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Abstract

If unrepaired, damage to genomic DNA can cause mutations and/or be cytotoxic. Single base
lesions are repaired via the base excision repair (BER) pathway. The first step in BER is the
recognition and removal of the nucleobase lesion by a glycosylase enzyme. For example, human
oxoguanine glycosylase 1 (hOGG1) is responsible for removal of the prototypic oxidatively
damaged nucleobase, 8-0xo-7,8-dihydroguanine (8-0xoG). To date, most studies of glycosylases
have used free duplex DNA substrates. However, cellular DNA is packaged as repeating
nucleosome units, with 145 base pair segments of DNA wrapped around histone protein octamers.
Previous studies revealed inhibition of hOGG1 at the nucleosome dyad axis and in the absence of
chromatin remodelers. In this study, we reveal that even in the absence of chromatin remodelers or
external cofactors, hOGG1 can initiate BER at positions off the dyad axis and that this activity is
facilitated by spontaneous and transient unwrapping of DNA from the histones. Additionally, we
find that solution accessibility as determined by hydroxyl radical footprinting is not fully
predictive of glycosylase activity and that histone tails can suppress hOGG1 activity. We therefore
suggest that local nuances in the nucleosome environment and histone-DNA interactions can
impact glycosylase activity.
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1. Introduction

Genomic DNA is under constant threat of damage from free radicals, radiation, and
environmental toxins?. Persistent chemical modification of a nucleobase can be cytotoxic
and/or mutagenic, and is the underlying cause of aging and cancer®. Therefore, cells have
developed a variety of essential repair pathways to remove lesions from DNA. Single base
lesions are rectified via the base excision repair (BER) pathway, which is initiated by a
glycosylase enzyme specific to the lesion. For example, the oxidation of guanine to 8-
oxo-7,8-dihydroguanine (8-0xoG) is repaired in humans by oxoguanine glycosylase 1
(hOGG1). Glycosylases bind the DNA and flip the lesion out of the base stack into the
enzyme’s active site. Glycosylases share a common Sy type mechanism for cleavage of the
glycosidic bond at the lesion, ultimately resulting in an abasic site?™,

The majority of studies to examine glycosylase activity have used free duplex DNA as the
substrate. While these studies provide essential mechanistic information about glycosylases,
cellular DNA packaged as chromatin presents a more complex substrate context for repair 7/n
vivo.® The primary structural repeating unit of chromatin is the nucleosome. Individual
nucleosomes, or nucleosome core particles (NCP), serve as a model system for the lowest-
order element of DNA packaging. An NCP consists of 145-147 base pairs of duplex DNA
wrapped around a protein core. The octameric protein core contains two copies each of the
four histone proteins: H2A, H2B, H3, and H4. The histone proteins have unstructured
lysine-rich tails which are subject to post-translational modification, such as acetylation®.
The NCP contains a dyad axis of symmetry aligned with the central base pair of the wrapped
DNA. The translational position of a base refers to its distance from the central base pair.
Further, the rotational position of a base describes its orientation relative to the histone core.
Outward facing bases are solution accessible while bases facing inward to the histone core
are sequestered.

Several factors have been proposed to impact the initiation of repair by glycosylases in
packaged DNA substrates, including the steric bulk of the histone proteins and the specific
position of the lesion. A recent review by Odell et a/. summarized the studies to date and
proposed a set of general tenets for glycosylase activity in NCPs®. First, spontaneous
unwrapping of nucleosomal DNA transiently exposes sites that are normally occluded.
Ensemble FRET measurements’ and single molecule FRET techniques? 11 have
quantified the rates and extent of DNA end unwrapping. This dynamic motion ultimately
results in increased accessibility of bases closer to the ends of DNA compared to bases at the
dyad axis. Early work using restriction enzymes showed increased accessibility of restriction
sites closer to ends of nucleosomal DNA compared to restriction sites on the dyad axis!? 13,
This trend was also observed with the human glycosylase endonuclease 111 (hNTH1), which
had increased excision of thymine glycol at the ends of the DNA compared to on the dyad
axis;1* interestingly, it was recently reported that human cells contain a factor that facilitates
hNTH1 activity in NCP substrates®. Further, previous studies have revealed significant
inhibition of several other glycosylases, including hOGG1, acting on lesions positioned at
the dyad axis!4 16. 17 Notably, the abilities of uracil DNA glycosylase (UDG) and
alkyladenine glycosylase to excise an outward facing lesion at the dyad axis were observed
as exceptions?8. Finally, it has been proposed that lesions with outward rotational position
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are more easily repaired than inward facing lesions, though exceptions have been
observed!4 16.18-24 Most importantly, the general applicability of these principles to all
glycosylases and lesions has yet to be fully explored.

