular dynamics simulation

Molecular topology and coordinate files for each NCP model were constructed using the 

tleap module of AmberTools14.76 All solvated systems were subject to energy minimization, 

equilibration, and ~ 5–6 μs production runs using the CUDA-enabled graphics processing 

units (GPUs) version of PMEMD77, 78 within the AMBER1679 package on NVIDIA Tesla 

board P40.80 Full details concerning initial solvated models, force fields81–84 and cis-B[a]P

dG lesion parametrization,73 and molecular dynamics protocols62, 85–87 are given in the 
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Supplementary Methods. A discussion concerning the accuracy and time scales of current 

MD simulations is given in the Supplementary Discussion.

Results

We wished to elucidate how a single acetylation of H3K56 modulates the DNA accessibility 

at the entry-exit region of the nucleosome. We have carried out ~ 6 μs MD simulations 

of an intact NCP with truncated tails in the presence of the acetylated K56 (H3K56ac 

NCP) and the unacetylated K56 (H3K56 NCP) as a control to investigate the impact 

of H3K56 acetylation on the dynamics and structures of the nearby DNA and histones. 

Furthermore, we wished to elucidate how a well-repaired69, 70 cis-B[a]P-dG lesion may 

induce local structural and dynamic changes and whether such changes would be modulated 

by acetylation at H3K56. We placed the cis-B[a]P-dG adduct at BP 9 from the DNA ends 

(SHL = 6.25) with the adduct positioned outward toward the solvent (lesion-containing 

strand, Figure 1A) so that the sequence context is the same as it is in the lesion-free NCP. 

As displayed in Figure 1B, the base-displaced/intercalated cis-B[a]P-dG is oriented with 

the displaced base G in the minor groove directed outwardly toward the solvent (referred 

to as OUT position); the bulky B[a]P ring system is intercalated into the helix with the 

hydroxyl-containing benzylic ring in the minor groove; the partner dC opposite the adduct 

faces inward toward the histones (referred to as IN position). We carried out ~ 5 μs of MD 

simulation of the lesion-containing NCP with acetylated K56 (Lesion-H3K56ac NCP) and 

an unacetylated K56 (Lesion-H3K56 NCP).

Acetylation of H3K56 affects the structural stability of the H3 αN helix.

To examine the overall stability of the NCPs during the 5–6 μs MD trajectories, we 

calculated the RMSDs of the overall NCPs, using P atoms of DNA and the Ca atoms of 

octameric histones (Figure S1A); these results revealed that the whole NCP is stable after ~ 

1 μs. Since we are particularly interested in the stability of the H3 αN helix where the K56 

is located, we also computed the RMSDs of heavy-atoms of the H3 αN helix (Figure S1B). 

Our results revealed that when K56 is unacetylated, regardless of the presence of the DNA 

lesion, the RMSDs of H3 αN helix reached an equilibrated state after ~ 2.3 μs and ~3.6 μs 

for lesion-free (H3K56) and lesion-containing (Lesion-H3K56) NCPs, respectively. It was 

expected that it would take a longer time for the helix to exhibit stability in the presence 

of the lesion, which also induces dynamic changes to the local structure; an equilibrated 

state is still attained after 3.6 μs in the case of Lesion-H3K56. Thus, we utilized the MD 

trajectories after 2.3 and 3.6 μs for H3K56 and Lesion-H3K56 NCPs, respectively, for 

the further ensemble analyses to capture the properties of the corresponding equilibrated 

states. As a result, in the equilibrated states, the highly dynamic side-chains of the arginine 

and lysine residues (R49, R52, R53, and K56) that interact stably with nearby DNA are 

significantly muted (Table S1A, Figure S2, Figure S3B). These findings provide evidence 

that MD simulations at microsecond scale are needed to capture the dynamics and stable 

interactions in the presence of the K56.

In contrast, when K56 is acetylated, the RMSDs of the H3 αN helix continue to 

fluctuate throughout the MD simulations, indicating that a single acetylation mark (K56ac) 
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destabilizes the interactions involving R49, R52, R53, and K56ac (Table S1B), causing 

these positively-charged side-chains to be more dynamic than in the unacetylated K56 

(Figure S3B). Therefore, for the acetylated K56 cases (H3K56ac and Lesion-H3K56ac), we 

collected the MD trajectories after 1 μs to explore possible conformational distortions and 

dynamics induced by the presence of K56ac and DNA adduct. To highlight the structural 

and dynamic impact of H3K56 acetylation on the local nucleosome, we compared the results 

of the unstable conformations after 1 μs in acetylated nucleosomes with the results for the 

stable conformations in the non-acetylated cases. These results indeed show that H3K56 

acetylation induces on-going dynamics to the simulation end (5–6 μs) both with and without 

the lesion.

