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Human 8-oxoguanine glycosylase OGG1
binds nucleosome at the dsDNA ends and
the super-helical locations
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The human glycosylase OGG1 extrudes and excises the oxidized DNA base 8-oxoguanine (8-oxoG) to
initiate base excision repair and plays important roles in many pathological conditions such as cancer,
inflammation, and neurodegenerative diseases. Previous structural studies have used a truncated
protein and short linear DNA, so it has been unclear how full-length OGG1 operates on longer DNA or
on nucleosomes. Here we report cryo-EM structures of human OGG1 bound to a 35-bp long DNA
containing an 8-oxoG within an unmethylated Cp-8-oxoG dinucleotide as well as to a nucleosome with
an 8-oxoG at super-helical location (SHL)-5. The 8-oxoG in the linear DNA is flipped out by OGG1,
consistent with previous crystallographic findings with a 15-bp DNA. OGG1 preferentially binds near
dsDNA ends at the nucleosomal entry/exit sites. Such preference may underlie the enzyme’s function
in DNA double-strand break repair. Unexpectedly, we find that OGG1 bends the nucleosomal entry
DNA, flips an undamaged guanine, and binds to internal nucleosomal DNA sites such as SHL-5 and

SHL+6. We suggest that the DNA base search mechanism by OGG1 may be chromatin context-
dependent and that OGG1 may partner with chromatin remodelers to excise 8-oxoG at the

nucleosomal internal sites.

DNA is constantly damaged by environmental and endogenous factors'.
Cells have evolved multiple DNA repair pathways, including base excision
repair (BER), nucleotide excision repair, mismatch repair, homologous
recombination, and non-homologous end joining to maintain genome
integrity’. Exogenous DNA damaging factors include UV, ionizing radia-
tion, alkylating, and crosslinking agents, and the main endogenous oxidative
DNA damage factor is reactive oxygen species™’. The most predominant
oxidative damage to DNA is the oxidation of guanine (G) into 7,8-dihydro-
8-oxoguanine (8-0x0G)””. 8-0x0G can base pair with adenine, leading to a
GC to T-A transversion via DNA replication*". Mammalian
8-oxoguanine glycosylase 1 (OGGI) and its bacterial homolog MutM
excises 8-0xoG and initiates BER'>'*"®. OGG] is an important player in
gene expression, cancer, inflammation, neurodegenerative diseases, and
many pathological conditions*”'"”"*". In this regard for cancer, our group has
found that OGGI interaction with the ROS-damaged base 8-0xoG is the
upstream event that leads to the transcriptional repression NURD complex
binding to the gene start sites in the CpG islands, and the NURD interaction
triggers cancer-specific DNA hypermethylation associated with abnormal
silencing of tumor suppressor genes (TSG’s) and abnormalities of immune

function®. Thus, OGG1 inhibitors are being developed as anti-cancer and
anti-inflammatory agents’ . Further, OGG1 activators have the potential
to treat Alzheimer’s disease and obesity”* ™.

Humans express a nucleus alpha splice form of OGG1 with 345 amino
acids and a mitochondrial beta splice form with 424 amino acids™’'. These
two variants share the first 316 amino acids and differ at the C-terminus that
contains the signal sequences. The structure and function of human OGGl,
especially the nuclear isoform OGG1-1a have been extensively studied”” .
OGGI1 engages DNA in three steps, as revealed by the crystal structures of
the enzyme-DNA complexes’**: (1) interrogation complex in which
OGGl is at a fully intrahelical G:C base pair site; (2) encounter complex in
which OGGl1 encounters an 8-0x0G:C base pair that is sequence-matched
and fully intrahelical site; and (3) lesion recognition complex in
which 8-0x0G is extrahelical (extruded from the DNA helix), flipped, and
inserts into the lesion recognition pocket of the enzyme. The interrogation
and encounter complexes were captured by intermolecular disulfide
crosslinking’®””. DNA is virtually unbent in the first two steps, as revealed by
molecular dynamic analysis but is bent sharply by 70° in the lesion recog-
nition complex™®.
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As introduced above earlier, the mammalian genomes contain the
dinucleotide CpG clusters (CpG islands) in both promoter and exonic
regions and these are very important regions for gene regulation abnorm-
alities in diseases like cancer” . Methylation at cytosine C5 in the CpG
islands represses gene expression and is an important epigenetic marker***,
and inhibits the excision and repair of 8-0x0G mediated by OGG1*. The
recognition and removal of 8-0xoG mechanism by a truncated version of
human OGG1 has been very well studied by X-ray crystallography in the
context of short DNA with a random sequence™. However, the operation of
full-length human OGG1 on a CpG dinucleotide within a longer DNA
sequence has not been investigated. Therefore, we set out to solve the cryo-
EM structure of human OGG1 bound to a 35-bp DNA duplex with a C-8-
0xoG at the center.

