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Highlights 

• Ionic strength modulates glycosylase activity in nucleosome core particles 

• Greater excision of uracil by SMUG1 is observed in lower ionic strength conditions 

• Changes in SMUG1 activity likely due to alterations in nucleosome core particle structure 

and dynamics 

 

 

 

 

 

 

 

 



ABSTRACT 

 Ionic strength affects many cellular processes including the packaging of genetic material 

in eukaryotes. For example, chromatin fibers are compacted in high ionic strength environments 

as are the minimal unit of packaging in chromatin, nucleosome core particles (NCPs). 

Furthermore, ionic strength is known to modulate several aspects of NCP dynamics including 

transient unwrapping of DNA from the histone protein core, nucleosome gaping, and intra- and 

internucleosomal interactions of the N-terminal histone tails. Changes in NCP structure may also 

impact interactions of transcriptional, repair, and other cellular machinery with nucleosomal DNA. 

One repair process, base excision repair (BER), is impacted by NCP structure and may be further 

influenced by changes in ionic strength. Here we examine the effects of ionic strength on the 

initiation of BER using biochemical assays. Using a population of NCPs containing uracil (U) at 

dozens of geometric locations, excision of U by single-strand selective monofunctional uracil 

DNA glycosylase (SMUG1) is assessed at higher and lower ionic strengths. SMUG1 has increased 

excision activity in the lower ionic strength conditions. On duplex DNA, however, SMUG1 

activity is largely unaffected by ionic strength except at short incubation times, suggesting that 

changes in SMUG1 activity are likely due to alterations in NCP structure and dynamics. These 

results allow us to further understand the cellular role of SMUG1 in a changing ionic environment 

and broadly contribute to the understanding of BER on chromatin and genomic stability. 
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1. Introduction 

The ionic environment of the eukaryotic cell is dynamic and can broadly affect cellular 

processes. Fluctuations in ionic strength can arise from extracellular factors and intracellular 

events that can influence interactions between cellular components [1,2]. Ionic strength affects 

protein structure and function [3,4], including protein aggregation [5], and nucleic acid binding 

[6]. Pockets of liquid-liquid phase separation within the nucleus [7,8] also contribute to the 

dynamic nature of the cell’s ionic environment. Genetic material of eukaryotic cells is highly 

packaged into chromatin within these nuclear regions of changing ionic strength, which may 

impact how transcriptional, repair, and other cellular machinery interacts with DNA.  

Chromatin fibers consist of DNA packaging units known as nucleosome core particles 

(NCPs) and are compacted in high ionic strength environments [9-12]. An NCP is comprised of 

~145 base pairs (bp) of DNA wrapped around two copies each of the histone proteins H2A, H2B, 

H3, and H4, with a central axis of pseudo-symmetry referred to as the dyad axis (Figure 1) [13]. 

The overall stability of the NCP is in part driven by interactions between positively charged histone 

proteins as well as between histones and the negatively charged backbone of DNA. Such 

electrostatic interactions are sensitive to changes in ionic strength to maintain a balance between 

histone core integrity and NCP stability [14,15]. The NCP is a dynamic structure that can undergo 

unwrapping of DNA in the entry/exit regions [16], compaction and gaping of the NCP gyres 

[10,17], and association of histone N-terminal tails with the nucleosomal DNA [18-20], all of 

which are influenced by ionic strength. Histone octamers are also subjected to post-translational 

modifications (PTMs), exchange of histones for variant versions, as well as interactions with 

histone chaperones and chromatin remodelers that contribute the dynamic nature of NCPs [21-23].  



 DNA repair is impacted by the packaging of DNA into NCPs, which poses a significant 

barrier to the repair machinery. In this work we focus on initiation of the base excision repair 

(BER) pathway. The initiation is catalyzed by a glycosylase, which excises a modified nucleobase 

from the sugar-phosphate backbone. Using NCPs, biochemical experiments have shown that 

glycosylase activity is modulated by the rotational and translational positioning of DNA [24-37]. 

Typically, glycosylases can more easily access lesions that face outward towards solution 

compared to those that face inward towards the histone protein core. Additionally, lesions in the 

entry/exit region of NCPs are more accessible to glycosylases due to transient and spontaneous 

unwrapping of the DNA from the histones [25,28,31-34,38,39]. Notably, these results of 

biochemical experiments are consistent with in vivo genome-wide mutation mapping [40].  

Single-strand selective monofunctional uracil DNA glycosylase (SMUG1) is one of eleven 

known human glycosylases [41,42]. SMUG1 has a wide substrate range, including uracil (U), and 

can excise lesions from both single- and double-stranded DNA [42,43]. SMUG1 uses an 

intercalating “helical wedge” that distorts DNA to access and repair a lesion [44]. SMUG1 has 

been shown to excise U from U:G [39,45,46] and U:A [47] bp in NCPs, although in many locations 

of the NCP its activity is significantly diminished compared to duplex DNA.  

  

Figure 1. General workflow of SMUG1 activity assessment on NCPs. NCP cartoon (center) was 

created by merging PDB: 3lz0 (an NCP containing Widom 601 DNA) with PDB: 1kx5 (an NCP 



containing histones with intact N-terminal tails). Global C to U substitutions on the “I strand” of 

601 DNA are highlighted in cyan and the dyad axis and entry/exit region are indicated. Schematic 

representation of PAGE analysis of footprinting by HRF and DNase is shown on the left. 

Schematic representation of PAGE analysis of SMUG1 activity on duplex and NCPs in higher and 

lower ionic strength conditions is shown on the right. 