In the lesion-free NCPs, a single acetylation of K56 in the H3 histone significantly weakens 
the histone-DNA/histone-histone interactions.

Acetylation of H3K56 weakens a stable network of interactions between the 
DNA, the H3 αN helix, and the α3 helix of H2A, stemming mainly from arginine 
residues.—K56 is positioned on the first α helix of the H3 histone (αN helix: residues 

44–57) near the very end of the nucleosome between SHLs ± 6 and ± 7 (Figure 1); here 

the contacts between the DNA and the histones are less abundant than at any other SHL.50 

It has been reported that the DNA ends are stabilized by the contacts between the DNA 

and the H3 αN helix,50, 54 which contain four positive charges at R49, R52, R53 and K56; 

thus, these contacts are dominated by the electrostatic interactions stemming from these 

residues. For the unacetylated K56 NCP, our simulations of the H3K56 NCP revealed that 

the positively-charged residues R49, R52, R53, and K56 as well as T45 have their side 

chains extend stably toward the backbone of the DNA (Figure 2A, Table S1A); particularly, 

the arginine residues (R49, R52, and R53) and the ε-amino group of K56 interact stably with 

the inwardly oriented backbone strand of the DNA. Furthermore, H2A R81 is conserved 

in almost all H2A variants.88 Notably, our simulation of H3K56 reveals that R81 of H2A 

is stably hydrogen bonded with Q55 of the H3 αN helix and with the carbonyl groups of 

G105/V107 of the H2A C terminal domain (Figure 2B, Table S2).

However, when K56 of H3 is acetylated, our MD simulation revealed that the stable network 

of interactions attributed to these positively charged residues is significantly disrupted 

(Figure 2, Table S1B, Table S2); noticeably, the acetyl group of K56ac completely loses 

its hydrogen bonds with the DNA and all three arginine residues of the H3 αN helix exhibit 

much weaker hydrogen bonds with the DNA compared to the unacetylated case (Total 

HB numbers ~ 7.9 in H3K56 and ~ 4.8 in H3K56ac, Figure 2A and Table S1); hydrogen 

bonds between R81 and its surrounding residues were also broken (HB numbers ~ 3.7 in 

H3K56 and ~ 0.7 in H3K56ac, Figure 2B and Table S2). Details regarding the hydrogen 

bond analysis are given in Supplementary Structural Analyses and Additional Results. These 

results indicate that K56ac directly abolishes its contact with the DNA and diminishes 

indirectly the interactions stemming from these arginine residues. Thus, our MD results 

show that these interactions, derived from these positively charged residues of the αN helix 

in H3 as well as R81 in H2A, are responsible for anchoring the terminal DNA.
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Acetylation of H3K56 enhances the dynamics of nearby DNA and the H3αN, 
H2A α3- and αC-helices.—Our MD results show that the presence of K56ac disturbs a 

stable network of interactions between the DNA, the αN helix of H3, and the α3 helix of 

H2A (Figure 2, Tables S1–3); as a result, the DNA, the residues R49, R52, R53, and K56ac 

of H3 as well as R81 of H2A in the vicinity of the acetylation mark become more mobile 

than in the unacetylated case (Figure S2, Figure S3). Furthermore, we also noticed that 

K56ac increases the fluctuations in the αC helix of H2A, including the residues D90, E91 

and E92 (Figure S2, Figure S3C), which make up part of the acidic patch. This acidic patch 

is comprised of eight negatively-charged glutamate/aspartate residues (E56, E61, E64, D90, 

E91, E92 of H2A and E102 and E110 of H2B as shown in Figure S2), forming a highly 

electronegative cleft region on the nucleosome surface, and acts as a binding platform89 for 

the H4 tail90 and many other proteins.91, 92

Acetylation of H3K56 causes the nearby DNA to be more distant from the 
histones.—Despite the enhanced flexibility of the DNA ends observed in our MD 

simulation of the acetylated K56 NCP (Figure S3A), we did not observe the very ends 

(first 6 BPs) of the DNA detaching from histones even in the presence of the K56ac because 

the real time frame for DNA unwrapping, is a slow motion in the millisecond to seconds 

range,52, 53, 93 that is much longer than our simulation time. However, our MD simulations 

did reveal that a small bulge occurred in the DNA in the vicinity of the K56ac (Figure 3A). 