Guanine oxidation can occur at any position—in nucleosome-free
regions as well as inside nucleosomes, yet existing structural studies on
OGG1 have been based solely on naked DNA substrates”. A nucleosome
core particle (NCP) is a pseudo two-fold symmetric structure composed of
147 bp of duplex wrapped 1.65 times around a histone octamer, which in
turn is composed of two copies of histone H2A-H2B heterodimer and one
copy of H3-H4 tetramer™. The 15 minor grooves of the nucleosome DNA
are referred to as super-helical locations (SHLs), with the nucleosomal dyad
axis site as SHLO, followed by SHL £ 1, £2, +3, +4, +5, £ 6and + 7, with
the plus sites in the DNA entry side and minus sites at the DNA exit side*™".
In the absence of a chromatin remodeling complex, OGGI is inactive
toward 8-0xoG around the tightly packed SHL 0 site’". However,
nucleosome DNA may transiently unwrap, particularly at the nucleo-
somal entry and exit sites. Indeed, OGGI1 alone was partially active for
8-0x0G at the SHL-5 site”’. Furthermore, we recently observed that
OGG1 recruits NuRD (Nucleosome Remodeling and Deacetylase)
complex component CHD4 to oxidative DNA damage sites both in vitro
and in vivo™. Upon the introduction of DNA double-strand breaks,
CHD4 recruits epigenetic modifiers, including DNA methyltransferases,
to initiate de novo DNA methylation and gene silencing”. To understand
how OGGI recognizes the 8-0x0G in the context of an NCP, we intro-
duced an 8-oxoG at the SHL-5 site and assembled a protein-DNA
complex with a catalytically dead OGGI1 (K249Q). We found by cryo-
EM, interestingly, that OGGI itself can bind meta-stably at multiple NCP
sites, including the SHL-5, SHL+-6, and the nucleosome entry and exit
sites. We discuss throughout all the sections below, the potential biolo-
gical implications of our observations.

Results and discussion

Cryo-EM structure of OGG1 bound to a 35-bp DNA containing the
CpG dinucleotide

Human OGG1 contains an AlkA_N-like domain and a helix-hairpin-
helix (HhH-GPD) motif™ (Fig. 1a). Previous hOGG1-DNA structural
studies used a relatively short (15-bp) DNA fragment and a truncated
protein (aa 12-327) that removed 11 residues from the N-terminus and
18 residues from the C-terminus’’*”. Of note, deletion of the
N-terminal 11 residues abolished OGG1 transport to the mitochondria™.
One motivation of the current study was to use a full-length hOGG1 with
a longer DNA substrate because physiological DNA is virtually of infinite
length. Furthermore, the CpG dinucleotide is concentrated in the CpG
islands where, as we have introduced in diseases like cancer, epigenetic
changes are important particularly in gene promoter and exonic regions
of the genome’*” ">, Thus, we formed our rationale for studying the
interaction between OGG1 with a longer DNA (35 bp, see “Methods”)
with an unmethylated CpG dinucleotide, a natural substrate of de nova
DNMTs. We used the K249Q mutant OGGI1, which was previously
shown by biochemical and X-ray crystal structural studies to lack cata-
Iytic activity but retain the ability to specifically recognize the 8-0xoG
nucleotide™*'. We overexpressed and purified in E. coli a catalytically
dead human OGG1(K249Q). We introduced an 8-oxoG at the center
(-C16-p-8-0x0G17-) of a 35-bp GC-rich DNA duplex and mixed the
purified protein and this DNA fragment at a molar ratio of 1.5:1 to

assemble the OGG1-DNA complex. We then performed single-particle
cryo-EM on the in vitro reconstituted complex. We obtained a cryo-EM
3D map of the complex at 3.6 A average resolution (Fig. 1b, c, Supple-
mentary Figs. 1, 2). By taking advantage of the crystal structure model of
OGGI1-DNA complex™, we solved the OGG1-DNA cryo-EM structure.
The EM map had densities for atomic modeling for aa 12-325 of the 345-
residue human protein and 33 bp of the 35-bp DNA. Therefore, the final
atomic model misses 11 and 20 residues at the N- and C-terminus,
respectively.

OGG1 flips out the 8-0xoG and bends the dsDNA
Our cryo-EM structure shows that OGG1 binds tightly to the DNA minor
groove and interacts with the sugar-phosphate backbone of the 8-0xoG-
containing strand. The 8-0xoG base is fully flipped from the DNA helix and
inserted deeply into the enzyme active pocket (Fig. 1d, e). This model of
interaction and 8-oxoG flipping are similar to the previously reported
crystal structures™. However, the DNA duplex is bent by 65° 5° less bending
than the previous crystal structure* (Fig. 1f). The reduced bending in our
structure is likely due to the enhanced local mechanical rigidity of the C-p-8-
0xoG compared to the previously used A-p-8-0xoG, but our use of the two
times longer DNA may have also contributed.

In our structure, the top DNA strand G42, and OGG1 residues Cys-
253, GIn-315 and Phe-319 interact with 8-0xoG, and OGG1 residues Asn-
149, Lys-154, Tyr-203, and Lys-204 interact with the “estranged” base
cytosine in the complementary bottom DNA (Fig. 1d, e). These interactions
are similar to the previous report structures with a shorter DNA™. Because
our DNA substrate has a cytosine before 8-0xoG (the CpG dinucleotide),
Asn-151 and C (+17) form a base-specific contact, equivalent to the Asn-
151 and Adenosine interaction in the previous crystal structure™. The fact
that OGG1 interacts well with both C-p-8-0xoG observed here and A-p-8-
0xoG observed previously indicates that OGG1 can mold its catalytic pocket
to interact with a different base immediately preceding the 8-0x0G. Such
plasticity is expected of the enzyme.

The positively charged OGG1 C-terminus contributes to DNA
binding

Interestingly, we found in our EM map that the OGG1 C-terminal a-helix
(the a15 helix, Fig. 1¢) is seven residues (two helical turns) longer than the
reported crystal structure™ (Fig. 2a, b). This extended helix is observed likely
due to our use of the full-length protein and the longer DNA substrate.
Although the local resolution is insufficient for atomic modeling, we found
that AlphaFold2 also predicts a C-terminal a-helix of OGGI1 one-turn
longer than in the crystal structure®, and the predicted region includes the
positively charged residues Arg-327 and His-328 that may interact with the
negatively charged DNA phosphate backbone (Fig. 2b). Furthermore, the
disordered C-terminus following the last predicted a-helix contains several
additional positively charged residues (334-KRRKGSK-340); they likely also
contribute to DNA binding. Indeed, A DNA binding site prediction by
GraphSite showed that the positively charged C-terminus is conserved and
is involved in DNA interaction” (Fig. 2c).

