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Base excision repair (BER) is initialized by DNA glycosylases, which recognize
and flip damaged bases out of the DNA duplex into the enzymes active site,
followed by cleavage of the glycosidic bond. Recent studies have revealed that
all types of DNA glycosylases repair base lesions less efficiently within
nucleosomes, and their repair activity is highly depended on the lesion’s
location within the nucleosome. To reveal the underlying molecular mechan-
ism of this phenomenon, we determine the 3.1 A cryo-EM structure of human
8-oxoguanine-DNA glycosylase 1 (hOGG1) bound to a nucleosome core parti-
cle (NCP) containing a common oxidative base lesion, 8-0x0-7,8-dihydro-2’-
deoxyguanosine (8-oxodGuo). Our structural analysis shows that hOGGI can
recognize and flip 8-oxodGuo even within NCPs; however, the interaction
between 8-oxodGuo and hOGGl in a NCP context is weaker than in free DNA
due to competition for nucleosomal DNA by the histones. Binding of OGG1 and

the flipping of 8-oxodGuo by hOGGI leads to a partial detachment of DNA
from the histone core and a ratchet-like inward movement of nucleosomal
DNA. Our findings provide insights into how the dynamic structure of
nucleosomes modulate the activity of repair enzymes within chromatin.

Genomic DNA is susceptible to damage from both endogenous and
exogenous oxidants, leading to the formation of various oxidative
lesions. Accumulation of these lesions may have adverse physiological
consequences, such as mutagenesis, genomic instability, and cellular
senescence”. Notably, among these lesions, 8-Oxo-7,8-dihydro-2’-
deoxyguanosine (8-oxodGuo) is highly prevalent and serves as a bio-
marker of oxidative stress**. 8-OxodGuo can form a stable base pair
with deoxyadenosine (dA), which results in G~> T transversion muta-
tions upon cell division*®. Additionally, further oxidation of 8-oxodGuo
rapidly occurs, generating more mutagenic and harmful lesions such as
spiroiminodihydantoin (Sp), guanidinohydantoin (Gh)’® and DNA-
protein crosslinks (DPCs)'°™. The deleterious effects of 8-oxodGuo
within cells are primarily mitigated through the base excision repair

(BER) process. The molecular mechanism of BER for 8-oxodGuo in free
double-stranded DNA (dsDNA) has been extensively studied”. The BER
is initialized by 8-oxoguanine-DNA glycosylase 1 (OGG1), which specifi-
cally recognizes and flips the oxidized nucleobase from the DNA
duplex, followed by catalysis of the glycosidic bond cleavage'.

In eukaryotic cells, nuclear DNA wraps around histone octamers
to form nucleosomes, the fundamental building blocks of chromatin'®.
Initially, the removal of 8-oxodGuo by OGG1 within nucleosomes was
thought to be restricted due to steric hindrance imposed by histones
and the bend/rigid structure of nucleosome DNA. However, recent
studies have challenged this notion, demonstrating that OGGI can
remove nucleosomal 8-oxodGuo""?. The efficiency of repair, however,
significantly depends on the location and geometric orientation of
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Fig. 1| Impact of 8-oxodGuo location on specific binding by hOGG1¥**°¢, a X-ray
crystal structure of a NCP (PDB: 31z0) showing the locations of the tested
8-oxodGuo. The 8-oxodGuo modifications are represented by means of the red
sphere model. b 10% native PAGE depicting the bound of hOGGI****? with NCP-8-
oxodGuo-137. The red arrow highlights a band corresponding to a 1:1 complex of
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hOGG1¥***%/NCP-8-0xodGuo-137. ¢ Quantification with fits for the binding of
hOGGI***? to dsDNA. d Quantification with fits for the binding of hOGG1***? to
NCPs. The presented data display the individual data points of three independent
experiments. NCP nucleosome core particle, SHL superhelical location. Source data
are provided as a Source Data file.

8-oxodGuo within the nucleosome™ 2. These findings suggest a
coordinated and adaptable interaction between OGGI and nucleo-
somes, allowing OGGI1 to recognize and process 8-oxodGuo within
nucleosomal DNA. Nevertheless, the molecular mechanism underlying
how OGGI processes 8-0xodGuo in nucleosomes remains unclear.

In this study, we employed single-particle cryo-electron micro-
scopy (cryo-EM) along with biochemical analyses to investigate how
human OGG1 (hOGGl1) recognizes and initiates the repair of
8-oxodGuo lesions within nucleosome core particles (NCPs). Our
findings reveal that hOGG1 can flip and engage an 8-oxodGuo located
at superhelical location (SHL) 6.0 of the NCP. The flipping of
8-oxodGuo by hOGGI results in a partial detachment of DNA from the
histone core and a ratchet-like inward movement of nucleosomal DNA.
Intriguingly, the strong bending of DNA by OGGI binding allows for-
mation of histone-DNA contacts on both sides of OGG1 since the DNA
is bulged out and not fully displaced from the histones. The con-
comitant inward movement of DNA, reducing steric hindrance at the
dyad region, facilitates another hOGG1 in binding and processing
adjacent 8-oxodGuo situated at the dyad position of the NCP. This
study provides insights into the general mechanism by which DNA
glycosylases recognize and process base lesions to fulfill their repair
functions even within nucleosomes.