This bulged DNA region occurred between BP 9 and 12 and particularly involves the inward 

oriented strand, whose distance from the H3 αN helix is increased by up to ~ 3.5 Å more 

than in the unacetylated K56 NCP (Figure 3B). Notably, this strand is bulged away from 

the acetyl group of K56ac; it moves away from the center of the NCP and the other gyre, 

producing more exposed DNA sites. Thus, this minimizes the unfavorable electrostatics 

incurred by the presence of the acetyl group of K56ac. Details regarding the distances of the 

DNA to the H3 histone are given in the Supplementary Structural Analyses and Additional 

Results.

Acetylation of H3K56 induces highly dynamic side-chains and an unstable 
α-helical structure in the H3 αN helix.—With the presence of K56ac, the H3 αN 

helix becomes more flexible (Figure S4A). This is revealed in the greater fluctuations of 

the side-chains of residues R49, R52, R53, and K56ac (Figure S4B), the occurrence of a 

kink in the H3 αN helix (Figure S4C), and an unstable α-conformation of this αN helix 

(Figure S4D). Particularly, residues T45 and V46 near the N-terminus of H3 exhibit the most 

structural variations during the time interval between 3 and 5 μs when the kink occurs, with 

a population of less than 30% as pure α-helix and more than 60 % of the population in a 

turn conformation; however, in the unacetylated K56 NCP, the αN helix adopts a stable pure 

α-helix conformation.

In the lesion-containing NCPs, acetylated K56 of H3 magnifies the structural and dynamic 
distortions imposed by the lesion.

We are particularly interested in whether H3K56 acetylation may enhance access to a DNA 

lesion at the entry-exit region of the nucleosome and so facilitate recruitment of repair 

proteins. Hence, we placed a cis-B[a]P-dG lesion at BP9 within the DNA region that is 
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influenced by the K56ac mark (Figure 3). The adduct is oriented with the displaced G 

directed outward toward solvent (OUT position) and its displaced partner dC faces inward 

toward the histones (IN position) (Figure 1B).

The lesion modestly reduces the DNA-H3 interactions, but these are further 
significantly weakened by the presence of K56ac.—As noted for the lesion-free 

NCPs, lysine acetylation at position 56 of H3 histone completely abolishes the contact of 

this K56ac with the DNA and diminishes greatly a network of interactions attributed to the 

arginine residues, R49, R52, and R53 of H3 and R81 in H2A (Figure 2, Tables S1–S2). 

In the lesion-containing NCPs (Figure 4A, Tables S2–3) these interactions are modestly 
reduced by the lesion and are further significantly weakened when K56 is acetylated. As 

a result, the region including the DNA vicinity, the αN helix of H3, and the α3- and 

αC-helices of H2A are more dynamic compared to the unacetylated K56 NCP (Figure 

4B, Figure S3). Notably, the lesion-containing DNA in the vicinity of the K56ac mark 

is prominently distanced from the histones (Figure 4C), with the DNA noticeably kinked 

away from the other gyre. Thus, K56ac exposes many more sites near the damaged DNA 

compared to the lesion-free DNA (Figure 5); this is reflected in the greater distance of 

the damaged DNA from the histones and the greater number of exposed DNA base pairs 

(Figure 5A) as well as the enlargement of the minor groove (Figure 5B). Overall, our 

findings suggest that lesion-containing DNA is more responsive to the acetylated K56 than 

the lesion-free DNA, imposing more structural and dynamic distortions to the nucleosome, 

further discussed below.

Structural and dynamic distortions imposed by the lesion are significantly 
amplified by the acetylation of H3K56.—In our MD simulation of Lesion-H3K56 

NCP, the solution conformational features of the cis-B[a]P-dG adduct at the end of the 

nucleosome are maintained (Figure 6A, Figures S5–7); the bulky B[a]P ring system is 

intercalated stably between the adjacent base pairs (Figure S5, Figure S7A); both displaced 

base G and the hydroxyl-containing benzylic ring are in the minor groove and are exposed 

to the solvent. All these features that lead to structural and dynamic distortions, including 

the enlarged minor groove (Figure 4D), the mobility of the displaced partner dC (Figure 

S6, Figure S7B), the distorted duplex (Figure S7C), and a ruptured Watson-Crick pair at 

the lesion site (BP9, Figure S7D), characterize this lesion.26, 73, 74 We observed that the 

partner dC is flipped into the minor groove and fluctuates between two orientations via 

a dynamic network of hydrogen bonds of the partner base C with the neighboring bases, 

sugars and hydroxyls of the B[a]P rings (Figure 6A, Figure S6), indicative of the highly 

flexible partner dC and consist with its increased RMSF value (position 9 on Chain I in 

Figure S3A). Furthermore, this minor-groove positioned dC causes the local 3-mer duplex to 

be slightly over-twisted (Figure S6, Figure S7C). Overall, the structural changes imposed by 

the cis-B[a]P-dG adduct are well-maintained throughout the simulation of the unacetylated 

K56 NCP (Figure S7).