 

Here we use an in vitro NCP model system to determine the effects of ionic strength on the 

excision of U by SMUG1 (Figure 1). The U:G bp represents deamination of cytosine in a C:G bp 

and was chosen as a prototypic damage type for BER. Ranges of ionic strength were chosen in the 

context of reported cellular concentrations of various ions, and in particular K+ which can reach 

150 mM [48-53]. Total physiological ionic strength concentrations of monovalent cations have 

been reported to reach ~100-200 mM, with fluctuations surrounding compartments of the nucleus 

[48-53]. We employ complementary footprinting techniques using hydroxyl radicals and DNase 

to assess the NCP structure. SMUG1 reactions were performed on U-containing duplex and NCPs 

in different ionic strength environments. We find that SMUG1 activity on NCPs is modulated by 

ionic strength and that lesion excision is better at lower ionic strength, likely due to NCP structure 

and/or dynamics. 

 

2. Materials and Methods 

2.1 Oligonucleotide synthesis and purification 

All DNA was synthesized using phosphoramidite chemistry on a MerMade4 

(BioAutomation) DNA synthesizer. Phosphoramidites were purchased from Glen Research. All 

duplex controls and NCP samples used the 145-mer Widom 601 sequence (Scheme S1) [54]. 

Nucleobases of the “I strand” are numbered as 1 to 145 (from the 5′- to 3′-end) with each 

complementary nucleobase on the “J strand” indicated by the corresponding negative number. 



U damage was globally incorporated to form lesion DNA strands (601 I or 601 J strand) 

using previously reported methods [25]. The Poisson distribution (λ=0.355) was used to determine 

the molar ratio used to create a C/U mixture to ensure that 95% of DNA contained, at most, one U 

per strand. U-containing (I or J strand) and non-lesion DNA (I strand) were synthesized with the 

5′-trityl group removed and purified by 8% denaturing polyacrylamide gel electrophoresis 

(PAGE). 

 The non-lesion containing J strand was prepared via ligation of shorter component strands 

using T4 ligase (New England Biolabs) and scaffold DNA strands (Scheme S2). This method was 

used only for the non-lesion J strand for optimal product yield. Component and scaffold strands 

were synthesized with the 5′-trityl group retained for reverse-phase HPLC purification (Dynamax 

Microscorb C18 column, 250 x 10 mm; A = acetonitrile [MeCN], B = 30 mM NH4OAc; 5:95-

35:65 A:B over 30 min at 3.5 mL/min). The trityl group was removed via 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; 0:100-15:85 A:B over 35 

min then 15:85-35:65 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 non-lesion J strand 

was purified by 8% denaturing PAGE. 

 Three single-stranded internal standard DNA sequences were designed such that they 

would not co-migrate with any U cleavage product (32-mer, 40-mer, and 98-mer) (Scheme S1). 

The 32-mer and 98-mer standards were used for normalization and loading controls for the U-

containing I strand. The 40-mer and 98-mer standards were used for normalization and loading 



controls for the U-containing J strand. These standards were synthesized with the 5′-trityl group 

removed and purified by 12%, 10%, and 8% denaturing PAGE, respectively. 

2.2 Histone preparation and NCP reconstitution 

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

purified according to published protocols [55]. Individual histones were combined in an equimolar 

ratio and assembled into a histone octamer via salt-gradient dialysis, then purified via size-

exclusion [55]. NCPs were reconstituted via salt-gradient dialysis as previously described [55,56]. 

U-containing DNA was 5′-32P-radiolabeled and annealed to its non-lesion containing complement 

in annealing buffer (10 mM Tris [pH 8], 50 mM NaCl, 1 mM EDTA). 1 µM duplex DNA and 2 

µM octamer were combined in 1:1.07 and 1:1.15 DNA:octamer molar ratio for U-containing I 

strand and J strand substrate, respectively, in a Slide-a-Lyzer dialysis device (0.1 mL capacity, 3.5 

kDa MWCO; Thermo Fisher Scientific). Samples were incubated at 4° C in 2 M NaCl, 10 mM 

Tris-HCl (pH 7.5), 1 mM EDTA, 1 mM dithiothreitol (DTT) and 0.5 mg/mL BSA. NaCl 

concentration was reduced stepwise at 1 h intervals (1.2, 1.0, 0.6 M) and 3 h interval (0 M) via 

dialysis. NCPs were then filtered by centrifugation using a Spin-X Centrifuge Tube filter (0.22 

µm, Corning Incorporated) to remove precipitates. Samples were evaluated by 7% native PAGE 

(19:1 acrylamide:bisacrylamide, 4 °C, 2.5 h, 155 V, 0.25X TBE) and only NCPs with less than 

5% duplex DNA were used for subsequent experiments. 