Results

The affinity of hOGGl is contingent upon the position of an
8-oxodGuo lesion within NCPs

In our previous work, we prepared three 8-oxodGuo-modified NCPs by
reconstituting 8-oxodGuo-modified 145 bp 601 dsDNA with a histone

octamer'>?, Specifically, 8-OxodGuo was incorporated to the position
73, 89 and 137 of 601 dsDNA, as illustrated in Fig. 1a. Subsequent
treatment of these NCPs with hOGGI unveiled a pronounced depen-
dency of 8-oxodGuo repair efficiency on its location within the NCP. In
NCP-8-0x0dGuo-137, where 8-oxodGuo is positioned near the entry/
exit region (SHL 6.0), the repair occurred with slightly diminished
efficiency compared to its free dsDNA counterpart, dsDNA-8-
0xodGuo-137. Notably, repair of NCP-8-oxodGuo-73, with 8-oxodGuo
located on the dyad axis (SHL 0), was markedly suppressed, and
hOGGI1 exhibited minimal or no activity towards NCP-8-oxodGuo-89
(SHL 1.5)*.

To investigate whether varied binding affinity of hOGGI con-
tributes to the differing repair efficiencies of 8-oxodGuo at distinct
positions, we determined the dissociation constants (K4) of the cata-
lytically inactive hOGG1¥***? mutant® with 8-oxodGuo-modified 145 bp
601 dsDNA and NCPs using electrophoretic mobility shift assays
(EMSAEs). Incubation of dsDNA-8-0xodGuo-137, dsDNA-8-oxodGuo-89,
or dsDNA-8-oxodGuo-73 with limited hOGGI****? resulted in a dis-
cernible band (marked by a red arrow, Supplementary Fig. 1b-d)
migrating slightly slower than the untreated dsDNA counterpart. This
band disappeared as the concentration of hOGGI**? increased,
accompanied by the appearance of smeared and slower-migrating
bands in the gel. In contrast, EMSA of hOGGI****? with unmodified
dsDNA showed only a few dispersive bands (Supplementary Fig. 1a).

The K; values of hOGG1¥**? bound to 8-oxodGuo-modified
dsDNA varied slightly, ranging from 0.24 uM to 0.42 uM (Table 1 and
Fig. 1c), roughly one order of magnitude smaller than that of
hOGG1¥**? bound to unmodified dsDNA (1.31uM). These results
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Table 1| Dissociation constant (Ky) of hOGG1%?4°? with various
substrates

Substrate Kq (M) Substrate Kq (M)

dsDNA 1.31£0.20 NCP 1.70+0.03
dsDNA-8-oxodGuo-73 0.24+0.01 NCP-8-oxodGuo-73 1.54+0.03
dsDNA-8-oxodGuo-89 0.30+0.01 NCP-8-oxodGuo-89 2.03+0.07
dsDNA-8-oxodGuo-137 0.42+0.02 NCP-8-oxodGuo-137 1.36+0.04

confirmed that hOGGI is fundamentally able to bind the native dsDNA
and exhibits significantly higher affinity for the 8-oxodGuo lesion.
Thus, the observed clear band in the EMSA likely corresponds to the 1:1
complex of hOGG1****? with 8-oxodGuo-modified dsDNA, in which
hOGGI*** flips and tightly engages the 8-oxodGuo™. In the presence
of an excess of hOGGI****?, multiple hOGG1¥***¢ molecules non-
specifically bind along the dsDNA, as confirmed by the cryo-EM study.
A detailed discussion of this observation will be presented later in the
manuscript.

The aforementioned findings suggest that hOGG1 has high spe-
cificity for 8-oxodGuo in free dsDNA, with the position of 8-oxodGuo in
dsDNA playing only a minor role in hOGGI's binding affinity. The
binding affinity of hOGGI***? to NCP-8-oxodGuo-137, NCP-8-oxod-
Guo-73, and NCP-8-oxodGuo-89 decreases sequentially (Table 1 and
Fig. 1d). Notably, a clear band was observed in the EMSA of hOGG1***2
with NCP-8-oxodGuo-137 (Fig. 1b, marked by an arrow), but it was
much weaker in the EMSAs of hOGG1¥***? with NCP-8-oxodGuo-89 and
especially with NCP-8-oxodGuo-73 (Supplementary Fig. 1f, g). These
results suggest that 8-oxodGuo lesions in nucleosomal DNA can also
be specifically recognized by hOGGl. However, the location of
8-oxodGuo in the NCP significantly influences its interaction with
hOGGI, confirming that efficient binding of 8-oxodGuo is a crucial
factor in modulating the repair efficiency of hOGGI in NCP. Conse-
quently, NCP-8-oxodGuo-137, which exhibits the highest binding affi-
nity to hOGGI, was selected as the substrate for the structural study of
hOGGl repair within NCP.

hOGGI¥***? can flip and engage 8-oxodGuo at SHL 6.0 of the NCP
We employed single-particle cryo-electron microscopy (cryo-EM) to
scrutinize the complex formed by hOGGI1****? and NCP-8-oxodGuo-
137. Two datasets were recorded, enabling the generation of a cryo-EM
3D map with a global resolution of 3.1A (Fig. 2a and b, Table 2, Sup-
plementary Fig. 2). As expected, hOGG1¥***? is bound at SHL 6.0 in a 1:1
complex with the NCP, at the site where the NCP contains the
8-oxodGuo. With a notable exception (see below), the observed NCP-
hOGGI***? particles were very homogeneous in 2D and 3D classifica-
tion, consistent with the well-defined high-affinity species in our EMSA
experiments, showing specific binding to the lesion. Intriguingly, the
cryo-EM map reveals that hOGG1****? induces a bulge in the nucleo-
somal DNA at SHL 6.0, allowing access to and flipping of the
8-oxodGuo out of the DNA duplex. We do not observe any contacts
between hOGGI***? and the histones, thus binding is solely governed
by the lesion and flanking DNA. The 8-oxodGuo is flipped out from its
base-pairing and resides within the catalytic pocket of hOGG1****¢,
while the overall interaction mode including the bending of DNA clo-
sely resembles that observed in the crystal structure of hOGGI**?
bound to a 8-oxodGuo-modified 15bp dsDNA (PDB: lebm, Supple-
mentary Fig. 3a and b)"*.

