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Highlights 

• Histone variants modulate BER activity in nucleosome core particles 

• Enhanced excision of uracil by UDG and SMUG1 is observed with the H3.3 variant 

• Enhanced excision of uracil by UDG is observed with the H2A.Z/H3.3 double variant 

• Octasome and hexasome species of H3.3 NCPs facilitate excision by UDG and SMUG1 

• Most enhancement at sterically-occluded sites and terminal regions of the hexasome 

 

ABSTRACT 

 

At the most fundamental level of chromatin organization, DNA is packaged as nucleosome 

core particles (NCPs) where DNA is wound around a core of histone proteins. This ubiquitous 

sequestration of DNA within NCPs presents a significant barrier to many biological processes, 

including DNA repair. We previously demonstrated that histone variants from the H2A family 

facilitate excision of uracil (U) lesions by DNA base excision repair (BER) glycosylases. Here, we 

consider how the histone variant H3.3 and double-variant H2A.Z/H3.3 modulate the BER enzymes 

uracil DNA glycosylase (UDG) and single-strand selective monofunctional uracil DNA 

glycosylase (SMUG1). Using an NCP model system with U:G base pairs at a wide variety of 

geometric positions we generate the global repair profile for both glycosylases. Enhanced excision 

of U by UDG and SMUG1 is observed with the H3.3 variant. We demonstrate that these H3.3-

containing NCPs form two species: (1) octasomes, which contain the full complement of eight 

histone proteins and (2) hexasomes which are sub-nucleosomal particles that contain six histones. 

Both the octasome and hexasome species facilitate excision activity of UDG and SMUG1, with 

the largest impacts observed at sterically-occluded lesion sites and in terminal regions of DNA of 

the hexasome that do not closely interact with histones. For the double-variant H2A.Z/H3.3 NCPs, 

which exist as octasomes, the global repair profile reveals that UDG but not SMUG1 has increased 



4 
 

U excision activity. The enhanced glycosylase activity reveals potential functions for these histone 

variants to facilitate BER in packaged DNA and contributes to our understanding of DNA repair 

in chromatin and its significance regarding mutagenesis and genomic integrity. 

 

Abbreviations 

BER, base excision repair; DTT, dithiothreitol; FD, free duplex DNA; FOXA1, forkhead box A1; 

H2A.Z/H3.3, H2A.Z/H3.3 double variant; H3.3, H3.3 variant; HRF, hydroxyl radical footprinting; 

MNase, micrococcal nuclease; NCP, nucleosome core particle; PAGE, polyacrylamide gel 

electrophoresis; PCI, phenol chloroform isoamyl alcohol; PCNA, proliferating cell nuclear 

antigen; PTMs, post-translational modifications; RPA2, replication protein A2; SAFA, semi-

automated footprinting analysis; SE, standard error; SMUG1, single-strand selective 

monofunctional uracil DNA glycosylase; U, uracil; UDG, uracil DNA glycosylase 
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1. Introduction 

Eukaryotic genomic DNA is packaged into nucleosome core particles (NCPs) to compact 

its structure. A single NCP is composed of a core of histone proteins wrapped by ~145 bp of DNA 

in ~1.7 superhelical turns (Figure 1A) [1]. The histone core is made up of two copies each of four 

proteins (H2A, H2B, H3, and H4). The histone proteins have maintained a high degree of 

conservation during evolution, indicative of their central role in the packaging of DNA. 

Furthermore, the histone genes are present in multiple copies in most organisms allowing for a 

degree of nonallelic variation. In fact, all eukaryotic organisms contain specialized histone variants 

with distinct amino acid sequences and expression patterns [2]. 

 

Figure 1. NCP model system is used to generate the repair fingerprint of a glycosylase enzyme. 

(A) U containing NCP model constructed by merging the crystal structure of an NCP containing 

Widom 601 DNA (PDB: 3lz0) with a canonical histone octamer containing histone tails (PDB: 

1kx5). U sites are highlighted according to their solution accessibility determined by HRF (high: 

blue; intermediate: purple; low: red). Non-U sites of the 601 “I” strand are cyan. Dyad axis is 

indicated by a dashed line. (B) U lesions are globally incorporated into Widom 601 duplex DNA 

and reconstituted with recombinant canonical and variant histone proteins via salt dialysis to form 
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NCPs. U containing NCPs are treated with glycosylase and polyacrylamide gel electrophoresis 

(PAGE) analysis reveals sites that are repaired by BER in the repair fingerprint. 

 

Whereas relatively few variants of H2B and H4 are known, most eukaryotes have several 

variants of H2A and H3 [2]. For example, the histone variants H2A.Z and H3.3 are known to be 

enriched at NCPs in actively transcribed genes [3-5]. The H2A.Z variant shares only ~60% 

homology with canonical H2A [6]. In fact, H2A.Z is one of the most divergent histone variants, 

but H2A.Z itself is well conserved across species. A crystal structure of an NCP containing H2A.Z 

revealed very little difference relative to a canonical NCP, although there are some changes in the 

interface between H2A.Z and the H3/H4 histones [7]. Nevertheless, NCPs containing H2A.Z are 

more sensitive to salt-mediated disruption, which is reflective of decreased stability and looser 

DNA packaging [8,9].  

Several forms of H3 are expressed in higher eukaryotes: H3.1 (canonical), H3.2, H3.3 and 

CENP-A, which is a centromere-specific variant. Intriguingly, H3.3 differs from H3.1 and H3.2 

by only five and four amino acids, respectively [10]. Three of those amino acids are clustered in 

the center of the polypeptide chain, and the critical role of these amino acids is highlighted by the 

fact that mutation of these residues alters the way H3.3 is deposited throughout the genome [10]. 