2.3 Hydroxyl radical footprinting (HRF) 

 HRF reactions were performed on NCP samples, based on previously published methods 

[57,58], 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 NCP in 52.5 µL reaction buffer (10 mM Tris-HCl 



[pH 7.5], 1 mM EDTA). The reaction was incubated in the dark at ambient temperature for 8 min 

and quenched with 16 µL 50 mM EDTA in 25% v/v glycerol. NCPs were immediately run on a 

7% native PAGE to separate NCPs from any duplex DNA that may have 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 and 60 rpm shaking. Eluent was concentrated 

and extracted from proteins using 25:24:1 phenol:chloroform:isoamyl alcohol (PCI). DNA 

fragments in the resulting aqueous phase were desalted via ethanol precipitation by addition of 30 

µL co-precipitation agent (0.3 M NaOAc, 1 mM EDTA, 0.5 mg/mL tRNA) and 600 µL ethanol 

and incubation on dry ice for at least 30 min, followed by centrifugation. Pelleted DNA was 

resuspended in 50% v/v formamide and loaded alongside Maxam-Gilbert A/G sequencing ladders 

onto a 10% denaturing PAGE. The sample was split in two and half the sample was run for 1.5 h 

to resolve bands 15-80 and the other half was run for 3 h to resolve bands 81-136. Gels were 

imaged by phosphorimagery and bands were quantified using semi-automated footprinting 

analysis (SAFA) software [59]. Each nucleobase position was normalized by dividing the HRF 

value at a given position by the highest HRF reactivity within that helical turn. Positions with a 

ratio greater than 0.8, between 0.8 and 0.2, and below 0.2 were assigned as sites that have high, 

intermediate, and low solution accessibility, respectively.  

2.4 DNase digestion 

 2.5 pmol of duplex DNA and NCPs were treated with 0.02 or 0.002 units of DNase I (New 

England Biolabs) in 25 µL total reaction volume (10 mM Tris-HCl [pH 7.6], 2.5 mM MgCl2, 0.5 

mM CaCl2) for 5 min at 37 °C. Duplex samples were quenched with the addition of 12.5 µL of 

100 mM EDTA and 1 mg/mL calf-thymus DNA. NCP samples were quenched with 8.3 µL of 50 

mM EDTA, 0.5% SDS, 0.2 mg/mL proteinase K (Thermo Fisher Scientific), then incubated for 2 



h at 50 °C and extracted twice against PCI. All samples were desalted via ethanol precipitation. 

Samples were loaded with Maxam-Gilbert A/G sequencing ladders onto a 10% denaturing PAGE 

for 1.5 h to visualize cleavage of duplex DNA and nucleosomal DNA from DNase digestion. 

2.5 Global assessment of SMUG1 activity 

 Human SMUG1 was obtained from New England Biolabs and the total concentration was 

determined by Bradford assay using γ-globulin standards (Bio-Rad Laboratories). To assess 

glycosylase activity on U-containing duplex DNA as a function of time, 0.5 pmol duplex 601 I 

strand DNA was mixed with 10 pmol SMUG1 in 20 µL total reaction volume. The reaction buffer 

contained 20 mM Tris-HCl (pH 7.6), 50 mM NaCl, +/-150 mM KCl, 1 mM EDTA, 1 mM DTT, 

and 0.2 mg/mL BSA. Conditions in the presence of 150 mM KCl were termed HIGH salt 

conditions while without 150 mM KCl were termed LOW salt conditions. Samples were incubated 

for 1, 5, 10, 30, or 60 min at 37 °C. A negative control sample (-E) was incubated for 60 min with 

no enzyme present to reveal any pre-existing damage or incidental damage of the substrate before 

and during the reaction. All samples were quenched with equal volume (20 µL) of 1 M NaOH for 

2 min at 90 °C. The quench solution included the 5′-32P-radiolabaled internal standards. Samples 

were then desalted by ethanol precipitation, resuspended in 50% v/v formamide, and split in half. 

Half the sample was loaded onto a 10% denaturing PAGE to resolve bands 16-74 and the other 

half loaded onto an 8% gel to resolve bands 75-124. Gels were imaged by phosphorimagery and 

band intensities were quantified by SAFA software. 

To assess glycosylase activity on NCPs, 0.5 pmol of U-containing NCPs were mixed with 

10 pmol SMUG1 in 20 µL total reaction volume of four possible reaction buffers. Tris buffers 

contained 20 mM Tris-HCl (pH 7.6), 50 mM NaCl, +/-150 mM KCl, 1 mM EDTA, 1 mM DTT, 

and 0.2 mg/mL BSA. HEPES buffers contained 50 mM HEPES (pH 7.6), 50 mM NaCl, +/-150 



mM KCl, 1 mM EDTA, 1 mM DTT, and 0.2 mg/mL BSA. Samples were incubated for 60 min at 

37 °C, including a negative control sample (-E) with no enzyme present to reveal any pre-existing 

damage or incidental damage of the substrate before and during the reaction. All samples were 

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

included the 5′-32P-radiolabaled internal standards. DNA fragments were then extracted from 

proteins using PCI. No significant detection of radioactivity in the organic phase of PCI extraction 

signifies that stable DNA-histone crosslinks are not forming under these experimental conditions. 

Samples were then desalted by ethanol precipitation, resuspended in 50% v/v formamide, and split 

in half. Half the sample was loaded onto a 10% denaturing PAGE to resolve bands 16-74 and the 

other half loaded onto an 8% gel to resolve bands 75-124. Gels were imaged by phosphorimagery 

and band intensities were quantified by SAFA software. 

 Intensities of the internal standards (32-mer for I strand 10% gel, 40-mer for J strand 10 % 

gel, 98-mer for 8% gels) were used as loading control references to normalize band intensities in 

each lane. Negative controls (-E) were subtracted from glycosylase treated samples. For duplex 

DNA excision (DUP), the standard error (SE) of DUP was calculated by 𝑆𝐸 = 𝜎/√𝑛 where 𝜎 is 

the standard deviation and 𝑛 is sample size (n=3). A two-tailed Welch’s 𝑡 test (𝛼 = 0.05) was 

performed to obtain the 𝑝 value at every U site for each DUP reacted in LOW conditions (DUPLOW) 

in comparison to in HIGH conditions (DUPHIGH). All statistical analyses were conducted using R. 