To assess the contribution of the OGG1 C-terminus to the DNA
binding activity, we produced a C-terminal deleted OGG1 protein (OGG1-
ACT), which removes all residues following Ser-326, i.e., removing the
positively charged residues H328, K335, R336, R337, and K338. We per-
formed electrophoretic mobility shift assay (EMSA) to compare the DNA
binding of the wild type with the OGG1-ACT proteins. We found that the
full-length OGG1 bound and shifted all free DNA up at the protein con-
centration of 5 uM or above, whereas the OGG1-ACT shifted only a portion
of the DNA substrate even at the elevated protein concentration of 20 uM
(Fig. 3a—c). The observed requirement of 5uM OGG1 agrees with the
recently reported apparent Ky, of 2.22 uM on an undamaged DNA®. This
result confirms that the strongly positively charged C-terminus contributes
to OGGI’s DNA binding. Our observation is consistent with the previous
observations that deletion of the OGG1 C-terminus reduces the enzyme’s
affinity for DNA™*®.
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Fig. 1| Cryo-EM structure of the OGG1 bound to a
long naked DNA. a Domain architecture of the 1
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human OGGI. b Representative 2D class averages.

AlIKA N-like domain

HhH-GPD motif C-terminal |

¢ Cryo-EM structure shown in two side views, with
the EM map superimposed and shown as trans-
parent surface in the left panel. d The catalytic site of
cryo-EM structure using a 35-bp DNA duplex
reveals a flipped 8-0x0G. The interaction between
the OGG1 N151 and the DNA C (+17) base, and the
flipped 8-0x0G base are highlighted. e A schematic
drawing of OGG1-DNA interaction. f Comparison
of DNA bending in the OGG1-DNA EM structure
and previous crystal structure. Inserted below is a
comparison of the top sequence (TS) and bottom
sequence (BS) of the DNA used in the current EM
study and the previous crystal structure (PDB

ID 1EBM).
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Unexpectedly, we observed two super-shift bands in the EMSA gel with
the full-length OGG1, and the corresponding bands are diminished with the
OGGI1-ACT (Fig. 3a—c). This observation indicates that two or even three
copies of OGG1 can bind to the same 35-mer DNA simultaneously. Because
there is only one 8-0xoG site in the middle of the 35-bp DNA, the one or two
extra OGG1 must bind meta-stably to DNA regions that do not contain
oxidative damage.

OGG1 binds the dsDNA ends in a linear DNA substrate

To investigate where OGG1 binds beyond the middle 8-0x0G site in the
linear DNA as revealed by the EMSA, we mixed OGG1 with the 35-bp
DNA at a molar ratio of 10:1 and examined the assembled complexes by
cryo-EM. We observed in many 2D class averages that two OGGl
molecules were able to bind to a single DNA substrate (Fig. 3d), and
occasionally, three OGG1 were observed bound to a single DNA (Fig. 3a,
top right insert). Careful inspection of the averaged images of the
2xOGGI1-DNA complex reveals that one OGGL is at the middle DNA
damage site, and the other at one of the two DNA ends. Furthermore, the
DNA appears to contain two kinks—a middle kink that must be from
OGGl1 flipping the middle 8-0x0oG and bending DNA there, and a second
kink at where the second OGG1 binds near the DNA end (Fig. 3d).

Because only a single 8-0xoG was introduced to the center (+17) of the
35-bp dsDNA substrate, this apparent kink at the DNA end must be at an
undamaged DNA site. Unlike the high-affinity tight binding at the
8-0x0G site, the OGGI binding at the DNA end is weaker and more
transient, with the possibility that the enzyme may be still moving on the
DNA. Perhaps for this reason, we were unable to derive a reliable EM
map of OGG1 at the DNA end.

8-0x0G does not appreciably distort the local DNA structureina
nucleosome

It is known that 8-0x0G does not distort the naked DNA duplex structure®.
OGG]1 has been shown to perform rapid one-dimensional searching for a
damaged base through the genomic DNA without flipping each DNA
base®”. However, this work was done with naked DNA substrates, and it’s
been unclear how OGGL searches through nucleosomal DNA, and if the
enzyme has any preferred binding site(s) on nucleosomes. Interestingly,
OGG1 was recently found to have activity against nucleosomal substrates
when the 8-0x0G lesions are located off the dyad axis, particularly at SHL-5
positioned opposite of the histones and out toward solvent". This obser-
vation led us to wonder if an 8-0xoG appreciably distorts dsDNA in a
nucleosome, given that the DNA has already been sufficiently bent by
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Fig. 2 | OGG1 C-terminal extension interacts
with DNA. a The EM density of the OGG1 C-tail
helix (magenta) adjacent to the DNA backbone. The
3D EM map is surface rendered at a very low
threshold to visualize the weak C-tail helix density.
The low threshold rendering makes the EM map
appear at a lower resolution than the actual resolu-
tion of 3.6 A. b The AphaFold2 prediction for the
C-terminal of OGG1 shows a longer a-helix than the
previous crystal structure assigned, which is con-
sistent with the C-terminal extension density in
OGGI1-DNA cryo-EM 3D map. ¢ Predicted addi-
tional DNA interaction region in OGGI.
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wrapping around the histone octamer. We inserted an 8-0xoG at the SHL-5
site of the 167-bp Widom 601 histone binding DN A sequence, reconstituted
the nucleosome in vitro in the absence of the OGGI, and performed
structural analysis of the 8-0x0G-containing nucleosome. We collected a
cryo-EM dataset of 4414 micrographs and derived a 3.3-A resolution EM
map of the 8-0xoG-containing nucleosome (Fig. 4a, Supplementary Fig. 3).
This resolution was sufficient to build an atomic model in the 3D map by
referencing the well-established nucleosome structure®’. We found that the
local DNA structure at the 8-oxoG-containing SHL-5 site is virtually
indistinguishable from the canonical nucleosome structure (Fig. 4a, b).
Therefore, we conclude that 8-0xoG does not appreciably distort the local
DNA structure even though the nucleosomal DNA is bent.