H3.1 and H3.2 are expressed during S phase and have been termed “DNA synthesis-coupled” 

because they are incorporated into newly replicated chromatin. In contrast, H3.3 has been termed 

a “replacement histone” as it is expressed throughout the cell cycle and is deposited into chromatin 

by distinct chaperones independent of DNA synthesis [11]. H3.3 is known to be deposited by 

histone chaperones involved with homologous recombination (HR) [12] and nucleotide excision 

repair (NER) [13]. Similar to H2A.Z, histone H3.3 also renders NCPs more sensitive to salt-

mediated disruption [8,9].  
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Notably, it has been shown that double-variant NCPs containing both H3.3 and H2A.Z are 

enriched at transcription start sites in human cells and that these NCPs facilitate access of 

transcription factors to the packaged DNA [14]. In fact, these NCPs are sufficiently loosely 

packaged that they were lost using the early preparative techniques that isolated NCPs at higher 

salt conditions [14]. It was only when experiments were performed at lower salt concentrations 

that they were identified in cells. However, in other work, when isolated from vertebrates, 

immunoprecipitation studies have demonstrated that these dual-variant NCPs are at least as stable 

as canonical NCPs [8].    

It has been proposed that DNA repair in chromatin occurs via an access-repair-restore 

model [15]. The looser packaging of DNA suggests that NCPs containing H3.3 and/or H2A.Z 

variants could be a way for cells to regulate and facilitate access to DNA for repair. In previous 

work we demonstrated that H2A.Z facilitates DNA repair via the base excision repair (BER) 

pathway [16]. Here, using uracil (U) as a representative lesion repaired by BER, we explored the 

ability of H3.3 and the double variant H2A.Z/H3.3 to modulate initiation of this repair pathway by 

two uracil DNA glycosylases: uracil DNA glycosylase (UDG) and single-strand selective 

monofunctional uracil DNA glycosylase (SMUG1). UDG and SMUG1 are the two major 

glycosylases responsible for excising U from U:G base pairs and it was recently reported that 

accumulation of U in CpG sites arises primarily from cytosine deamination in mice lacking UDG 

and SMUG1 [17]. We find that the H3.3 variant facilitates activity of both glycosylases, and that 

the presence of both H2A.Z/H3.3 facilitates UDG, but not SMUG1.  

 

2. Materials and methods 

2.1 Oligonucleotide synthesis and purification 



8 
 

All DNA was synthesized on a MerMade 4 (BioAutomation) DNA synthesizer using 

phosphoramidite chemistry. Phosphoramidites were purchased from Glen Research. The 145 bp 

Widom 601 sequence [18] was used for all duplex control and NCP samples (Scheme S1). The U 

containing lesion strand (LS_U) was synthesized as previously reported using C phosphoramidite 

spiked with a small amount of U [19]. The molar ratio used to create the C/U mixture was 

determined by the Poisson distribution (λ=0.355) to ensure that 95% of DNA contained no more 

than one U per strand. The DNA was purified by 8% denaturing polyacrylamide gel 

electrophoresis (PAGE). Nucleobases are numbered from 1 to 145 starting from the 5′-end of the 

U-containing strand.  

The 145-mer complement strand (CS) was prepared via ligation of shorter component 

strands using T4 ligase (New England Biolabs) in the presence of scaffold DNA strands (Scheme 

S2). Component and scaffold strands were synthesized with final trityl group intact for reverse-

phase HPLC purification (Dynamax Microscorb C18 column, 250 x 10 mm; A = acetonitrile 

[MeCN], B = 30 mM NH4OAc; 5:95 to 35:65 A:B over 30 min at 3.5 mL/min). The trityl group 

was removed by incubation in 20% v/v aqueous glacial acetic acid for 1 h at ambient temperature, 

followed by a second round of HPLC purification at 90 °C (Agilent PLRP-S column, 250 x 4.6 

mm; A = 100 mM triethylammonium acetate [TEAA] in 5% aqueous MeCN, B = 100 mM TEAA 

in MeCN; 0:100 to 15:85 A:B over 35 min then 15:85 to 35:65 A:B over 5 min at 1 mL/min). 

Electrospray ionization mass spectrometry was used to confirm the identity of component and 

scaffold strands. The ligated CS was purified by 8% denaturing PAGE. 

Two single-stranded internal standards, used for normalization and loading controls, were 

designed as a 30-mer and a 98-mer (Scheme S1) such that they would not co-migrate with any U 
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cleavage product. These strands were synthesized with the final trityl group removed and purified 

by 12% and 8% denaturing PAGE, respectively. 

 

2.2 Histone preparation, NCP reconstitution, heat-shifting assay 

Canonical X. laevis histones (H2A, H2B, H3.1, H4) were recombinantly expressed and 

purified according to published protocols [20]. Throughout this work “canonical H3” refers to 

H3.1. Human H2A.Z and H3.3 were purchased from the Histone Source (Colorado State 

University). Canonical H2A/H3, H2A.Z/H3.3, and H2A/H3.3 containing octamers were 

individually assembled and purified [20] and the corresponding NCPs were then reconstituted via 

salt-gradient dialysis as previously described [20,21]. This assembly process yields homotypic 

NCP populations in which both copies of the canonical histone are replaced with the respective 

variant. LS_U was 5′-32P-radiolabeled and annealed to CS in annealing buffer (10 mM Tris [pH 

8], 50 mM NaCl, 1 mM EDTA). In an equimolar ratio, 1 µM duplex DNA was mixed with the 

relative octamer at 4 °C in 2 M NaCl, 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 1 mM dithiothreitol 

(DTT) and 500 µg/mL BSA. The NaCl concentration was reduced stepwise at 1 h intervals (1.2, 

1.0, 0.6 and 0 M) via dialysis, and the final dialysis into 0 M was carried out for 3 h. NCPs were 

then filtered by centrifugation using a Spin-X Centrifuge Tube filter (0.22 µm, Corning 

Incorporated) to remove precipitates, and the purity of samples was evaluated by 7% native PAGE 

(19:1 acrylamide:bisacrylamide, 4° C, 3 h, 150 V, 0.25X TBE). Only NCPs with high purity (<5% 

duplex DNA) were used in subsequent experiments. In the heat shifting assay, NCPs were 

incubated at 37 °C or 55 °C for 1 h and subjected to 7% native PAGE immediately at 4 °C.  