We considered 𝑝 < 0.05 to be significant. A ratio of corrected band intensity for DUPLOW to 

DUPHIGH was determined and the following equation was used to propagate error. 

(
∆𝐴

𝐴
)
2

= (
∆𝐵

𝐵
)
2

+ (
∆𝐶

𝐶
)
2

 

𝐴 is the newly created DUPLOW /DUPHIGH ratio and ∆𝐴 is the associated SE. ∆𝐴 is calculated using 

the SE and values of DUPLOW (𝐵) and DUPHIGH (𝐶). For NCP assays, at each U site, a ratio of 



corrected band intensity for NCPs to duplex DNA (NCP/DUP) was determined and SE was 

calculated (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 NCP/DUP reacted in LOW conditions in comparison to in HIGH conditions. 

We considered 𝑝 < 0.05 to be significant. 

3. Results 

3.1 Assembly and characterization of NCP population containing globally incorporated 

uracil  

 In this work, the NCP model system utilized the Widom 601 strong positioning sequence 

[60]. The use of a positioning sequence ensures a homogeneous population of NCPs with the DNA 

reproducibly bound to the histone core. The two complementary strands of 601 DNA are 

designated the I strand and J strand based on nomenclature used in the X-ray crystal structure of 

601 NCPs [54]. We numbered the nucleobases of the I strand as 1 to 145 (from the 5′- to 3′-end) 

with each complementary nucleobase on the J strand indicated by the corresponding negative 

number. 

The 601 sequence was chemically synthesized to include U as a prototypic modified 

nucleobase repaired by the BER pathway. U was incorporated into one strand of the 601 DNA 

using a statistical distribution that ensures no more than one U per strand. The lesion can be 

incorporated at any one of the 46 or 34 cytosine positions in the I or J strand, respectively, using 

the Poisson distribution. The global U-containing DNA was then used to assemble NCPs, 

formation of which was confirmed by native PAGE (Figure 2). Single-stranded and duplex DNA 

migrate faster than the NCPs. This population of NCPs contains U in a variety of geometric 

positions (vide infra) and was used in our repair fingerprint assay [25] to determine excision 

activity of SMUG1 under varying conditions of ionic strength. Glycosylase assays were performed 



using the buffers [20 mM Tris (pH 7.6), 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.2 mg/mL 

BSA] or [50 mM HEPES (pH 7.6), 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.2 mg/mL BSA]. 

These buffers either contained or lacked 150 mM KCl. The conditions lacking KCl are referred to 

as low salt (LOW) and those including 150 mM KCl are referred to as high salt (HIGH). This 

range of ionic strength encompasses reported physiological conditions and microenvironments of 

the cell where SMUG1 may encounter U [50-53,61]. 

 

Figure 2. Representative native PAGE characterization of NCP assembly. The NCPs (NCP) 

migrate slower relative to duplex (DUP) and single-strand (SS) controls. All substrates contain 

globally-incorporated U.  

 

3.2 Rotational positioning of nucleosomal DNA 

Rotational positioning of the nucleosomal DNA was characterized using hydroxyl radical 

footprinting (HRF; Figure 3A) and DNase footprinting (Figure 3B), as described previously 

[24,46]. HRF and DNase footprinting are complementary techniques that use chemical and 

enzymatic reagents, respectively, to map each nucleobase’s orientation relative to the histone core. 

A nucleobase can face outwards towards solution (OUT), inwards towards the histones (IN), or in 

between these two (MID) (Figure 3C). HRF provides information about rotational positioning 



based on solution accessibility of the DNA to the hydroxyl radical (17 Da) while the DNase 

enzyme (31,000 Da) is a larger footprinting reagent. These experiments were conducted using 

conditions compatible with the footprinting reagents and their chemical reactivity (see the 

materials and methods) and establish baseline structural information regarding rotational 

positioning of DNA in the NCPs. 

 

Figure 3. Rotational positioning of nucleobases in the I strand of the NCP as determined by HRF 

and DNase footprinting. (A) Representative denaturing PAGE of HRF for the NCP (NCP) and an 

A/G Maxam/Gilbert sequencing ladder (L). Color-coded bar depicts OUT (green), MID (yellow) 

and IN (red) nucleobases. (B) Representative denaturing PAGE of DNase footprinting of 601 

duplex DNA control (DUP), NCP (NCP), and A/G Maxam/Gilbert sequencing ladder (L). Each 

substrate was reacted with 0.02 U or 0.002 U of DNase. (C) Top-down view of NCP with rotational 



positioning determined by HRF indicated as OUT (green), MID (yellow), and IN (red). 

Complementary J strand is in black and dyad region is indicated. (D) Side view of NCP with 

rotational positioning determined by DNase. From left to right, arrows indicate positions 55, 44, 

34, 25, and 16. Thick solid, dashed, and thin dotted arrows represent decreasing amounts of 

cleavage by DNase, respectively. 

 

To create an HRF profile, Fenton chemistry generates hydroxyl radicals, which 

subsequently cleave the DNA backbone in regions not bound to histone proteins [57,58]. This 

footprinting technique creates an oscillating pattern of cleavage that describes rotational 

positioning. Dark bands represent sites that are susceptible to hydroxyl radicals and therefore are 

solution accessible (Figure 3A). Bands were quantified and normalized within each helical turn 

where a value of 1 represents maximal solution accessibility (Table S1). We defined values greater 

than 0.8 (OUT, green), between 0.2 and 0.8 (MID, yellow), less than 0.2 (IN, red) and are indicated 

in the color-coded bar in Figure 3A. The rotational positioning determined by HRF was also 

mapped onto an NCP (Figure 3C). These levels of solution accessibility are consistent with the 

rotational positions observed in the X-ray crystal structure of the 601 NCP [54]. 