A detailed analysis of the two structures reveals subtle differ-
ences. In the crystal structure of the hOGG1***°%/dsDNA complex (PDB:
1ebm), the 8-oxodGuo directly interacts with five residues, Phe 319,
Cys 253, Asp 268, GIn 315 and Gly 42. Phe 319 and Cys 253 sandwich the
8-oxodGuo base within the catalytic pocket. The side-chain carbonyl of
GIn 315 forms hydrogen bonds with both N1-H and N2-H of 8-oxodGuo.
Gly 42, a pivotal residue responsible for distinguishing between

8-oxodGuo and native guanine, establishes a crucial hydrogen bond
with the N7-H of 8-oxodGuo®. In the structure of the hOGGI****¥/NCP-
8-0x0dGuo-137 complex, the entire catalytic pocket of hOGG1¥***? shift
by >1A towards the 06/N7 face of 8-oxodGuo. This shift leads to a
reduced interaction between GIn 315 and the N1-H of 8-oxodGuo, as
well as a weakening of the m-Tt interaction between the aromatic
nucleobase of 8-oxodGuo and the phenyl group of Phe 319 (Fig. 2c and
Supplementary Fig. 3¢, d). Notably, due to the relatively low local
resolution of the 8-oxodGuo binding pocket in the hOGGI****%/NCP-8-
oxodGuo-137 complex, biases during model building may partially
account for the subtle differences observed between the two
structures.

The binding of hOGG1 to 8-oxodGuo induces a localized struc-

tural distortion in nucleosomal DNA

From the comprehensive dataset acquired, we also observed distinct
particles of NCP-8-0xodGuo-137, unaccompanied by the hOGGI***¢,
Subsequent to meticulous reconstruction and refinement procedures,
we successfully generated a cryo-EM 3D map of NCP-8-0xodGuo-137,
achieving an average resolution of 2.8A (Supplementary Fig. 4).
Notably, the canonical NCP structural model (PDB: 3Iz0)* aligns
exceptionally well with the density map of NCP-8-0xodGuo-137 (Sup-
plementary Fig. 4b). In addition, DNase | footprinting of dsDNA-8-
0x0dGuo-137 and NCP-8-oxodGuo-137 revealed very similar digestion
patterns to those of WT dsDNA and WT NCP, respectively (Supple-
mentary Fig. 5). These observations align perfectly with the findings
reported by Shigdel’s research” and indicate that the presence of the
8-0x0dGuo-137 modification induces minimal structural alterations
within the NCP. Therefore, we adopted the canonical NCP model as our
reference to reveal how the binding of of hOGG1 to 8-oxodGuo distorts
the overall structure of nucleosomal DNA.

A comparative analysis between the structure of the hOGG1¥**¥/
NCP-8-0xodGuo-137 complex and the crystal structure of a canonical
NCP (PDB: 31z0) reveals a noticeable disruption in the nucleosomal
DNA upon hOGGI*¥**? binding to 8-oxodGuo within NCPs (Fig. 3).
Following the flipping of 8-oxodGuo by hOGG1****?, a small DNA seg-
ment containing 8-oxodGuo-137 slightly detaches from the histone
core, widening the minor groove of the downstream 3 base pairs by an
average of 10.6 A (Fig. 3c).

An electrostatic surface potential analysis of the canonical NCP
crystal structure (31z0)**, conducted using ChimeraX® and Bluues®,
revealed that the Arg-rich histone H3 fragment spanning from His 39 to
Tyr 54 is electrostatically attracted to the negatively charged DNA
segment at SHL 6.0, displaying overall surface potential of -0.66 kJ/
(mol=q) (Supplementary Fig. 6). Conversely, in the hOGGI***¥/NCP-8-
oxodGuo-137 complex, a more extensive cavity is observed between
H3 and the DNA segment at SHL 6.0, resulting in the restoration of the
positive surface potential of 0.13 kJ/(mol«q) for this histone fragment
(Supplementary Fig. 6). These findings collectively confirm that hOGG1
binding induces the partial detachment of DNA from the histone core,
consequently weakening the local electrostatic interactions between
the negatively charged DNA phosphate backbone and the positively
charged histone.