In the case of hOGG1, inhibition has been observed in NCP substrates when the lesion is
located at the dyad axis'6 17. 25, Activity of hOGG1 in NCP substrates has been observed
upon addition of chromatin remodeling complexes!”: 25 and when the lesion is located in the
linker region between two NCPs of a dinucleosome substrate2>. Given the known
importance of transient DNA unwrapping, hOGG1 activity with lesions of varied
translational position warrants further exploration.

To investigate the role of DNA unwrapping on hOGGL1 activity, we created NCP substrates
with single base lesions incorporated off the dyad axis. The lesions were positioned
approximately 20 base pairs from the end of the DNA within the region that is known to
show dynamic unwrapping. To further investigate how the rotational position of a lesion
impacts glycosylase activity, we incorporated lesions in positions of varying solution
accessibility. Finally, we investigated the impact the local histone environment on hOGG1
activity via acetylation and omission of the histone H2B tail.

2. Materials and Methods

2.1 Oligonucleotide Synthesis and Purification

Oligomers were synthesized on a MerMade 4 (BioAutomation) DNA synthesizer using
phosphoramidite chemistry. All synthesis reagents and phosphoramidites were purchased
from Glen Research. The final trityl group was retained for an initial round of HPLC
purification (Dynamax Microsorb C18 column, 10 x 250 mm; A = acetonitrile, B = 30 mM
ammonium acetate; 5:95 to 35:65 A:B over 30 min at 3.5 mL/min). Following this first
round of purification, oligomers were incubated with 20% v/v aqueous acetic acid for 60
min at room temperature to remove the trityl group. For oligomers containing only canonical
bases or uracil (U), HPLC at 90°C was used for a second round of purification (Agilent
PLRP-S column, 250 mm x 4.6 mm; A = 100 mM triethylammonium acetate [TEAA] in 5%
aqueous MeCN, B =100 mM TEAA in MeCN; 0:100 to 35:65 A:B over 35 min at 1 mL/
min). For oligomers containing 8-0xoG, incorporation of 8-oxoG was carried out according
to Glen Research protocols. The trityl group was removed on the synthesizer before
purification and 2-mercaptoethanol was included during cleavage of the oligomer from the
bead. Anion-exchange HPLC was used to purify the 8-oxoG-containing oligomers (Dionex
DNAPac PA100 anion-exchange column; A = 10% acetonitrile, B = 0.8 M ammonium
acetate in 10% acetonitrile; 70:30 to 0:100 A:B over 35 min at 1 mL/min). Collected peaks
were desalted by buffer exchange using centrifugal concentrators (Sartorius Vivaspin Turbo
15, 5 kDa MWCO).

2.2 Ligation of 145mer Oligonucleotides

We synthesized the DNA strands in shorter pieces for assembly into full length 145mer via
enzymatic ligation (Scheme S1). The short oligomers were phosphorylated with T4
polynucleotide kinase (New England Biolabs) with an additional 2 mM ATP in the reaction
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buffer. Phosphorylated oligomers were annealed to scaffold oligomers in a 1:1 ratio by
heating to 90 °C for 5 min followed by cooling to 25 °C at a rate of 1°C/min. Next, the
oligomers were ligated for 3 h at ambient temperature using T4 Ligase (New England
Biolabs). Full-length ligation products were purified by 8% denaturing PAGE (0.8 mm
thickness). Electrospray ionization mass spectrometry was used to confirm the identity of
the purified 145mers. Oligonucleotide concentrations were determined by their absorbance
at 260 nm using molar extinction coefficients calculated with OligoAnalyzer 3.1
(www.idtdna.com).