As a complementary footprinting reagent, DNase is much larger in size than hydroxyl 

radical and provides additional context to understand how SMUG1 interacts with the NCP. Similar 

to the HRF profile, dark bands represent cleavage at nucleobases that are accessible by DNase 

(Figure 3B). The most outward facing positions are observed every ~10 base pairs with the extent 

of cleavage by DNase indicated by the arrow pattern. Notably, some OUT positions are not cleaved 

efficiently by DNase (Figure 3D). For instance, the dyad region shows little to no cleavage by 

DNase (Figure 3B, gray bracket). DNA in the dyad region may be inaccessible for binding and/or 

enzymatic activity by DNase because it is underwound [58,62] and/or is less dynamic than other 

regions of the NCP [16,38,63,64].  



Taken together, the HRF and DNase footprinting demonstrate the rotational positioning of 

DNA in the NCP and reflect nuances in the solution accessibility of nucleosomal DNA. SMUG1 

glycosylase activity was interpreted in the context of this footprinting information.  

3.4 Assessment of SMUG1 activity on duplex DNA 

 Prior to examining SMUG1 activity on NCPs, it is important to understand the extent to 

which ionic strength affects excision of U from duplex DNA that is not bound to histones. 

Therefore, SMUG1 excision activity on duplex 601 DNA was assessed in Tris buffer in the 

presence or absence of 150 mM KCl as a function of time. For each U site, normalized excision 

values were plotted as a ratio of excision in LOW conditions (DUPLOW) relative to HIGH 

conditions (DUPHIGH) (Figure 4; Figure S1). A ratio of 1 indicates comparable SMUG1 excision 

activity in LOW and HIGH conditions, which is the observation at 10 min and longer for all U 

sites. But at most U sites at 1 min, and some U sites at 5 min, SMUG1 has greater excision activity 

in LOW conditions than in HIGH. In other words, SMUG1 does not excise U as efficiently in 

HIGH conditions as in LOW until after 5 min. Similar experiments using duplex DNA in HEPES 

buffer were conducted at 60 min resulting in comparable SMUG1 excision activity in LOW and 

HIGH conditions (Figure S2). These duplex experiments provide a baseline understanding of how 

SMUG1 interacts with 145-mer U-containing duplex DNA over time under these different 

conditions and serve as a comparison point to SMUG1 activity on NCPs. 



Figure 4. Excision of U by SMUG1 from duplex DNA in HIGH and LOW conditions as a function 

of time. U excision is plotted as a ratio of excision from duplex in LOW conditions to HIGH conditions, 

and against nucleobase position. A value of 1 reflects SMUG1 excision activity that is the same on duplex 

in LOW and HIGH conditions. Error bars represent standard error (n=3). Asterisks denote statistically 

significant differences between the excision value in LOW conditions and in HIGH conditions (p < 0.05). 

SMUG1 was incubated with the duplex substrate for 1 (dark blue), 5 (orange), 10 (gray), 30 (yellow), or 

60 (light blue) min. 
 

3.5 Ionic strength modulates SMUG1 activity on NCPs 

SMUG1 activity on the I strand of DNA in NCPs in the Tris buffer system was evaluated 

next. Due to technical limitations in preparing substantial amounts of lesion-containing NCPs, a 

time course was not performed. A 60 min incubation with SMUG1 was conducted. Qualitative 

analysis of these denaturing PAGE gels reveals differences in activity between HIGH and LOW 

conditions (Figure 5A and 5B, NCP +E lanes). In the NCP under LOW salt conditions SMUG1 

activity is increased relative to HIGH. In the dyad region, however, little SMUG1 activity was 

observed in either condition.  

 



 

Figure 5. Representative PAGE of U excision by SMUG1 from duplex control (DUP) and NCP 

substrates (NCP). 601 I strand with global U:G base pairs reacted with SMUG1 (+E). Negative 

controls (-E), treated with NaOH only to determine any pre-existing or incidental damage from 

experimental conditions. Internal standards used for normalization are indicated by asterisks. (A) 

Samples reacted in Tris HIGH conditions. (B) Samples reacted in Tris LOW conditions. Gray 

bracket indicates dyad region. Color dots denote sites of significantly increased SMUG1 activity 

between gels categorized by high (pink), intermediate (orange), and low-level changes (blue). 

 



 SMUG1 activity was quantitated and plotted versus nucleobase position. The results are 

presented as a ratio of excision of U from NCP relative to duplex (Figure 6, bar graph). A value of 

1 would therefore reflect comparable activity of SMUG1 in NCP and duplex. Relative solution 

accessibility, as determined by HRF, is also plotted (Figure 6, gray area plot).  

 

Figure 6. Excision of U by SMUG1 from NCPs (U in the I strand). At each U site, product yield 

is indicated as the ratio of excision from the NCP relative to duplex (NCP/DUP). A ratio of 1, 

indicated by the dotted line, represents comparable excision from the NCP and duplex. Nucleobase 

positions are labeled from the 5ꞌ- to 3ꞌ-end. Excision by SMUG1 in Tris HIGH conditions (black 

bars) and in Tris LOW conditions (blue bars). HRF profile (gray area) represents solution 

accessibility at each nucleobase position. Error bars represent standard error (n=3). Asterisks 

denote statistically significant differences in U excision ratios between Tris HIGH and Tris LOW 

at that site (p < 0.05). 