The partial detachment of DNA results in a 2bp registry shift
towards the dyad axis for the DNA segment flanking 8-oxodGuo-137 at
the NCP entry/exit side (SHL 6.5 - SHL 7.0), a1 bp shift at SHL 6.0, and a
0.5bp shift at SHL 4.5 (Fig. 3b and Supplementary Fig. 3f-g). It is
noteworthy that the end of the nucleosomal DNA (SHL 7.0) regains
contacts to the histone core in the hOGG1¥***%/NCP-8-oxodGuo-137
complex, thus hOGG1 binding does not completely detach one side of
the nucleosomal DNA from the histones, but induces a bulge that
allows flanking interactions with histones. Additionally, the ratchet-like
motion of DNA leads to no obvious disturbance in the interactions
between the histone core and nucleosomal DNA, except in the region
from SHL 4.5 to SHL 7.0 of the NCP (Supplementary Fig. 7). A
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Histone
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Fig. 2 | Cryo-EM structure of the hOGGI¥***?/NCP-8-0xodGuo-137 complex.

a DeepEM-enhanced post-processed cryo-EM reconstruction of hOGGI****? bound
to NCP-8-oxodGuo-137 at 3.1 A resolution. Light gray: histone octamer, dark gray:
DNA, orange: hOGGL. b Side and top views of the derived structural model (ribbon
representation) illustrating hOGGI binding to the 8-oxodGuo lesion without direct
interactions with the histone core. ¢ Side view of the structural model with close-up

Enzyme active site

Active site

" Exitlentry
DNA

Interface II:
Cytosine recognition pocket

Interface I

views on the hOGGI active site overlaid by the density map. Interface | demon-
strates interactions between hOGG1¥**? and the 8-oxodGuo lesion in the enzyme’s
catalytic pocket. Interface Il reveals interactions in the cytosine recognition pocket.
Cyan represents 8-oxodGuo-137, dark gray corresponds to DNA, and orange
represents hOGG1. Nucleotides and interacting residues are depicted as sticks with
color-coded oxygens (red), sulfurs (yellow) and nitrogens (blue).

MatchMaker BLOSUM-62 comparison analysis*”*® of the histone core
of the hOGG1***%/NCP-8-oxodGuo-137 complex with that of a cano-
nical NCP revealed an RMSD of only 0.6 A across all 750 pairs, using an
iteration cutoff as 2 A (Supplementary Fig. 7). Comparative analysis of
the H3 N-Tail, which binds to the entry and exit ends of nucleosomal
DNA, and the H2B N-tail and C-tail, which themselves bind to DNA
located on SHL 4.5, in these two structures shows an overall good
match. This indicates that structural alternations in the histone octa-
mer core are very minor, regardless of hOGGI binding (Supplementary
Fig. 7b, c). Taken together, hOGGI binding to 8-oxodGuo-137 in NCP
produces a DNA bulge structure, ensuring the recognition and repair
of the lesion by the repair enzyme. However, this structural distortion
is locally limited and does not alter the overall structure of NCP.

Non-specific binding of hOGG1 molecules to free dsDNA and
nucleosomal DNA devoid of 8-oxodGuo lesions

During cryo-EM data collection, 2D classes were obtained for a subset
of particles where two or three hOGG1¥***? molecules bound to a single
stretch of free dsDNA-8-oxodGuo-137 (Fig. 4a). The resulting 2D
averages clearly depict a distinctive kinking pattern at each hOGGI1**?

binding site on the free dsDNA (Fig. 4b). By fitting the model of
hOGGI***¥dsDNA (PDB: lebm) to the limited particles of the
[hOGG1****Y],/[dsDNA-8-0xodGuo-137]; complex, we generated a low-
resolution 3D reconstruction volume confirming that the DNA strand
is significantly kinked at each hOGG1 binding site, with ~12 base pairs
between two adjacent hOGGI binding sites (Supplementary Fig. 8).
Next, we constructed a model of a 145bp 601 dsDNA bound with
multiple hOGG1 using the composite tool integrated into the x3dna
webserver (http://web.x3dna.org)”. The theoretical molecular model
suggests that DNA is kinked several times to afford a spiral-like struc-
ture under the random combination of multiple hOGG1 binding
events (Fig. 4c).

Verdine et al. have systematically studied how 8-oxoguanine-DNA
glycosylases interrogate and recognize 8-oxodGuo in free dsDNA
using X-ray crystallography and molecular dynamics simulations*>°**,
They found that upon glycosylase binding, the DNA backbone struc-
tures around the target nucleotide are slightly bent. This local struc-
tural change un-stacks and buckles the target base pair, allowing the
enzyme to further interact with and interrogate the target base. If
8-oxodGuo is recognized, it is extruded from the helix, accompanied
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Table 2 | Cryo-EM data collection, model refinement and
validation statistics for hOGG1*?*°? bound to the NCP-8-
oxodGuo-137 (EMDB-19870, PDB: 9eo0z)

Data collection and processing Dataset 1 Dataset 2
Magnification 130000x 130000x
Voltage (kV) 300 300
Electron exposure (e/A2) 43.76 39.35
Defocus range (um) -1.1 -11
to-2.9 to-2.9

Pixel size (A) 1.045 1.045
Symmetry imposed C1 C1
Initial particle images (no.) 1,134,348
Final particle images (no.) 66,370
Map resolution A 3.1
FSC threshold 0.143
Refinement
Initial model used PDB 1ebm, 31z0
Model composition

Non-hydrogen atoms 14108

Protein residues 1033

Nucleotide 288
B factor (A?)