2.3 Glycosylase Expression and Purification

His6-tagged hOGG1 was recombinantly expressed in £. coliand purified as previously
described!6: 26, SDS PAGE analysis showed hOGG1 purity to be >98%. UDG was
purchased from New England Biolabs. The total concentration of each enzyme was
determined by Bradford assay with -y-globulin standards (Bio-Rad Laboratories).

2.4 Histone Proteins and Octamer Assembly

Expression and purification of canonical X. /aevis histone proteins and assembly of the
histone octamer were performed according to the published method of Luger, er a?’- 28,
Chemically acetylated H2B protein was prepared based on previously published
methods?% 30, which provides solution-accessible lysine residues as potential substrates.
Briefly, 0.3 umol of purified H2B was dissolved in 1 mL of freshly prepared 7 M urea
solution with 500 mM ammonium acetate and 50 mM ammonium bicarbonate (pH 8.5). The
mixture was kept on ice, and 1.5 uL of freshly prepared 10.6 M acetic anhydride was added
every 15 min. Concurrently, the pH of the reaction was constantly adjusted to 8.0-8.5 with
ammonium hydroxide. After 60 min, the reaction was quenched with 100 pL of 1M Tris-
HCI before transferring to a dialysis device for overnight dialysis into water with 2 mM 2-
mercaptoethanol. Electrospray ionization mass spectrometry revealed that between 4-14
acetyl groups were added to H2B (Figure S1). The acetylated H2B protein was lyophilized
and stored at —20 °C until used for octamer assembly. The tailless X. /aevis H2B protein
(residues 24-122) was purchased from The Histone Source (Colorado State University).

2.5 Nucleosome Core Particle Reconstitution

NCPs were prepared by stepwise dialysis as reported previously1 31, Briefly, a Slide-a-
Lyzer MINI dialysis device was equilibrated in buffer (10 mM Tris-HCI [pH 7.5], 1 mM
EDTA, 1 mM dithiothreitol [DTT], 2 M NaCl) at 4 °C. Radiolabeled duplex (50 uL of 1 uM)
was added to the dialysis device and allowed to incubate for 30 min before addition of
histone octamer in a 1:1.05 molar ratio. The concentration of NaCl in the dialysis buffer was
progressively lowered at 60 min intervals (1.2 M, 1.0 M, 0.6 M, 0 M). The final dialysis step
was carried out for 3 h. Samples were filtered to remove precipitate and NCP formation was
confirmed by 7 % native polyacrylamide (60:1 acrylamide:bisacrylamide; 0.25x TBE) gel
electrophoresis (3 h at 150 V, 4 °C). A representative native gel is shown in Figure S2. Only
NCP preparations with less than 5 % free duplex DNA (as determined by native gel) were
used in the experiments.
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2.6 Hydroxyl Radical Footprinting

Hydroxyl Radical Footprinting procedures were based on previously published

methods32 33, Briefly, 5 pmol of NCPs containing 32P radiolabeled DNA were suspended in
52.5 pL buffer (10 mM Tris-HCI [pH 7.5], 1 mM EDTA) and mixed with 7.5 pL each 10
mM Fe(11)-EDTA, 10 mM sodium ascorbate, and 0.12% wi/v aqueous hydrogen peroxide.
The reaction was incubated at ambient temperature for 10 min before quenching with the
addition of 50 pL 1 mM EDTA in 25% wi/v glycerol. The sample was immediately loaded on
a pre-running 7% native polyacrylamide (60:1 acrylamide:bisacrylamide, 0.25 x TBE) and
electrophoresed for 3 h at 150 V at 4 °C. The band containing NCPs was excised and NCPs
were eluted into buffer (300 mM sodium acetate [pH 8.0], 1 mM EDTA) overnight. The
resulting eluent was concentrated (Sartorius Vivaspin Turbo 15, 5 kDa MWCO) and
extracted twice against 25:24:1 phenol:chloroform:isoamyl alcohol. An ethanol precipitation
was performed with the addition of 20 L co-precipitation reagent (0.5 mg/mL tRNA in 300
mM sodium acetate [pH 8.0], 1 mM EDTA). Samples were dissolved in formamide and run
on an 8 % denaturing PAGE. The gel was dried and exposed before phosphorimaging. The
bands were quantitated using SAFA gel analysis software34.