 

Each U site was then categorized based on the absolute difference in excision ratio in HIGH 

and LOW conditions and color coded to indicate the greatest (>0.3, pink dot), intermediate (0.1-

0.3, orange dot), and lowest level of change in activity (<0.1, blue dot) (Figure 5). In HIGH 

conditions, SMUG1 has little to no activity across the NCP, with the exception of sites 63 and 95 

(Figure 6, black bars). In contrast, increased SMUG1 activity at various geometric positions in 

NCPs is observed in LOW conditions (Figure 6, blue bars): sites 22, 23, 41, 44, 52, 61, 63, 94, 95, 

106, and 117. Under both LOW and HIGH buffer conditions, lesions in the dyad region are 

refractory to repair.  



 

Figure 7. Fold change of SMUG1 excision activity in LOW relative to HIGH conditions. A value 

greater than 1, indicated by the dotted line, indicates increased activity in LOW conditions 

compared to HIGH. The numbered nucleobase positions indicate the location of U and are colored 

based on rotational position as OUT (green), MID (yellow), and IN (red). Translational positions 

of U are represented by area shading: entry/exit regions (green area) and dyad region (blue area). 

Positions 77-81, 83, and 91 have undefined fold changes (triangle) because the denominator HIGH 

excision values are 0.  

 

The fold change in SMUG1 activity for LOW relative to HIGH conditions reveals 

increased excision ranging from 1.5-17-fold at all sites in the NCP except 16, 17, and 77-91 (Figure 

7, Table S2). Fold changes in activity vary with no apparent correlation to rotational positioning. 

At positions 16 and 17, which are in the 5′-end unwrapping region (Figure 7, green area), fold 

change is less than 1, indicating greater SMUG1 activity in HIGH conditions compared to LOW.  

 



Figure 8. Model of NCP highlighting differences in SMUG1 excision activity between HIGH and 

LOW Tris buffer conditions. U sites are categorized based on differences in excision ratios of less 

than 0.1 (blue), 0.1-0.3 (orange), and greater than 0.3 (pink). Only positions at which excision 

ratios in HIGH and LOW conditions are significantly different (p<0.05) are shown. NCP model 

was generated by merging PDB:1kX5 (octamer core) and PDB:3lz0 (Widom 601 DNA). (A) Top 

view of NCP. The 5′- and 3′-ends of the I strand are indicated. (B, C) Side views of NCP from the 

perspectives indicated in (A). Octamer core is transparent for clarity. 

 

Differences in SMUG1 activity levels between LOW and HIGH conditions were mapped 

onto the NCP (Figure 8). U sites with the greatest level of change are highlighted in pink, while 

those with intermediate and the lowest level of change are orange and blue, respectively. U sites 

41, 44, 52, 61, and 63 cluster in super helical locations (SHL) -1, -2, and -3 (Figure 8A, 8B). On 

the same gyre, at SHL -5, positions 22 and 23 experience change in SMUG1 activity greater than 

0.3 (Figure 8A, 8C). On the opposite gyre at SHL 2, positions 94 and 95 experience intermediate 

changes in SMUG1 activity. Sites 106 and 117 have high change levels in SHL 3 and 4.5 

respectively.   

 

3.6 Ionic strength is the dominant factor modulating SMUG1 activity in other systems 

SMUG1 excision activity was also examined in the HEPES buffer system. Similar to Tris, 

LOW conditions also facilitate SMUG1 activity (Figure S3, purple bars). Fold changes in SMUG1 

activity range from 1 to 37-fold (Figure S4, Table S2) and cluster similarly to those in Tris (Figure 

S5). Comparable experiments were also conducted to examine excision from the J strand of 601 

duplex and NCP. Similar to the results observed for the I strand, excision of U by SMUG1 is higher 

in LOW conditions relative to HIGH (Figure S6). These results obtained using a HEPES buffer 

and on the J strand provide further support that ionic strength, rather than an artifact of the buffer 

or a strand-specific parameter (such as sequence context), is modulating SMUG1 activity. 

 



4. Discussion 

In this work, we used our repair fingerprinting technique to examine the influence of ionic 

strength on SMUG1 excision activity in NCPs. We used a range of ionic strength concentrations 

to capture dynamic nucleosomal DNA interactions that SMUG1 may encounter in the cellular 

environment. In our previous work with SMUG1, we observed poor activity of SMUG1 on a site-

specifically incorporated U:G bp positioned near the dyad region of an NCP [45]. Limited SMUG1 

activity was similarly observed for U:G bps globally distributed in NCPs at a variety of geometric 

positions [39,46]. This previous research featured conditions comparable to the HIGH ionic 

strength used in the current work. Here we find that SMUG1 activity depends on ionic strength 

and that lesion excision is more effective at lower ionic strength. 

SMUG1 has excision activity on both single- and double-stranded DNA and it is known 

that the substrate preference for duplex depends on ionic strength [65]. Here we show that when 

U-containing 601 duplex DNA is the substrate, SMUG1 is inhibited in HIGH conditions at shorter 

time points (1, 5 min). At 10 min and longer, SMUG1 excision is comparable in both HIGH and 

LOW conditions. These experiments measure strand cleavage, which reflects both SMUG1 

binding and excision chemistry. While these measurements do not directly attribute the difference 

in activity exclusively to binding or chemistry steps, there is literature evidence demonstrating that 

binding of some glycosylases is dependent on ionic strength [66-68]. Human uracil DNA 

glycosylase (hUNG) [66] and alkyladenine DNA glycosylase (AAG) [67] both have decreased 

binding affinity for short oligonucleotides in high ionic strength (150-200 mM). Glycosylases have 

also been shown to be less processive in high ionic strength [68,69]. Our results with longer duplex 

DNA show that higher ionic strength decreases U excision at short incubation times. A potential 

explanation for this observation is that SMUG1 has decreased binding affinity and/or is slower to 



identify the target lesion on a longer oligonucleotide in higher ionic strength conditions. 