The OGG1 occupancy at the nucleosomal DNA entry/exit sites is
higher than that at the SHL-5 and SHL+6 sites

To investigate if OGGI interacts with nucleosomal DNA containing the
8-0x0G site, we used the above-described in vitro reconstituted nucleosome
with an 8-0xo0G lesion at the SHL-5 site and launched an extensive effort to
assemble the OGG1-nucleosome complex for structural analysis. We found
by cryo-EM imaging that simply mixing OGGI and nucleosome (0.9 mg/
mL) at various molar ratios ranging from 5:1 to 10:1 did not lead to a stable
complex and that the addition of the commonly used crosslinking agent
glutaraldehyde at 0.1% concentration did not help the assembly either.
Finally, we used 0.2% formaldehyde which is widely used for protein-DNA
crosslinking and found by cryo-EM that about 1.5% of the nucleosome

particles formed complexes with OGG1 at the sites of SHL-5 (0.4%) and
SHL+6 (1.1%) (Supplementary Fig. 4). 2D and 3D cdlassifications in
RELION® indicated that OGG1 binds preferentially at the entry/exit site
DNA (3.0%) but less frequently at internal DNA sites (1.5%). Further
analysis by CryoDRGN’’ on a subset of the OGG1-nucleosome complex
particles derived from 3D classification led to two new 3D EM maps,
complexes 1 and II, at 5.7 and 7.6 A overall resolutions, respectively
(Fig. 5a, b, Supplementary Figs. 4-6).

In complex I, OGG1 binds at both entry and exit DNA sites as well as at
the SHL-5 site, which contained the 8-0xoG lesion (Fig. 5a), and in complex
11, OGG1 also binds at both entry and exit DNA sites, but surprisingly, at the
SHL+6 site that did not contain the 8-0xoG lesion (Fig. 5b). In both
complex maps, the EM densities for the bound OGG1 were of low resolution
at the entry and exit sites, and the OGGI only had partial densities at the
SHL-5 and SHL+6 sites. At all binding sites observed, OGG1 has little
contact with the histone core and only interacts with nucleosomal DNA. At
the SHL-5 and SHL+6 sites, OGGI engages the nucleosome at the DNA
minor grooves. The observed OGG1 preference for the nucleosome entry/
exit sites is likely a result of the enzyme getting stuck at these DNA ends. The
DNA entry/exit sites of an in vitro reconstituted single nucleosome resemble
double-strand DNA breaks (DSB). We suggest that OGG1’s preference for
these sites may endow the enzyme to function by marking the DSB sites
in vivo. OGG1 scans the genome at a speed approaching one-dimensional
diffusion limit* and is well positioned to rapidly zoom onto and protect the
double-strand DNA ends as soon as a DSB event occurs. Indeed, one study
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Fig. 3 | More than one OGG1 can bind to the single 8-0x0G-containing DNA, and
the binding ability is reduced in the C-terminus truncated OGG1. a Formation of
the OGG1-DNA complex was monitored by EMSA. 2.5 uM of 35-mer DNA duplex
containing 8-0xoG at the middle base was mixed with OGG1 at the indicated
concentrations. b EMSA was carried out with 8-0xoG DNA duplex using

C-terminus deleted OGG1 (OGG1-ACT) at the indicated concentrations. ¢ SDS-
PAGE gel of purified OGG1 and OGG1-ACT used in the EMSA assay. d Four
selected 2D class averages of two OGG1 molecules bound to the same linear DNA.
The 35-bp dsDNA is bent twice, at the middle 8-0xoG (red dot) and near the end
with a normal DNA base (white dot).

found that OGG1 is targeted to the DSB sites induced by either ionizing
radiation or gamma rays”' and another study reported that OGG1 protects
cells from methylmercury-induced DSB damage’.

We next analyzed if OGG1 binding at the SHL sites alters the local
nucleosomal DNA at these sites. Although OGG1 is of low resolution, the
nucleosome is rigid and much better resolved, such that the DNA major and
minor grooves are visualized, enabling an accurate docking with the above-
described nucleosome (8-0x0G) structure determined in the absence of
OGGI (Fig. 5¢,d). Based on the docking result, the nucleosomal DNA is not
distorted, and the DNA base does not appear to have flipped at either SHL-5
or SHL+6 site, although the local resolution is insufficient to make a con-
clusion. This structural observation is consistent with the previous reports
that the OGG1 activity is either completely inhibited or dramatically
decreased in the context of a nucleosome*”*.

Our observed OGG1 binding at the nucleosome SHL+6 site (lacking
8-0x0G) may be equivalent to the previously observed interrogation com-
plex entrapped on a linear DNA by intermolecular crosslinking, and the
OGG]1 binding at the nucleosomal SHL-5 (with 8-0x0G) may be equivalent
to the encounter complex also entrapped on a linear DNA™. At these initial
binding states, the local DNA structure is largely undisturbed and relatively
straight. The OGG1 binding at these sites must be weak and transient
because crosslinking had to be used in the previous study with the linear
DNA’ as well as in the current study with a nucleosome.