Protein 105.69

Nucleotide 144.25
RMSDs

Bond lengths (A) 0.006

Bond angles (°) 0.649
Validation

MolProbity score 1.31

Clashscore 4.58

Poor rotamers (%) 0.58
Ramachandran plot

Favored (%) 97.62

Allowed (%) 2.38

Disallowed (%) 0.00

by DNA kinking. Flipping native guanine base is Kkinetically
unfavorable”. However, when the glycosylase is covalently linked to
the dsDNA, native guanine can also be flipped out from the DNA helix,
resulting in a kinked DNA strand®.. Thus, interrogative binding of gly-
cosylases to dsDNA only slightly bends the strand, while significant
DNA kinking occurs alongside the extrusion of the target base. It is
noteworthy that the 145bp DNA substrate (dsDNA-8-oxodGuo-137)
features only a single 8-oxodGuo modification. The multiple kinked
structure induced by the binding of multiple hOGG1 molecules along
dsDNA-8-oxodGuo-137 (Fig. 4a) suggests that, in addition to 8-oxod-
Guo-137, hOGG1 may also non-specifically recognize and flip native
nucleobases from the dsDNA strand. We propose a synergistic effect to
explain this unusual observation. The flipping of 8-oxodGuo by hOGG1
result in DNA kinking and structural distortion for ~10 bp DNA flanking
both sides of the lesion, such as minor grooving broadening. As
another hOGG1 slides and approaches the hOGG1/8-oxodGuo binding
site, its movement may be impeded or even halted by the structure
distortion. This creates a sufficient time interval for the second hOGG1
molecule to flip a native guanine base and kink the DNA strand. This
synergistic effect propagates along the DNA strand bidirectionally,
eventually forming a spiral-like structure (Fig. 4c).

A comprehensive analysis of the cryo-EM data also showed some
particles in which two hOGG1¥***® molecules bind to a single NCP-8-
oxodGuo-137 (Fig. 5a, Supplementary Fig. 9). Structural examination of

the 2D classes of the [hOGG1¥***],/[NCP-8-0x0dGuo-137]; complex
suggests that one hOGGI***? is bound to the 8-oxodGuo-137 at SHL
6.0, as depicted in the near-atomic resolution structure of the
hOGG1****¥NCP-8-0xodGuo-137 complex, while the second one is
positioned near SHL -2.0 (Fig. 5b). Of note, the DNA stretch at SHL -2.0
is in the central region of the NCP and devoid of 8-oxodGuo. Whether
hOGGI only interrogatively binds at SHL -2.0 or has already flipped a
native nucleobase from the DNA strand still remains elusive, however,
this structure provides further evidence that hOGGl can non-
specifically bind to and interrogate nucleosomal DNA.

Discussion

Base excision repair (BER) is the first DNA repair pathway which was
discovered five decades ago. The molecular mechanism of repairing
common damaged nucleobases, such as 8-oxodGuo, U, and alkylated
purines, within free dsDNA have been extensively studied. BER typi-
cally commences with DNA glycosylases, each specifically targeting a
damaged nucleobase along the DNA strand. Upon encountering the
damaged site, the DNA glycosylase flips the targeted base from the
DNA strand. Subsequently, the flipped base is excised from the DNA
strand, generating an apurinic/apyrimidinic (AP) site. This site is then
processed by subsequent BER enzymes to restore the correct DNA
sequence®. Recent scientific interest has focused on the repair of
common nucleobase lesions within chromatin DNA via BER. Utilizing
reconstituted nucleosomes—the fundamental building blocks and
repeating units of chromatin—as an in vitro model, we and others have
demonstrated significant activity decrease of various DNA glycosylases
in nucleosomes compared to free dsDNA. The repair efficiency is lar-
gely dependent on the location and geometric orientation of damaged
bases within nucleosomes®*. However, the molecular mechanism of
damage processing by DNA glycosylases within nucleosomes has been
rarely reported***. Recently, Gao et al. incubated AAG (alkyladenine
DNA glycosylase) with NCPs containing a single deoxyinosine mod-
ification at various locations and obtained the Cryo-EM structures of
AAG-NCP complexes. However, all the structures are in post-catalytic
states, with an AP site remaining in the catalytic pocket of the
glycosylase®. In the present study, we employed cryo-EM to attain a
global 3.1 A-resolution structure of a complex consisting of a catalyti-
cally inert DNA glycosylase mutant, hOGG1***°?, and a NCP containing
8-oxoGuo located at SHL 6.0 (NCP-8-oxodGuo-137). To the best of our
knowledge, this represents the first high-resolution structure illus-
trating how a DNA glycosylase processes nucleobase damage within a
nucleosome.

The structure of the hOGGI****%/NCP-8-oxoGuo-137 complex
unmistakably reveals the extrusion and flipping of 8-oxodGuo from
the nucleosomal DNA, with subsequent engagement in the catalytic
pocket of hOGGL. Although the local resolution of the 8-oxodGuo
binding pocket is much lower than the global 3.1A resolution, a
comparative analysis between the structure of the hOGGI***%/NCP-8-
0xoGuo-137 complex and the previously reported crystal structure of
hOGG1****%/dsDNA-8-oxoGuo shows that in the former complex, the
entire catalytic pocket of hOGG1K249Q has a slight shift towards the
06/N7 face of 8-oxodGuo. Consequently, interactions between
8-oxodGuo with hOGG1 are slightly weaker in the hOGGI1****%/NCP-8-
0xoGuo-137 compared to the hOGG1¥***%/dsDNA-8-oxoGuo complex.
The reduction in interactions resulting from this catalytic pocket shift
elucidates the lower binding affinity and repair activity of hOGG1
towards NCP-8-0xodGuo-137 compared to dsDNA-8-oxodGuo-137.
Notably, in the hOGGI****%/NCP-8-oxoGuo-137 structure, the
N-terminal tail of H3 was not fully resolved. This tail typically interacts
with DNA situated at both SHL 7.0 and SHL -1.0 (Supplementary
Fig.10). The steric hindrance exerted by the H3 tail and DNA at SHL -1.0
may elucidate the observed shift in the catalytic pocket of hOGGI***2
towards the 06/N7 face of 8-oxodGuo. In addition, core histones
compete with hOGGI for DNA binding (Supplementary Fig. 6), which
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Fig. 3 | Distortion of the DNA structure upon hOGG1****¢ binding to the NCP-8-
ox0dGuo-137. a Alignment of the hOGGI****%/NCP-8-oxodGuo-137 complex structure
with that of a canonical NCP (PDB: 31z0). The close-up view highlights the pronounced
widening of the minor groove upon hOGG1 binding and the resulting ejection of 8-
oxodGuo-137 from the DNA helix. b DNA registry shifts at SHL 5.5 to SHL 7.0 due to
local distortions of nucleosomal DNA upon hOGG1 binding. In comparison to a