2.7 Glycosylase Kinetics Experiments

Kinetics experiments were based on previously published protocolsi®. Briefly, radiolabeled,
lesion-containing substrate (either duplex or NCP-incorporated) and glycosylase were
prepared at 2 x experimental concentration (final concentration 20 nM and 0.64 uM,
respectively) in reaction buffer (20 mM Tris-HCI [pH 7.6], 25 mM NaCl, 75 mM KClI, 1
mM EDTA, 1 mM DTT, 200 ug/ml BSA). Following a temperature pre-equilibration at

37 °C for 2 min, equal volumes of substrate (8 uL) and glycosylase (8 pL) preparations were
mixed for varying amounts of time before addition of 1M NaOH quench (16 uL, final
concentration 500 mM). For each time course a negative control sample (QC) was prepared
by adding 1 M NaOH quench (16 pL) to substrate (8 pL) followed by addition of
glycosylase (8 pL) before incubation at 37 °C for the duration of the longest time point. This
control serves to reveal any pre-existing damage or incidental damage due to heating or
sample work-up (generally less than 10 %). Samples were heated to 90 °C for 2 min after
addition of quench to induce a strand break at abasic sites. DNA was isolated from proteins
by extraction with 25:24:1 phenol:chloroform:isoamyl alcohol before desalting by ethanol
precipitation. Samples were electrophoresed on an 8 % denaturing PAGE, imaged by
phosphorimagery (BioRad Pharos FX) and quantitated by densitometry.

The fraction of product at each time point, (4, was determined by the formula

Ip(t)

e =5 00,0

where 85(#) and 6, (2 are the densities of the substrate and product bands, respectively, at
time ¢ The product yield, (2, was corrected for pre-existing and incidental substrate damage
using the following formula:
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where F5(0) is the fraction of product observed in the QC sample. The mean product yield
from four independent trials (two separate NCP preparations with two trials each) was
determined at each time point. The averaged data were fit to the modified first-order
integrated rate law:

or

where [A(9] is the concentration of product at time # [ A(c0) is the maximum concentration
of product, and [A0)] is the amount of product at time ¢= 0(generally close to zero), using a
nonlinear least squares regression (Kaleidagraph). Reaction rates, k,ps were reported from
the fits. A two-tailed student’s ¢test was performed to obtain the p values for the tailless
H2B NCPs and acetylated H2B NCPs in comparison to the canonical NCPs. We considered
p < 0.05 to be significant.

2.8 Molecular Modeling

Molecular models were created in PyMOL (The PyMOL Molecular Graphics System,
Version 1.74 Schrodinger, LLC.) to visualize hOGG1 binding to the 601 NCP. Structures of
hOGG1-bound-NCPs were created by aligning the crystal structure of hOGG1 bound to
DNA (PDB ID: 1ebm) with the 601 NCP crystal structure (PDB ID: 31z0) as described
previously®. The glycosylase surface was colored in PyMol according to proximity to the
histone core (regions within 5 A of the octamer are yellow; regions within 5-10 A of the
octamer are red; regions greater than 10 A from the octamer are blug).

3. Results

3.1 Formation of Homogenous NCPs

In this study, we evaluated the impact of lesion position on BER in packaged DNA. Our
DNA substrates were based on the Widom 601 positioning sequence, which binds in a single
translational and rotational position around the histone octamer3®. We used the Widom 601
NCP crystal structure36 to guide our placement of DNA lesions off the dyad axis and in one
of three rotational positions: out toward solution (OUT), approximately 90° from solution
(MID), or in toward the histone core (IN) (Figure 1A, 1B). These OUT, MID, and IN
positions correspond to locations —49, =52, and —54, respectively, which indicate the
distance from the center of the DNA strand. A single 8-oxoG or U was incorporated at these
sites during DNA synthesis (Figure 1C). The complementary 601 strand was modified such
that 8-oxoG was paired with C and U was paired with G to mimic a deaminated C:G base
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pair. X. /aevis histone proteins were individually expressed in £. coli, purified, assembled
into an octamer, and used to form NCPs following the salt dialysis method3L. Histone
octamers containing either a tailless or acetylated H2B protein were also used to assemble
NCPs.