Octasome and hexasome species of H3.3 NCPs were purified by Mini Prep Cell (Bio-Rad 

Laboratories) on a 7%, 7 cm gel (19:1 acrylamide:bisacrylamide; 4° C, 6 h, 360 V). Fractions of 
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360 µL were collected with an elution rate of 120 µL/min, then visualized on a 7% native PAGE 

(19:1 acrylamide:bisacrylamide; 4 °C, 3 h, 150 V, 0.25X TBE). Pure fractions for each species 

were combined and concentrated with an Amicon Ultra 30K MWCO concentrator. Purified 

samples were visualized by 7% native PAGE (19:1 acrylamide:bisacrylamide; 4° C, 3 h, 150 V, 

0.25X TBE). 

2.3 Global assessment of UDG and SMUG1 activity 

 Similar to other studies that examined U excision from NCPs [22,23], we used E. coli UDG 

which is 73% similar to human UNG with a conserved active site [24]. Comparison of the crystal 

structures of E. coli UDG and human UNG shows the overall shapes are highly similar [25]. E. 

coli UDG and human SMUG1 were purchased from New England Biolabs. The total concentration 

of each glycosylase was determined by Bradford assay using γ-globulin standards (Bio-Rad 

Laboratories). To assess glycosylase activity, 0.5 pmol substrate (global U containing duplex DNA 

or NCPs) were mixed with 10 pmol UDG or SMUG1 in a total volume of 20 μL of the glycosylase 

reaction buffer (20 mM Tris-HCl [pH 7.6], 50 mM NaCl, 150 mM KCl, 1 mM EDTA, 1 mM DTT, 

200 µg/mL BSA). Samples were incubated for 1 h at 37 °C. A negative control sample (-E) was 

also incubated for 1 h at 37 °C, but with no enzyme present to reveal any pre-existing damage or 

incidental damage of the substrate before and during the reaction. Reactions were quenched with 

equal volume (20 μL) of 1 M NaOH and heated for 2 min at 90 °C. The NaOH quench solution 

was spiked with 5′-32P-radiolabeled internal standards prior to addition to samples. DNA fragments 

were then extracted from proteins using 25:24:1 phenol:chloroform:isoamyl alcohol (PCI). No 

significant detection of radioactivity in the organic phase indicates that stable DNA-histone 

crosslinks are not forming under these experimental conditions. The DNA was precipitated from 

the aqueous phase by addition of 40 µL co-precipitation agent (0.3 M NaOAc, 1 mM EDTA, 0.5 
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mg/mL tRNA) and 600 µL ethanol and incubation overnight at -20 °C. The precipitated sample 

was resuspended in 50% v/v formamide and split in half. One half of the sample was loaded onto 

a 10% denaturing PAGE gel (0.4 mm, 2 h, 85 W, 1X TBE) to resolve bands from nucleobase 9 to 

the dyad axis and the other half loaded onto an 8% gel (0.4 mm, 3 h, 85 W, 1X TBE) to resolve 

bands from the dyad axis to nucleobase 129. Gels were imaged by phosphorimagery (Bio-Rad 

PharosFX). 

 SAFA software [26] was used to quantitate band intensity. To account for any differences 

in sample loading, band intensities were normalized using the intensities of the internal standards 

(30-mer for the 10% gel and 98-mer for the 8% gel). Negative control (-E) samples were subtracted 

from the glycosylase-treated samples. At each U site, the ratio of corrected band intensity observed 

for NCPs to duplex DNA was determined. The standard error (SE) of NCP/FD was calculated 

using the equation 𝑆𝐸 = 𝜎/√𝑛 where 𝜎 is the standard deviation and 𝑛 is the sample size (𝑛 =3). 

A two-tailed Welch’s t test (𝛼 = 0.05) was performed to obtain the p value at each U site for each 

variant NCP in comparison to canonical NCP/FD. All statistical analyses were conducted using R. 

We considered p < 0.05 to be significant. 

2.4 Hydroxyl radical footprinting (HRF) 

 Based on previously published methods [27,28], HRF reactions were performed on duplex 

DNA and NCPs to determine solution accessibility at each nucleobase position. Briefly, 7.5 µL of 

each 10 mM Fe(II)-EDTA, 10 mM sodium ascorbate, and 0.12% w/v aqueous hydrogen peroxide 

were combined and immediately added to 5 pmol of duplex DNA or NCPs in 52.5 µL of reaction 

buffer (10 mM Tris-HCl, [pH 7.5], 1 mM EDTA). The reaction was incubated in the dark at 

ambient temperature for 2 min (duplex DNA) or 10 min (NCPs) and was quenched with the 

addition of 16 µL 50 mM EDTA in 25% v/v glycerol. Duplex DNA underwent ethanol 
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precipitation by addition of 50 µL of 7.5 M NH4OAc and 600 µL of ethanol. NCP samples were 

immediately run on a 7% native PAGE to separate NCPs from duplex DNA that disassociated 

during the reaction. The NCP band was excised from the gel and eluted into buffer (0.3 M NaOAc, 

1 mM Tris-HCl [pH 8.0], 1 mM EDTA) overnight at 37 °C with gentle shaking. The eluent was 

concentrated and extracted twice against PCI. DNA fragments in the resulting aqueous phase were 

purified via ethanol precipitation. Samples were resuspended in 50% v/v formamide, split in half, 

and half loaded onto a 10% denaturing PAGE to resolve bands 8-82 and half loaded onto an 8% 

gel to resolve bands 83-130. Gels were imaged by phosphorimagery, and bands were quantified 

using SAFA software. To determine the solution accessibility of each nucleobase, we first 

identified the highest HRF reactivity within a helical turn of nucleosomal DNA. The ratio of band 

intensity at each nucleobase position within this helical turn was then obtained by dividing the 

HRF value at a given position by the highest HRF reactivity. Positions with a ratio greater than 

0.8, ranging from 0.8-0.2, and below 0.2 were assigned as sites that have high, intermediate, and 

low solution accessibility, respectively. 