canonical NCP model (PDB: 31z0), the DNA is pushed inwards from the nearby DNA
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entry/exit site toward the dyad axis and partially lifted off the NCP core. ¢ Distance
plot depicting the minor groove width of the nucleosomal DNA segment spanning
from SHL 5.5 to SHL 7.0. The minor groove width was measured between DNA
backbone phosphates. Light gray: histone octamer of hOGGI***¥NCP-8-oxodGuo-
137 complex, dark gray: DNA of hOGGI****%/NCP-8-oxodGuo-137 complex, light blue:
histone octamer of canonical NCP, dark blue: DNA of canonical NCP, orange: hOGGI.
NCP nucleosome core particle. Source data are provided as a Source Data file.

would also weaken the interaction between hOGG1 and the base lesion.
However, considering that the 601 DNA, selected from a vast pool of
chemically synthesized random DNA molecules, exhibits remarkably
high affinity for histone octamers*, the competitive effect of core
histones might be less pronounced within NCPs composed of
physiological DNA.

The K4 of hOGG1¥***? bound to an unmodified NCP is comparable
to that of hOGG1****? bound to unmodified dsDNA (Table 1), suggest-
ing that hOGGI's capacity for non-specific binding to and interrogation
of nucleosomal DNA is not significantly impaired by the NCP structure.
This conclusion is further supported by the observation of the
[hOGGI1****9],/[NCP-8-0x0dGuo-137]; complex, in which one
hOGG1***? binds to the 8-oxodGuo-137 at SHL 6.0, while the second
one is positioned at SHL -2.0, devoid of 8-oxodGuo (Fig. 5). Numerous
studies have consistently shown that lesions in the outer strand of
nucleosomal DNA are repaired at a faster rate by DNA glycosylases
compared to counterparts in the inner strand*>*®. The outer strand is
more solvent-accessible, making it easier for the repair enzyme to
encounter.

In this context, hOGGI can efficiently interrogate nucleosomal
DNA. Once an 8-oxodGuo located on the outer face of an NCP is
encountered, an NCP-8-oxodGuo/hOGGl encounter complex is
formed. Next, the base lesion is flipped out, and the local nucleoso-
mal DNA is stripped from the histone core and kinked, resulting in
the formation of a stable lesion recognition complex. This step must
overcome a rather high energy barrier, thus determining the repair
kinetics®. In the hOGGI****%/NCP-8-0x0Guo-137 complex, the flipping
of 8-0xoGuo-137 results in gradual decreases in the DNA shift regis-
ter, from 2 bp for DNA at SHL 7.0 to 0.5bp for DNA at SHL 4.5. This
suggests that the DNA segment downstream of 8-oxodGuo-137 (from
position 138 - 145), situated at the entry/exit region of NCP, can be
more easily detached from the histone core than the segment
upstream of 8-oxodGuo-137. Notably, both 8-oxodGuo-73 and 8-
oxodGuo-89 are located in the central region of nucleosome DNA,
requiring a larger energy barrier to be overcome for flipping the
lesion and kinking DNA at these two locations. This elucidates why
hOGG]1 exhibits lower affinity and repair activity for NCP-8-oxodGuo-
73 and NCP-8-oxodGuo-89. This observation also provides a general
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Fig. 4 | Multiple hOGG1 molecules binding to a single dsDNA stretch. a 2D
classes depicting particles with multiple hOGGI1****? molecules binding to a dsDNA
molecule in 2:1 and 3:1 ratios. b Selected 2D class averages of particles displaying a
distinctive kinking pattern at each hOGG1¥***? binding site on the dsDNA stretch.
¢ Top view of an in-silico model illustrating six hOGG1 molecules bound to a single

free 601 DNA stretch in a random distribution. The model was generated utilizing
the crystal structure of hOGGI bound to free dsDNA (PDB: 1ebm) and the 601 DNA
sequence through the x3dna webserver. (http://web.x3dna.org/). Gray: DNA,
orange: hOGGI.

explanation for the location-dependent DNA repair efficiency
in NCPs.

In summary, we have acquired a high-resolution cryo-EM struc-
ture of hOGGI/NCP-8-0xodGuo-137 complex, providing a detailed
insight into how a base lesion is bound and processed by a DNA gly-
cosylase with the nucleosomal context. The overall interaction
between DNA glycosylase and the base lesion within a NCP closely
resembles that observed in free DNA. Despite inducing local distortion
in the DNA, the overall structure of the NCP remains intact. This
challenges the prevailing notion that dynamic dissociation of nucleo-
somal DNA from the histone core is a prerequisite for initiating BER by
DNA glycosylases. Our findings support an alternative proposition that
abase lesion inside nucleosomes can be processed by DNA glycosylase
without disassembling the intact nucleosome. Furthermore, this study
also provides insights into why DNA glycosylases’ activity is sup-
pressed in NCP and is significantly dependent on the location of base
lesions within the nucleosome.