3.2 Hydroxyl Radical Footprinting Defines Rotational Position of Lesions

Hydroxyl radical footprinting was used to establish the solution accessibility of each lesion
position. The hydroxyl radical footprinting technique uses Fenton chemistry to generate
hydroxyl radicals, which abstract a hydrogen atom from the DNA backbone to create a
strand break33. A sample of free duplex Widom 601 DNA treated with hydroxyl radicals
shows an unbiased pattern of reactivity throughout the length of the DNA strand (Figure 2A,
DNA lane). In comparison, DNA incorporated into an NCP shows an oscillating pattern of
damage (Figure 2A, NCP lane). There are regions of protection and damage corresponding
to the DNA wrapping in toward the histone core and out toward solution, respectively.
Notably, the oscillatory pattern persists both upstream and downstream of the lesion
positions, indicating that while this region is known to be more dynamicl?, it is still in
contact with the histone core and does not react like free duplex DNA with hydroxyl radical
treatment. The integrated band area at each base position, and the relative reactivity of lesion
positions is shown in Figure 2B34. Indeed, the relative hydroxyl radical reactivity at the
selected lesion positions correlates with predicted solution accessibility based on the Widom
601 NCP crystal structure (ie. OUT > MID > IN).

Further, hydroxyl radical footprinting was used to evaluate the impact of changes to histone
proteins on the solution accessibility of the DNA bases. NCPs prepared using a histone
octamer containing either tailless H2B or acetylated H2B histone proteins showed no
systematic differences in the oscillating pattern or the relative solution accessibility of the
studied OUT, MID, and IN positions when compared to the canonical histone octamer
(Figure 2A, 2B).

3.3 Glycosylase Activity in NCPs with Off-Dyad Lesions

Kinetics experiments were performed to test the activity of glycosylase enzymes on NCP
substrates. NCP substrates containing a single 8-oxoG or U lesion were incubated at 37 °C
with hOGG1 or UDG before quenching with NaOH. Formation of product over time was
monitored on denaturing polyacrylamide gels (Figure S3). In these experiments, a 32-fold
excess of enzyme over substrate was used to ensure single-turnover conditions. We have
previously shown that further increases in the excess of enzyme do not yield an increased
rate of glycosylase activity in NCP substrates8. The observed rate (kgys) therefore reflects
the slowest step up to or including the chemistry step of glycosidic bond cleavage.

Control experiments were performed in which free duplex DNA substrates containing a
single 8-0x0G or U lesion (the OUT facing lesion position is shown as a representative
example) were converted to 87 and 99 % product, respectively (Figure 3). The data were fit
to a single exponential, and the differences in Ay and product formation for free duplex
DNA substrates of each lesion/glycosylase pair varied minimally with lesion position (data
not shown).
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For NCP substrates, we previously showed complete inhibition of hOGG1 activity on
lesions located at the dyad axis, regardless of rotational position8. Interestingly, in the
current work, we observe that activity of hOGG1 is restored on NCP substrates when the
lesions are located off the dyad axis (Figure 3A). Surprisingly, however, the product yield of
these Kinetic time courses does not correlate with the solvent accessibility of the lesions as
determined by hydroxyl radical footprinting. The most product formation (93%) was
observed at the MID facing lesion site and 49% product formation was observed for the IN
facing lesion site. The most unanticipated result was the relative inhibition of hOGG1 at the
most solvent accessible lesion tested in this experiment (OUT), which reached a maximum
of 38% product (Figure 3A, Table 1). In contrast to the free duplex DNA substrates, the data
for all NCP substrates were best fit to a double exponential model, reflecting a faster kinetic
phase and a slower kinetic phase (Table 1). While the product yield varies between different
rotationally positioned substrates, the Aypg Values are the same within error.