The possibility that OGG1 binds but does not flip the 8-0xoG at the
nucleosomal SHL-5 site suggests that OGGI needs to partner with a
chromatin remodeler to excise 8-0xoG in the nucleosomal region. Such

chromatin remodelers may include RSC, SWI/SNF”, and NuRD™. Indeed,
OGGl physically interacts with CHD4, a key component of NuRD”. RSC
was shown to be required for the excision of 8-0xoG located within
nucleosomal DNA*. Furthermore, our finding that OGG1 can weakly bind
—perhaps meta-stably—at the SHL sites may further suggest that chro-
matin remodelers do not need to move an 8-0xoG all the way out of the
nucleosome, and instead may only need to scrunch and shift the 8-oxoG
region to a nearby SHL site, where the damaged base can be removed
by OGGI.

OGG1 bends the entry site nucleosomal DNA and flips an
undamaged G

We used a 167-bp DNA in our reconstituted nucleosome (“Methods”).
Because only 147 bp DNA is tightly wrapped around the histone core, there
is 10-bp free DNA at both entry and exit sites of the nucleosome. As shown
above, OGG1 prefers to bind at these sites over the internal SHL-5 and
+6 sites, therefore, we decided to perform a focused 3D classification in the
OGG1-bound DNA entry region and derived an EM map at 3.2 A average
resolution (Fig. 6a, b, Supplementary Fig. 7). In this map, the nucleosome
region including the DNA is resolved at high resolution, but the OGGI is
only at a low resolution of 5-7 A. Despite the low resolution, OGG1 has full
density in the composite EM map (Fig. 6b).

We found that the OGG1-bound DNA region at the nucleosomal entry
site is bent, as compared with a free nucleosome structure in which DNA
protrudes straightly outward (Fig. 6¢c, Supplementary Fig. 8). This is
unexpected because the region contains no 8-oxoG, DNA is largely straight

Communications Biology | (2024)7:1202


www.nature.com/commsbio

https://doi.org/10.1038/s42003-024-06919-7

Article

Fig. 4 | Structure of the nucleosome containing an a
8-0x0G at the SHL-5 site. a Cryo-EM 3D map.

b Superposition of the nucleosome with 8-0xoG and
a canonical nucleosome (cyan, PDB ID 6FQ5). The
right panel is a close-up view of the boxed 8-0xoG
region around the SHL-5, superimposed with the
EM density in transparent gray surface, showing
that DNA structure at the 8-0xoG is not distorted
and is virtually identical to the canonical
nucleosomal DNA.
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in the crystal structure of the interrogation and encounter complexes in
which OGGl is bound to an undamaged DNA”, and normal DNA bases are
not expected to be flipped during rapid OGG! sliding on DNA®. The
sharply bent DNA was observed previously only in the recognition complex
in the presence of the damaged base 8-0x0G in which the 8-0x0G had been
flipped. Consistent with sharp DNA bending, we find the undamaged base
G closest to the OGGI catalytic site has been flipped out to an extrahelical
region (Fig. 6¢).

Discussion

OGGl is only 38kDa and a little over 60 kDa when bound to a 35-bp
dsDNA. Our 3.6-A EM map of the OGG1-DNA complex demonstrates the
utility of cryo-EM in analyzing low molecular weight DNA binding pro-
teins. Our study has revealed that the human OGG1 binds and bends a
linear and long DNA containing an oxidized CpG dinucleotide (C-p-8-
0x0G) in a manner highly similar to the previously revealed binding on a
short DNA and that the positively charged OGG1 C-terminus not only
contributes to the DNA binding affinity but also induces DNA super-shifts,
due to the binding at the dsDNA end(s) that do not contain a damage site.
We have shown that an 8-0x0G lesion at SHL-5 does not appreciably distort
the human nucleosomal DNA, and OGGI prefers to bind to DNA ends at
the entry and exit sites. The OGG1 binding at the end of the naked dsDNA is
likely related to the OGG1 binding at the dsDNA ends at the nucleosomal
DNA entry and exit sites. We suggest that such preference may be related to
OGGT’s role in the DSB repair, a function implicated in previous cellular
studies”"””. This study has further revealed two unexpected properties of the
human OGG1: the enzyme bends the DNA and flips out an undamaged

guanine base at the nucleosomal entry site and can bind meta-stably to
internal nucleosomal DNA at the SHL sites such as the -5 and 46 sites.

We found that the nucleotide likely is not flipped out by the OGG1 at
the internal nucleosomal SHL sites. The OGG1 binds only meta-stably and
is likely wobbly at these sites, resulting in the low local resolution for the
enzyme (Fig. 5a-d). Therefore, the nucleotide base position could not be
determined in the OGGT1’s catalytic pocket. However, the nucleosome and
associated DNA were stable and had much better resolution, with well-
resolved major and minor grooves. Because there was no density gap in the
EM map of the nucleosomal DNA, we infer that DNA bases at the internal
SHL sites are not flipped by OGGL1. Although we used the inactive K249Q
mutant OGG1 in this study, it is unlikely that the mutation was the reason
for these internal nucleosomal DNA bases not being flipped out. Indeed, we
found the mutant can flip the DNA base in the naked DNA as well as in the
nucleosomal DNA entry and exit sites, in agreement with the previously
reported base flipping activity of the mutant enzyme™. OGGU’s likely
inability to flip DNA bases inside the nucleosome agrees with the previous
observation that OGG1 has very limited access to 8-0xoG in the context
of NCP** and that the enzyme alone cannot effectively process the 8-0xoG
in the NCP in vitro, and therefore, a nucleosomal remodeler is likely
required””* .