2.5 Micrococcal nuclease (MNase) digestion 

 1 pmol of NCPs was treated with 1, 4, or 20 units of MNase (New England Biolabs) in 20 

µL of MNase reaction buffer (50 mM Tris-HCl [pH 7.5], 5 mM CaCl2, 100 µg/mL BSA) for 5 min 

at ambient temperature. MNase was inactivated by incubation at 37 °C for 30 min with the addition 

of 20 µL of stop solution (50 mM Tris-HCl [pH 7.5], 200 mM EDTA, 0.25% w/v SDS and 0.5 

mg/mL proteinase K). DNA fragments were then extracted against PCI and desalted by ethanol 

precipitation. 8% denaturing PAGE was used to visualize and analyze cleavage of nucleosomal 

DNA from MNase digestion. 
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3. Results 

3.1 Reconstitution of NCPs containing global U:G mispairs 

We utilized the NCP as a model system to study the repair profile of UDG and SMUG1 in 

packaged DNA (Figure 1B). NCP substrates were prepared based on the Widom 601 duplex 

sequence [29]. Structural information and previous biochemical characterizations of 601 NCPs are 

available and define the features of NCPs that may affect DNA accessibility for repair [18,30]. 

The 601 sequence is a strong positioning sequence that binds to the histone octamer in a unique, 

reproducible manner, creating a homogenous population of NCPs. The DNA in an NCP can be 

described based on its rotational and translational position. The rotational position refers to the 

locations of the major and minor grooves with respect to the histones, while the translational 

position refers to the distance from the dyad axis (Figure 1A), which is a two-fold axis of 

pseudosymmetry in the NCP.  

Using synthetic methods described previously, U lesions were globally incorporated into 

the “I strand” of the 601 duplex [16,19,31]. A population of DNA with an unbiased distribution of 

U:G mispairs was generated with 95% of the duplexes containing at most one U. Using this 

population of duplex DNA and recombinant histones, three NCP substrates were reconstituted via 

salt gradient dialysis [20]: (1) canonical NCPs, (2) H3.3-containing NCPs (H3.3 NCP), and (3) 

double-variant NCPs containing both H3.3 and H2A.Z (H2A.Z/H3.3 NCP). Important for the work 

described here, while when probed by salt-mediated disruption NCPs containing both variants are 

destabilized relative to those containing only a single variant, they can be assembled in vitro [32]. 

The purity of the NCPs was evaluated using native PAGE. While canonical and 

H2A.Z/H3.3 NCPs migrate as a single species, H3.3 NCPs migrate as two species (Figure 2). The 

slower migrating species composes 60% of the sample, while the faster migrating species 
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composes 40%. Similar observations for H3.3 NCPs constructed using longer DNA sequences was 

reported previously and was attributed to two different translational positions of the DNA [32]. 

Therefore, we performed a heat-shifting assay, in which NCPs with different translational 

positions can potentially be converted to the thermodynamically favored position. Incubation of 

H3.3 NCPs at 37 ℃ or 55 ℃ does not induce re-distribution of the two bands (Figure S1), 

indicating that H3.3 NCPs exists as two distinct populations that are thermodynamically stable and 

are not interchangeable under the experimental conditions.  

 

Figure 2. Representative native PAGE analysis of U containing canonical, H3.3-containing 

(H3.3), and H2A.Z/H3.3 double variant containing (H2A.Z/H3.3) NCPs relative to the U-

containing duplex control (FD).  

 

3.2 Verification of lesion solution accessibility in NCPs by hydroxyl radical footprinting 

The NCPs prepared with global U-containing DNA present lesions in a variety of 

translational and rotational positions. To define the solution accessibility at each lesion site, we 

performed hydroxyl radical footprinting (HRF) experiments in which hydroxyl radicals non-

discriminatively cleave the DNA backbone at solution-accessible sites via abstraction of hydrogen 

atoms from the deoxyribose ring [27]. In NCPs, portions of the deoxyribose-phosphate backbone 
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that connect to nucleobases facing outward from the histones are highly solution-accessible and 

susceptible to cleavage by hydroxyl radicals. In contrast, portions of the backbone that connect to 

nucleobases facing inward toward the histones are protected from hydroxyl radicals. The HRF 

profile of canonical NCPs, therefore, displays an oscillatory pattern of cleavage as the DNA wraps 

toward and away from the histone protein core (Figure S2).  

The solution accessibility at each U lesion was quantified and normalized to the highest 

HRF reactivity within each ~10 base pair helical turn. Sites with values of greater than 0.8, 0.8-

0.2, and less than 0.2 were defined as high (HIGH), intermediate (MID), and low (LOW) solution 

accessibility, respectively (Table S1). With the strategy of global lesion incorporation, we obtained 

a population of NCPs with 46 U lesions positioned at diverse translational positions and of varied 

levels of solution accessibility, allowing for the identification of the repair fingerprint of 

glycosylases in the context of packaged DNA. 

 

3.3 Enhanced excision activity of UDG on H3.3 and H2A.Z/H3.3 NCPs 

 Given the fact that U can be efficiently excised by UDG from duplex DNA that is not 

incorporated into NCPs, we utilized duplex DNA as a positive control for activity of the 

glycosylase (Figure 3A and 3B; Lanes FD+E). The appearance of bands reflects excision of U. As 

expected, excision is observed at all sites of U incorporation throughout the sequence for duplex 

DNA. At each lesion site, the ratio of U excision from NCPs compared to duplex DNA was 

determined and plotted versus nucleobase position to generate the repair fingerprint (Figure 4A, 

bar graph). A ratio of 1 indicates comparable glycosylase activity in NCPs relative to duplex DNA, 

while a ratio of less than 1 reflects hindered enzymatic performance in NCPs. The HRF profile of 
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nucleobases in the NCP is also displayed to show the solution accessibility of each U site (Figure 

4A, background gray). 