The unexpected pattern of glycosylase activity and solvent accessibility was also manifested
for another glycosylase, UDG, acting on the off-dyad lesions. However, for UDG, rather
than observing differences in the amount of product, we observed differences in Aypg; While
full product conversion was achieved for both the OUT and MID positions, U at the MID
position was excised approximately 10-fold faster than at the OUT position (Figure 3B,
Table 1).

3.4 Glycosylase Activity in NCPs with H2B-Modified Octamers

Upon observing the disaccord between the solvent accessibility of the lesions and the
resulting glycosylase activity, we modeled the Widom 601 DNA wrapped around a histone
core containing histone tails (PDB ID 1kx5), which are present in our in vitro experiments.
In this model we observed that our off-dyad lesions are near the H2B tail that protrudes
between the superhelices (Figure 1D). We hypothesized that interactions between the histone
tail and the incoming glycosylase could explain the suppressed product yield of hOGG1 at
the OUT lesion position as well as the slower 4y,g for UDG.

To test the impact of the nearby H2B tail on hOGG1 activity, we created two modified
histone octamers. First, we created NCPs using an octamer with chemically acetylated H2B
proteins, where addition of an acetyl group neutralizes the positive charge of lysine. In order
to further test the steric impact of the H2B tail, we created NCPs using an octamer with
tailless H2B proteins. We tested the activity of hOGG1 on these H2B-modified NCPs with
an OUT facing 8-0xoG and compared product formation to the canonical NCP substrate.
While the tailless H2B NCP does not show a statistically significant increase in product
formation, there is an increase in product with the acetylated H2B substrate (o = 0.0016)
(Figure 4).

4. Discussion

To investigate the role of DNA unwrapping on glycosylase activity, we created NCP
substrates with single base lesions located approximately 20 base pairs from the end of the
DNA. In general, activity of the tested enzymes increases when the lesions are moved closer
to the DNA ends, relative to when the lesions are at the dyad. While hOGG1 was completely
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inhibited at the dyad axis regardless of the rotational position of the lesion1®, product
formation is observed at all of the off dyad positions studied here.

While the data for free duplex DNA substrates fit well to a single exponential model, the
kinetic data for the NCP substrates are more complex. For the off-dyad lesions, double
exponential models were required to fit the data for all lesion positions and glycosylases. We
attribute the biphasic kinetics to the existence of two distinct substrate populations. Each
NCP substrate shows a fast phase, which we attribute to a configuration that can be
processed directly by the glycosylase. The slow kinetic phase for NCP substrates is
generally two orders of magnitude slower than the fast phase. We attribute the slower phase
to a population of NCPs that require a rate-limiting conformational change to adopt a
structure permissive for repair. This conformational change is consistent with the transient
unwrapping of DNA to expose the off-dyad lesion sites, and is not observed in experiments
with lesions positioned on the dyad16. Previously, the Stivers group reported multiphasic
kinetics in experiments with UDG excising U at sites off the dyad3!.

As no crystal structures of glycosylase-bound NCPs have been reported, we used molecular
modeling to analyze the interaction of the glycosylase and the NCP (Figure 5). To generate
these models, we merged the crystal structure of the 601 NCP with the crystal structure of
DNA-bound hOGG1. We chose to model the glycosylase-bound NCP using the 601 NCP
crystal structure lacking histone tails38 in order to avoid assigning static positions to the
unstructured histone tails. The surface of the glycosylase was colored according to its
proximity to the histone core as follows: regions within 5 A of the octamer are yellow;
regions within 5-10 A of the octamer are red; regions greater than 10 A away from the
octamer are bluel6.

Upon modeling hOGG1 bound to the NCP at the outward facing off-dyad lesion, we found
the region near the enzyme’s active site to have several amino acid residues within 5 A of
the octamer and an even larger region between 5-10 A of the octamer. This region represents
a significant steric clash between the histone core and hOGG1, which we might predict
would prevent enzyme binding and, ultimately, excision of the lesion. However, 38%
product formation is observed for hOGGL1 at this off-dyad lesion position. The formation of
product despite the potential for steric clash in a static model at this position emphasizes the
contribution of DNA unwrapping and dynamics to hOGG1 accessibility in an NCP.