Nevertheless, the similar levels of SMUG1 activity at and beyond 10 min in duplex indicate that 

any changes observed in NCPs, which utilized a 60 min incubation, are not entirely an inherent 

property of SMUG1’s interactions with duplex DNA.  

 Next, we considered that the observed changes in SMUG1 activity could be due to changes 

in NCP dynamics and/or structure that occur with ionic strength, namely unwrapping of DNA in 

the entry/exit regions, compaction of the NCP gyres, and association of the histone tails. Using a 

variety of techniques, several prior works examined the influence of salt, ranging from 10-800 mM 

Na+ and/or K+, on NCP structure. At 10 mM salt, the NCP is most often wrapped but its gyres are 

not compacted [18]. Cryo-EM structures show that in low salt, NCPs adopt more open 

conformations that resemble nuclear NCPs with less compaction [10]. At concentrations as low as 

50 mM salt, single-molecule fluorescence resonance energy transfer (smFRET) experiments 

determined that the nucleosome experiences slow spontaneous gaping [17]. The gaping of a 

nucleosome refers to the two gyres separating from each other like the hinged motion of a clam 

shell. In low salt conditions, repulsion of the negatively charged DNA gyres drives nucleosome 

gaping [10]. Nucleosome gaping was first thought to only contribute to chromatin compaction in 

chromatin fibers [12] but has since been shown to occur in mono-nucleosomes [17,22] such as 

those used in the current work. As salt levels increase (to ~160 mM), the gyres of the NCP are 

compacted, and the histone tails dissociate. The DNA in the entry/exit regions also experience 

increased unwrapping, as shown by smFRET [16]. At 600 mM salt, about  50% of the NCP is 

unwrapped [18]. Then, at very high salt conditions (≥ 800 mM), histone core disassembly occurs 

with the loss of the H2A/H2B dimer [21]. In our experimental conditions, the NCP in LOW 

conditions experiences less compaction (more gaping), less unwrapping, and more histone tail 



association than in HIGH conditions. Each of these dynamic factors create unique 

microenvironments for each nucleobase position in the NCP.  

Sites with the highest changes in activity between LOW and HIGH conditions (Figure 8, 

pink), 22, 23, 44, 106, and 117, correlate to changes in NCP dynamics in the low ionic strength 

environment. All except site 117 reside in the major groove, which may allow for improved access 

by SMUG1 to flip the lesion and complementary base through the major groove in LOW 

conditions. They also most closely interact with an H2B tail which, when dissociated from the 

DNA in HIGH conditions, may interfere with SMUG1 accessibility. Sites 22 and 23 are both OUT 

sites that face away from the opposite NCP gyre and reside on the edge of the NCP that experiences 

slow spontaneous gaping in LOW conditions allowing for improved access to repair. NCP 

dynamics in low ionic strength may also alleviate some increased twist of 22 and 23 from 

stretching of the DNA in the SHL 5 region. Sites, 44, 106, and 117 are all OUT and MID sites that 

may experience the full effect of the gaping transition of the nucleosome in LOW conditions based 

on their locations (Figure 8B, 8C). Together these NCP dynamics experienced in changing ionic 

strengths have a significant impact on SMUG1 activity. 

In high ionic strength environments, the NCP experiences more unwrapping at the DNA 

entry/exit regions. Increasing amounts of counterions facilitate unwrapping by driving the DNA 

away from the histone core [16]. Sites 16 and 17 of the 5′-end entry/exit region, do not have 

increased SMUG1 activity in LOW conditions because the NCP is more wrapped. On the cusp of 

the unwrapping region, sites 22 and 23 do not experience this same result as sites 16 and 17 due 

to the local DNA structure and dynamics. The increase in activity in the 3′-end region can be 

explained by the known increased propensity for this end of the 601 DNA to unwrap from histones 



[70]. While the rest of the nucleosome experiences compaction in higher ionic strength, the 

entry/exit regions may be more accessible to SMUG1 as unwrapping is facilitated. 

We and others have shown that glycosylase activity generally correlates with rotational 

positioning, where OUT sites that are more solution accessible are more likely to be repaired [24-

29]. But SMUG1 is unique in that in HIGH conditions it has little to no activity regardless of 

rotational positioning, with the exception being sites 63 and 95 where the high solution 

accessibility may help facilitate SMUG1 activity. In LOW conditions, SMUG1 activity does 

largely correlate with rotational positioning (Figure 6). However, 65 is an OUT site that is not 

repaired efficiently by SMUG1. DNase similarly displays no cleavage at this outward site 

indicating that the NCPs in these regions are largely inaccessible to enzymes, possibly due to 

severe DNA kinking in the SHL -1 region [38,54] or interference from nearby H3 and H4 tails. 