In a recent study, Zheng et al. showed by cryo-EM that the human
alkyladenine DNA glycosylase (AAG) could access the DNA damage sites
(deoxyinosine) in the nucleosome™. It is unclear if the mechanistic differ-
ence with OGGI is enzyme-specific or due to the different types of damage
that the two enzymes process. At a minimum, deoxyinosine itself causes a
global nucleosomal DNA perturbation”, in contrast to 8-0x0G, which not
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Fig. 5 | Cryo-EM structures of the O0GG1-nucleosome (8-0x0G) in two distinct
complexes. a, b Cryo-EM 3D maps of the OGG1-nucleosome in complex I (a) and
complex II (b). The right panels show representative 2D averages of these two
complexes. ¢, d Rigid-body fitting of the nucleosome (8-0x0G) structure into the 3D

0GG1-nucleosome (0x0G) complex i

maps of complex I (¢) and complex II (d). The right panels show the respective close-
up views around the SHL DNA density where OGG1 binds. The nucleosomal DNA
appears unaltered by OGG1 binding at either SHL-5 or SHL+6 sites.

only maintains normal G:C base pairing but also causes no appreciable
DNA distortion (Fig. 4b).

Whether OGGI slides on DNA without flipping bases or simulta-
neously flips the bases along the way is an important unresolved question. In
a previous crystallographic study, an undamaged G was covalently trapped
in an extruded/flipped mode without fully engaging the OGG1 catalytic
pocket’. However, it has been unclear if OGG1 extrudes a normal G in the
absence of a trapping crosslinker. Our above-described OGG1-nucleosome
structure revealing a flipped normal G at the nucleosome entry site was
determined in the absence of a specific crosslinker (Fig. 6¢). However, the
nonspecific protein-DNA crosslinker formaldehyde was used to stabilize the
OGGI1-nucleosome complexes. In the absence of any crosslinking agent, we
found that OGGI can bind the free dsSDNA ends and sharply bend the DNA
there (Fig. 3d). The DNA bending at the end of the naked DNA may suggest
that the bases are flipped there. Taken together, we suggest that OGGI may
flip the normal DNA bases when its movement on DNA is hindered or
slowed down, such as at the DNA ends.

However, a previous single molecule study revealed that DNA slides on
DNA too rapidly to bend DNA and flip DNA bases”. To reconcile the single
molecule result with the current cryo-EM observations that OGG1 bends

and likely extrudes undamaged bases at the nucleosomal or naked DNA
ends, we suggest that OGG1 sliding on DNA may be context dependent—
the enzyme must be sliding rapidly on unobstructed linear DNA regions,
but the enzyme slows down in crowded regions, such as in-between
nucleosomes or near other DNA binding proteins, or at the DSBs. It is
perhaps at these slowly sliding regions that OGG1 can bend DNA and flip
the bases (Fig. 6d). Indeed, in our sample preparations, the OGG1 at the
nucleosome entry site is somewhat trapped between the free dsSDNA end
and the nucleosome region, and OGG1 at the 35-bp DNA end is trapped
between the dsDNA end and a stably bound OGGI at the 17th 8-0x0G site.

Finally, we note that further investigation is required to fully address
the OGG1 base flipping during DNA sliding and base interrogation, and
how chromatin remodelers coordinate with OGG1 to process oxidized
DNA bases in the nucleosomal internal sites.

Methods

Preparation of the human OGG1 and the DNA substrate
Expression and purification of the full-length hOGGI carrying the K249Q
mutation and an N-terminal 6His-tag was as described™. Briefly, the full-
length sequence with the K249Q mutation was cloned into the pET28b
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Fig. 6 | OGG1 binding at the nucleosome entry site
bends DNA and flips a guanosine base. a Selected
2D class averages of nucleosome particles with clear
OGG]1 binding at the entry site. b Composite EM
map of the OGG1-nucleosome complex. The his-
tone core and DNA are resolved to 3.2 A, but the
OGGT is at a lower resolution of 5-7 A. ¢ Atomic
model of the nucleosome with OGGI1 at the entry
site in cartoons. The zoomed windows show that
OGG]1 bends the local DNA and flips the G near the
end of the nucleosome DNA. d A proposed OGG1
interrogation mechanism. OGGl slides rapidly in
unobstructed linear DNA regions. In the fast-sliding
mode, OGG1 searches for 8-0xoG without flipping
the bases. In highly crowded regions where DNA is
packed into nucleosomes and bound by additional

OGG1 at entry site

chromatin proteins, OGG1 may move slowly. And H2A H2B H3 . H4 . DNA . 0GG1
in the slow sliding mode, OGG1 flips the bases to
search for 8-0x0G.
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plasmid and overexpressed in E. coli BL21. Cells were grown in LB medium
supplemented with kanamycin (50 pg/mL). Protein expression was induced
when the cell density reached the ODggo of ~0.8 by adding 0.3 mM Iso-
propyl -D-1-thiogalactopyranoside. Induced cells were grown overnight at
16 °C prior to harvesting by centrifugation. The cells were lysed by soni-
cation in a solution of 50 mM Tris-HCl pH 7.5, 500 mM NaCl, 10 mM
imidazole, and 5% glycerol (buffer A). The protein was immobilized by Ni-
NTA resin (Qiagen) and eluted with a buffer of 20 mM MES (pH 6.0),
100 mM NaCl, 300 mM imidazole and 5% glycerol. The eluted fractions
were applied to a Resource S column (GE Lifesciences) equilibrated with
buffer B containing 20 mM MES (pH 6.0), 100 mM NaCl, and 5 mM -
mercaptoethanol (BME). The proteins were eluted with a salt gradient to
1 M NaCl in buffer B. Protein fractions pure in hOGGI were identified by
SDS-PAGE gel, pooled, and concentrated using a 10 kDa cutoff centrifugal
filter (Amicon, Millipore). Protein was further purified by Superdex-75 gel
filtration chromatography (GE Healthcare) equilibrated with 20 mM
HEPES pH 7.4, 300 mM NaCl, 6 mM PME, and 5% glycerol and stored at

—80 °C. Synthetic oligonucleotides containing an 8-0xoG base at the center
of 35 nucleotides (5-ATGCCTCGCAGAATCCC/i80xodG/CTGCCGAG
GCCGCTCAA and 5-TACGGAGCGTCTTAGGGCGACGGCTCCG
GCGAGTT) were purchased from Integrated DNA Technologies (IDT).
The duplex DNA was assembled by thermal annealing. To assemble the
OGG1-DNA complex, purified OGG1 protein and annealed dsDNA were
mixed in 1.5:1 or 5:1 (protein over DNA) molar ratios in 20 mM HEPES
buffer at pH 7.4, 100 mM NaCl, 5 mM PME on ice.