 

Figure 3. Representative PAGE gel showing U excision from Widom 601 “I” strand duplex (FD), 

canonical NCPs (Can.), H3.3 containing NCPs (H3.3), and H2A.Z/H3.3 double variant containing 

NCPs (3/Z) by UDG (+E).  Negative control (-E) lanes, treated with NaOH only, indicate any pre-

existing and incidental damage occurred before the experiments or during sample workup. Internal 
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standards, indicated with asterisks, are used for normalization. (A) 5′-end of 601 “I” strand. (B) 3′-

end of 601 “I” strand. 

 
Figure 4. Excision of U from NCPs containing global C to U substitution after incubation with 

UDG. (A) At each U site, the ratio of product yield in NCPs to that in duplex DNA (FD) is plotted 

versus nucleobase position (canonical NCPs, black; H2A.Z/H3.3 NCPs, green; H3.3 NCPs, 

purple). A ratio of 1, indicated by a dotted line, represents a case in which excision of U from 

NCPs is as efficient as in duplex DNA. The dyad axis is indicated at position 73. Solution 

accessibility of each nucleobase position is shown by the HRF profile (gray area). Error bars 

represent standard error (n=3). (B) UDG excision of U from H2A.Z/H3.3 NCP (green) and H3.3 

NCP (purple) relative to canonical NCP. A ratio of  >1 means that U removal is facilitated in the 

variant NCP substrate. Positions at which the canonical excision ratio is 0, are omitted because the 

resulting fold enhancement value is undefined. 

 

Consistent with our previous work, we found that the extent of U excision by UDG from 

canonical NCPs substantially correlates to the solution accessibility of U (Figure 4A, black bars). 

Most HIGH positions exhibit significant UDG activity with repair ratios ranging between 0.6 and 

1 (sites 22, 23, 44, 55, 94, 95, 106, and 115). Conversely, minimal U excision was observed at 

most LOW positions with ratios of <0.15 (sites 16, 17, 27, 46, 61, 69, 81, 91, 92, 110, and 122). 
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Notably, exceptions to the correlation between UDG activity and solution accessibility were 

observed in the region near the dyad axis (which is centered at position 73), where U excision is 

largely suppressed regardless of solution accessibility. 

 Of interest, in H3.3 NCPs, while most HIGH positions still exhibit efficient U excision, 

multiple LOW and MID positions display enhanced UDG activity compared to canonical NCPs 

(sites 46, 77, 78, 81, 83, 109, 110, 117, 122, and 124) (Figure 4A, purple bars). Additionally, 

whereas the region near the dyad axis remains inhibitory to UDG activity, it is notable that there 

is a small but overall enhancement of U excision in this region, especially at site 73 with a ratio 

approaching 0.5. Moreover, starting from site 108 to the last examined lesion site of 129, U 

excision is efficient at all lesion positions regardless of solution accessibility; a 3 to 9-fold increase 

in UDG activity was observed at sites 109, 110, 118, and 122 relative to canonical NCPs.  

In H2A.Z/H3.3 NCP, the correlation between UDG activity and solution accessibility is 

generally retained (Figure 4A, green bars). Similar to the repair fingerprint observed for H3.3 

NCPs, several MID and LOW positions exhibit higher degree of U excision by UDG in H2A.Z 

/H3.3 NCPs relative to canonical NCPs, with notable differences at sites 16, 17, 25, 27, 35, 78, 92, 

110, 117, 118, and 122. Relative to canonical NCPs, the inhibition of UDG activity in the dyad 

region is slightly alleviated.  

The relative fold enhancement of excision of U by UDG from H2A.Z/H3.3 (green dots) 

and H3.3 (purple dots) NCPs relative to canonical NCPs is summarized in Figure 4B. A value of 

1 means that the histone variant(s) does not alter glycosylase activity at that position whereas a 

value greater than 1 reflects enhanced U excision in the presence of the variant(s). A complete list 

of fold enhancement values of each position from each NCP substrate can be found in Table S2 

for UDG. 
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3.4 Enhanced excision activity of SMUG1 on H3.3 NCP 

 U excision by SMUG1 is largely suppressed in both canonical and H2A.Z/H3.3 NCPs, as 

seen from the minimal excision observed at almost all lesion sites (Figure 5A, black and green 

bars; Figure S3). Efficient U removal was observed only at site 11, which is close to the DNA 

entry/exit region, and at site 95, which is highly solution accessible as determined by HRF. In H3.3 

NCPs (Figure 5A, purple bars), enhanced SMUG1 activity is observed at sites 10, 16, 17, 22, 23, 

25, 27, 41, 44, 52, 63, 78, 80, 81, 91, 92, 94, and 95. The absolute values of these changes are 

small but significant compared to canonical NCPs. In H3.3 NCPs, relative to canonical NCPs, the 

inhibition of SMUG1 activity at the dyad region is slightly alleviated. Similar to the UDG repair 

profile, high levels of U excision with ratios of greater than 0.6 was observed at all lesion positions 

in the region from site 106 to 129 in H3.3 NCPs (Table S3). The relative fold enhancement of 

excision of U by SMUG1 from H2A.Z/H3.3 (green dots) and H3.3 (purple dots) NCPs relative to 

canonical NCPs is summarized in Figure 5B. A complete list of fold enhancement values of each 

position from each NCP substrate can be found in Table S3 for SMUG1. 
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Figure 5. Excision of U from NCPs containing global C to U substitution after incubation with 

SMUG1. (A) At each U site, the ratio of product yield in NCPs to that in duplex DNA (FD) is 

plotted versus nucleobase position (canonical NCPs, black; H2A.Z/H3.3 NCPs, green; H3.3 NCPs, 

purple). A ratio of 1, indicated by a dotted line, represents a case in which excision of U from 

NCPs is as efficient as in duplex DNA. The dyad axis is indicated at position 73. Solution 

accessibility of each nucleobase position is shown by the HRF profile (gray area). Error bars 

represent standard error (n=3). (B) SMUG1 excision of U from H2A.Z/H3.3 NCP (green) and 

H3.3 NCP (purple) relative to canonical NCP. A ratio of  >1 means that U removal is facilitated 

in the variant NCP substrate. Positions at which the canonical excision ratio is 0, are omitted 

because the resulting fold enhancement value is undefined. 