When H3 K56 is acetylated, we observed that the structural changes imposed by the lesion 

are more distorting and dynamic compared to the unacetylated K56 case (Figures 4 and 6, 

Figures S5–7). Notably, we observed aberrant and dynamic changes particularly during 0.5 
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to 3 μs of the MD simulation of the Lesion-H3K56ac NCP. During this period of time, the 

intercalated B[a]P ring system stacks dynamically with the adjacent base pair with its rings 

spanning two main subspaces of structures (State 1 and State 2 in Figure 6B and Figure 

S5); in State 1, the O7 hydroxyl group in the B[a]P rings form a hydrogen bond with the 

N3 atom of the A base at BP8, resulting in a deeply-intercalated and least exposed B[a]P 

ring system; in State 2, the hydroxyls of the B[a]P rings and A base are most distanced, 

resulting in a least intercalated and most exposed B[a]P ring system. Details concerning the 

intercalated B[a]P rings are given in the Supplementary Structural Analyses and Additional 

Results. Furthermore, the partner dC at BP9 that is flipped into the major groove forms 

three hydrogen bonds with the base G at BP10 (Figure 6B, Movie S1), a sequence context 

effect. As a result, the Watson-Crick pair at BP10 is completely ruptured and the Watson

Crick pair at BP11 also becomes partially ruptured (Figure S7D), causing the local 3-mer 

duplex to be greatly under-twisted by ~30.0° together with the enhanced dynamics (Figure 

S7C). After 3μs, this aberrant conformation is transitioned to a less-distorted state where 

the Watson-Cricks pairs at BP10 and 11 are restored; nevertheless, these lesion-induced 

structural distortions still exhibit modestly enhanced dynamics compared to the unacetylated 

K56 case. Details concerning the flipping dynamics of the partner dC and the under-twisted 

duplex are given in the Supplementary Structural Analyses and Additional Results. Overall, 

our observations indicate that K56ac greatly amplifies the local dynamic distortions of the 

duplex imposed by the lesion.

IN-facing partner dC is conformationally flexible and becomes more so in 
the presence of the acetylated K56 of H3.—To further scrutinize whether the 

conformational orientation and flexibility of the partner dC that faces the histones are 

dependent on the acetylated status of K56, we also carried out additional 10 independent 

~ 600 ns MD simulations for each Lesion-containing NCPs. Figure S8 shows that, at SHL 

6.25, IN-facing partner dC spans a wide range of orientations in the duplex, from residing 

in the major groove to the minor groove, regardless of the acetylated status of the K56 of 

H3. The greater dynamics in the presence of K56ac of the partner dC is also revealed in the 

higher standard deviation values.

Discussion

Lysine acetylation at position 56 of histone H3 disrupts histone-DNA/histone-histone 
interactions involving mainly arginine residues.

During many important cellular processes, nucleosomes must permit DNA-binding proteins 

to gain access to the DNA. Spontaneous DNA unwrapping motions that expose the binding 

sites would allow free but transient/rapid access to protein.93 This unwrapping dynamics 

of DNA ends is facilitated by the acetylation of K56 on histone H3,57–61 which weakens 

the electrostatic interactions between DNA termini and the histones.24, 51 The spontaneous 

DNA unwrapping occurs once in the range of milliseconds to seconds,52, 53, 93 which is 

still far beyond the present microsecond (~6μs) time scale of out all-atom MD simulations. 

While coarse-grained MD studies94, 95 have obtained insights on the molecular mechanism 

of DNA unwrapping and rewrapping as they can investigate the appropriate time spans, 

they cannot provide functionally relevant motions and interactions at atomic resolution 
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such as the hydrogen bonding interactions that is our interest, but do provide insights that 

the longer time-frames permit. Watanabe et al.96 have obtained a crystal structure of a 

nucleosome containing H3K56Q as a surrogate for H3K56ac. They found that the H3K56Q 

mutation that mimics the acetylation does not affect the DNA conformation, while it had 

been experimentally observed60 that H3K56 acetylation increased DNA breathing. However, 

this was not captured in the crystal structure, which was attributed to crystal packing that 

stabilized the DNA in a ‘closed’ conformation. In our MD simulations we did observe 

distinct structural and dynamic perturbations upon acetylation, which highlights the value of 

the solution MD simulations.