Position 35 is characterized as MID based on HRF but is less readily excised than other midway 

sites. DNase also has limited activity at this site. The HRF and DNase footprints demonstrate that 

each position is uniquely accessible as determined by the specific structural microenvironments of 

the NCP. It should be noted that HRF and DNase experiments were conducted in low salt 

conditions suitable for the respective footprinting techniques. It has been previously reported that 

increasing salt conditions, from 0 to 800 mM NaCl, did not influence the resulting HRF profile on 

NCPs [71]. DNase activity is limited by salt concentrations higher than 100 mM [72]. These 

footprinting assays contribute to our baseline understanding of NCP rotational positioning and 

inherrant structural properties. 

Another region of interest is two nearby pairs of adjacent U lesions at sites 91/92 and 94/95. 

A significant difference in SMUG1 activity is seen at sites 94/95 in HIGH conditions (94 is not 

readily excised whereas 95 is one of the few sites that is excised in HIGH). In LOW conditions, 



intermediate SMUG1 activity is observed at both 94/95. But SMUG1 activity at the nearby pair 

91/92 is very low in both LOW and HIGH conditions. Rotational positioning may influence 

SMUG1 activity because 91/92 are IN positions whereas 94/95 are MID/OUT. In LOW conditions, 

91/92 are closer to the hinge of the gaping nucleosome than 94/95 and may not benefit from the 

more open conformation.  

The ionic strengths used in this work were chosen as a range that encompasses reported 

physiological ionic strength conditions to capture the effects of changing NCP dynamics and/or 

structure on repair. These results contribute to our general understanding of SMUG1 activity under 

conditions it may encounter in the cell such as dynamic chromatin at pockets of liquid-liquid phase 

separation [7,8] and compartments of the nucleus [61]. Chromatin dynamics are largely influenced 

by ionic strength [10,12,16,21]. Furthermore, recent work demonstrated that salt-dependent 

changes in chromatin structure can modulate glycosylase activity. Using an oligo-nucleosome 

array containing 12 601 NCPs each separated by 30 bp of linker DNA, glycosylase activity was 

shown to be controlled by Mg2+ [73]. At 0.2 mM Mg2+, the arrays adopt an extended “beads-on-

a-string” conformation representing an open or accessible state of chromatin. At higher ionic 

strength of 2 mM Mg2+, the arrays resemble compact and condensed chromatin fibers observed in 

vivo [73,74]. The rate of combined uracil DNA glycosylase (UDG) and AP endonuclease 1 (APE1) 

activity at a U OUT site is reduced ~3-fold on the compact array relative to the extended array 

(and ~20-fold relative to duplex DNA) [73]. Furthermore, at the higher ionic strength, UDG/APE1 

activity is ~14-fold faster at this same site on arrays constructed using H4 histone lacking the N-

terminal tail. This tail is known to mediate chromatin compaction via interactions with H2A on an 

adjacent nucleosome and increased repair activity in the absence of the tail is consistent with a 

more extended chromatin structure. Interestingly, at a U site in a linker region of the compacted 



nucleosome array, UDG/APE1 activity is increased by 5-fold compared to duplex DNA. In other 

work, thymine DNA glycosylase (TDG) was unable to excise an OUT 5-formylcytosine from the 

histone-bound region of an array regardless of the level of compaction, although activity was 

observed in the linker region of extended, but not compact, arrays [11]. These results collectively 

support the conclusion that ionic strength and chromatin structure influence these BER enzymes.  

SMUG1 has been generally postulated to be a backup glycosylase to other UDG 

superfamily members [42,43]. SMUG1 is constitutively expressed at low levels whereas 

expression of other superfamily members UDG and TDG is regulated during the cell cycle. UDG 

is upregulated during S-phase [43] and TDG is degraded at the G1-S boundary [75,76].  SMUG1 

has a wide substrate specificity [77] and, unlike UDG and TDG, is present in the nucleolus [42]. 

In the eukaryotic cell, the nucleolus is responsible for ribosome biogenesis, where SMUG1 may 

encounter periods of more loosely packaged chromatin during the critical transcription of 

ribosomal DNA (rDNA) [78]. SMUG1 has also been shown to have a role in RNA processing 

[79], which may be beneficial in maintaining genomic integrity in the nucleolus. While the 

absolute concentrations of monovalent cations in the nucleousare unknown [61], our model system 

provides a snapshot of how nucleosome dynamics, in the context of repair, may be impacted by 

microenvironments of the cell nucleus. Our experimental conditions represent times of more and 

less compact nucleosomes in HIGH and LOW conditions respectively. Our results demonstrate 

SMUG1 is more efficient in low ionic strength, representative of when it may encounter damage 

in a less compacted nucleosome [10,12,17,22]. Rather than being a backup for other glycosylases, 

SMUG1 may serve particular roles as an important player in the maintenance of dynamic 

chromatin.  



Broadly, SMUG1 excises U from NCP substrates more effectively in LOW conditions than 

HIGH. Considering that in duplex SMUG1 is unaffected by the changing ionic environment except 

at short incubation times, we hypothesize that most observed changes in SMUG1 activity at 60 

min are due to NCP structure and dynamics. Notably, footprinting experiments reveal that each 

nucleobase in an NCP experiences a unique and nuanced microenvironments that may affect its 

accessibility to SMUG1 and other DNA processing enzymes. While considering the effects of 

ionic strength of the cellular environment on glycosylase activity, it is important to recognize that 

other cellular machinery and factors such as chromatin remodelers, histone PTMs, histone variants, 

and proteolytic clipping of histone tails may contribute to DNA accessibility [80-83]. The results 

obtained here describing SMUG1 excision of U from an NCP model system contribute to our 

understanding of BER and genomic integrity. 
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