 

3.5 H3.3 NCPs are a mixture of octasomes and hexasomes 

To identify the two species of H3.3 NCPs observed by native PAGE, the species were 

purified using a Mini Prep Cell (Figure S4) and separately characterized by HRF and micrococcal 

nuclease (MNase) digestion. For the faster-migrating species, which co-migrates with canonical 

NCPs, an oscillatory pattern of HRF cleavage is observed for the entire DNA sequence (Figure 6, 

pink; Figure S5). In contrast, from site 115 to the end of the DNA sequence, the slower-migrating 

species exhibits high susceptibility towards hydroxyl radicals indicating much weaker interaction 
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or loss of contact between the DNA and the protein core (Figure 6, blue; Figure S5). This data is 

consistent with the slower-migrating species being less compact and one in which only ~115 bp 

of DNA is tightly associated with the histone core. Notably, this region is also where UDG and 

SMUG1 activity are facilitated.  

 

Figure 6. Hydroxyl radical footprinting of DNA in canonical and H3.3 variant NCPs as well as 

free duplex DNA. The band intensity at each nucleobase position on the denaturing PAGE gel 

(Figure S5) was quantified and normalized. The varying solution accessibility across the sequence 

of each sample (canonical NCP, solid black; H3.3 octasome, pink; H3.3 hexasome, blue; free 

duplex (FD), dashed black) is shown.  

 

MNase preferentially digests DNA that is not closely associated with the histone core. For 

canonical NCPs, the most prominent fragment is a 128-mer, indicating that 17 bp of DNA were 

digested at the 3′-end of the I strand, due to transient unwrapping in the entry/exit region (Figure 

7). In comparison, cleavage at sites 102, 103, and 110 is unique to H3.3 NCPs (Figure 7, dashed 

boxes). Notably, the 110-mer fragment is observed even at low Mnase concentration, indicating a 

weak interaction between the histone core and the 35 bp of DNA at the 3′-end of the I strand.  
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Figure 7. Micrococcal nuclease (Mnase) digestion of canonical and H3.3 variant NCPs. Canonical 

and H3.3 NCPs were treated with increasing amounts of Mnase. The non-treated (NT) samples 

serve as a negative control where no Mnase was added. The digestion results were resolved by 

denaturing PAGE. Lane L is a size ladder created by performing the Maxam-Gilbert sequencing 

reaction (A+G) on the Widom 601 “I strand”. Cleavage sites that are observed exclusively in H3.3 

NCPs are indicated by dashed boxes. 

 

Together, the HRF and MNase digestion data for the slower-migrating species are 

consistent with previous studies of a hexasome, which lacks one copy of the H2A/H2B dimer and 

wraps only 112 bp of DNA [33,34]. Notably, the 102-mer and 103-mer fragments observed by 

MNase digestion likely result from transient unwrapping of the DNA near the entry/exit region in 

hexasomes. The faster-migrating species, which co-migrates with canonical NCPs via native 

PAGE, is consistent with an octasome, which contains the full complement of histone proteins.  

 

3.6 Repair fingerprint of UDG and SMUG1 on H3.3 octasome and hexasome species 

 The activities of UDG and SMUG1 on the purified H3.3 octasome and hexasome species 

were next examined (Figure 8, Figure S6). U excision by UDG in H3.3 octasome NCPs (Figure 
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8A, pink bars) has enhanced activity compared to canonical NCPs (Figure 8, black bars) at sites 

63, 94, 95, 106, 109, and 115. In other locations, enhancement of UDG activity is also observed 

although the absolute values are small, such as sites 110 and 122.  

 

Figure 8. Excision of U from NCPs containing global C to U substitution after incubation with 

UDG (A) or SMUG1 (B). At each U site, the ratio of product yield in NCPs to that in duplex DNA 

is plotted versus nucleobase position (canonical NCPs, black; H3.3 octasome NCPs, pink; H3.3 

hexasome NCPs, blue). A ratio of 1, indicated by a dotted line, represents a case in which excision 

of U from NCPs is as efficient as in duplex DNA. The dyad axis is indicated at position 73. Error 

bars represent standard error (n=3). 

 

In H3.3 hexasome NCPs (Figure 8A, blue bars), sites that have enhanced UDG activity are 

44, 46, 63, 65, 73, 77, 78-81, and the 108-124 region. H3.3 hexasome species leads to enhanced 
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UDG activity compared to canonical NCPs, at more sites than H3.3 octasome. H3.3 hexasome 

NCPs also alleviate the inhibition of UDG at site 73. 

 U excision by SMUG1 in H3.3 octasome NCPs (Figure 8B, pink bars) has notably 

enhanced activity levels compared to canonical NCPs at sites 95, 106 and the 109-129 region. 

SMUG1 excision of U in H3.3 hexasome NCPs (Figure 8B, blue bars) also shows enhanced 

activity in the 106-129 region as well as site 63. The 106-129 region has a 9.5 to 89-fold increase 

in activity levels, the most drastic effect of the variant NCPs examined here (Table S3). Contrasting 

to H3.3 octasome, in the H3.3 hexasome site 95 displays a decrease in SMUG1 activity. In contrast 

to excision by UDG, suppression of SMUG1 activity at the dyad axis is not affected by H3.3 

octasome or hexasome NCPs. 