Methods

NCP Preparation

NCPs were reconstituted following the procedures outlined in our
prior publication®. Synthetic oligonucleotides were sourced from
Sangon Biotech Co. Detailed information regarding the oligonucleo-
tides sequence and ligation strategy can be found in Supplementary
Fig. 11 and Supplementary Table 1.

hOGGI expression and purification
The hOGGI1****? mutant and the wild-type hOGGI1 were cloned into a
pET-DUETI vector and expressed in E. coli Rosetta (DE3) competent

cells. Protein expression was induced at OD 600 = 0.75 by adding 1 mM
IPTG, followed by incubation at 18 °C for 20 h. Subsequently, cells were
harvested and lysed via sonication on ice in the binding buffer con-
taining 300 mM NaCl, 50 mM K,HPO,/KH,PO, (pH 8.0), 10 mM BME.
The collected lysate underwent purification using a His-Trap FF
(Cytiva, #11000458) affinity chromatography column. Bound protein
was eluted with a linear gradient of the elution buffer containing
300 mM NacCl, 50 mM K,HPO,/KH,PO, (pH 8.0), 10-600 mM imida-
zole, 10 mM BME. Fractions containing the target protein were pooled
and further purified by a HILOAD 16/600 Superdex 75 PG (Cytiva,
#28989333) size exclusion chromatography (SEC) with SEC buffer
containing 20 mM Tris HCI (pH 8.0), 50 mM NaCl, 1mM EDTA, 1mM
BME. The resulting pure protein fractions were combined, con-
centrated to ~100 uM and flash-frozen in liquid nitrogen before storage
at —80 °C. The purity and integrity of expressed proteins were con-
firmed by SDS-PAGE and mass spectroscopy analysis (Supplementary
Fig. 12 and Supplementary Table 2).

Electrophoretic mobility shift assay (EMSA)

Free 601 dsDNA or NCP (0.1 M, fluorescently labeled at the 5" end of
the forward DNA strand) was combined with hOGG1***? at varying
concentrations (0, 0.1, 0.2, 0.5, 1, 1.5, 2.0, 3.0, 4.0 uM) in EMSA buffer
(10 mM Tris [pH 7.5], 1mM EDTA, 1mM DTT). The mixtures were
incubated on ice for 1h and subsequently analyzed using 10% native
PAGE. Gel imaging is achieved through fluorescence (FAM) scanning,
with an excitation wavelength of 488 nm and an emission wavelength
of 526 nm. Quantification analysis of the gel was performed using
Amersham ImageQuant. The percentages of NCP/dsDNA binding were
plotted against the concentration of hOGGI****?, and the resulting
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Fig. 5 | Two hOGG1 molecules binding to a single NCP-8-oxodGuo-137.
alllustration of representative 2D classification. b Crude map depicting the binding
of hOGG1****2in conjunction with NCP-8-oxodGuo-137 at a ratio of 2:1, obtained
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from the same data collection as presented in Fig. 2. Orange represents hOGG1<*#7?
bound on 8-0xodGuo-137 (SHL 6.0), Pink corresponds to hOGGI****? bound at SHL
-2.0. NCP, nucleosome core particle. SHL, superhelical location.

sigmoidal curves were fitted using Saturation Binding/Specific binding
with Hill slope equation [Y = B, *X*h/(Kq*h + X*h)] to yield K, values.

Cryo-EM sample preparation

NCP-8-0x0dGuo-137 (1.4 uM) and hOGG1¥**°? (5.1 uM) were mixed in EM
Buffer (10 mM HEPES [pH 7.5], 25mM NacCl, 0.5 mM EDTA, 0.5 mM
DTT) in a total volume of 9.5uL and incubated on ice for 4h. To
crosslink the sample, glutaraldehyde was added to a final concentra-
tion of 0.1% (w/v) and incubated on ice for 10 min prior to cryo-EM grid
preparation. Quantifoil Cu 200, R2/1 grids were glow-discharged for 7 s
at 20mA (GloQube, Quorum) before application of 4.5ul of the
aforementioned sample. The sample was blotted 2.3 s and vitrified in
liquid ethane using a Leica EM GP plunging freezer.

Cryo-EM data collection and processing

Cryo-EM data were collected using a FEI Titan Krios G3 transmission
electron microscope (Thermo Fisher Scientific) operating at 300 kV.
The microscope was equipped with a Gatan K2 Summit direct electron
detector and a GIF quantum energy filter, operated with a slit width of
20eV. Two datasets were collected, consisting of 2,624 movies for
dataset 1 and 11,070 movies for dataset 2. The defocus values ranged
from -1.1 - 2.9 um, and the respective total doses were 43.76 and
39.35e-/A2 over 40 frames, with a magnified pixel size of 1.045A
(Table 2).