There are conflicting reports on the correlation between solution accessibility of a lesion and
enzyme activity in an NCP substratel4 16. 18-24 e found that for hOGG1, the product
yield for NCP substrates did not correlate with the solution accessibility of the lesions as
determined by hydroxyl radical footprinting. Furthermore, while full product conversion was
observed for both the OUT and MID position with UDG, the rate of excision at the MID
position was ~10 times faster than at the OUT position. It is clear that solution accessibility
as determined by hydroxy! radical footprinting is not able to predict all chemistry within an
NCP. We therefore suggest that local nuances in the NCP environment and histone-DNA
interaction have a significant impact on glycosylase activity and may have a more influential
role than solution accessibility at certain positions in the NCP. Other groups who have
observed complex kinetics of UDG in NCP substrates have come to similar conclusions3.
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We created a tailless H2B version of the histone octamer to test the influence of completely
removing the histone tail on glycosylase activity. We found that for hOGG1, removing the
H2B tails does not lead to a statistically significant increase in product formation. While we
therefore conclude that the inhibition of hOGGL1 is not completely derived from steric
interference of the histone tail, the phenomenon of histone tail clipping /n vivo by
endopeptidases is an area of recent interest and has been observed in all histone proteins in
several organisms3’. It has been shown that histones lacking N-terminal tails allow for
increased accessibility of nucleosomal DNA to transcription factors via increased
unwrapping of DNA from the NCP38-40, Other BER enzymes have also shown varying
levels of inhibition in NCP substrates due to the presence of histone tails*1 42,

Histone proteins are also targets for post-translational modification, particularly acetylation
at the positively charged lysine residues in the N-terminal tails. In this study, NCPs with
acetylated H2B proteins showed an increase in product formation when compared to
unmodified NCPs. While the H2B tail associates with the nearby DNA in unmodified NCPs,
it has been shown that acetylation causes release of H2B tails from the DNA%3. Further,
FRET studies have shown that acetylation of histones facilitates DNA unwrapping®* 4°. We
therefore attribute the significant increase in product formation to the neutralization of the
lysine residues and resulting relaxation of the NCP structure. However, the incomplete
recovery of product formation in acetylated H2B NCPs suggests that electrostatic
interference of the lysine residues on H2B is not the only contributing factor to hOGG1
inhibition at the OUT lesion position.

Conclusion

In summary, we demonstrate that hOGG1 can excise 8-0xoG from nucleosomal DNA in the
absence of external cofactors or chromatin remodelers and that this activity is modulated by
transient DNA unwrapping. We further demonstrate the complexity of the NCP
environment, as we observe a disparity between solution accessibility and enzyme activity.
Increased activity of hOGGL1 in response to acetylation of H2B reveals intricacies in the
NCP environment due to the electrostatic influence of the histone tails. A more complete
understanding of BER in NCP substrates will require additional studies on the impact of
histone modifications, chromatin remodeling complexes, and other cellular factors.
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Highlights
. Packaged DNA presents a complex substrate for DNA glycosylases
. We found that hOGG1 is able to excise lesions near the ends of nucleosomal
DNA
. Transient DNA unwrapping promotes excision of otherwise occluded lesions

. Solution accessibility of DNA bases is not fully predictive of hOGG1 activity

. Acetylation of H2B increases hOGG1 product formation at the studied lesion
site
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Figure 1.
Representation of the NCP structure and lesions used in this study. (A) Merged crystal

structure of an NCP containing Widom 601 DNA and histone octamer with tails (PDB codes
3120 and 1kx5, respectively) with off-dyad lesion locations highlighted using PyMol. The
DNA strands are numbered such that 0 corresponds to center of the 145mer DNA, and the 5
end is base —72. The OUT, MID, and IN facing lesion positioned at base —49, =52, and -54,
respectively. (B) Rotational positions of lesions (one DNA strand shown for simplicity). The
location of the OUT facing lesion is highlighted in red, the MID facing lesion in purple, and
the IN lesion in blue. (C) Lesions used in this study. (D) Side view of NCP. The H2B tail is
highlighted in green and represented in surface mode.
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Fig. 2.