 Figure S7 compares directly UDG and SMUG1 excision activity on the purified octasome 

species of H3.3 and the dual variant H3.3/H2A.Z NCPs. This data compares glycosylase activity 

when the full complement of eight core histone proteins is present. For UDG, there are several 

lesion sites that are more readily excised in the dual-variant NCPs: 16, 17, 25, 27, 35, 46, 65, 117, 

118, and 124. For SMUG1, the overall pattern is similar to that seen in Figure 5A but the levels of 

U excision in the region from site 106 to 129 in H3.3 NCPs is diminished. Therefore, while 

SMUG1 has enhanced excision activity in this region even in octasomes species, the loss of an 

H2A/H2B dimer further enhances glycosylase activity.   

 

3.7 Mapping of U excision from NCPs by UDG and SMUG1 

 To visualize differences in excision activity by UDG (Figure 9A) or SMUG1 (Figure 9B) 

on variant NCPs, U sites were categorized and mapped on the canonical NCP structure. U sites 

were categorized into three groups based on the difference in excision ratios between the respective 
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variant and canonical NCPs: differences less than 0.1 (Figure 9, blue), between 0.1 and 0.3 (Figure 

9, orange), and greater than 0.3 (Figure 9, pink).  

 UDG exhibits a range of significant activities in the H2A.Z/H3.3 NCP while SMUG1 has 

limited differences in activity compared to canonical NCPs. The NCP maps for both UDG and 

SMUG1 also show a variety of levels of activity enhancement in the H3.3 octasome NCP. In the 

H3.3 hexasome, lesions with the greatest enhancement in excision (pink), are clustered in the 

region where H2A/H2B dimer is absent in the hexasome NCP.  

 
Figure 9. Structure of 601 NCP (3lz0) with U sites highlighted to represent differences in excision 

levels by UDG (A) or SMUG1 (B) in variant NCPs relative to canonical. Differences in U excision 
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values (NCP/FD; from Figures 4A, 5A, and 8) between H2A.Z/H3.3 NCPs, H3.3 octamer NCPs 

(OCT), or H3.3 hexamer NCPs (HEX) and canonical NCPs are highlighted. Differences less than 

0.1, between 0.1 and 0.3, and greater than 0.3 are shown in blue, orange, and pink respectively. 

The 5′- and 3′-ends of the U-containing strand are labeled accordingly. One copy of H2A/H2B 

dimer near which UDG and SMUG1 activity is restored, is omitted from the hexasome NCP maps. 

Only sites with significant differences (p<0.05) were highlighted. Each NCP map has a front view 

and a side view where the NCP has been rotated 90° into the page. 
 

4. Discussion 

In this work, we constructed a global repair profile of UDG and SMUG1 in the context of 

canonical, H3.3, and H2A.Z/H3.3 NCPs. In canonical NCPs, U excision by UDG generally 

correlates with solution accessibility and translational positioning. This result is consistent with 

previous observations in NCPs [35,36] and in vivo evidence that nucleobase damage accumulates 

at the dyad axis region leading to high mutation frequency [37,38]. The low activity levels 

observed for SMUG1 excision of U from canonical NCPs are also consistent with previous data 

[16], which may be due to the invasive nature of SMUG1 binding as revealed in a co-crystal 

structure with duplex (vide infra) [39]. While canonical histones pose challenges to repair enzymes 

because they bind to and physically sequester DNA, histone variants, important for gene regulation 

and maintaining genomic stability [40], may alleviate some of the burden by altering the physical 

accessibility of damage sites.  

Our results indicate that the presence of both H2A.Z/H3.3 facilitates UDG activity, while 

H3.3 facilitates both UDG and SMUG1 activity. Regarding H3.3, both the octasome and hexasome 

species contribute to this facilitated excision. Furthermore, the H3.3 NCPs have a 60:40 hexasome 

to octasome composition and the weighted average of excision ratios from purified H3.3 octasome 

and hexasome species is consistent with those observed for H3.3 NCPs at each position.  

The H3.3 hexasome NCPs exhibit enhanced UDG and SMUG1 activity in the 3′-end 

region. At sites 106-129, enhancement of SMUG1 activity is much more prominent in the H3.3 
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hexasome NCPs than octasomes. This result is consistent with the loss of the H2A/H2B dimer in 

the hexasome species [33,34]. While the hexasome wraps about 112 bp of DNA, enhancement 

observed at sites such as 106, 108, 109, and 110 can be explained by transient asymmetric 

unwrapping from the hexasome core. This interpretation is supported by MNase digestion data 

that shows the 102- and 103-mer fragments. The loss of the H2A/H2B dimer does not appear to 

affect the rest of the NCP structure based on the observation that excision activity at sites other 

than the 3′-end region remains the same compared to canonical NCPs, with a few exceptions. 

Indeed, previous structural analysis of hexasome NCPs has shown that the remaining structure is 

similar to that of the canonical NCP [33].  

One position of particular interest that displays differing SMUG1 excision levels in the 

H3.3 octasome and hexasome species is site 95. At this site, SMUG1 activity is enhanced and 

suppressed in the H3.3 octasome and hexasomes, respectively. Site 95 is one of the few sites that 

is well excised by SMUG1 in canonical NCPs, potentially because it is highly solution accessible. 

But knowing that the overall structure of the hexasome NCP is retained, this loss of activity may 

be due to concomitant changes in histone tails with the loss of the H2A/H2B dimer. When the 

H2A/H2B dimer is lost, the H3 tails experience increased conformational dynamics [41]. H3 tails 

in a hexasome NCP were shown to adopt asymmetric conformations where the tail closest to the 

missing H2A/H2B dimer resembles the conformation of a tetrasome, while the other resembles 

the conformation of a canonical NCP.  