Micrograph movies were first subjected to motion correction and
dose-weighting using MotionCor2*, and then CTF parameter were
estimated using CTFFIND4*, All further cryo-EM data processing steps
were performed using cryoSPARC v4.0.1*° and following releases, as
well as Relion v3.1°° (Supplementary Fig. 2). Initially, the two collected
datasets were processed individually in cryoSPARC, following the
steps of blob picking with an applied diameter of 100-300 A and
particle extraction with a box size of 256 pixel. The extracted particle

subsets were subjected to multiple rounds of 2D classification,
resulting in an initial cleaned subset of 2D classes comprising 144,688
particles for dataset 1 and 673,536 particles for dataset 2. The initial
2D classes served as templates for a reference-based template pick-
ing approach on all 13,694 micrographs from the combined two
datasets, using a particle diameter set at 220 A. The initially picked
8,279,033 particles were manually curated and again subjected to
multiple rounds of 2D classification. This process resulted in a
refined particle subset consisting of 1,134,348 particles. This refined
particle subset underwent an ab-initio reconstruction with 4 classes.
The best-resolved 3D volume was used to generate a mask specifi-
cally for the hOGGI1 portion, which was employed in a masked 3D
classification of all 1,134,348 particles into 5 classes. The most well-
resolved class, featuring a nominal resolution of 3.3 A and compris-
ing 107,630 particles, was utilized in the subsequent processing steps
and transferred to Relion using the pyEM script®™. Within Relion, the
particle subset underwent additional polishing through 2D classifi-
cation, reducing the size to 100,662 particles. This was followed by
two iterative rounds of CTF refinement and Bayesian particle pol-
ishing. Subsequently, the polished particles were reintroduced into
cryoSPARC and subjected to another round of ab-initio reconstruc-
tion, followed by heterogeneous refinement with 2 classes. This step
further removed another subset of 34,292 poorly resolved particles,
resulting in a final particle subset of 66,370 high-quality particles.
Conducting 2 iterative rounds of 3D flexible refinement® with a
cropped box size of 220 pixels and an applied training box size of 128
pixels resulted in the final reconstruction of hOGG1****2 bound to an
NCP-8-0xodGuo-137 at 3.1 A. Subsequently, the refined cryo-EM map
was further post-processed using the deep-learning-based algorithm
DeepEMhancer (Supplementary Fig. 2)*>. A directional FSC plot for
the final, unsharpened 3D reconstitution was performed using the
3DFSC software™.
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For the NCP-8-oxodGuo-137 structure, particles were initially
picked on dataset 2 (11,070 micrographs) using blob picker in cryoS-
PARC (Supplementary Fig. 4). The particles were filtered by 2D classi-
fication, ab-initio reconstruction and heterogeneous refinement using
336-pixel box, Fourier-cropped to 84 pixels. The yielded classes of
1,584,400 particles with clearly defined features were further sorted by
3D classification and heterogeneous refinement, leaving a new particle
set of 815,588 particles, which were re-extracted using 336-pixel box
without Fourier crop. The particles were further refined using cryoS-
PARC local CTF refinement, yielded a final map of NCP-8-oxodGuo-137
after non-uniform refinement at 2.8 A resolution.

For [hOGGI1****?],/[NCP-8-0x0dGuo-137]; complex structure,
initial analysis was performed on dataset 1 (2624 micropgrahs). In
cryoSPARC, particles were sorted by blob picking (Supplementary
Fig. 9), followed by multiple rounds of 2D classification with an
extraction box size of 336 pixel, Fourier-cropped to 84 pixels. Selec-
tion of [hOGGI1****?],/[NCP-8-0xodGuo-137]; classes were used as input
for Topaz training. The particles were subject to further 2D classifica-
tion, ab-initio, and heterogeneous refinement. The final selection of
22,295 particles were re-extracted with 336-pixel box without Fourier-
crop. Non-uniform refinement (Cl1) and local refinement were per-
formed, resulted in a final map of [hNOGG1****Y],/[NCP-8-0x0dGuo-137];
at 4.4 A resolution.

Model building

For the hOGG1¥**? bound to an NCP-8-0xodGuo-137 model (PDB:
9eo0z), we performed rigid body fitting in UCSF Chimera®, utilizing the
available crystal structures of DNA-bound hOGG1 (PDB: 1 ebm) and the
NCP composed of the Widom 601 DNA sequence (PDB: 31z0). The
model building process was conducted manually in COOT*®, incor-
porating secondary structure restraints for protein and libg restraints
for DNA. This was followed by alternating rounds of real-space
refinement in PHENIX 1.19°"*® and molecular dynamics simulations in
ISOLDE v1.2.2%°. The 3D Flex refined cryo-EM density map was utilized
for refinements, and for manual building in COOT, structural infor-
mation from the DeepEMhancer post-processed map was also
considered.

Construction of a protein-bound DNA model by Web 3DNA 2.0
webserver

The models depicting 6 hOGG1 molecules bound to one 145 bp 601
DNA were constructed using composite component of Web 3DNA 2.0
(http://web.x3dna.org). We selected the binding site number as 6 and
input sequence of 145 bp 601 DNA with a B-form conformation. In the
subsequent step, hOGG1¥**°? (PDB: 1ebm) was employed as a template,
loaded onto the DNA at various locations with random or fixed base-
pair steps.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The structural model of the hOGGI/NCP-8-oxodGuo-137 complex
generated in this study has been deposited in the Protein Data Bank
(PDB) under accession code 9EOZ. The corresponding cryo-EM
reconstructions of hOGG1/NCP-8-oxodGuo-137 complex have been
deposited in the Electron Microscopy Data Bank (EMDB) under
accession code EMD-19870. The crystal structures of canonical NCP
and hOGGI1***%dsDNA complex used in this study are available in
Protein Data Bank (PDB) under accession codes 3LZ0O and 1EBM,
respectively. The sequences of oligonucleotides and protein utilized in
this study are provided in the Supplementary Information. Source data
are provided with this paper.
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