Hydroxyl Radical Footprinting of DNA in an NCP. (A) The Hydroxyl Radical Footprinting
experiment was analyzed by denaturing PAGE. The flanking “A+G” lanes display a ladder
of the 601 DNA sequence created using Maxam Gilbert reactions. The “NT” lane shows a
no treatment control. The “DNA” lane shows unbiased damage of hydroxyl radical treatment
on free duplex DNA. Hydroxy| radical treatment of canonical (“NCP”), tailless H2B
octamer (“tIH2B NCP”), and acetylated H2B octamer (“AcH2B NCP”’) NCPs reveals an
oscillating pattern of damage. The location of OUT (red), MID (purple), and IN (blue)
lesions in this study are highlighted. (B) Quantitation of band density of the footprinting
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using SAFA software to show relative solvent accessibility. The vertical lines highlight the
location of each lesion position.
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Single-turnover kinetic results for hOGG1 and UDG in NCP substrates. Kinetic time courses
were performed to evaluate the activity of (A) hOGG1 or (B) UDG on either free duplex
DNA (@) or NCP substrates with off-dyad lesions. The NCP substrates contained lesions of
varying rotational position: OUT ( #), MID ( &), or IN ( M). Experiments were conducted
using 20 nM NCP substrate and 0.64 pM glycosylase in 20 mM Tris-HCI (pH 7.6), 25 mM
NaCl, 75 mM KCI, 1 mM EDTA, 1 mM DTT, 200 pg/ml BSA. Data for free duplex DNA
substrates were fit to a single exponential equation; all NCP data were fit to a double
exponential equation. Error bars represent the standard error (n=4).
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Siagle—turnover kinetic results for hOGG1 on 8-0xoG OUT NCP substrates with H2B
modified NCPs. The octamer used to create the NCPs was varied to include a canonical
octamer ( #, solid line), tailless H2B octamer ( ¥, short dashed line) or acetylated H2B
octamer ( A, long dashed line). Experiments were conducted using 20 nM NCP substrate
and 0.64 uM total hOGGL1 in 20 mM Tris-HCI (pH 7.6), 25 mM NaCl, 75 mM KCI, 1 mM
EDTA, 1 mM DTT, 200 pg/ml BSA. All data were fit to a double exponential equation.
Error bars represent the standard error (n=4).
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70 A

Fig. 5.
Molecular model of NCP-bound hOGGL1. The NCP binding surface of hOGG1 was

generated by merging the 601 NCP PDB (31z0, gray) and hOGG1 bound to DNA (1ebm).
(A) A side view of hOGG1 bound to the NCP is shown. (B) A front view of the binding
surface of hOGGL1 to NCPs with off dyad 8-oxoG OUT facing (base position —49) is shown
and the NCP is hidden for clarity. The hOGG1 surface model is colored according to the
distance to the histone core (regions less than 5 A away from the octamer are yellow; regions
within 5-10 A of the octamer are red; regions beyond 10 A away from the octamer are blue).
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Table 1

kops Values Determined for Free Duplex DNA and NCP Substrates

enzyme | NCP substrate Kobs/min (% product)

hOGG1 | N/A 8-0x0G free duplex | 2.6 +0.2 (87%)
canonical 8-0x0GOUT 1.4 +0.4 (23%) 0.03 + 0.03 (15%)
canonical 8-oxoGMID 2.0+ 0.4 (63%), 0.06 + 0.04 (30%)
canonical 8-oxoG'N 0.8+ 0.1 (25%), N.R.Z (= 24%)
tailless H2B 8-0x0GOUT 2.3+ 0.4 (28%), 0.05 = 0.02 (18%)
acetylated H2B | 8-oxoGOUT 4.7 + 1.4 (23%), 0.11 + 0.03 (33%)

UDG N/A U free duplex 12.6 + 1.6 (99%)
canonical yout 37.7 £33.4 (29%), 0.3 + 0.05 (67%)
canonical yMiD 20.1 +5.3 (52%), 3.3 + 0.6 (46%)
canonical u'N 42.3 £19.9 (34%), 0.3 £ 0.04 (33%)

1 - . -
N.R. indicates an undetermined Agps Vvalue for this kinetic phase.
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