Electrophoretic mobility shift assay

DNA binding with full-length OGG1 and C-terminus truncated OGG1-AC
(truncated from Ser326 to the last amino acid Gly345) was monitored by
electrophoretic mobility shift assay (EMSA). For EMSA experiments,
OGG1 or OGG1-AC was mixed with 2.5 uM of an 8-0xoG modified DNA
duplex (5-ATGCCTCGCAGAATCCC/i80x0dG/CTGCCGAGGCCGCT
CAA and 5-TACGGAGCGTCTTAGGGCGACGGCTCCGGCGAGTT)
at the indicated concentrations for 30 min on ice in binding Buffer (40 mM
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HEPES pH 7.4, 50 mM NaCl, 5 mM BME, and 5% glycerol). OGG1-DNA
complexes were separated from free DNA on a 4-20% polyacrylamide
native gel purchased from BioRad, and the individual bands were visualized
on a ChemiDoc MP imaging system and analyzed with Image Lab software.

Nucleosome preparation and assembly of the
OGG1-nucleosome complex

The vector pET29a-YS14 containing the four Xenopus laevis histones was
a gift from Jung-Hyun Min (Addgene plasmid #66890; http://n2t.net/
addgene:66890; RRID: Addgene_66890). Xenopus laevis histones and the
167-bp DNA fragments for nucleosome reconstitution were prepared as
described”””. Briefly, the vector containing the Widom 601 sequence
was a gift from Dr. Tinghai Xu (Van Andel Institute). The vector was
used as a template for large-scale (25 mL) PCR reactions with two pri-
mers synthesized by IDT (forward primer: ATCGGCCGCCCTG
GAGAATCCCGGTGCCGAGGCC/8-0x0G/CTCAATTGGTC, reverse
primer: ATCGGCCGCCACAGGATGTATATATCTGAC). The PCR
products were purified by Resource Q 6 ml (GE Healthcare) ion
exchange chromatography’.

Nucleosome reconstitution was performed as described”. Briefly,
purified histone octamer and DNA were mixed at 1:1 molar ratio in 2 M KCI
and transferred to Slide-A-Lyzer MINI Dialysis Units (20,000 MWCO,
Thermo Scientific). The sample was gradient dialyzed against low salt buffer
(50 mM KCl, 20 mM HEPES pH 7.5, 1 mM EDTA pH 8.0, 5mM BME)
over 18 h. The sample was moved into a low salt buffer (50 mM KCl, 20 mM
HEPES pH 7.5,1 mM EDTA pH 8.0, 5 mM BME) and dialyzed for another
hour, and finally stored at 4 °C. The concentration of the reconstituted
nucleosome was monitored by measuring absorbance at 254nm by
Nanodrop (Thermo Scientific).

To prepare the OGGl-nucleosome complex, purified OGG1 and
reconstituted nucleosome were mixed at a molar ratio of 5:1 and dialyzed
against buffer (50 mM NacCl, 20 mM HEPES pH 7.5, pH 8.0, 5 mM BME).
The dialyzed mixture containing nucleosome core particle and OGG1 were
crosslinked with 0.2% (v/v) formaldehyde for 10 min on ice. The cross-
linking reaction was quenched by 40 mM Tris-HCl pH 7.5 (final con-
centration) for 10 min. The sample was transferred to a Slide-A-Lyzer MINI
Dialysis Unit (20,000 MWCO, Thermo Scientific) and dialyzed for 2h
against a 600-mL dialysis buffer (50 mM NaCl, 20 mM HEPES pH 74,
5mM BME). The sample was subsequently concentrated to a final con-
centration of around 0.9 mg/mL.

Cryo-electron microscopy

For cryo-EM grids preparation, 2.5-yL aliquots of pre-assembled hOGG1-
DNA complex or hOGG1-nucleosome at a concentration of about 0.2 mg/
mL were placed on glow-discharged holey carbon grids (Quantifoil AuR2/2,
300 mesh) and were flash-frozen in liquid ethane using a Vitrobot Mark IV
(FEI). Cryo-EM data was collected automatically with SerialEM in a 300-kV
FEI Titan Krios electron microscope with defocus values from —1.0 to —2.0
pm”. The microscope was operated with a K3 direct detector at a nominal
magnification of 130,000x and a pixel size of 0.414 A per pixel. The dose rate
was 8 electrons per A? per second, and the total exposure time was 8 s.

Cryo-EM image processing

Program MotionCorr 2.1 was used for motion correction of the raw movie
micrographs, and CTFFIND 4.1 was used for estimating and correcting
contrast transfer function in each micrograph®**'. All remaining steps were
performed using RELION-3.1, cryoSPARC and CryoDRGN®/**, The
resolution of the map was estimated by the gold-standard Fourier shell
correlation at a correlation cutoff value of 0.143.