Our MD study provides a detailed analysis of the histone-DNA interactions near the DNA 

ends with atomic level detail and microsecond (5–6μs) time scale to elucidate the structural 

and dynamic impacts of acetylation of K56 on the lesion-containing DNA. Our 5–6 μs 

simulations did not reveal directly the detachment of the ends (first 6 BPs) of the DNA 

from the histones, even in the presence of the H3K56ac. However, we did observe that the 

acetylated H3K56 causes the H3 αN helix to be unstable, concomitant with enlargement 

of the distance between the nearby DNA and the histones. As a result, a bulge occurs in 

the DNA at BPs 9–12, in the vicinity of the K56ac. A cryo-EM structure of the NCP with 

unwrapped DNA reported by Bilokapic et al.54 also showed that the DNA bulges at one 

entry-exit site but the DNA end remains attached to the octamer. Furthermore, similarly 

bulged DNA has been shown bound to the Snf2 chromatin remodeler.97 We speculate that 

the unstable αN helix and the bulge may initiate the slow microsecond to millisecond scale 

changes in histone-DNA interactions that are responsible for DNA unwrapping dynamics in 

this time range.52, 53, 93

We observed a stable network of interactions of the H3 αN helix with the DNA as well 

as with the H2A (Figure 2, Tables S1–3); R49, R52, R53, and K56 of the H3 αN helix 

maintain hydrogen bonds with the phosphate backbone of the DNA, and the R81 of 

the H2A α3 domain interacts stably with Q55 of the H3 αN helix and with the G105/

V107 of the H2A C terminal domain. However, when K56 is acetylated, the acetylation 

directly abolishes its contact with the DNA and also diminishes indirectly the interactions 

stemming from the arginine residues, which are the key residues in holding the terminal 

DNA.21, 95, 98–101 This possibly explains why a single acetylation mark at position 56 of H3 

imposes the strong outcome that facilitates the unwrapping opening motions of DNA.57–61

It has been suggested that the arginine residues in the H3 αN helix contribute to the tight 

wrapping of nucleosomal DNA.95, 98, 100, 101 A coarse-graine MD study95 showed that 

within the wrapped DNA in the NCP, residues R49, R52, R53 and K56 interact stably with 

the ends of the DNA. An alanine mutation experiment101 showed that the point mutation 

R49A causes the greatest decrease in the DNA end-to-end FRET ratio, followed by R52A 

and R53A, indicating that the DNA wrapping is severely altered by these arginine residues. 

Mutants R49K and R53K of H3 increase the local flexibility and lead to a preference for an 

open DNA entry/exit arrangement, indicating that an arginine residue is more likely to form 

hydrogen bonds via its guanidinium group as compared to lysine with its amine group.100 

Furthermore, the R81of H2A that interacts with H3 Q55 contributes to the stabilization of 

the electrostatic contacts between DNA and the H3 αN helix, which is extremely crucial 
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for holding the DNA entry-exit site; Langowski et al.21, 99 have demonstrated that point 

mutation R81A or R81E of H2A abolished most contacts between H2A R81 and the 

surrounding residues (H3 Q55/K56, H2A G105/V107), which is also seen in our K56ac 

case (Figure 2B, Table S2). Thus, these studies combined with our results suggest that 

K56ac can impose similar effects as the site-specific mutations R49K or R81A/R81E by 

similarly altering the electrostatic environment of the H3 αN helix or the H2A α3 domain, 

further accounting for the strong impact of acetylation. Altogether, K56ac significantly 

weakens the histone-DNA/histone-histone interactions stemming from the key residues that 

aid in unwrapping the DNA from the nucleosome, increasing DNA accessibility to the 

transcription machinery or repair proteins.

Histone acetylation amplifies the structural and dynamic distortions imposed by the 
lesion, suggesting increased accessibility to the lesion for repair.

The structural changes that are induced by the cis-B[a]P-dG lesion (Figures 4 and 6, Figures 

S5–7): minor groove enlargement, ruptured Watson-Crick pairing at the lesion site, and the 

displaced partner dC and the distorted helical conformation at the lesion site, provide a 

signal for lesion recognition by damage-sensing proteins.26, 73, 74 Our MD results revealed 

that the reduced DNA-H3 interactions imposed by the lesion are significantly further 

weakened by the presence of acetylated K56, causing the lesion-containing duplex to be 

much less restrained and more exposed; both OUT-facing damaged dG and its IN-facing 

partner dC become more dynamic than in the unacetylated case, suggesting that the signals 

sent by the lesion can be amplified by the acetylation of K56 of H3. Thus, it may assist the 

GG-NER system in recognizing the damage and facilitating repair of the lesion by initiating 

recruitment of repair proteins.102, 103 Delaney et al.57 reported an increased activity of 

hOGG1 at approximately 20 base-pairs away from the end of the DNA in response to 

acetylation of the H2B tail, emphasizing the effect of histone acetylation on the activity of 

the BER enzyme.