Histone tails may also make other contributions to repair. Deletion of the N-terminal tails 

of H2A and H3 in S. cerevisiae sensitizes the cells to alkylating agents and leads to decreased 

expression of the Mag1 glycosylase mRNA [42]. Acetylation of lysines in histone tails is known 

to affect chromatin compaction. However, while in the presence of a bulky DNA lesion H2B 
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becomes entrapped and cannot carry out its regulatory roles when acetylated or deacetylated 

[43,44]. Lysine rich histone tails have been shown to react with and form DNA-protein crosslinks 

with abasic sites [45-47] and some damaged nucleobases [48-53]. Post-translational modification 

of histone tails has also been shown to facilitate BER by preventing crosslinking [54]. Based on 

phenol-chloroform extractions there is no evidence for stable protein crosslink formation under 

the experimental conditions used in this work. Nevertheless, histone tail interactions may still play 

a role in the observed glycosylase activity. 

While at some positions the H2A.Z/H3.3 and/or H3.3 variants have a sizable impact on the 

excision activity of glycosylases, some changes are small but still statistically significant. For 

instance, at site 78, UDG exhibits a 6-fold increase in excision of U from H3.3 hexasome NCPs 

compared to canonical NCPs. Excision of U from H3.3 hexasomes is still low at position 78 

compared to other nucleobase positions, but this observed enhancement of activity could 

potentially be significant when amplified in biological processes.  

We have shown that the double-variant H2A.Z/H3.3 facilitates UDG excision activity. 

Nucleosome mapping in cells suggests H2A.Z increases accessibility of transcription factor 

binding sites and can regulate gene expression in certain promoter locations [55]. H2A.Z/H3.3 

double-variant NCPs are also known to be enriched at transcription start sites and to provide access 

to transcription factors. In fact, H2A.Z/H3.3 NCPs and transcription factor forkhead box A1 

(FOXA1) have been shown to shape the chromatin landscape in the context of DNA demethylation 

in nucleosome arrays [56]. Enhanced glycosylase activity in NCPs containing these variants may 

be beneficial to regulate and facilitate repair as they are enriched in actively transcribed genes.  

We speculate that the increase in stability of NCPs (i.e., lack of hexasomes) that contain 

both H2A.Z and H3.3 derives from structural alterations that occur relative to NCPs containing 
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only H3.3. While direct structural information is not available for the dual-variant NCP, theThe 

H2A family of variants, including H2A.Z, exhibit sequence divergence from H2A in the docking 

domain, L1 loop, and acidic patch [57]. It has been shown that these sequence changes in H2A.Z 

stabilize nucleosomes [58]. The crystal structure of H2A.Z/H3.3 nucleosomes and thermal stability 

assays shows that the incorporation of H3.3 does not affect NCP stability compared to H2A.Z 

nucleosomes [59]. Furthermore, native PAGE analysis of H2A.Z/H3.3 NCPs reconstituted in vitro 

shows that H2A.Z dominates the translational positioning of DNA, relative to H3.3 and H2A.Z 

dual variant nucleosomes and H2A.Z NCPs [32]. We speculate that in a similar manner the H2A.Z 

variant stabilizes interactions within the octamer core of the dual-variant NCPs which prevents 

hexasome formation. 

It is interesting to note that while both glycosylases excise U and are members of the UDG 

superfamily of glycosylases, UDG and SMUG1 display different activities on NCPs. This 

difference in activity may be due to differences in their size, shape, binding, and/or catalytic 

mechanism. The intercalating region of SMUG1 contains an α helix unique to SMUG1 known as 

the “helical wedge” [39]. This component is thought to be responsible for distortion of the DNA 

to access the target lesion. The more invasive nature of the binding of SMUG1 may render this 

glycosylase more susceptible to the physical challenges posed by an NCP than UDG.  

SMUG1 is not cell cycle regulated but rather is expressed at constant, low levels [6059]. It 

has also been shown to localize predominantly in nucleoli, where there are regions of both 

condensed and decondensed chromatin [6059]. SMUG1 also has a broader substrate specificity 

than UDG [6059,610]. UDG, on the other hand, is upregulated during S-phase. It is worth noting 

that the E.coli UDG used in the present work lacks the N-terminal domain found in the human 

homolog UNG2, which has been shown to be responsible for interacting with proliferating cell 
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nuclear antigen (PCNA) and replication protein A2 (RPA2) at replication foci [621]. Therefore, 

while the data reported here reflect the ability of SMUG1 and UDG to excise U from an NCP, the 

activity of these glycosylases may be modulated by cellular conditions or factors as part of an 

access-repair-restore model [15]. For instance, chromatin remodelers may alter the accessibility of 

the target lesions. Human cells have also been reported to contain a factor, lower in molecular 

weight than chromatin remodeling complexes, that facilitates excision of thymine glycol lesions 

from NCPs by the NTHL1 glycosylase [632]. The UV-damaged DNA binding protein (UV-DDB), 

which is known to serve as a damage sensor in global genomic nucleotide excision repair (NER), 

has also recently been shown to stimulate 8-oxo-guanine glycosylase (OGG1) [643] and MUTYH  

glycosylase [654] activity on oligonucleotides . Cellular conditions may also alter the structure 

and dynamics of the NCP itself [665,676]. 

5. Conclusions 

The global repair profiles presented here provide a description of the inherent ability of 

two glycosylases to catalyze removal of U from the fundamental unit of packaging in chromatin. 

The results demonstrate enhanced U excision by two glycosylases in presence of histone variants: 

SMUG1 from H3.3 variant NCPs and UDG from H2A.Z/H3.3 and H3.3NCPs. Further studies will 

reveal how other cellular factors, conditions, and higher-order packaging contribute to the role of 

histone variants in DNA repair. Together these findings contribute to our overall understanding of 

BER in chromatin and the impact of DNA damage and repair on mutagenesis and genomic 

integrity.  
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