For the OGG1-DNA complex with an 8-0xoG at the middle of the 35-
bp DNA substrate, we collected 11,614 raw movie micrographs, and split the
whole micrographs into 12 parts (Supplementary Fig. 1). Around 1.5 million
particles were picked automatically from each part. After 2D classification in
cryoSPARC, around 1 million particles from each part were selected and
used for ab initio 3D reconstruction in cryoSPARC. Based on the quality of

the second round of starting 3D maps, a final dataset of 787,683 particles was
selected and combined for further non-uniform refinement in CryoSPARC,
resulting in a 3.6-A average resolution 3D map (Supplementary Figs. 1, 2).

For the nucleosome containing an 8-0xoG at the SHL-5 site, we col-
lected 4414 raw movie micrographs. A total of 2,699,710 particles were
picked automatically. After 2D classification, a total of 1,694,674 particles
were selected and used for 3D classification. Based on the quality of the four
3D classes, 430,285 particles were retained for further 3D reconstruction,
refinement, and postprocessing, resulting in a 3D map at an overall reso-
lution of 3.3 A (Supplementary Fig. 3).

For the OGG1-nucleosome complex with an 8-0xoG at the SHL-5 site,
we collected 17,124 raw movie micrographs. A total of 14,501,354 particles
were picked automatically. After 2D classification, a total of 2,263,164
particles were selected and used for 3D classification. Based on the quality of
the four 3D classes, 1,578,612 particles showing good NCP shape were
retained for further 3D reconstruction and refinement (Supplementary
Fig. 4). We applied cryoDRGN (version 0.3.2) to distinguish different states
of complex following the default protocols. Particles were extracted and
down-sampled to 64 x 64 pixels for cryoDRGN analysis. The results were
visualized by the Uniform Manifold Approximation and Projection
(UMAP) method (Supplementary Fig. 5a) and clustered into 20 groups to
represent the heterogeneity. The particles were categorized into two major
states (Supplementary Fig. 5a). One group contained particles of the
nucleosome alone, while the other showed clear binding protein density
(Supplementary Fig. 5b). The OGG1 were found to attach predominantly at
the DNA entry sites (Supplementary Fig. 5b). Two groups show additional
OGG]1 binding sites on nucleosome (group 3 and 4, Supplementary Fig. 5b).
The unbinned particles were then selected for 3D refinement in Relion,
resulting in a 5.7-A average resolution 3D map with OGGI bound at the
entry/exit and the SHL4-5 sites (Supplementary Figs. 4-6) and a 7.6-A
average resolution 3D map with OGGI bound at the entry/exit and SHL
+6 sites (Supplementary Figs. 4-6).

We further performed a focused refinement on the OGG1 bound to the
entry site DNA on the same OGG1-nucleosome dataset described above
(Supplementary Fig. 7). We combined the particles showing good shape of
NCP and OGG1 binding. Then we applied a mask around OGG1 and
performed a focused 3D classification without alignment in RELION and
selected three classes of 439,090 particles with clear OGG1 occupancy at the
nucleosome entry site for a subsequent 3D auto refinement. We finally
obtained a 3D map at an overall resolution of 3.2 A for the nucleosome with
OGG]1 bound at the entry site.

Structural modeling, refinement, and validation

We used the published crystal structure of human OGG1-DNA (PDB ID
1EBM) and the cryo-EM structure of the Xenopus laevis nucleosome (PDB
ID 6FQ)5) as initial models. These models were docked into their respective
EM maps and were manually corrected or rebuilt for local fitting with the
densities in COOT and Chimera®**. The complete models of the human
OGGI1-DNA, the nucleosome, and the OGGIl-nucleosome complexes
were refined by real-space refinement in the PHENIX program and sub-
sequently adjusted manually in COOT. Finally, all models were validated
using MolProbity in PHENIX*. We used information derived from a high-
resolution structure to resolve the —/+ SHLs (i.e., the 180 ambiguity) in the
low-resolution maps of complexes I and II. We first assigned the SHLs in the
3.2-A structure of OGG1 bound at the nucleosome entry site (Fig. 6).
Determination of this structure indicates that OGG1 prefers the entry site
over the exit site. In the low-resolution OGG1-nucleosome complex I and I
structures (Fig. 5), we resolved the 180° uncertainty and assigned the SHL-5
location based on the knowledge that the end with a stronger OGG1 density
is the entry site, and the end with a weaker OGG1 density is the exit site.
DNA bending angle in the OGG1-DNA complex was measured using
DNA-bending-angle script in GitHub (https://github.com/Sunyp-IM/
DNA-bending-angle). Structural figures were prepared in ChimeraX®.
The schematic diagram for OGG1 interrogation mechanism was created in
BioRender (You, Q. (2024) BioRender.com/r12h908).
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Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The EM 3D map of the OGG1-DNA (8-0xoG) complex at 36A average
resolution and the associated PDB coordinates have been deposited in the
RCSB Protein Data Bank with accession codes EMD-43607 and PDB ID
8VX4, respectively. The EM map of the nucleosome containing an 8-oxoG at
SHL-5 site at 3.3 A average resolution and associated PDB coordinates have
been deposited in the RCSB Protein Data Bank with accession codes EMD-
43608 and PDB ID 8VX5, respectively. The EM map of OGG1 bound to the
nucleosome entry site at 3.2 A average resolution has been deposited in the
RCSB Protein Data Bank with accession codes EMD-43609 and PDB ID
8VX6. The EM maps of OGG1 bound at the entry/exit and SHL-5 sites at 5.7 A
average resolution and of OGG1 bound at the entry/exit and the SHL+6 sites
at7.6 A average resolution have been deposited in the RCSB Protein Data Bank
with accession codes EMDB-43610 and EMDB-43611, respectively.
Uncropped and unedited gel images are shown in Supplementary Fig. 9a—c.

Materials availability
All plasmids for expressing the OGGI proteins in E. coli used in this study
are available by contacting the corresponding authors.
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