Although, Smerdon et al.104 have reported that H3K56ac or H3K14ac do not significantly 

contribute to removal of uracils, regardless their translational and rotational settings within 

the NCPs, by uracil DNA glycosylase; this may well be lesion-dependent. Many factors 

contribute to the initiation or the efficiency of repair, including the surrounding histones, 

addition of chromatin remodeling complexes, the specific lesion sites, and the local DNA 

sequence composition as well as the type of lesion.70, 105 Lesions with different chemical 

structures accommodated in the nucleosome have different structural and dynamic impacts 

on the local distortions and dynamic destablizations,70, 106 which may be either minimally or 

markedly affected by histone lysine acetylation.

Lesion-induced structural distortions and destabilizations in a nucleosome vary 
depending on the SHLs, which may contribute to the varying accessibility of the lesion 
and contribute to subsequent differences in GG-NER efficiencies.

The local structural and dynamic distortions of the duplex imposed by the DNA adduct, 

rather than the nature of the lesion itself, provide the basis for the recognition by 

damage-sensing proteins in the GG-NER mechanism.70 GG-NER studies with nucleosomes 

containing HeLa histones from the Geacintov laboratory107 reported higher GG-NER 
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excision efficiency for an IN-facing cis-B[a]P-dG lesion near the dyad and a lower GG-NER 

excision efficiency for the OUT-facing case; this was mainly attributed to the displaced 

and dynamic partner dC opposite the lesion in the nucleosome based on MD simulations 

by Cai et al.106 The MD results revealed that the damaged dG near the dyad is inherently 

restrained due to its linkage to the intercalated B[a]P rings regardless of their IN-facing 

(SHL = −0.25) or OUT-facing (SHL = −0.75) position. However, its partner dC exhibits 

different flipped out positions with varied dynamics for the IN vs. OUT cases; the partner 

dC that faces histones is constrained via interactions with histones. As a result, IN-facing 

dC is less dynamic and less extruded into the major groove than OUT-facing dC. These 

results suggest that interactions with the histones near the dyad play a role in determining 

this bulky lesion’s accessibility and thus play a role in its repair efficiency in the dyad 

vicinity. However, when this adduct is placed at the OUT position near the DNA exist/entry 

region as in the present case (SHL = 6.25, Figure 1), its IN-facing partner dC still exhibits 

conformational flexibility (position 9 on Chain I in Figure S3A). This is indicated by the 

partner dC sampling a wide conformational range in the H3K56 NCP (Figures S6, S8). 

These findings support better accessibility of the lesion and subsequent repair close to the 

nucleosomal DNA exit/entry sites compared to the restricted sites at the dyad. A similar 

trend has been observed with DNA base lesions subject to the BER pathway. Delaney et al. 
have reported the activity of hOGG1 near the nucleosome exit-entry region;57 however, this 

activity was completely inhibited at the dyad axis, regardless of the rotational orientation of 

the lesion at the dyad,108 highlighting the impact of the local histone environment and the 

corresponding histone-DNA interactions.109

Conclusion

In this present study, using all atom molecular dynamics simulations of 5–6 microseconds, 

we have demonstrated how a single acetylation mark at position 56 of the H3 histone 

exposes a DNA damaged site and enhances its mobility. Our analyses of the interactions 

in the vicinity of the K56ac mark at the nucleosome entry-exit region suggest that K56ac 

modulates key interactions of the histone residues, notably involving arginine residues, that 

aid in unwrapping the DNA from the histones by altering the electrostatic environment. 

Notably, our findings suggest that lesion-containing DNA is more responsive to K56ac than 

the lesion-free DNA; K56ac exposes sites more on the damaged DNA and imposes more 

structural and dynamic distortions to the damaged DNA than on the undamaged case, which 

should facilitate access to the lesion for repair.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

PTM post-translational modification

GG-NER global genomic nucleotide excision repair

hOGG1 human oxoguanine glycosylase 1

Nap1 nucleosome assembly protein 1

BER base excision repair

H3K56ac histone H3 lysine 56 acetylation

DSB double strand break

DDB damaged DNA binding protein

DDR DNA damage response
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Highlights

• Acetylation of H3K56 weakens DNA-histone interactions, especially with 

nearby arginine residues.

• H3K56ac induces the nearby DNA to bulge away from the H3 histone and it 

distorts the H3 αN helix.

• H3K56ac causes more DNA exposure when it is damaged by a 

benzo[a]pyrene-derived lesion than when unmodified.

• H3K56ac amplifies the structural and dynamic distortions imposed by the 

DNA lesion.

Fu et al. Page 20

DNA Repair (Amst). Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: Overall structure of the NCP and the acetylation site of H3K56 as well as the site and 
structure of the DNA lesion in the duplex.
(A) The overall structure of the NCP model based on the crystal structure (PDB ID 1KX52) 

with truncated tails as in our prior work.62 Super helical locations (SHLs) are labeled to 

describe the positions of DNA wrapped around the NCP with respect to the dyad (SHL 0). 

The H3 αN helix is located near the DNA between SHLs 6 and 7. A DNA lesion, designated 

as red star, is introduced at the end of the DNA (SHL = 6.25) and placed outward toward the 

solvent.

(B) Zoom-in view of the region at the end of the nucleosome. The lysine 56 (K56, blue 

sphere) is positioned at the H3 αN-helix and faces the DNA major groove at ~ SHL 6. The 

inset box shows the structure of the lesion, the 10R (+)-cis-anti-B[a]P-N2-dG(cis-B[a]P-dG) 

adduct, (colored by atom with carbons in orange) introduced at BP9 from the end of the 

nucleosomal DNA. The lesion-containing DNA strand faces the solvent, and its partner 

dC (colored red) faces the histones. The conformation of the base-displaced/intercalated 
cis-B[a]P-dG adduct is based on an MD74 equilibrated NMR solution structure73 where the 

Watson-Crick pair at the lesion site is ruptured; the modified base G is displaced into the 

minor groove with linkage to the B[a]P ring system, which is intercalated into the helix with 

the hydroxyl-containing benzylic ring in the minor groove; the partner dC is displaced into 

the major groove.
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Figure 2: Acetylation of K56 of the H3 histone greatly weakens a network of interactions 
between DNA and the H3 αN helix as well as the R81 of H2A with the surrounding residues.
(A) Acetylation of K56 weakens the interactions between the H3 αN helix and the DNA. 

Best representative structure showing the interactions between the H3 αN helix and the 

DNA in the left panel; the corresponding hydrogen bond numbers are depicted in the right 

panel. Details concerning all the hydrogen bond acceptor-donor pairs are listed in Table S1.

(B) Acetylation of K56 dimishes the interactions of H2A R81 and the surrounding residues, 

Q55 of H3 and G105/V107 from the H2A C-loop. Best representative structure showing 

the interactions between H2A R81 and the surrouding residues in the left panel; the 

corresponding hydrogen bond numbers are shown in the right panel. Details concerning 

all the hydrogen bond acceptor-donor pairs are listed in Table S2.
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Figure 3: Acetylation of K56 causes the DNA to be more distant from the H3 αN helix than in 
the unacetylated K56 case.
(A) Superposition of the best representative structures of H3K56 (light-blue) and H3K56ac 

(red) reveals that there is a small bulge in the DNA between BP9 and BP12 in the vicinity of 

K56ac of the H3 histone. (B) The increased distances are mostly observed at the region BPs 

9 –12 on the strand Chain I. Only half of the DNA (SHL > 0) and histones (H3, H4) near 

the end of the DNA are displayed for clarity. Two views illustrating how the bulged DNA 

is distanced away from the acetyl group of K56ac; the DNA is moved away from the NCP 

(View 1, view into the NCP disk axis); the DNA of gyre 1 is moved away from the other 

gyre (View 2, view into the two gyres with the H3 αN helix between).

(B) Ensemble averaged shortest distance between the DNA P atom and the helical axis 

of H3 αN. The standard deviations are displayed as shadow. Details are described in the 
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Supplementary Structural Analyses and Additional Results. The acetylated K56 enlarges the 

distance of the DNA to the histones, particularly for the region between BP 9 and BP 12 on 

the Chain I; this region also exhibits higher dynamics than when K56 is unacetylated.

Fu et al. Page 24

DNA Repair (Amst). Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: Impact of acetylation of H3K56 on the lesion-containing NCPs.
Compared to unacetylatedK56, K56ac (A) significantly weakens the DNA-histone/histone

histone interactions, (B) causes both nearby DNA and the H3 αN helix to be more dynamic, 

(C) causes the nearby DNA to become distanced from the histones and away from the other 

gyre, (D) causes the minor groove to be more enlarged.

(A) The hydrogen bonds between the H3 αN helix and the DNA (left panel) as well as 

the hydrogen bonds of R81 with the surrounding residues (right panel) are given for lesion

containing NCPs. Details concerning all hydrogen bond acceptor-donor pairs are listed in 

Tables S2–3.

(B) K56ac enhances the dynamics of the DNA near the nucleosome entry-exit region, the 

αN helix of H3, and the α3- and αC- helices of H2A. The RMSFs of the heavy atoms of the 
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residues are shown by color; higher values correspond to larger fluctuations (red) and lower 

values to smaller fluctuations (blue) as indicated in the spectrum bar. Their corresponding 

RMSF values are also given in Figure S3. Only half of the DNA (SHL > 0) and histones 

(H3, H4) near the end of the DNA are displayed for clarity.

(C) Superposition of the best representative structures of Lesion-H3K56 (light-blue) and 

Lesion-H3K56ac (red) NCPs reveals that the DNA at the region highlighted as orange is 

markedly distanced from the H3 αN helix by the presence of K56ac, mainly by moving 

away from the other gyre. Two views illustrating that the lesion-containing DNA is pulled 

away from the center of the NCP and away from the other gyre. The ensemble averaged 

shortest distances between the DNA and the helical axis of H3 αN are plotted, showing that 

the enhanced distanced DNA segment is mainly observed at BPs 9–15, with an increased 

distance of up to ~7 Å.

(D) Minor groove widths were calculated by measuring the pairwise P-P distance for lesion

containing and lesion-free NCPs. When compared to the lesion-free NCPs, the lesion with 

its damaged dG displaced into the minor groove enlarges the minor groove width, and even 

more so in the presence of K56ac, particularly at P12-P8* and P13-P9* across the damaged 

dG. The numbering scheme: “P10” refers to the P atom at BP10 on the strand Chain I and 

“P10*” refers to the P atom at BP10 on the strand Chain J. A distance 5.8 Å was subtracted 

to account for van der Waals radius of the P atom.110
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Figure 5: Impact of H3K56ac on the damaged DNA and undamaged DNA.
(A) Superposition of the best representative structures of H3K56ac (light-blue) and Lesion

H3K56ac (red) NCPs reveals that K56ac exposes many more sites near the damaged DNA 

compared to the lesion-free DNA, as shown in the greater distance of the damaged DNA 

from the histones than in the undamaged DNA. The ensemble averaged shortest distances 

between the DNA and the helical axis of H3 αN are plotted. (B) In the presence of 

H3K56ac, the damaged DNA has wider minor grooves than the undamaged DNA. The 

ensemble averaged minor grooves widths are plotted.
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Figure 6: The dynamics of the B[a]P rings intercalated into the helix shows that the K56ac 
causes the B[a]P ring system to be more dynamic than in the unacetylated K56.
The O7—N3 distance and the stacking interactions of the B[a]P rings with the bases at BP8 

are plotted against each other for the lesion-containing NCPs. Mean values and standard 

deviations are given; the larger range and standard deviations reflect the larger span that 

the B[a]P rings sample and the greater dynamics of the B[a]P rings. The larger ranges and 

standard deviations are revealed in the Lesion-H3K56ac NCP; when H3 K56 is acetylated, 

the intercalated B[a]P rings sample a larger span with enhanced dynamics compared to the 

unacetylated K56.

(A) In Lesion-H3K56, the B[a]P rings stack stably with the adjacent bases at BP8 (Figure 

S5).
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(B) In Lesion-H3K56ac, the intercalated B[a]P ring system stacks dynamically with the 

adjacent bases between two extreme states (State 1 and State 2). In State 1, the hydroxyl 

group in the B[a]P rings forms a hydrogen bond with the N3 atom of the A base at BP8 

(O7—N3 distance), resulting in a deeply- intercalated and least exposed B[a]P ring system. 

In State 2, the hydroxyls of the B[a]P rings and A base are most distanced, resulting in the 

least intercalated and most exposed B[a]P rings. Notably, in these two extreme states, the 

partner base C forms three hydrogen bonds with the base G (5′-side to the lesion) at BP10, 

and the damaged base G and hydroxyls of the lesion interact with base C at BP10, leading 

to a completely ruptured Watson-Crick base pair at BP10 and a partially ruptured WC pair 

at BP11 (Figure S7D); this is likely due to the neighboring sequence context. The majority 

conformation of the B[a]P rings is in State 3 where the Watson-Crick pair at BP10 and 

BP11 present as in the unacetylated K56 case. Structures indicated in the correlation plot are 

shown in the right panel. The 3-mer duplex GG*A with lesion (G* = cis-B[a]P-dG) at the 

center are rendered as sticks.
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